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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 acumulacion de cadmio (Cd®*). Como parte del mecanismo de resistencia,
Euglena sintetiza polimeros de glutation (GSH), denominados fitoquelatinas (FQs), los
cuales son capaces de secuestrar e inactivar al Cd?*. En plantas y algunas levaduras, el
mecanismo de resistencia y acumulacién de Cd** mediado por GSH y FQs consiste en la
compartaméntalizacién de ambos compuestos dentro de la vacuola. El cd* puede ser
transportado a la vacuola como ion libre o en forma de complejo FQ-Cd 6 GS>-Cd, ambos
procesos son dependientes de energia y catalizados por transportadores independientes.
Dentro de la vacuola, los complejos FQ-Cd, el Cd** libre y el sulfuro forman complejos de
alto peso molecular (HMWC; = 30 kDa) alrededor de un nicleo de CdS, los cuales
inactivan y mantienen fuertemente unido al Cd?*.

Euglena gracilis carece de una vacuola tipo planta y mas del 60% de las FQs y el
Cd** se localizan en el cloroplasto (Mendoza-Cozatl et al., 2002), lo que nos llevo a
proponer un modelo de compartamentalizacion en el cual el Cd? puede entrar al
cloroplasto como ion libre y unido a GSH, FQs o ambos. Ademas, las FQs también
podrian sintetizarse en el interior de este organelo, a partir de GSH enddgeno. Puesto que
la inactivacion completa del Cd** requiere de la formacion de HMWC, pensamos que estos
complejos pueden estar presentes en el cloroplasto de Euglena.

La presente tesis se centrd en los siguientes objetivos:

1. Caracterizar algunos de los eventos involucrados en el mecanismo de resistencia
propuesto: (a) entrada de Cd* al cloroplasto como ion libre, (b) localizacion
intracelular de la fitoquelatina sintetasa y (c) caracterizacion de los HMWC de

Euglena.



2. Analizar la capacidad de Euglena gracilis de acumulaciéon y remocion de Cd*" del

medio de cultivo en presencia de diferentes metales pesados.

Los resultados obtenidos para el primer objetivo muestran que el Cd?* puede entrar al
cloroplasto de Euglena en forma de ion libre mediante dos procesos: difusion facilitada
(cinética saturable) y difusion simple (cinética lineal). Los parametros cinéticos que se
obtuvieron para el transporte fueron una Vm de 11 nmol Cd®* min™" (mg proteina)” y una
Kmcq de 13 uM para el componente saturable, mientras que el componente lineal presento
una pendiente de 0.13 nmol Cd** min™' (mg proteina)™ pM™, que representa el incremento
en la velocidad de captacion de Cd** por cada pmol Cd*'/L presente en el ensayo. El
transporte de Cd®* no se afectdé por la adicion de desacoplantes, inhibidores de la
fotosintesis, exposicién a la luz u oscuridad. Sin embargo, el transporte se inhibié por K'o
por baja temperatura (4°C). Los cloroplastos de las células cultivadas con 50 uM CdCl,
7(c|orop|astos ZCdsg), mostraron un incremento del 60% en la Vm del transportador [11.2 vs
18.1, nmol Cd** min” (mg proteina) '], mientras que la Km y la velocidad del componente
lineal permanecieron constantes. Las propiedades cinéticas del transporte de cd*
sugieren que el transportador podria pertenecer a las familias de transportadores CDF
(Cation Difussion Facilitator) 6 ZIP (Zinc-lron protein) (Mendoza-Cozatl y Moreno-Sanchez,
2005).

Por otro lado, la retencién del Cd®* en los cloroplastos correlacioné con la cantidad
de tioles y sulfuro. Los cloroplastos ZCdso contenian 4 veces mas tioles y sulfuro que los
cloroplastos control y retuvieron 6 veces mas Cd** que estos UGltimos. Ademas,
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 mayoria en



la fraccion soluble de alto peso molecular (> 50 kDa), lo cual sugiere que la formacién de
HMWC esta relacionada con la resistencia e inactivacion del Cd*" en Euglena gracilis
(Mendoza-Cozatl et al., 2005). Estos complejos se aislaron a partir de células enteras, y
se obtuvo un compuesto homogéneo de 148 kDa. Su caracterizacion fisicoguimica revelo
que difieren significativamente de los HMWC encontrados en plantas y levaduras respecto
a su peso molecular y su composicion, tanto de péptidos como de aminoacidos. Sin
embargo, la estequiometria tiol+sulfuro/Cd** de 3.4 coincide con ia encontrada en plantas
y levaduras, lo cual también sugiere que estos complejos estan involucrados en la
inactivacién y acumulacion de Cd®* en Euglena gracilis (Mendoza-Cézatl et al., 2005).
Finalmente, se evalu6 la capacidad de Euglena para remover Cd** del medio de
cultivo variando la concentracion de Zn®* y Pb?*. Euglena fue capaz de remover hasta el
80% del Cd** cuando se cultivd en presencia de 20 y 50 pM CdCl,. Concentraciones
mayores de Cd?* disminuyen drasticamente el crecimiento por lo que, a pesar de
incrementarse la captacion de Cd®* por célula, disminuye la capacidad de remocién total
del cultivo. El (5-300 uM) no tuvo efecto sobre la capacidad de remocién del Cd** ni afect6
el contenido de tioles no proteicos (Cys, GSH, FQs). Por otro lado, el Pb%" (100 y 200 uM)
disminuy6 la capacidad de remocién de Cd*, a pesar de tener un efecto aditivo en el
incremento en la concentracién de tioles inducido por Cd?*, sugiriendo que ambos metales

comparten el mecanismo de resistencia y acumulacién mediado por tioles.



Abstract

Euglena gracilis is a photosynthetic protist with a high cadmium (Cd®")
resistance and accumulation capacity. As part of the Cd?* resistance mechanism,
Euglena synthesizes phytochelatins (FQs), glutathione (GSH) derived peptides,
which chelate and inactivate Cd®*. In plants and some yeast, the phytochelatin-
GSH mediated Cd?* resistance mechanism involves the compartmentation of Cd**
and the FQ-Cd complexes (or GS,-Cd complexes) into the vacuole. Both
processes are energy-dependent and catalyzed by independent transporters. Once
inside the vacuole, FQ-Cd or GS,-Cd complexes, free Cd? and suifide form high
molecular weight complexes (HMWGC,; 30 kDa) around a CdS crystallite core which
maintain Cd** tightly bound.

Euglena gracilis lacks a plant-like vacuole and more than 60% of the Cd**
and FQs are located inside the chloroplast; these facts led us to propose a
compartmentation model in which Cd** 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 Cd**
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 Cd* 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 Cd?* form the culture media

in the presence of different heavy metals.



The results obtained demonstrated that Cd?* can enter into the chloroplast
as a free jon through two processes: facilitated diffusion (saturable kinetics) and
simple diffusion (linear kinetics). Kinetic parameters obtained for the transporter -
were Vm 11 nmol Cd** min™ (mg protein)"' and Kmgy of 13 uM, whereas the linear
component showed a slope of 0.13 nmol Cd** min™ (mg protein)” uM™* which
represents the increase in Cd®* uptake for each pmol per fiter in the assay. Cd**
transport was not affected by uncouplers, photosynthesis inhibitors, light or
darkness. However, Cd** transport was inhibited by K* and low temperature (4°C).
Chloroplasts isolated from cells grown in the presence of 50 yM CdCl, 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 Cd** 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-Cézatl and Moreno-Sanchez, 2005).

On the other hand, Cd®* retention in chloroplasts was related with the thiols
and sulfide content. Chloropiasts ZCdsy contained 4-fold more thiols and sulfide
than control chloroplasts and retained 6-fold more Cd?* 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 Cd* resistance-
inactivation process in Euglena gracilis (Mendoza-Cozatl 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/Cd?" ratio of 3.4 agreed with that
reported for plants and yeast, suggesting that these complexes are involved in the
Cd?" accumulation-inactivation process in Euglena gracilis.

Finally, the ability of Euglena to remove Cd?* from the culture medium in the
presence Zn** and Pb?** was evaluated. Euglena was able to remove up to 80 % of
the Cd®* present in the medium when cultured in the presence of 20 and 50 pM
CdCl,.  Higher concentrations, although increased the Cd®* uptake per cell,
severely decreased the cell density of the culture, thus diminishing the overali
removal capacity of the culture. Zn*" (5-300 uM) showed no effect oﬁ the Cd**
accumulation or content of non-proteic thiols (Cys, GSH, FQs). On the other hand,
Pb%* (100 and 200 pM) decreased the Cd?* removal ability of Euglena. This was in
contrast to the increase in the thiol content promoted by Pb?*, suggesting that both

heavy metals share the thiol-mediated accumulation mechanism.
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Capitulo 1. Los metales y su clasificacion.
1.1 Los metales en la evolucién
Hace aproximadamente 4,500 millones de afos que este planeta se formé y junto
con él, se formaron la mayoria de los elementos que conocemos actualmente. De los mas
de 100 elementos que conforman la Tabla Periodica, s6lo 30 fueron seleccionados para
formar parte de las células (Lehninger et al., 2000). Durante el transcurso de la evolucion,
las condiciones de la Tierra se han modificado drasticamente, 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 razén por la cual los
organismos no soélo tuvieron que contender con una “tormenta” de nuevos elementos,
principalmente metales y oxigeno, sino que ademas los organismos evolucionaron de tal
manera que han aprovechado sus propiedades para incluirlos como parte esencial del
metabolismo celular (Clarkson, 1995).
Los elementos mas importantes (89%) que constituyen a los seres vivos son C, H,
O, 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, sélo 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 funcién biol6égica y

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



esenciales pueden compartir caracteristicas fisicoquimicas con los metales esenciales, de

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

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

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

de los metales esenciales, teniendo como resuitado un efecto téxico para la célula. Este

fendbmeno de toxicidad no es Unico de los iones metalicos.

Tabla 1.1 Concentracion de algunos metales (ug / ml) en cuerpos de agua no

contaminados

Metal Aguas [ntracontinentales = Aguas Oceanicas
Esenciales

Cobalto® <0.1 <0.007

Cobre 0.2-2 0.32-0.57
Hierro - 0.014-0.028
Zinc 0.5-5 0.6-1

No esenciales

Plata 0.00004-0.0025
Cadmio 0.005-0.05 0.00016-0.124
Cromo 0.1-05 0.00016-0.05
Mercurio < 0.0012 0.001-0.005
Niquel 0.01-1 0.05-0.65
Plomo 0.05-0.5 0.001-0.015
Vanadio <0.5 0.0046-0.55

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

Oxianiones tales como el arsenato (AsO4”) o el cromato (Cr0O,%) pueden interferir

en el metabolismo relacionado con el fosfato (PO.") y el sulfato (S0.%), respectivamente



(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 mayoria de los sistemas bioldgicos
(Tabla 1.1; ver mas 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
concentracién intracelular de ambos tipos de metales resulta téxica para las células, por lo
que estas deben tener mecanismos que reguten finamente la concentracion 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 cientifica actual acepta, sin mayor argumentacién, la
distincion entre metales esenciales y no esenciales. Los primeros son indispensables para
alguna funcién biologica, los segundos no. Adicionalmente, la literatura cientifica maneja
muy frecuentemente el término “metal pesado”. Existen al menos 10 diferentes
definiciones de “metal pesado” y la mayoria estan 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/ml), siendo § g/m!
la densidad usada con mayor frecuencia (Parker, 1989; Lozet y Mathieu, 1991; Morris,
1992). Sin embargo, diversos autores y agrupaciones con autoridad cientifica (la Union
Internacional para la Quimica Pura y Aplicada, IUPAC, por ejemplo) han externado su
preocupacion acerca de la ambigliedad 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). Histéricamente, también se ha relacionado el término

“metal pesado” con la toxicidad biologica y el dafio ambiental. Sin embargo, el grado de



toxicidad de un elemento o el riesgo para un ecosistema no esta relacionada de ninguna
manera con la densidad o “pesadez” de un elemento (Duffus, 2002).

Una clasificacion 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 caracteristicas fisicoquimicas. Esta clasificacion se basa en el
comportamiento de los metales como acidos de Lewis (aceptores de electrones) y estaria
conformada por 3 grupos principales: clase A o acidos duros, clase B 6 acidos suaves y
clase intermedia (Tabla 1.2.1; Duffus, 2002). De acuerdo con esta clasificacién, los
metales de la clase A tienen preferencia por moléculas con oxigeno, los metales de la
clase B muestran afinidad por moléculas con nitrogeno y/o azufre y los de la clase
intermedia no muestran una afinidad distintiva por algin grupo en particular (Duffus, 2002).
Sin embargo, hay que notar que los metales de la clase A pueden diferenciarse facilmente
.por sus propiedades respecto a los de las clases B e intermedia, mientras que en estas
dos ultimas las diferencias no son tan obvias. De hecho diversos autores, usando esta
misma clasificacion, han colocado al Cd?* 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 clasificacién de metales de acuerdo a su reactividad, aunque
sistematica y basada en propiedades fisicoquimicas, puede no reflejar o anticipar el grado
de toxicidad de un metal hacia un organismo o ecosistema. Por ejemplo, para la mayoria
de los organismos, el orden que siguen los iones metalicos en cuanto a su toxicidad esta
bastante bien conservado: Hg* > Ag™ > Cu® > Cd*" > Pb* > Zn*" (compilado por
Nieboer and Richardson, 1980; Devars et al., 1999). De acuerdo con este orden,
pareceria claro que los metales pertenecientes a la clase B (metales suaves) son los mas

toxicos, y que esta toxicidad estaria relacionada con su interaccion con los grupos tioles (-



SH) o amino (-NH3) de las biomoléculas. Sin embargo, tomando como ejemplo al Cd*',
dos de sus efectos mas estudiados son el desplazamiento del Ca?" del complejo Ca?*-
calmodulina y el desplazamiento del Na* y del Ca** de monémeros de fosfatidilserina y
fosfatidiletanolamina, siendo esta dltima una de las bases para explicar el dafio a las
membranas bioldgicas (Vallee y Ulmer, 1972, Diaz-Barriga, 1991). Como se muestra en la
tabla 1.2.1, tanto el Ca** como el Na®* pertenecen a la clase A de metales, por lo que no

habria una relacién estricta entre la clase del metal y el mecanismo de toxicidad del metal.

Tabla 1.2.1 Clasificacién de metales de importancia biolégica (esenciales y no esenciales)
segun la IUPAC.

Aceptores de electrones de tamafio pequefio y poco polarizables®

Clase A
Metales duros  Li*, Na*, Mg?*, AP*, K*, Ca®*, Fe¥, Sr*, Cs*, Ba®, La®* TI".

Aceptores de electrones de mayor tamario y muy polarizables?

Clase B

Metales suaves  Cu', Ag*, Cd®*, Au*, Hg®*, Pb*.

Clase

intermedia Cr®*, Mn?*, Fe?*, Co?*, Ni¥*, Cu®*, Zn%*, Pb*".

“ Respecto a la capacidad de deformacién de su nube electrénica. Modificada de Duffus, 2002.

Otro punto importante a considerar es la valencia del elemento. Dependiendo de su
estado de oxidacion, el plomo, el hierro y el cobre pueden ser colocados en diferentes
clases: Fe** (clase A), Cu'" y Pb? (clase B) y Fe?', Cu®", y Pb** (clase intermedia). La
especie quimica del ligando también juega un papel importante en la estabilidad de un
complejo ligando-metal, asi como el numero de grupos funcionales que interactuan con el
metal. La tabla 1.2.2 muestra diferentes constantes de estabilidad (Kest, €l inverso de la

constante de disociacién) para el Cd** y algunos compuestos. Hay que notar que, incluso
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si se trata de ligandos con el mismo grupo funcional, por ejemplo cisteina y glutation, las
Kest varian significativamente (4 veces), mientras que la diferencia en afinidad por el
sulfuro es adn mayor (Tabla 1.2.2). Esto se debe a que en el caso del glutation y

compuestos

Tabla 1.2.2 Constantes de estabilidad del Cd?* por diferentes ligandos.

Ligando Log Kest
Cys 9.89

GSH 10.5
Sulfuro 6.1

Citrato 9.44, 5.56°
Malato 2.36, 1.34
Glutamato 478,278
Lactato 1.54, 0.87
Pirofosfato 56

EGTA 17.53, 11.30
EDTA 17.39, 9.88

? En los casos donde se muestran dos valores de K., estos se refieren a diferentes estados de protonacion
del ligando, el primero corresponde al ligando totalmete desprotonado y el segundo con un protén asociado.
Valores compilados por Sillén y Martell, 1971.

homélogos como las FQs (ver mas adelante), el Cd®" interacttia tanto con el grupo o-
carboxilato del glutamico como con el tiol, mientras que con la cisteina el Cd*" solo
interactia con el tiol (Satofuka et al., 2001). Este fenémeno ocurre también en
compuestos con oxigeno. Por ser de clase B, se esperaria que el Cd* tuviera mas

afinidad por compuestos con azufre o nitrégeno, pero como se muestra en la tabla 1.2.2



las moléculas con mayor afinidad por Cd®* son el EDTA y el EGTA, la razén es que mas
de un carboxilato estéa involucrado en la union del metal.

Los radios ionicos es otra propiedad de los elementos que podria usarse como
herramienta para entender, al menos en parte, la competencia y la toxicidad de metales
hacia una funcién biolégica. A pesar de que el radio i6nico de un elemento varia de
acuerdo con su valencia, se puede tener una idea de como varia el radio iénico de un
elemento de acuerdo a su posicion en la tabla peridédica (Casab6, 1999). Por ejemplo:

1) Los radios idnicos aumentan gradualmente hacia abajo en un grupo de la tabla

periddica: Li* < Na® < K" < Rb* < Cs".

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

de la tabla periédica: Ca®* > Mn?* > Zn?".
3) Si un determinado i6n se encuentra en entornos-de coordinacién diferentes, su
radio aumentara con el nimero de coordinacién: 4 <6 < 8.

4) Siun elemento puede originar iones de carga diferente (nimeros de oxidacién),

el radio i6nico disminuye al aumentar el niamero de oxidacién: Fe®* > Fe™.

Un andlisis de los radios i6nicos podria explicar la competencia entre el Ca® vy el
cd® por la calmodulina descrita anteriormente, pues ambos radios i6nicos son muy
similares (0.99 y 0.97 A, respectivamente). El mismo razonamiento podria explicar por
qué el Cd®* entra a la vacuola de plantas a través del intercambiador de Ca®H"* (Salt y
Wagner, 1993). Sin embargo, y de manera opuesta, el K* y la Ag* poseen radios iénicos
comparables (1.33 y 1.26 A, respectivamente) y su toxicidad no esta de ninguna manera
relacionada, ademas de estar agrupados en clases totalmente opuestas de acuerdo con

la IUPAC (ver tabla 1.2.2).



Queda claro entonces que la nomenclatura de los metales es compleja y que tanto
el término “metal pesado”, como la agrupacion de metales en clases o la utilizacion de
radios ionicos no refleja fielmente el comportamiento biolégico de estos. Sin embargo, la
agrupacion de metales en clases tendria la ventaja de basarse en propiedades especificas
de los elementos, lo cual podria orientar sobre los efectos de un metal, aunque no debe
ser considerada como la unica herramienta para determinar el mecanismo de toxicidad de

un elemento dado.

1.3 Los metales en la historia del hombre

Independientemente de su funcién biologica, los metales también han formado
parte importante en la historia del hombre. Periodos enteros de la historia han sido
marcados por el descubrimiento y Ia.utilizacién de un metal o una aleacién 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 revolucion industrial y hasta nuestros dias que el uso de
metales y metaloides (no metales tales como el As) se volvid indispensable para el
desarrollo tecnolégico. Por ejemplo, el cadmio y el niquel se usan en la fabricacion de
baterias, acumuladores, pinturas y diversas aleaciones. El plomo, por mucho tiempo se
usé para incrementar el octanaje de las gasolinas y en la fabricacion de utensilios de barro
vidriado para el consumo de alimentos (Moreno-Sanchez y Devars, 1999). Actualmente
se le encuentra en fertilizantes fosfatados y pinturas. El cromo se usa en industrias
procesadoras de cemento, curtiduria, material fotografico, metalurgia y pinturas. El
mercurio se usa en la mineria, fabricacion de equipo eléctrico, amalgamas dentales,

herbicidas, industria del papel y celulosa, entre otras (Moreno-Sanchez y Devars, 1999).



De especial mencion seria la obtencién de plata y oro, de elevado valor comercial y cuya
extraccion lleva implicita la liberacién de otros metales.

Por otro lado, debido al poco cuidado y a la falta de planeacién que se tuvo y se
tiene actualmente con el manejo de los residuos industriales, la contaminacién por metales
se ha convertido en un problema de salud publica a nivel mundial. Nriagu y Pacyna (1988)
calcularon que la contaminacién por "metales pesados” excede la contaminacion
combinada por desechos radioactivos y organicos, con el agravante de que en su calidad
de elementos, permaneceran indefinidamente en los sitios contaminados. La limpieza y
extraccion de los metales de los suelos contaminados es de costo elevado y poco
eficiente; por ejemplo, en el afio de 1996 el costo variaba entre 50 y 500 dolares
americanos por tonelada (Cunningham y Ow, 1996). La limpieza de un acre (1 acre =
0.405 heétéreas) con una profundidad de 3 pies (1 pie = 0.305 m) hubiera tenido un costo
de alrededor de un cuarto de milién de délares. Aparentemente esta es la principal razén
por la que suelos contaminados son abandonados {(Cunningham y Ow, 1996).

Peor adn es el panorama de las aguas residuales provenientes de las industrias, las
cuales se vierten en los rios u océanos afectando directamente a cuerpos de agua
destinados para el consumo humano e intoxicando ecosistemas, los cuales, por
magnificacion tréfica, pueden de igual manera afectar a la poblacién humana (Vazquez-
Alarcén et al., 2001).

Una alternativa para substraer metales de suelos y aguas contaminados es
mediante el uso de organismos con una elevada capacidad de acumulacion de metales. A
este proceso se le den_omina biosorcién y biorremediacion (Salt et al., 1995; Dhankher et
a., 2002). Este proceso presenta ventajas sobre los tradicionales métodos fisicoquimicos

de extraccion en el sentido de costos, uso de recursos renovables y cantidad de material



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 acumulacién de
metales, a los cuales se les denomina hiperacumuladores (Salt et al., 1995).
Desafortunadamente, la mayoria de estos hiperacumuladores son de lento crecimiento y
generan poca biomaéa. Para solucionar este problema, una gran cantidad de grupos de
investigacion se han dedicado, durante las dltimas dos décadas, a estudiar y determinar
los mecanismos relacionados con la resistencia y la acumulacién de metales. La
propuesta de estos grupos de investigacion, incluido el nuestro, es: después de entender
los mecanismos bioquimicos y fisioloégicos por los cuales los organismos resisten y
acumulan cantidades significativas de metales, sera posible manipular (genética o tal vez
quimicamente) organismos de rapido crecimiento para que adquieran caracteristicas 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 acuaticas u otros
organismos acudticos. 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”’ (6 = 8.64

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

IUPAC (Duffus, 2002). En el ano 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 Téxicas 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
exposicién en humanos. Su uso en la industria es amplio y variado: fabricacién de
baterias y acumuladores, cables eléctricos, celdas fotoeléctricas, producciéon de PVC,
colorantes, fusibles y joyeria, entre otros (Galvao y Corey, 1987). Su liberacion al
ambiente es a través de los residuos industriales y, de manera muy importante, por la
combustién de compuestos fosiles (petréleo, gasolina y diesel; Lagerwerff y Specht, 1970).

Como cualquier metal, los efectos toxicos del cadmio dependen de la concentracién
y el tiempo de exposicion. De manera general sus efectos estan relacionados con la
inhibicién de enzimas por el blogueo de tioles esenciales, y con la generacion de estrés
oxidativo por competencia y liberacion de cobre y hierro de sus respectivos sitios dentro de
la célula (Guerinot, 2000; Williams et al., 2000; Rea et al., 2004). Tanto el Fe** como el
Cu®" pueden catalizar la autooxidacién de compuestos como el NAD(P)H, el ascorbato y
tioles organicos. El Fe** y el Cu* pueden, ademas, participar en la reaccién de Fenton, en
presencia de peroxido de hidrégeno, generando otras especies reactivas de oxigeno tales

como el radical hidroxilo (HO") y el ion hidroxilo (HO") (Reaccion 1y 2; Hansberg, 2002).

Fe® +H,0, —— " Fe* +HO" + HO (Reaccion 1)

Cu'+ H,0, —— Cu®> +HO" + HO (Reaccion 2)

El Cd** también induce peroxidacion de lipidos vy liberacion de compuestos toxicos
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* inhibe el

"



metabolismo energético (glicolisis, fosforilacion oxidativa y fotofosforilacién) y la
duplicacion celular (Vallee y Ulmer, 1972; Bonaly et al., 1980; De Filippis et al., 1981;
Devars et al., 1998; Mendoza-Cozatl et al., 2002). En mamiferos, el Cd** se acumula
principalmente en el cerebro, higado y rifén, ademas de relacionarse con el desarrollo
experimental de edema, enfisema vy fibrosis pulmonar (Webb, 1972; Sanchez et al., 1994).

En México, la exposicion a cadmio se deriva principalmente de la actividad
industrial. En San Luis Potosi, una ciudad con una elevada actividad minero-industrial, las
mujeres no fumadoras tuvieron hasta 10 veces mas Cd®* en la placenta comparado con
las mujeres de una ciudad con una actividad minero-industrial baja (Diaz-Barriga et al.,
1995). Por otro lado, en un muestreo durante el afio 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 encontré por arriba de los limites permisibles de la
Norma Oficial Mexicana de aquellos afos (0.1 ppm, N_OM-OOZ-ECOL-1993; Vazquez-
Alarcon et al.,, 2001). Podemos inferir que las concentraciones en los desagies
industriales también excedian por mucho los limites permisibles. Desafortunadamente,
esta informacién no es de libre acceso a la poblacién. 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 agricola (0.4 ppm; NOM-002-ECOL-1996). La
contaminacién por cadmio es un problema de salud publica en México, por lo que es
necesaria la investigacion dirigida al control y disminucién de la concentracion de éste y
otros metales en aguas destinadas para el riego y el consumo humano. La
biorremediaciéon es una tecnologia que ofrece una solucién directa a este problema de

salud publica.
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Capitulo 2. Mecanismos celulares de resistencia a Cd**

En general, los mecanismos de resistencia a Cd*'se pueden clasificar en 5 tipos: (1)
unién a la membrana externa o pared celular, (2) cambios en la permeabilidad a iones, (3)
expulsion activa del metal, (4) inactivacion extra- o intracelular y (5)
compartamentalizacién (Moreno-Sanchez et al., 1999). Para fines de biorremediacion,
solo son relevantes aquellos mecanismos que estén relacionados con la acumulacién
intracelular de los metales, por lo que esta tesis se centra en aquellos mecanismos
involucrados en la inactivacién y compartamentalizacién intracelular del Ccd*.

El mecanismo mas eficiente de resistencia a Cd** en plantas, levaduras y protistas
fotosintéticos es el relacionado con la asimilacion de azufre y la sintesis de compuestos
tioles. El siguiente trabajo revisa a nivel bioquimico y molecular, el metabolismo

relacionado con este mecanismo de resistencia.
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Abstract

Glutathione (y-glucys-gly; GSH) is usually present at high concentrations in most living cells, being the major reservoir of non-
protein reduced sulfur. Because of its unique redox and nucleophilic properties, GSH serves in bio-reductive reactions as an tmpor-
“tant line of defense against reactive oxygen species, xenobiotics and heavy metals. GSH is synthesized from its constituent amino
acids by two ATP-dependent reactions catalyzed by y-glutamylcysteine synthetase and glutathione synthetase. In yeast, these
enzymes are found in the cytosol, whereas in plants they are located in the cytosol and chloroplast. In protists, their location is
not well established. In turn, the sulfur assimilation pathway, which leads 1o cysteine biosynthesis, involves high and low affinity
sulfate transporters, and the enzymes ATP sulfurylase, APS kinase, PAPS reductase or APS reductase, sulfite reductase, serine acetyl
transferase, O-acetylserine/O-acetythomoserine sulfhydrylase and, in some organisms, also cystathionine B-synthase and cystathio-
nine y-lyase. The biochemical and genetic regulation of these pathways is affected by oxidative stress, sulfur deficiency and heavy
metal exposure. Cells cope with heavy metal stress using different mechanisms, such as complexation and compartmentation.
One of these mechanisms in some yeast, plants and protists is the enhanced synthesis of the heavy metal<chelating molecules
GSH and phytochelatins, which are formed from GSH by phytochelatin synthase (PCS) in a heavy metal-dependent reaction;
Cd?* is the most potent activator of PCS. In this work, we review the biochemical and genetic mechanisms involved in the regulation
of sulfate assimilation-reduction and GSH metabolism when yeast, plants and protists are challenged by Cd**.
© 2004 Federation of European Microbiological Societies. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Some heavy metals such as Cu**, Co?*, Fe**, Mn?"
and Zn?" are essential in trace amounts for cell metabo-
lism, acting either as enzyme cofactors, mediating redox
reactions, and interacting with nucleic acids and pro-
teins [I-3]. Others, such as Cd**, Pb*", Hg?" and Ag”,
although lacking biological lunction, enter into the cell
through the same transport systems used by essential
heavy metals, altering cellular functions [4-6]. A com-
monly used definition of “heavy metal” is that referring
to all chemical elements with a density greater than 5 g
ml™'. Metals may also be classified in three types,
depending on their reactivity with the functional groups
of biomolecules. Class A metals (AI’*, Ca®”, Sr**, Ba?",
La**) show more reactivity with oxygen (O > N> S);
class B metals (Cu'*, Hg?", Ag'") prefer sulfur
(S>N>O0); and class C metals (Fe**, Ni%*, Zn®*
Cd*", Cu®*) have an intermediate affinity [7].

The toxic effects of heavy metals depend on the time
and concentration to which organisms are exposed. Most
of the effects are related to their interaction with carboxyl
and thiol groups of proteins, to their ionophoretic proper-
ties and to their ability to direct or indirectly generate free
radicals and hence induce oxidative stress [7-9]. Organ-
isms possess diverse mechanisins to maintain free metal
concentrations at levels that do not exceed cellular
requirements. These mechanisms include (a) cellular wall
binding, (b) changes in ion permeability, (c) active extru-
sion, (d) bio-transformation, (e) extra- and intracellular
chelation, and (f) compartmentation [1,10-14b].

One of the best described mechanisms against heavy
metals toxicity in some veast [15-17], algae [18]. photo-
synthetic protists [19]. and plants [12.14a,14b.20]
involves their intraceliular chelation by either GSH or
phytochelatins (PCs). low molecular weight sullur-
contaimng peptides derived from GSH [12.14a.15,
21a.21b], or both. These peptides may bind a variety
of metals in the cytosol and. depending on the organism,
the metal-PC or metal-(GSH), complexes are actively
transported into the vacuole [214--23]. Like metallothi-
onems. the PC-metal complexes may activate metal-

s

requiring apo-enzymes; for this reason they have been
associated with the regulation of intracellular levels of
essential heavy metal and with detoxification of non-
essential 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 the non-proteic 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 affected by different stress situations
such as heavy metal exposure, oxidative stress and sulfur
or nitrogen deficiency [28-31]. Several reviews have ap-
peared which analyze the biochemical characteristics
of the enzymes and the regulation of the genes involved
in the SAP and Cys synthesis in yeast and plants [32-38].
However, none of them have focused on the regulation
at the enzymatic and genetic level of cysteine and gluta-
thione synthesis under heavy metal exposure. Therefore,
in the present work. we analyze and discuss recent ad-
vances in the knowledge of reactions, of enzyme charac-
teristics and propertics, and of the biochemical and
genetic regulatory mechanisms involved in coping with
hcavy metal toxicity, specifically with Cd**. Where
appropriate, the lack of information and research on a
particular subject is addressed. Biotechnological rele-
vance of this knowledge resides in the possibility of
developing organisms with high capacity of Cd** accu-
mulation for bioremediation purposes.

2. Sulfur assimilation
2.1 Sulfate uprake
Sullate is co-transported into the cells with 3H . in an

encrgy-dependent process catalyzed by specific plasma
membrane permeases (Fig. 1, reaction 1) [35.39]. High
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(Kin < 10 pM) and low (K, > 100 pM) affinity sulfate
transporters (HAST and LAST) have been described
in different organisms. Although in Saccharomyces cere-
visiae both activities have been detected (Table 1) [40].
only genes encoding HASTs (SULJ and SUL2) and a
third gene (SUL3) involved in the transcriptional regula-
tion of SUL2 [41] have been found. Another gene very
similar to SULJ and SUL2 is found in the S. cerevisiac
genome, but its function is still unknown [42].

[n plants, after its uptake by roots, sulfate is distrib-
uted into difierent organs and, to be assimilated, it has
10 be reduced in a process performed in chloroplasts
[36.37]. In these organisms. sulfate transporiers are en-
coded by multigene families. which proteins have not
only different sulfate atfinity, but also different locahza-
tion. expression patterns. and regulation [38] in Arahid-

opsis. HASTs, which are mainly involved in sulfate
transpor! from the environment to rool tissues, are en-
coded by the Su/rrl family, in which three members have
been identified [43-45]. LASTs, expressed in roots and
leaves. seem responsible for the sulfate upiake from
the apoplast to difierent tissues inside the plant and
are encoded by the Sultr2 family, with two members
{43]). The gene expression of sulfate transporters in
plants is also regulated by the availability of sulfate in
the external medium, by the sulfate intracellular require-
ments (41,46] and by GSH [47.48].

In the green algae Chlamydomonas reinhardiii two
sulfate transporters have been identified. one in cells
growing in <ulfur sufficient medium and another in sul-
fur deficient medium [49a]. Analvsis of their kinetic
parameters suggests that a LAST is present in cells
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Table |

Kinetic parameters (or some of the enzymes involved in yeast sullale uplake and reduction, and Cys biosynthesis

Enzyme Affinity for different ligands (Ko Ky, or K} Vi Organism Referenece
LAST. low atlinity sulfale transporter 350 pM 7.5 pmol min~'{dry weight)™' S. cerevisiae  [40]
HAST, high affinity sulfate transporter 4 pM 7 nmol min ' (dry weight)™' S. cerevisive  [40)
ATPS. ATP sulfurylase 0.17 mM (SO7) 2.1 pmol min ' ¢mg protein) ' S cerevisive  [195)

0.07 mM (ATP-Mg)

I pM (K,. APS)
APSK. APS kinase n.a.
PAPSR, PAPS reductase 19 pM (PAPS)
SiR, sulfite reductase 30 pM

OAS TL, O-acetyl(homo)serinethiol lyase n.a.
CT-BS. CT P-synthase 2.25 mM (hCys)
2.1 mM (serine)

CT-yL. CT +-dyasc 0.25 mM (CT)

68 nmol min~" (mg protein) ™'
7 nmol min ' (mg protein) '

1 nmol min~" {mg protein)™'
24.8 nmol min~" (mg prou:in)'l
1.2 ymol min~' (mg protein) ™'

S. cerevisiae  [196]
S. cerevisiae [197)
S. cerevisiae |80}
S. cerevisiae [127]
S. cerevisine [198]

420 nmol min~' (mg prolein") S. cerevisiue  [199]

The enzymes with the most complete kinetic analysis are shown. n.a. non availabic.

grown in a complete medium whereas a HAST is in-
duced under sulfur starvation. In the protist Euglena
gracilis, some activities of the sulfur activating system
have been detected in mitochondria [50]. but there is
no information about the nature of the sulfate trans-
porters in this organelle or in plastids.

Biochemical and genetic characterization of the sul-
fate transporters of chloroplast membranes has not
been addressed either in algae or plants. This is unfor-
tunate since the chloroplast is the major site of sulfate
reductive assimilation in these organisms. Several lines
of evidence suggest that the sulfate transport system in
chloroplasts has different genetic origins and has
undergone several changes in the course of the evolu-
tion of algae and tower and higher plants. In some al-
gae, such as Chlorella vulgaris, Mosostigma viridae.
Nephroselmis olivacea, and Prototheca wickerhamii, as
well as the primitive liverwort Marchantia polymorpha,
genes encoding proteins similar to CysT have been
identified in the chloroplast genome. CysT is a compo-
nent of the sulfate permease system in the cyanobacte-
ria  Synechococcus sp. strain  PCC 7942 and
Synechocystis sp. PCC6803. In M. polvimorpha also
the CysA gene has been identified. However. the other
components, essential for the functioning of the bacte-
rial sulfate permease system, CysW and the sulfatc
binding protein (sbp) have not been found in the chlo-
roplast or nuclear genomes of these organisms (see ref-
erences cited in [51]). In the unicellular red alga
Cyanidioschizon merolae the genes cysW and cpsT have
been found in the chloroplast genome and the genes
¢ysA and sbp have been detected in the nuclear genome
[52]. In higher plants such as Arabidopsis none of the
genes encoding a bacterial sulfate transport svsiem
have been identified. A nuclcar-encoded gene Swulerd; |
has been suggested to code for a sulfate transporter
in the chloroplast [S3]. localized in the thylakoid mem-
branes {43}, Recently. in C  reinhardrii a nuclear-
encoded sulfate permease gene (Sw/P). similar o the

CysT gene but with a sequence encoding a transit pep-
tide has been identified [51].

2.2. Sulfate activation ( ATP sulfurylase)

The second step in the inorganic sulfate assimilation
pathway is catalyzed by ATP sulfurylase (ATPS, EC
2.7.7.4; Fig. 1, reaction 2). This enzyme activates S0;?
via an ATP-dependent reaction that leads to the forma-
tion of APS and pyrophosphate (PPi). ATPS catalyzes
an energetically unfavorable reaction (AG® = +45.2
kJmol™") that is overcome by metabolic coupling to
PPi hydrolysis and APS phosphorylation or reduction
in subsequent reactions [54,55]. The product APS is a
strong inhibitor of the enzyme (Ki,,, = 1 uM) [56], an
apparently common feature in irreversible reactions
under physiological conditions [57]. These thermody-
namic and kinetic characteristics make the ATPS reac-
tion a likely rate-limiting step of the SAP.

ATPS of S. cerevisiae and the filamentous fungus
Penicillium chrisogenum is an enzyme composed of six
identical subunits [58.59]. The kinetic properties of the
S. cerevisiae enzyme are shown in Table 1. In P. chriso-
gernunt, ATPS shows allosteric inhibition by APS and
PAPS. which is not observed in the yeast and plant en-
zymes [59.60]. In plants. the existence of homodimeric
cytosolic and chloroplastic isoenzymes of ATPS has
been described [61]: the cytosolic isoform seems involved
in a pathway non-related to sulfate reduction, but in
production of sulfonated compounds [36.62]. The ATPS
quaternary structure in protists is unknown, but in
E. gracilis aplastidic mutants two isoforms localized in
cytosol and mitochondria have been identified [63], sug-
gesting that sulfate activation might be performed in
both compariments.

Alignment of veast and plant ATPS gene sequences
shows two conserved motifs probably involved in sulfate
binding. and a phosphate-binding loop motif. the ATP
binding region [64]. In plants. genes encoding cytosolic
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and plastidic isoforms have been cloned [61.65-68]. In S.
cerevisiae, the MET3 gene encodes an ATPS [32]. In C
reinhardtii the ATS!| gene encodes this enzyme [49b].
and in protists no information is available.

2.3. Reduction of sulfate to sulfide (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
may occur through two different pathways, depending
on the organism. 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 the following reaction, PAPS reductase
(PAPSR, EC 1.8.99) firstly 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) [69).

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 this enzyme
contain transit peptides, indicating that this 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 sulfation of
several metabolites such as sulfated flavonols, glucosin-
olates, steroids and phytosulfokines, but not in sulfate
reduction and cysteine biosynthetic pathways [36 and
references therein).

In S. cerevisiae, METI4 gene encodes APSK, which
has a molecular mass of 23 000 [72], and PAPSR is en-
coded by METI6 [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 toxic
compound. the cells must strictly regulate its level. In S.
cerevisiae, a 3'(2’),5'-bisphosphonucleoside-3'(2’)-phos-
phohydrolase encoded by the MET22/HAL2 gene, has
been proposed as the enzyme that transforms PAPS into
APS to control its intraceliular concentration [32]. In P.
chrysogenum and Aspergillus nidulans, overaccumulation
of PAPS seems to be prevented through PAPS-mediated
inhibition of ATPS [75].

The previous idea that plants may reduce sulfate
through the PAPS pathway has been re-evaluated with
experiments with the knockout of the APSR gene in

the moss Physcomitrella patens. The growth and content
of soluble thiol-compounds of this knockout are not
affected in a medium with sulfate as the sole sulfur
source [76]. However. under Cd*” exposure, growth
and content of thiol-compounds of the knockout moss
are lower than those of wild type cells. Surprisingly,
no PAPSR activity is detected in the APSR knockout
moss [76]. These observations suggest that there must
be a third pathway for sulfate reduction in P. patens
which, however, is unable to sustain an adequate cys-
teine suppiy under Cd** stress.

A cDNA from the green algae Enteromorpha intesti-
nalis, encoding a plastid APSR, has been cloned and
the antibodies produced against the recombinant pro-
tein cross-reacted with a 45 kDa polypeptide in several
chlorophytes but not in chromophytes [77], suggesting
that the APSR is not structurally retated between these
groups. In protists such as E. gracilis, it is not clear
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
1.8.7.1; 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-
doxin. S. cerevisiae SiR (see Table | 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 isolated from Z. mays. A. thaliana and N. tabaccum
[81-83].

2.4. Cysteine biosynthesis (SAT, HAT, OASIOAH TL,
B-CTS and y-CTL)

Depending on the organism. there are two different
ways by which sulfide is incorporated into a carbon
backbone to produce cysteine. (1) Sulfide is condensed
with O-acetylserine (OAS) by OAS thiol lyase (OAS
TL). also called OAS sullhydrylase. to form cysteine di-
rectly {33.76] (Fig. |. reaction 10). In this pathway OAS
is synthesized by serine acetv! transferase (SAT). (2)
OAS TL also catalyzes the condensation of sulfide with
(-acetylhomoserine (OAH) to form homocysteine
thCvs) (Frx 1. reaction 7). OAH is svnthesized by
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homoserine O-acetyltransferase (HAT). Then, hCys is
transformed into Cys by trans-sulfuration (Fig. | reac-
tions 8 and 9), i.e. hCys associates with Ser to form
cystathionine (CT) by action of cystathionine B-synthase
(B-CTS). CT in turn is dissociated into Cys, a-ketobuty-
rate and ammonia by cystathionine y-lyase (y-CTL)
[33,34,84,85]. Cys may also be transformed into hCys
by reverse trans-sulfuration catalyzed by cystathionine
y-synthase and cystathionine B-lyase [32,34]. Kinetic
parameters of some of these enzymes are shown in
Tables 1 and 2.

The SAT pathway, which is used by enleric bacteria.
such as Escherichia coli and Salmonella typhimurium
[86], and by plants, has been extensively reviewed
[84,87,88]. Fungi use different cysteine biosynthetic
pathways depending on the species. S. cerevisiue uses
the CT pathway [32], whereas S. pombe lacks the en-
zymes for trans-sulfuration but has the enzymes for
the SAT pathway [34].

Other fungi such as A. nidulans, Neurospora crassa,
Yarrowia lipolytica and Cephalosporium acremonium
synthesize cysteine through both the SAT and trans-sulf-
uration pathways [33]. Similarly, the protist parasite
Trypanosoma cruzi possesses the enzymes for both sulfur
assimilation and trans-sulfuration and the genes encod-
ing B-CS and SAT have been cloned [89]. A pathway
with parallel reactions that generate a critical metabolite
(Cys) ensures its constant supply and implies that the en-
zymes involved are not rate-limiting steps [57].

In plants, OAS TL and SAT are organized as a bien-
zyme complex called cysteine synthase. These enzyme
activities have been found in cytosol, chloroplasts and
mitochondria [90,91], indicating that cysteine may be
synthesized in all these compartments (Fig. 1; [84]).
The fact that sulfate reduction is only performed in chlo-
roplasts implies that sulfide needs to be translocated
from the chloroplast to the other cellular compartments.
GSH may mediate such a sulfide exchange since there is
a close relationship between the cytosolic and chloro-

Table 2

plastic GSH pools [92.93]. and probably also the mit-
ochondrial pool.

2.5. Glutathione biosynthesis (y-ECS, GS)

In contrast to sulfate reduction, GSH biosynthesis is
similar in plants. veast and protists. GSH is synthesized
from cysteine in two consecutive ATP-dependent reac-
tions. In the first step y-glutamylcysteine (y-EC) is
formed from L-glutamate and L-Cys by y-glutamylcys-
teine synthetase (y-ECS; EC 6.3.2.2). The second step
is catalyzed by glutathione synthetase (GS; EC 6.3.2.3)
which adds glycine to the C-terminal of y-EC forming
GSH [26] (Fig. 2. reactions | and 2; Table 2). Serine
and glycine, required for the synthesis of GSH, derive
from 3-phosphogiycerate [94).

Although all y-ECSs catalyze the same reaction and
have similar affinities for their substrates, they are not
structurally related among kingdoms [95]. By nucleotide
sequence comparison, four types of y-ECSs have been
identified. The first class, the animal y-ECS, is formed
by two different subunits, one catalytic and the 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 protist parasite 7. brucei sequences,
with an identity 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-
unit. A conserved motif, a putative GSH binding site, is
present in all the species analyzed but the structural dif-
ferences suggest that they have evolved independently
[95].

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

Kinetic parameters of the enzymes involved in GSH and PCs biosynthesis, and in Cd™* compartmentation in the vacuole

Enzyme Affinity for different Vo OF Kgay Organism Reference
ligands (K,,)
y-ECS. y-glutamyicysteine synthetase 1.4 mM (Glu) 13 amol min~" {mg prolcin)‘I Candidu boidinii [200}
0.4 mM (Cys)
3.1 mM (K. GSH)
GS. glutathione synthetase 0.27 mM (v-EC) 170 nmol min~' (ing prolcnn" C. hoidinii [200]
0.6 mM Gly
PCS. phytochelatin synthase *P 613 mM (GSH) M =028 *Silene cucubalus ‘1113
"2 uM {CdGS;) 0.1 nmol min ' (mg proten) : Yo thaliana b{l 1]
(rate determined in cell extracts)
0,54 uM (Cd'"y
© S pombe [163]
HMTI. heavy metal transporter | <30 M (PCy) =i amobmin  {ing protein) ] N ponibe 12
YCF1. yeast Cd factor 1 39 uM (Cd GS» 15 7 amol min ' (mg proten:) | N tereunsine [15%]
Vacualar Cd** antiporter 35 M 23 amolmin” (g proter) N pombe 1139}

The enzymes with the most complete Kinetie analvsis are shown Supersenpts ndicate the reference trom which the

vilwe wirs obtamed
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biosynthesis.  Also, L-buthionine-(SR)-sulfoximine
(BSO) is a specific and potent inhibitor [98]. although
the bacterial (E. coli) enzyme is fully inactivated only
after longer periods of incubation than those used for
the rat kidney enzyme [99,100]. BSO phosphorylation
generates an  analog of  y-glutamylphosphate
(an intermediate in the catalytic cycle) which binds
to the active site producing an irreversible inhibition
[98].

GS has been isolated and characterized from different
organisms, with their K . for y-EC varying between
0.02 and 0.63 mM and the K g for Gly between 0.3
and 1 mM [26.101] (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 the yeast and human sequences
but no homology with bacterial genes, suggesting a
divergent origin [103]. GSs of plants and mammals are
homodimers with a MW of 56-77 kDa per subunit,
whereas the S. pombe enzyme is a hetero tetramer
formed by two subunits of 26 and 33 kDa [104]. GS
of the protist parasite Plasmodium falciparum is a
homodimer, formed by subunits of 77 kDa; its deduced
amino acid sequence differs from other GSs particularly
at the level of the residues involved in y-EC binding
[103].

2.6. Phytochelatin biosynthesis

Phytochelatins (PCs) are peptides with general for-
mula (y-Glu-Cys), ,-Gly synthesized from GSH by
phytochelatin synthase (PCS; Fig. 2, reaction 4). PCs
have been detected in some yeast [15-17,105], higher
plants [20,106.107], algae [18], and protists [19,108],
but not in bryophytes [109,110]. Heavy metals such
as'Zn**, Hg®, Cd**, Fe**, AI**, Cu® and Pb?" act
as enzyme activators, Cd®* being the most potent
(12,14a,111].

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
Cd**-independent enzyme acylation in one site by
GSH and acylation in a second site by a thiol-Cd**
blocked GSH;: these two initial steps generate at least
two free Gly molecules. In a third step. the acylated en-
zyme transfers one v-EC unit to an upcoming GSH or
PC: the other bound y-EC unit is also released to the
medium [111.112] (Fig. 2. reaction 4). PCS is active
as a homo-dimer of 41-50 kDa subunits
(111,114.115). Varianis of PCs with B-Ala, Ser, Glu
or GIn instead of Gly as the ending residue have also
been identified in some plants whereas PCs without
the C-terminal Gly (desGly PCs) have been found in
plants and some yeast [12.106.107115]. In Glyeine

max, synthesis of homo-PCs. (y-Glu-Cys),-B-Ala, is
catalyzed by a specific homophytochelatin synthase
(hPCS) [106]. This enzyme is able to use GSH or
homoglutathione (hGSH: y-Glu-Cys-B-Ala) as sub-
strate; however. synthesis of PCs from GSH as the sole
substrate is 5-fold more efficient than hPCs synthesis
with 2 GSH/hGSH mixture [106].

PCS genes have been cloned 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]. PCS deduced sequences from fission
yeast and plants have similar N-terminal sequences but
a less-conserved C-terminal region {14a,120,121}. These
characteristics, together with the observations that a
mutation in A. thaliana (cad!-5) causes premature ter-
mination of translation [122] and limited proteolysis
of PCS [121] do not prompt total loss 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 4. thaliana mutant truncated in
this region presented a Cd> -sensitive phenotype
[i21.122), and decreased thermal stability and respon-
siveness to heavy metals [I121]. 1t seems that the
less-conserved Cys residues, often presented in pairs,
together with some Glu residues present in the C-
terminal domain have a role as a binding sensor for
heavy metals [14a.120,123].

PCS might be a regulatoty enzyme in PCs synthesis
since it is the slowest enzyme in the pathway (Table 2)
and in S. pombe and many adult plants Cd?* exposure
does not increase the PCS transcript levels
[Y11,114,117] (see also Sections 4 and $).

The existence of PCs in S. cerevisiae and Neurospora
crassa has been demonstrated by mass spectrometry
[10S]. Since only the shortest phytochelatin (PC-2) is de-
tected, and no PCS gene has been found in these fungi,
it has been suggested that PCs may be synthesized by a
side reaction of GS [124.125] and by carboxypeptidase
Y [126]. Detection of PCs when only high pressure lig-
uid chromatography with dithionitrobenzene derivatiza-
tion is used should be viewed with caution since other
compounds such as coumarins may yield a false positive
signal [109]. Thus, identification of PCs should be estab-
lished by applying additional methods such as amino
acid sequencing and composition [16-18,20] or mass
spectrometry [105,107].

3. Regulation of SAP, Cys and GSH synthesis
3.1. Metabolic regulation

Unicellular and multicellular organisms nust be able
to maintam a relatively constant mtracellular environ-
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ment. When mild or severe perturbations in the external
medium occur, the organisms adjust their internal func-
tions. There is a range of external changes within which
the organisms survive, but a large range in which cellu-
lar functions are irreversibly impaired. Thus, there must
exist metabolic and genetic control mechanisms that reg-
ulate the effect of the external changes over the intracel-
lular environment, allowing the organisms to adapt. The
cellular control machinery pursues the modulation (acti-
vation or inhibition) of critical enzyme activities through
(a) shori-term (biochemical) mechanisms consisting of
non-covalent interactions with some metabolites and
covalent enzyme modification and (b) long-term (genet-
ic) mechanisms consisting in the change of the rates of
synthesis and degradation of enzymes. A systematic
control analysis of the SAP, Cys, GSH and PCs biosyn-
thetic pathways has yet not been carried out. However,
several observations concerning the probably predomi-
nant control mechanisms have been reported, which
are described below.

In S. cerevisiae, sulfate transport is inhibited by inter-
nal sulfate and by metabolites derived from sulfate
reduction such as APS and cysteine [40]. In addition,
OAS increases the aclivily of all enzymes involved in
the SAP [127], whereas cysleine decreases some of them
[34,127). SAT is strongly inhibited by cysleine [127]. In
consequence, if cysleine levels diminish, then SAT is
activaled, increasing the OAS level and activating sul-
fate assimilation. When cysteine levels are restored, Lhe
SAP enzymes and SAT are again inhibited [128].

In A. thaliana, the cylosolic SAT form is inbibited by
low concentrations of cysteine (2-10 pM), but the mit-
ochondrial and chloroplastic isoforms are insensilive,
indicating differences in Lhe regulatory mechanisms of
cysleine synthesis among organelies [91]. In watermelon,
a single change in the C-terminal region (G277C) of a
cylosolic SAT isoform, makes the enzyme cysteine
insensitive [129].

For GSH synthesis, it has been assumed thal feed-
back inhibition of y-ECS by GSH is Lhe prime regula-
tion mechanism (26,101,130]. In turn, different studies
have demonstraled that GSH levels change by modify-
ing v-ECS activity [92.131,132). Thus, GSH depletion
may activate y-ECS and, hence induce an increase in
flux, restoring GSH levels [26.101,133]. It should be
noted that GSH must be consumed and not only oxi-
dized to overcome the y-ECS inhibition and thus acti-
vate the pathway. For example, when ROS are
elevaled the GSH/GSSG ratio decreases, but GSH
reductase (GR) is usually able to reestablish this ratio
to control values. kecping the pathway unaffected (Fig.
2. reaction 3). Moreover, changes in the GSH/GSSG ra-
tio do not aftect the transcription levels of y-ECS and
GS [28). Glutathione S-transferases and PCS (see betow)
calalyze reactions that consume GSH and in conse-
quence their activalion (by increasing availability of

their substrates or by overexpression) can overcome
the GSH feedback inhibition of y-ECS resulting in an
enhanced pathway flux. Therefore, GSH-consuming en-
zymes should be also considered when GSH synthesis is
analyzed. Cysteine and glycine availability is another
mechanism that may contribute to modulate GSH syn-
thesis [29,92,134].

3.2. Genetic regulation

Moslt of the work addressing the transcriptional reg-
ulation of genes encoding enzymes of the SAP, and cys-
teine, GSH, and PC synthesis has focused to the
understanding of gene activity under sulfur starvation.
However, the response of these genes to Cd?* exposure
has not been fully addressed. In some organisms and
depending on the Cd?* concentration tested, the cysteine
and GSH levels may diminish after the first minutes of
Cd?* exposure but hour or days laler these levels are re-
stored or, in some cases, enhanced over basal values,
suggesting transcriptional aclivation of SAP and GSH
synthesis by Cd?* [19.28,29,31,110.135]. Whether this re-
sponse is directly related to Cd*” or to GSH or cysteine
depletion induced by Cd** stress has nol been analyzed.
In general, all the genes encoding enzymes of these path-
ways are transcriptionally up-regulated by sulfur starva-
tion and, in the cases where Cd?* response has been
analyzed, most of them also respond by increasing tran-
scriptional activily.

In S. cerevisiae, SULI and SUL2 genes increase their
mRNA levels by 9-14 and § times, respeclively, after
Cd?* exposure [136,137]. Genes encoding HASTs in
plants increase their mRNA levels in response to low sul-
fate availability [35.46.48], and to the internal increase in
OAS[138,139]. Their transcript levels diminish with addi-
tion of sulfate, cysleine or GSH to the cullure media
(47.48,139]. In Cd*"-exposed B. juncea roots, but not in
leaves, a decrease in a putative low-affinity transporter
transcript is observed. suggesting a tissue-specific regula-
tion [140]. In Z. mays, Cd*" exposure induces an increase
in the expression of a HAST gene in roots, which corre-
lates with an enhanced uptake of sulfate [141]. More stud-
ies on gene expression and kinetics are required to
establish whether sulfate transporters are Cd** respon-
sive, particularly in Cd®* resistant organisms.

Expression of ATPS genes is stimulated by sulfate star-
vation [31]. Cd** exposure induces an increase in the A.
thaliana APS3 (ATPS) transcript level (13-fold) [31], in
roots and leaves of B. juncea [140). and in the MET3 gene
(ATPS) of S. cerevisiae [137.140]. Cd*" slress also pro-
motes a 6-fold increase in thc ATPS protein level in S
cerevisiae (142], although activity was nol delermined.

Analvsis of S cercviviae gene expression in response
to 0.03 mM CdCls. using nicroarray anatyss, deter-
mined that METI4 (APSK) and MLETI6 (PAPSR)
incrensed their expression by 21- and 6-fold. respec-
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tively, over the control [136]. The proteome analysis of
S. cerevisiue shows that the PAPSR protein increases
5-fold in response to | mM Cd?* exposure [142]. In A.
thaliana, APSR transcription increases when the plant
grows under sulfur starvation [70,77]. Genes encoding
APSR in B. juncea and A. thaliana (PRHI9 and
PRH43) are also transcriptionally up-regulated by
Cd®* stress [31,140].

In the proteome analysis of the S. cerevisiae Cd?*-
response, the SiR B subunit increases 2.5 times {142),
while in the transcriptome analysis, MET/0 (encoding
the B subunit) increases its amount of mRNA by 5.5
times [136]. In the presence of 0.2 mM CdCl; the sir
transcript levels increase up to 2-fold [31].

In A. thaliana the OAS TL cytosolic gene Arcys-34 is
transcriptionally up-regulated by Cd** exposure bring-
ing about an increase in GSH synthesis [29]. In S. cere-
visiae, the expression of the CT-y-lyase gene is increased
by 13 times after exposure to | mM CdCl, for | h {137).
In protists, there is no information about the SAP genes
response to Cd”* exposure.

The S. cerevisiae GSH! (y-ECS) gene is transcription-
ally up-regulated by Cd** [143] whereas the protein
shows a stimulation index of 10 in response to Cd**
stress [142). Using the S. cerevisiae y-ECS promoter se-
quence, a 20-fold increase in the associated reporter gene
activity was found after its exposure to 0.1 mM CdCl,
{144]. In contrast, Cd** does not affect the y-ECS gene
in S. pombe [145]. In plants, Cd** induces an increase
in the y-ECS mRNA [28,29,146]. Post-transiational reg-
ulation, such as phosphorylation/dephosphorylation,
has been invoked to explain the rapid increase in
y-ECS activity after Cd** exposure observed in A. thali-
ana, without an increase in y-ECS transcript levels [147).
However, to date no experimental evidence of covalent
modulation of y-ECS has been described.

After Cd®* exposure, the levels of GS transcripts in-
crease around 2-fold in A. thaliana [28.31]. These incre-
ments arc not as strong as those observed for other
genes encoding enzymes of the SAP [31]. In S. pombe.
Cd®* does not alter the transcription of thc GS genc
[145]. In protists, there are no reports about transcrip-
tional regulation of y-ECS or GS induced by Cd**
exposure.

PCS is transcriptionally up-regulated (2-fold) after
Cd*" exposure in 5 day-old seedlings of A. thaliana
and in T. aestivum roots [148.116]. In B. juncea leaves.
but not in roots, a 4-fold increase in the PCS content
was found after Cd>" exposure, without a concomitant
increase in mRNA [117). whereas in S. pomnbe and ma-
ture A. thaliana plants Cd*™ exposure docs not affect
the transcript level of PCS [111.114).

Genes encoding SAP enzymes are coordinately regu-
lated in S. cerevisiae. Several regulatory molecules have
been implicated in the modulation of the gene cxpres-
sion. AdoMet (S-adenosyl-methionine) was tirst pro-

posed as the main co-repressor [32]. However, recent
data sustain the idea that cysteine is the pathway specific
co-repressor for the genes encoding SAP enzymes while
OAS is the main co-activator [33.127,149]. AdoMet
seems to act as a co-lactor in the cysteine-mediated
repression [149]. Likewise, GSH has a moderate repres-
sive role on specific genes such as MET2S5 encoding OAS
TL, which synthesizes homocysteine, the precursor of
cysteine in S. cerevisiae [33]. Based on the finding that
cysteine biosynthesis in this yeast is performed by the
CT pathway instead of the OAS pathway, the role of
OAS in this organism seems to be only as a regulatory
element and not as a metabolic intermediate [33].

In plants, an integrative metabolic regulation view
emerges from the observation that OAS induces the
expression of HAST genes in barley and A. thaliana.
OAS also differentially mediates the expression of organ
specific isoforms of ATPS, APSR, OAS TL, and y-ECS
in A. thaliana {30,138,139]. In turn, cysteine and GSH are
known to be negative regulators of gene expression of sul-
fatetransporters, ATPS and APSR[150-152]. Thus, OAS,
cysteine and GSH levels establish a connection between
enzyme activities, metabolic flux and gene expression.

The transcriptional factors involved in the regulation
of the genes that respond to Cd?* stress have not been
identified in plants and protists. In S. cerevisiae, the
induction of the genes encoding the enzymes of the SAP
and GSH biosynthesis by Cd*" depends upon the tran-
scription factor, Metdp, which is recruited by Met31p,
Met32p and Cbflp, to form a transcriptional complex in-
volved in the activation of most of the methionine biosyn-
thetic genes [153-155]. The Yapl factor, which mediates
the oxidative stress response, is also involved in the
Cd?* response [142.154]. Mutants that do not express this
factor (YaplA) are hypersensitive, whereas strains over-
expressing the factor are hyper-resistant to Cd**
[156.157]. Given the importance that the detoxification
systems play in the Cd** response, it has been suggested
that the YCF1 and gs/i] genes, which encode proteins
responsible for sequestration of Cd*” in the vacuole (see
below), are the primary targets by which Yapl exerts a
control of Cd?* resistance [142]. The Skn7 transcription
factor, which cooperates with Yapl to activate the hydro-
gen peroxide response, appears to negatively act in Cd**
response, as a repressor of several genes [156].

Functional proteomic studies in S. cerevisige show
that many proteins change in response to Cd%’,
particularly enzymes of the SAP and heat shock pro-
teins. Some others are oxidative stress enzymes (catalase
T. thioredoxin. thioperoxidase, Mn-superoxide dismu-
tase. Cw/Zn superoxide dismutase, alkylhydroperoxide
reductase), proteases and enzymes from carbohydrate
metabolism not related with stress responses [137.142].
These latter enzvmes are isoforms with lower sulfur con-
tent that are synthesized to replace existing enzymes. [n
control conditions the amount of sulfate incorporated
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into these proteins is 79% but diminishes to 19% under
Cd** stress. Under this condition. 70% of sulfate is
incorporated into metabolites of the GSH biosynthesis
(CT, v-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
Cd** effect since Cd** will bind them with a much lower
affinity. Based on the linear correlation found between
the induction factor of transcript levels and the induc-
tion factor of protein content, it was concluded [I37]
that the yeast Cd** response is essentially regulated at
the transcriptional level. However, this might be an
overinterpretation since no determination of enzyme
activity, flux, and time-dependent metabolite variations
of the SAP, Cys and GSH pathways were made.

4. Mechanisms of GSH- and PC-mediated Cd** resist-
ance

4.1. Yeast and plants

Compartmentation in the vacuole a%)pcars to be the
most important mechanism for Cd** resistance in
S. cerevisiae, S. pombe, Candida glabrata, and plants
[12,17,22,23,158,159]. Cadmium can be transported into
the vacuole as a free ion or associated with thiol-com-
pounds (GSH or PCs) [22,23,158,159]. In S. pombe,
C. glabrata,somealgae and plants, PC-Cd complexes, free
Cd** and sulfide form high molecular weight (HMW)
complexes inside the vacuole which are the ultimate and
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more stable storage of Cd* inside the cell (Fig. 3(a))
[17,160-163]. It should be noted that the available K, val-
ues of the transport systems for free Cd?" (see Table 2) are
relatively high (>30 uM). whereas the K value of PCS for
free Cd** is low (0.54 uM). Although no data on free Cd**
concentrations have been described in organisms exposed
to toxic CdCl, concentrations, the K, and K values for
Cd** may be used as a reference for the expected range
of free Cd®* concentrations that can be reached in the
cytosol to turn on the cellular Cd** response.

In S. pombe, PCs are transported into the vacuole by
an ABC-type transporter, enicoded by the Amtl gene
[22,164] (heavy metal tolerance 1; Fig. 3(a), reaction 1).
The HMT] protein is retated to multi-drug resistance
proteins (MRPs). which catalyze the ATP-driven trans-
port of GSH S-conjugates for xenobiotic detoxification.
However, unlike MRPs, HMT]1 has only one transmem-
brane and one nucleotide-binding domain [164]. HMT]
activity is sensitive to vanadate, but not to inhibitors
affecting the vacuolar H*-ATPase or to ionophores that
abolishes the pH gradient across the vacuolar membrane
[22], indicating a strict dependence on ATP hydrolysis,
but not on a H* gradient, for driving uptake of Cd**-
PCs complexcs.

HMT] is specific for PC transport and Amtl™ cells
are Cd** sensitive, which indicates that the resistance
mechanism in S. pombe depends on the proper storage
of PCs in vacuoles. HMT1 gene expression is not Cd**
inducible, although its overexpression enhances cd®
accumulation and resistance [22].

In S. cerevisige, Cd** is also stored into the vacuole as
a complex, but in contrast to S. pombe and plants, it is
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cd*
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Fig. 3 Mechanism of Cd** resistance m plants. yeast and protists 1) Cd PC camplexes are compartmentalined into vitcuoles or tonoplasts. In yeast,

HMTI is the protein responsible for transport of the Cd PC complex [22] In plants, o sunilar activits ias been described but no homologous gene
" - ~ e . -

has vet been found [23,167]. (b} Proposed mnechanism for Cd™" resistance 1 & graciin, m which most of the Cd*" and PCs are located inside the

chloroplast [19]. Numbered reactions ire described in the text
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transported as Cd-bis(glutathionate) (Cd-GS;) by
YCF1 (yeast cadmium factor) [158,165] (Fig. 3(a), reac-
tion 2). YCFI shares amino acid sequence similarity
with MRPs and HMT], its reaction is ATP-dependent
and uncoupler-insensitive, but in contrast to /unil,
ycfl expression is up-regulated when cells are exposed
to Cd** [158]. YCFI has a Kncqgsz of 39 pM and
Vi of 157 nmol min~' (mg protein)™' [I134]. YCFI
may transport Cd-GS; and some GSH-conjugates such
as dinitrophenyl-GSH but no PCs [158]. HMT1 may
transport PCs and Cd-PC complexes but apparently
no other GSH-conjugates [22]. Recently, another MRP
named BPT! (from bile pigment transporter) has also
been related to Cd?* resistance in S. cerevisiae [166},
although its activity does not replace YCF1 function.
In plants, PCs are also transported to the tonoplast
in an ATP-driven process similar to that reported in
S. pombe [23]. However, no hmtl or ycfl homolog genes
have yet been identified [167].

Other vacuolar membrane transporters in S. pombe, S.
cerevisiae and in plants canalso take up free Cd>*. Uptake
of Cd** is not affected by vanadate but it is inhibited by
NO;j and does not occur when a non-hydrolyzable ATP
analog (AMP-PNP) is used. This suggests that Cd?*
transport is driven by the A pH generated by the vacuolar
H*-ATPase {159,168] (Fig. 3(a), reaction 3). In Avena sa-
tiva vacuoles, the nigericin-dependent Cd>* uptake has a

" Knca Of 5.5 pM and ¥, of 12 nmol min~" (mg protein)~',
whereas in S, pombe vacuoles, the initial Cd** uptake rate
with 8 uM CdCl, is 37 nmol min~' (mg protein)™*
[22,159]. It is not known whether in the cytosol of Cd?*-
exposed cells, the free Cd** concentration may reach
values of 5-8 M or higher. Due to the tight Cd?* binding
to a variety of biomolecules, including thiols, it is likely
that the free Cd** concentration be lower than 10 pMun-
der exposure to non-toxic CdCl, concentrations. A non-
manageable level of intracellular free Cd®* is reached
when the cellular chelating capacity is surpassed, which
may bring about the usually observed deleterious effects
of Cd?* toxicity on cell physiology.

Five protein families have been implicated in the
transport of cd* through cell membranes: (1) cation/
H™ antiporter family; (2) CPx-type ATPases; (3) Nramp,
natural resistance-associated macrophage proteins; (4)
CDF, cation diffusion facilitator family, also named cat-
ion-efflux family; (5) ZIP, ZRT-IRT-like proteins (for a
detailed description of these families, see [169-171]).

In S. cerevisiae, Nramp, CDF and ZIP proteins are
responsible for Cd?" trafficking between cytosol and
vacuole. SMF1, one of the three Nramp members iden-
tified in S. cerevisiae, is able to take up Cd?", Cu?* and
Mn?* [172]. SMF1 is located in the vacuole, although
when cells are grown in the absence of heavy metals. it
may also be located in the plasma membrane [173).

The S. cercvisiae ZRC1 and COT]1 proteins. members
of the CDF family. have been related to detoxification

of heavy metals [168.174-177). Both proteins are respon-
sible for Zn* storage in the vacuole, but at Zn?*-limit-
ing conditions, ZRCl is more important than COT] for
metal storage [177]. Cells deleted for either or both genes
encoding these proteins show a decreased resistance to
Co?*, Zn?* and Cd?**, with the cot] deletion being more
detrimental to Cd®* exposure than the zre/ deletion
[177,178]. These observations suggest that both proteins
are involved in the uptake of Cd** into the vacuole and
that they have different affinities for heavy metals or
have different expression in response to heavy metal
exposure.

The S. pombe genome has revealed three CDF se-
quences, and the deletion of one of them (ASpZRCl)
also results in extremely high Zn** and Co?* sensitivity
[178). The only ZIP family member found in S. cerevis-
iae (ZRT3) seems to play a role different to heavy metal
detoxification since it releases Zn2* from the vacuole;
ZRT3 plays a crucial role when cells are grown in
Zn**-limited medium [176]. All the transporters de-
scribed above are transcriptionally regulated by Zn?*
availability in the growth medium [176,177]. Overex-
pression of ZRCI and COT]1 increases Zn®* resistance,
whereas ZRT3 overexpression results in poor growth
[174-176]. Unfortunately, neither the response of these
transporters to Cd?* exposure nor the effect of their
overexpression on Cd®* resistance has yet been
explored.

In plants, proteins of the cation/H" antiporter, ZIP,
Nramp and CDF families transport Cd* (see 171 and
references therein). To date, only CAX2 (a cation/H"
antiporter) from N. rabacum has proven to be located
in vacuole membranes [179]. CAX2 is not up regulated
by CdCl; exposure, but heterologous expression of
A. thaliana CAX2 in tobacco plants leads to 15% more
Cd*" accumulation than that attained in control plants
and to a 1.6- to 3-times increase in the Cd>*, Mn**
and Ca?* uptake in isolated tonoplast vesicles [179).

In summary, Cd?* can enter vacuoles in two ways: as
a free ion, or complexed with GSH or PCs. In S. pombe,
C. glabrata and plants, Cd**-PC complexcs incorporate
sulfide to form HMW complexes (Fig. 3(a). reaction 4)
around a CdS crystallite core [16,17,160-163). The vac-
volar $¥7/Cd** ratio varies between 0.16 and 2
[17.160.180]. The addition of sulfide confers a higher
Cd**-binding capacity and enhanced stability to the
complex, bringing about full inactivation of the toxic
Cd? ion. Impairment in any of thesc processes, ie.
sequestration, transport, and HMW complex formation,
results in a Cd**-hypersensitive phenotype [160,161,
164].

Studies in C. glabrata have shown that the molecular
weight and peptide composition of HMW complexes
may vary depending on the sulfide content and the
growth media composition [17,181]. Cells grown in syn-
thetie complete medium form HMW complexes lower
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than 50 kDa whereas additional sulfur supply at the late
logarithmic phase of culture (from 0.2 to 2.1 mM of
methionine) gives rise to higher than 50 kDa complexes
[181]. In addition, C. glabrata cultured in rich medium
contains the usual CdS cores coated with GSH and
y-EC, whereas when it is cultured in minimal medium
the CdS core is coated by PC, and desGly PC, [182].
The factor involved in this difference is not known; how-
ever, itis clear that y-EC/GSH coated complexes are less
stable than those formed by PCs [182].

HMW complexes can be formed in vitro by mixing
sulfide, Cd and PCs [165]. However in S. pombe, two
purine biosynthetic enzymes, adenylosuccinate synthe-
tase and succinoaminoimidazole carboximide synthe-
tase, are required for HMW complex formation
[160,161]. 1t is suggested that these enzymes use a sulfur
analog of aspartate, cysteine sulfinate, to produce inter-
mediates or carriers in sulfate assimilation to form
HMW complexes. However, the reaction sequence in
vivo has not been fully elucidated [161].

4.2. Euglena and unicellular green algae

Euglena gracilis is a photosynthetic protist with high
Cd?* tolerance and high Cd?* accumulating capacity, in
which the effects of Cd** exposure have been more
extensively studied. Probably due to the absence of a
spectalized reservoir organelle such as a plant-like vacu-
ole, in Cd" exposed light-grown cells more than 60% of
the accumulated Cd?" resides inside the chloroplast [19],
whereas in dark-grown cells most of it is located in mito-
chondria [108].

Several reports have shown that the SAP, including
GSH and PCs synthesis, is related with the Cd** resist-
ance mechanism in this protist [18,19,108,183]. When
photosynthetic E. gracilis cells are exposed to 0.2 mM
CdCl,, their cellular levels of cysteine, GSH and PCs in-
crease, being 12-fold Jarger than in non-exposed cells.
These metabolite variations occur in the cytosol and
more remarkably in the chloroplast [19].

The mechanism of how PCs are synthesized and
stored in E. gracilis is under investigation in our labora-
tory. In this protist, PCs are found in the cytosol, chlo-
roplasts and even mitochondria after Cd®* cxposure
[19,108]. These findings may be explained by either of
the following mechanisms. (1) PCs are synthesized in
the cytosol where they sequester Cd*"; the Cd-PC com-
plexes are subsequently transported into the chloroplast
and mitochondria. (2) PCs are synthesized inside the
organelles where they bind Cd”*, which is transported
as a [ree ion, and form HMW complexes. (3) Both proc-
esses co-exist and PCs are synthesized in the three cellu-
lar compartments (Fig. 3(b)).

The first possibility implies the existence of an ABC-
like transporter to mobilize Cd-PC or Cd-GS; into the
mitochondria and chloroplasts of £ gracilis. similar to
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that present in S. pombe and plant vacuoles; however,
this kind of transporter has not yet been described for
chloroplasts or mitochondria.

The second possibility implies the presence of a free
Cd*" transporter in the organellar membranes and a
PCS activity inside the organelles. Indeed, E. gracilis
chloroplasts are able to take up Cd? in its free form.
This process involves at Icast two components [19],
one saturable (¥, = 11 nmol min~' mg protein~' and
Km =15 puM) and a non-saturable ene (0.12 nmol
min~' mg protein~' pM~') (Fig. 3(b), reaction 5). In
addition, net PCs synthesis by Percoll-purified chloro-
plasts incubated with 0.5 mM CdCl; (0.15 nmolh™"'
mg protein™') suggests that a PCS isoform is localized
inside E. gracilis chloroplasts. Moreover, we have de-
tected HMW complexes in chloroplasts isolated from
Cd**-exposed Euglena (Mendoza-Cézatl D, Rangel-
Gonzalez E, Moreno-Sanchez R, unpublished data).
These observations support the existence of the second
mechanism in Euglena chloroplasts, but they do not
exclude the existence of the first possibility.

It is ditficult to understand how a Cd®" resistance
mechanism might be biochemically and structurally sup-
ported in either chloroplasts or mitochondria, which per-
form several essential reactions and provide energy for the
cell function. Hence, Cd** accumulation inside these cel-
lular compartments might be a consequence of the organ-
elle characteristics in this particular protist rather than a
specific mechanism for Cd?” resistance. Cd*” enters the
chloroplasts, probably using the transport systems for
essential ions. Thus, it seems likely that in the chloroplast
mechanisms to maintain low levels of internal free ion
metals (essential and non-essential) have evolved to
prevent their toxic effects.

PCs have been described in several groups of algae
including chlorophytes, xanthophytes, diatoms, phaeo-
phytes and rhodophytes [18]; but there is no information
about the detailed function of these peptides or whether
they are involved in Cd>* transport to intracellular
organelles. In addition to E. gracilis, it has been found
that 60% of accumulated Cd** resides inside the chloro-
plast in a cell-wall deficient strain of C. reinhardtii [184].
HMW complexes are also found in this organelle [184],
but the origin of plastid PCs and the mechanism by
which Cd?* is transported into the chloroplast of
Chlamydomonas is still unknown. Chlorella synthesizes
PCs and forms HMW complexes in response to Cd?*
exposure, although the intracellular localization of these
compounds is also unknown [11.18]. However, it has
been established for Chlorella that the cell wall repre-
sents the first line of defense against Cd*" exposure. In
fact. at 100 uM CdCl,. 50% of the cellutar Cd*" is bound
to the cell wall [185].

Increased PCs synthesis has also been associated with
higher resistance 1o oxidative stress. In the green algae
Dunaticlla terviolecta. an ncrease in PCs induced by
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Zn”" exposure, results in an enhanced resistance to ROS
caused by H,O; and paraquat [186]. This protection was
the result of a stronger reaction of H,O, with PC;
than with GSH or ascorbate. Pre-treatment of D. tertio-
lecta with Zn®* brings about an increased resistance to
Cd?*, through a PC-mediated process [186].

Chiorella vulgaris and some plants accumulate proline
when exposed to heavy metals {187,188]. Because proline
may directly react with free radicals diminishing the dam-
age by oxidative stress [189], it was proposed that organ-
isms with high levels of proline might show a higher Cd**
resistance than organisms with low proline levels [188].
This hypothesis has been tested by using transgenic C.
reinhardiii cells overexpressing A'-pyrroline-5-carboxy-
late synthctase, the enzyme that catalyzes the first step
in proline biosynthesis in plants. The transgenic cells
contained 80% more proline than non-transformed cells.
Under Cd** exposure, transformed cells showed a more
vigorous growth, 4.1 times more Cd** accumulation,
80% more GSH, apparently more PCs and a decrease
in the GSSG levels. GSH contends simultancously with
Cd?" detoxification and oxidative stress induced by
Cd**. Therefore, it appears that in the presence of high
proline, GSH availability for PCs synthesis is elevated,
resulting in a more Cd>* resistant organism [188].

-5. Enhancing glutathione and phytochelatin synthesis

It is desirable that organisms designed for bioremedi-
ation, or for enhancing the content of essential metals in
food crops, must have some, if not all, of the following
characteristics. (1) High heavy metal uptake rate; (2) an
efficient mechanism for metal sequestration-inacliva-
tion; (3) appropriate heavy metal storage; (4) large bio-
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 cloning of the genes involved in the SAP,
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 some of the en-
zymes involved in such processes.

Although some groups have obtained promising re-
sults regarding enhanced GSH biosynthesis and Cd**
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-limiting step, with-
out considering substrate availability [194] or product
inhibition for the overexpressed enzyme or the side accu-
mulation of toxic intermediaries [132]. Morcover. there

are no experimental data on how GSH and PC synthe-
sizing pathways may respond to an increased demand
of cysteine and GSH (for instance under Cd?" stress).
Thus, it is not known up to which limit an enzyme activ-
ity may be elevated without (a) compromising the cys-
teine and GSH pools (which are also used for protein
synthesis, ROS and electrophilic compounds processing)
or (b) provoking the accumulation of reactive intermedi-
aries such as oxidized y-EC (ESSE) [132]. Furthermore,
as discussed throughout this review, heavy metal resist-
ance and accumulation is not related to only one enzyme
activity, but it is the result of a complex regulation at the
genetic and enzymatic levels of several simultaneous
processes (sequestration, transport and storage).

We are aware that simultaneous overexpression of
several enzymes may be technically difficult. Then, an
appropriate analysis of control of Cys, GSH and PCs
synthesis, in both unstressed conditions and during
Cd** exposure, may lead to the identification of a min-
imal set of enzymes that need to be modulated for reach-
ing enhanced fluxes 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 | and
2), but also of the plant pathway (data not shown), sug-
gests that y-ECS and PCS may be the most relevant
steps in the control of flux, with ATPS and the Cd-PC
(or Cd-GS,) 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 ideal target to be
genctically manipulated. (1) It is a homodimeric enzyme
coded by one gene; (2) its product is directly involved in
sequestration and transport of Cd*"; and (3) different
PCS sequences from several organisms are now availa-
ble. However, some confounding results raise doubts
about PCS as a genetic target. For instance, in 4. thali-
ana PCS overexpression causes Cd?* hypersensitivity
[194]. High expression of C. elegans PCS in a Cd**
hypersensitive strain of S. pombe (Sp27) is less effective
in rescuing the Cd®* hypersensitivity than low expres-
sion of the enzyme [119]. In the case of A. thaliana,
the possibility of a limited GSH supply is apparently ex-
cluded since the total glutathione content (GSSG +
GSH) is the same in control and transformed plants.
However. Cd?* 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 strategy to in-
crease the GSH content has been the overexpression of
v-ECS [92.190 192]. However, an overwhelming activity
of v-ECS over GS activity may also cause oxidative
stress by accumulation of ESSE [132]. Therefore. an
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adequale increase in PCs synthesis together with a suffi-
cient supply of GSH without exceeding the PCs trans-
port rate nor the GS activity may bring about
improved results than those obtained by unrestricted
overexpression of just one enzyme. Future work is re-
quired to determine the control of cysteine, GSH and
PCs synthesis and to establish which set of enzymes need
0 be modulated to obtain enhanced fluxes and in-
creased metabolite concentrations with a minimum of
side-effects.

6. Concluding remarks

1. A widespread respounse to Cd®* stress in yeast, plants
and protists is the enhancement in the rate of sulfur
assimilation, cysteine, GSH, and in some organisms,
PCs synthesis through enzymatic activation and up-
regulation of some genes involved in these biosyn-
thetic pathways.

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

3. If Cd** resistance is associated with its intracellular
accumulation, then the organism with such abilities
may be used in the 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 Cd?*
resistance-accumulation ability of any given organ-
ism. This set of enzymes may vary between species.
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p. 18, last para.:

Have PCs been unequivocally demonstrated in S. cerevisiae and Neurospora
crassa? If 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 essentially requlated at
. the transcriptional level. 1Is this in fact the case? That is, do the results
from the transcriptomic and proteomic analyses agree in the case of each and
every gene and its transcription and translation products? It would be a more

accurate to point out that in many cases this is not so and in most cases it
is simply not known.

p. 21, para. 3:
“HMT1 is specific for phytochelatins transport..” should read “HMTl is specific

for phytochelatin transport”. The sentence after this one should also be
reworded for clarity.

p. 22, para. 1l:

Li et al (1997) not Ortiz et al (1995) established that YCFl does not
transport phytochelatins.

p. 25 - Protists and Unicellular Algae:

It might be wise for the authors to be more circumspect concerning the
localization of phytochelatins to chloroplasts and/or mitochondria 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 discussion
to Euglena gracilis than any other organism (it is clear why - because it is
their favorite organism - but they should be mindful of the fact that this is
to be balanced review).

p. 28, line 10 from bottom:
“In the gree algae..” should read "In the green algae..”

p. 29, para. Z:
Many <f the references cited here are inappropriate because they do nor dea
with zioremecdiz-ion. Alsc mention ¢f the role played by S2- in the
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fabrication of Cd complexes, for instance vacuolar Cd.PC complexes, should be
made in this context. There may not only be upstream but also downstream rate
determination(and end-product inhibition) of these processes, as exemplified
by the incorporation of $2- 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 have to contend with and one that

should be stated clearly at the beginning and restated as necessary at other
points in the text.
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INSTITUTO NACIONAL DE CARDIOLOGIA
IGNACIO CHAVEZ

CARDIOLOGIA
IGNACK) -CHAVEZ

Mexico DF 03 August 2004

Dear Professor Brown:

Thank you for your kind letter 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, before 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-Cézat!

Departamento de Bioquimica

Instituto Nacional de Cardiologia

Juan Badiano # 1, Col. Seccién XVI, Tlalpan 14080
Mexico, DF. MEXICO.

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 text. 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, 1st 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 last 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 lines 7-8. PCs have been detected in S. cerevisiae and N. crassa by mass
spectrometry and the resuit 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- 26 line 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: <fems-reviews@bham.ac.uk>
Enviado el:  Viemnes, 17 de Septiembre de 2004 08:36:27 p.m.

Para: cozati@hotmail.com, davidmendozac@netscape.net
cc: fems-reviews@bham.ac.uk, femsre@femns-microbiology.org, editing@fems-microblology.org, femsre@fems-
" microbiology.org

Asunto: FEMSRE-04-03-0011.R1 / Accepted for publication

17-Sep-2004
Dear Dr. David Mendoza-Cozatl,

Manuscript ID: FEMSRE-04-03-0011.R1

Title: Sulfur Assimilation and Glutathione Metabolism Under Cadmium Stress in
Yeast, Protists and Plants

Authors: Mendoza-Cozatl, David; Hernandez, Andrea; Loza, Herminia;
Moreno-Sanchez, Rafael

Submitted to: FEMS Microbiology Reviews

Submitted date: 24-Mar-2004

Revised date: 03-Aug-2004

Accepted date: 17-Sep-2004

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

You will hear from our publisher Elsevier in due course. They will send you a
reprint order and copyright transfer form. In principle the electronic files
will be used for producing the final publication, but the publisher Elsevier 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 will be directed to you in the
e-mailed 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 Elsevier if you have not received e-mailed proofs after
six weeks. Note that preparation of the prootfs can be delayed if substantial
copy-editing is necessary or if a manuscript makes part of a thematic issue.

The authors will have to reply to the proofs, with or without corrections in the
proofs, by e-mail WITHIN 48 HOURE.
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Del trabajo anterior se puede concluir que el mecanismo de resistencia a Cd*"
mediado por tioles (GSH y FQs) se encuentra conservado en tres diferentes reinos de
eucariontes (plantae, fungi y protista). Esta amplia distribucién en la naturaleza sugiere un
alto grado de eficiencia de este mecanismo, resultado de una presion de seleccion a
través del tiempo. Es interesante notar que, independientemente de las diferencias
intrinsecas entre los organismos, la resistencia a Cd®* mediada por tioles conserva, a nivel
bioguimico, una misma secuencia de eventos: (1) inactivacion del metal en el citosol, (2)
compartamentalizacion del Cd** en algiin organelo y (3) formacién de complejos de alto
peso molecular alrededor de un nucleo de CdS.

Por ofro lado, la resistencia a Cd® no podria explicarse tnicamente a nivel
bioguimico. Se requiere de una delicada transferencia de informacién para lograr una
‘activacion a diferentes niveles, tanto subcelular como molecular, desde la asimilacion de
sulfatc y su reduccién, hasta la sintesis de cisteina, GSH y FQs en diferentes
compartimentos, para contender adecuadamente contra el estrés inducido por Cd*’.

Por Ultimo, la revision de los diferentes mecanismos de resistencia a Cd”,
presentes en varios organismos de diferente origen, su similitud y las correspondientes
diferencias y adaptaciones, proveen de un marco tedrico mucho mas completo y adecuado
para involucrarse en el estudio de los mecanismos de resistencia a Cd®* en otros

organismos tales como Euglena gracifis.
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Capitulo 3. Euglena gracilis

3.1 Euglena gracilis como modelo de estudio

E. gracilis es un protista fotosintético con una elevada capacidad de resistencia y
acumulacién de Cd®*. Su ICs; (concentracion necesaria para inhibir su crecimiento en un
50%) es de 100 pM, mientras que para microalgas verdes unicelulares como Chlorella
vulgans, C. pyrenoidosa, Scenedesmus obliquus y S. quadricauda esta entre 0.03 a 6 UM
CdCl; (Trevors et al., 1996; Devars et al., 1998). Ademas, Euglena gracilis es capaz de
acumular cadmio hasta 0.45 % de su peso seco, cuando se cultiva en condiciones
fotoheterotréficas con 500 pM CdCl, y hasta un 1.12 % de su peso seco cuando se cultiva
en condiciones heterotréficas con 200 uM CdCl, (Devars et al., 1998; Avilés et al., 2005);
este valor es similar al reportado para plantas hiperacumuladoras (Ebbs et al., 2002). Por
estas razones, diversos autores han propuesto a este organismo como un candidato ideal
para procesos de biorremocién de Cd* de aguas contaminadas (Bariaud et al., 1985;

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

Efectos téxicos del Cd** en Euglena gracilis

Durante mas de tres décadas, E. gracilis se ha utilizado como modelo para estudiar
los efectos téxicos del Cd?* en células eucariontes. Entre otras caracteristicas, Euglena
posee una gran plasticidad metabdlica; por ejemplo, la cepa silvestre (fotosintética) puede
crecer de manera autotrofa sin necesidad de una fuente adicional de carbono que el CO;
disuelto en el medio. Si se le cultiva en la oscuridad, se vuelve un organismo
completamente heter6trofo, cuyo metabolismo se asemeja mas a un protozoario
(Paramecium spp, Tripanosoma spp.) que a un alga verde. Es interesante notar que
Euglena puede usar una gran variedad de fuentes de carbono, tales como glucosa,

lactato, etanol, succinato y piruvato, entre otros (Buetow, 1989), y ademas de poder
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sobrevivir en condiciones de baja tension de oxigeno por periodos relativamente largos
(Buetow, 1989). Como wuna tercera posibilidad, Euglena puede crecer
fotoheterotréficamente (Buetow, 1989). Estas caracteristicas hacen a Euglena un modelo
alin mas atractivo para estudiar la toxicidad del Cd%".

Por otro lado, esta misma plasticidad metabdlica complica la comparacion directa
de resultados entre grupos de investigacion, pues aumenta las variables a considerar. Por
ejemplo, varios autores cultivan a E. gracilis en condiciones de ituminacién constante, una
condicién muy alejada de lo fisiolégico, y encuentran una LCsy (dosis letal media) para
Cd** de 1.36 uM (Einicker-Lamas et al., 2003), mientras que en Euglena cultivada con un
foto-periodo de 12 h luz/12 h oscuridad se determiné una ICsp de 100 pM, la cual sugiere
una LCso >> 100 uM (Devars et al.,, 1998). La fuente de carbono es otra variable a
considerar. Cuando se cultiva E. gracilis en la oscuridad, se observa una mayor
respiracion celular y actividad de la citocromo ¢ oxidasa utilizando lactato como Unica
fuente de carbono comparado con un medio con glutamato-malato, tanto en células control
como en células expuestas a Cd®* (Navarro et al., 1997). La tabla 3.1 muestra los
principales efectos del Cd* en Euglena gracilis, especificando las condiciones de cultivo y
la concentracién de Cd** usadas en cada trabajo. Hay que notar que la toxicidad del Cd**
esta estrechamente relacionada con la concentracion usada y sus principales efectos son :
inhibicion del crecimiento, de la fotosintesis, de la respiracion celuiar, de la divisién celular,
multinucleacién, aumento en el contenido de DNA, cambios en la estructura del cloroplasto
y de la mitocondria, acumulacién de paramilo (polimero de glucosa con enlaces

glucosidicos B 1-3), induccién de proteinas de estrés (HSP), aumento en los tioles solubles

en acido (Cys, y-EC, GSH, FQs) y generacion de especies reactivas de oxigeno (Tabla

3.1).
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Tabla 3.1 Efectos del Cd** en Euglena gracilis

Concentrgciénde Condicionis de Efectos Referencia
Cd cultivo
50 uM G+M. oscuridad Inhibicién del crecimiento solo en un medio deficiente de Zinc (10 nM), Falchuck et al.,
' acumulacion de paramilo, multinucleacién y aumento de 3 a 4 veces en el 1975
contenido de DNA
20-88 uM Fotoperiodo Inhibicién del crecimiento; Cd?* unido mayoritariamente a un compuesto de Albergoni et al.,
mas de 100 kDa 1980
50 uM Lac, luz 24h Incremento en el contenido de DNA, inhibicién del ciclo celular en fase G1 Bonaly et al,,
1980
0.1 uM luz 24h Del 1er al 4to dia de cultivo, estimulacion de la fotosintesis y respiracion; De Filippis et al.,
después del 4to dla, inhibicion de la fotosintesis y respiracién 1981
05 mM Lac, luz 24h Una cepa resistente de E. gracilis pre-adaptada a Cd* (0.5 mM) capta menos  Bariaud et al.,
cd* que la cepa silvestre 1985
50 uM Lac, luz 24h Cambios en la estructura del cloroplasto y mitocondrias Duret et al., 1986
20-88 uM Fotoperiodo Aumento en el contenido de tioles solubles en &cido incluyendo Cys y GSH Coppellotti, 1989
0.5-2mM Lac, obscuridad Induccion de proteinas de estrés: hsp90, hsp70, hsp55 y hsp40 Barque et al.,
1996
50-500 uM G+M, fotoperiodo Inhibicién de la respiracion y de produccion de oxigeno, aumento de dos veces  Navarro et al.,
en la concentracién de clorofila 1997
50-500 uM G+M, fotoperiodo Disminucién en el crecimiento, incremento en la respiracién e inhibicion de la Devars et al.,
fotosintesis 1998
50-500 uM G+M, fotoperiodo Generacién de especies reactivas de oxigeno y fragmentacién del DNA nuclear Watanabe et al.,
2003
1.36 uM luz 24h Participacion de una proteina similar a una P-glicoproteina que contribuye ala  Einicker-Lamas et

resistencia a Cd?*; su inhibicién hace a Euglena mas sensibles al Cd**

al., 2003

* Medio de cultivo: G+M, glutamato-malato; Lac, lactato. Fotoperiodo, 12h luz/12h obs; obscuridad, obscuridad constante; luz 24h, iluminacién constante. Donde se omite el medio de
cultivo, este no fue mencionado por los autores o lo refieren como “condiciones estandar”.
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3.2 Mecanismos de resistencia a Cd?* descritos en Euglena gracilis

Hacia el ano 2001, se estableci6 que Euglena gracilis no sintetizaba
metalotioneinas, proteinas de bajo peso molecular (<40 kDa) ricas en cisteinas, pero que
si sintetizaba fitoquelatinas (FQs, ver capitulo 2) (Bariaud et al., 1985; Gekeler et al.,
1988). Ademas, se habia determinado que la asimilacién y reduccién de sulfato estaba
relacionado con el mecanismo de resistencia, debido a que los tioles solubles en acido,
incluyendo la cisteina (Cys) y el glutation (GSH), se incrementaban debido a la exposicién
a Cd?* (Tabla 3.1; Coppellotti, 1989; Devars, 1998). Se sabia ademas que la mayor parte
del Cd** estaba unido a moléculas de alto peso molecular (> 100 Da), pero la naturaleza
quimica de estas no habia sido determinada (Albergoni, 1980). En 1987, se caracteriz6 un
compuesto que unia fuertemente Cd** y que contenia sulfuro en una relacion Cd?'/S% =
0.8, pero tampoco se determiné su composicién, secuencia de aminoacidos o peso
.molecular (Weber et al., 1987). Por otro fado, solo el 10 % del Cd?* captado por la célula
se localizaba en la fraccidn soluble (citosol), por lo que se presumia la
compartamentalizacion del Cd** (Bariaud et al., 1985).

Debido a que E. gracilis carece de una vacuola tipo planta que abarque mas del 80
% del volumen intracelular, no era posible proponer una analogia directa con el
mecanismo de resistencia mediado por tioles en plantas y Schizosaccaromyces pombe
(Buetow, 1989; ver capitulo 2, Mendoza-Coézatl et al., 2005). Asi, El primer paso que dimos
para determinar el mecanismo de resistencia a Cd** en Euglena fue determinar la
distribucién intracelular, tanto de Cd* como de tioles, y establecer si su
compartamentalizacion podia relacionarse con el mecanismo de resistencia a Cd* en

Euglena.
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Capitulo 4. Acumulacion de Cd* en el cloroplasto de Euglena gracilis
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Intracellular distribution of Cd, cysteine, glutathione, and
Cd-induced thiol peptides in Euglena gracilis cultured under
photoheterotrophic conditions was studied. After 3 days of
culture with 0.2 mM CdCl;, 62% of the Cd accumulated by
cells was equally distributed between the cytosolic and chloro-
plastic fractions. However, after 8 days, metal content in-
creased in the crude chloroplastic fraction to 40% of total
and decreased to 19% in the cytosol; in Percoll-purified
chiloroplasts the estimated content of Cd raised to 62%. Ac-
cumulation of Cd in chloroplasts could be mediated by a
transporter of free Cd?*, since uptake of added CdCl, in iso-

lated chloroplasts exhibited a hyperbolic type of kinetics with
a K, of 57 pM and V,,, of 3.7 nmol (mg protein)~' min~!.
The contents of cysteine and glutathione markedly increased
in both chloroplasts (7-19 times) and cytosol (4-9 times) by
exposure to Cd?*, although they were always higher in the
cytosol. Thiol-containing peptides induced hy Cd were mainly
located in the cytosol after 3 days, and in the chlaroplasts
after 8 days of culture. The data suggested that Cd was com-
partmentalized into chloroplasts in a process that may involve
the transport of free Cd and the participation of thiol-pep-
tides.

Introduction

Toxicity of Cd in the physiology of diverse organisms
including man (Vallee and Ulmer 1972), algae (Reed and
Gadd 1989), fungi and bacteria (Trevors et al. 1986) is
well documented. In Euglena gracilis, toxic effects of Cd
include inhibition of growth, motlity, phototaxis and
photosynthesis (De Filippis et al. 1981, Stallwitz and
Hader 1993, De Filippis 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-glutathionate complex
can also be transported into the vacuole (Li et al. 1997).
Compartmentation of heavy metais has also been de-
scribed in algae. Scenedesmus preferentially accumulates
copper in the nucleus and vacuote (Silverberg et al.
1976); Porphyra and Fucus accumulate Cd in the nucleus
(Lignell et al. 1982) and Chlamydomonas in the chioro-
plast (Nagel et al. 1996). In Euglena, reports on the sub-
cellular distribution of heavy metals are scarce. 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 et al.
1989). compartmentalization of Cd into other organelles
may be expected. Phytochelatin synthesis and enhanced
glutathione content induced by Cd has ailso been re
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ported in this microorganism (Gekeler et al. 1988,
Coppellotti 1989).

An enhanced accumulation of Cd in Euglena gracilis
grown in the dark was obtained by changing the carbon
source in the culture medium or by pre-treating cells
with 1.5 uM HgCl, (Navarro et al. 1997). Cells grown
under light/dark cycles showed a 2 to 3-fold greater ac-
cumulation of Cd than dark-grown cells (Navarro et al.
1997). The abitity of photosynthetic cells to accumulate
Cd was also raised by pre-treatment with low mercury
concentrations (Devars et al. 1998). The elucidation of
the biochemical strategies that allow resistant cells to ac-
cumulate 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
Cell culture and growth conditions
Axcnic cultures of L. gracitis Klebs (strain Z) were grown

under photoheterotrophic conditions with cycles of 12 h
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of fluorescent white light (60-70 umol quanta m™2 s7')
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
mM) of CdCl,. stored at 4°C. Cultures were initiated
with an inoculum of 2 X 103 cells ml~"; cells were pre-
viously grown under light-dark cycles 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 HCI (2.2% v/v). Cell viability was deter-
mined after incubation at room temperature with
0.025% (w/v) trypan blue for 10 min. After 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 mAM HEPES (4-(2-hydroxyethyl) pipera-
zine-1-ethane sulphonic acid), and 1 mM EGTA (ethy-
lene glycol-bis(f-amino-ethyl ether)N,N,N’ N’-tetra-
acetic acid). pH7.2). The cell pellet was resuspended in
a small volume of SHE buffer and an aliquot of 10 X
108 cells was stored at —70°C until the metal content
was determined,

Subcellular fractionation

Cells were subjected to sonication as described previously
(Moreno-Sanchez and Raya 1987) in a Branson 450 son-
ifier until 70-80% of cells were disrupted. The sonicated
suspension was diluted to 20 ml with SHE buffer and cen-
trifuged at 50 g for 5 min; nuclei and undisrupted cells
were sedimented in this fraction. The supernatant was
centrifuged at 2000 g for 10 min to obtain a crude chloro-
plastic fraction. The supernatant was then centrifuged at
13 000 g for 10 min to obtain the mitochondrial fraction.
The last supernatant was centrifuged at 225 000 g for 45
min to obtain the cytosolic fraction in the supernatant
and the microsomal fraction in the pellet. All the centri-
fugation steps were carried out at 4°C.

Intact chloroplasts were also purified according to the
method of Price et al. (1987) with some modifications.
Approximately 1 1 of culture was incubated in the dark
15 h prior to isolation. An aliquot of 1 X 10° cells was
disrupted by sonication in an isolation medium (0.33 M
sorbitol, 1 mMNa,P,0,, 50 mMHEPES, 2 mMEDTA,
I mM MgCl,, 1 mM MnCl,, 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, dissolved 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. purified 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, ]
mM Na,P,0;. 1| mAM HEPES, | mM ADP. | mM
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MgCl,. 5 mAf KH,PO;. with an initial pH of 7.5. Photo-
phosphorylation was initiated by illumination with satu-
rating white light (1000 pmol quanta m~2 s~ ') this reac-
tion was inhibited by 10 pAM CCCP or 20 M DCMU
(3-13.4-dichlorophenyl|-1.1-dimethy! urea).

Determination of protein and chlorophyll content

Protein concentration was determined by the biuret
method using bovine serum albumin as standard. To dis-
card cadmium intecference, 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 min. The
content of chlorophyll was 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 were stored at —70°C until use. The
activity of the marker enzymes, determined in the freshly
obtained fractions or in the frozen and thawed samples,
gave similar results. The different cell fractions were
identified by measuring specific enzymatic activities or
DNA and chlorophyll content. DNA was quantified by
measuring the fluorescence of DAPI (4,6-diamidine-2-
phenylindole) by the method of Brunk et al. (1997).

Chloroplastic fraction. The activity of photosystem Il
was measured at 25°C by following the oxygen consump-
tion with a Clark-type oxygen electrode (YSI model 53;
Yellow Springs Instrument Co. Inc.. Yellow Springs.
OH, USA), using water as electron donor and methylvi-
ologen as acceptor in 0.1 M sucrose, 5 mM MgCl,, 15
mM HEPES, 10 mM KCI, pH8.0. The reaction was
started by illumination with saturating white light (1000
umol quanta m~2-s™ 1) the activity resistant to DCMU
was subtracted (Allen and Holmes 1986).

The activities of cytochrome ¢ oxidase (mitochondrial
fraction), glucose-6-phosphatase (microsomal fraction)
and acid phosphatase (lysosomal 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 ml from
cell extracts and fractions were digested by boiling in 0.5
mi of 99% (v/v) HpSO, + 2.5 mi of 70% (v/v) HNO; for
2 h in a block heater. The content of Cd in the digested
clear samples was determined in an atomic absorption
spectrophotometer (SpectrAA 640, Varian Australia Pty
Ltd., Muigrave, Victoria. Australia).

Cd?* uptake

Percoll-purified chloroplasts. isolated from cells grown
in the presence of rither 0.05 or (1.2 mM CdCl, for 8
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days, were incubated at 25°C in a medium that con-
tained 0.33 M sorbitol, | mAf HEPES, pH 7.5, and dif-
ferent concentrations of '*°CdCl, (specific activity 5550~
7400 Bq pmol™!). At pre-determined times, 0.5 ml ali-
quots were withdrawn, filtered through nitrocellulose
filters (0.45 pm pore diameter. Millipore Corporation,
Bedford, MA, USA) previously rinsed with 10 mM
CdCl,. and washed twice with 5 ml of ice-cold 10 mM
CdCl,. Radioactivity in the filters was measured in a
liquid scintillation counter.

Content of cysteine, glutathione, and thiol-containing
peptides

Aliquots of the fractions (10 mg protein) were diluted to
a final volume of 2 ml with KME buffer {120 mM KCl,
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 OD52) equilibrated with 0.05% H;PO,
and eluted with a linear 1-20% acetonitrile gradient dur-
ing 40 min. Sulfhydryl groups from cysteine. glutathi-
one, and thiol-peptides were detected by post-column
derivatization with 0.1 mAM DTNB (5,5'-dithio-bis[2-
nitrobenzoic acid]), recording absorbance at 412 nm
(Grill et al. 1991).

Results
Cell growth, metabolite content, and enzyme activities

Euglena gracilis strain Z initiated the logarithmic phase
of growth after 3 days of culture under photohetero-
trophic conditions; the early stationary phase was
reached around the 7th day (data not shown). The ad-
dition of CdCl, slowed down the growth rate and severe-
ly decreased the cellular density reached in the station-
ary phase (Table 1); however, growth was not abolished
in the presence of 0.2 mM CdCl,. The cell viability was
always higher than 90%, even in the presence of Cd. The
chlorophyll content was not significantly affected by
Cd®* exposure. The protein content, measured by the
biuret method, increased 2-2.5 times (Tablel1}, and by

the Bradford and the Murphy and Kies assays. 5.1 and
7.1 times, respectively. The absorbance spectrum of
chlorophyll and the biuret assay for proteins were not
altered by the addition of 1 mAf CdCl, (data not
shown).

The HPLC analysis of the cell extracts revealed a pro-
nounced increase in the contents of cysteine and gluta-
thione induced by exposure to Cd?* (Tablel). 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 Cd?* (Tablel;
Fig.3A).

The DNA content and the activity of the photosystem
IT were markedly increased by Cd. whereas the TMPD
oxidase activity was diminished {Table 1).

Identification of subcellular fractions

The activity of the donor side of photosystem II was
detected in all fractions except in the cytosol, but it was
highest in the 2000 g pellet. The highest content of
chlorophyll was also found in the 2000 g pellet, which
indicated that the main fraction of chloroplasts was re-
covered in this centrifugation step. Further purification
of this fraction resulted in a significant increase in the
rate of photophosphorylation, from 55 (n = 2) before the
Percoll step, to 22094 nmol ATP (mg protein)~!
min~! (meanz*sp; n=5). Percoll-purified chloroplasts
from cells grown with 0.05 mM Cd?* exhibited a photo-
phosphorylation rate 3-fold lower than the control (72
* 17 nmol ATP (mg protein)~! min~!; n=23).

The TMPD oxidase activity was distributed among all
the different cell fractions (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 TMPD oxidase activity almost as
high as that found in the mitochondrial fraction. How-
ever, this activity was 92% eliminated after the Percoll
centrifugation step (data not shown). Suzuki et al.
(1987) reported no contamination by the cytosolic frac-
tion and only 5% by mitochondria in chloroplasts iso-
lated with a similar purification procedure.

Table 1. Effect of Cd?* on growth, metabolite content, and enzyme activities of photoheterotrophic grown Euglena. Means *sp {n). The
thiol-contalning peptides represent the sum of all thiol-containing compounds induced by cadmium with retention times in the HPLC

chromatogram greater than glutathione {see Fig. 3). NM. not measured.

Time of Culture 3days 8days 3days (0.2 mM Cd)  8days (0.2 mM Cd)
Growth X10° cellsml ™' 212023 5.3+0.9 (5 02*0.1(3) 090.1(9)
Cd Content nmoV/107 cells 0 0 194 = 42 (3) 249 =30 (4)
Protein (mg/107 cells) 5.5%1.5(3) 4.0%0.7 (5) 98*1.9(3) 10408 (4)
Chlorophyli (ug/107 cells) 45*16 (3) 4210 (5) 409 (3) 55+ 15 (4)
Cys (nmol/107 cells) NM 5+2(3) 4515 (3) 3610 (3)
GSH (nmol/107 cells) 7.5(D) 7+2(4) 6325 (3) 84+30 (4)
Thiol-containing peptides (nmol SH/107 cells) 03 04 2559 (3) 33+ 10 (4)
DNA (ug/107 cells) NM 109 (2) NM 32x£5(Q3)
PSIT ng atoms oxygen (min X 107 cells) ' NM 116 =10 {4) NM 480 * 36 (4)
TMPD oxidase ng atoms oxygen (min X 107 cells)” ' NM Bx16 365 (4)

6 (4) NM
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Intracellular distribution of Cd

After 3 days of culture, 62% of accumulated cadmium
was equally distributed between the chloroplastic and
the cytosolic fractions (Fig. 1A); the remaining accumu-
lated Cd was located in the nuclei (24%). mitochondria
(8%). and microsomal (6%) fractions (data not shown).
To establish whether sonication of cells disturbed the in-
tracellular distribution of Cd, cells were grown without
metal and mixed, prior to sonication, with 270 nmol Cd/
107 cells, which was an amount of metal similar to that
accumulated by cells. Under these conditions, and in
contrast to data shown in Fig. 1A, 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.1A). 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

ol A T 1

40+ 1

Cd [nmol- (107 cellay*}

- ]

£0- - 1

GSH inrol {107 calts} |

Chigroplast

enzyme. The metal to chlorophyll ratio in the crude
chloroplastic fraction was 1.6 = 0.42 nmol Cd (ug Ch)~!
(mean of 4 experiments =sp). This ratio increased to
3.15= 1.1 nmol Cd (ug Chl) ™! (n=4) in Percoll-purified
chloroplasts. Thus, using this ratio and the cellular con-
tents of Cd and chloropiyll (Tablel). 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 strain of Chlamydomo-
nas only 10% of incorporated '°Cd was found in the
cytosol and >50% in Percoll-purified chloroplasts (Nag-
el et al. 1996).

The rate of Cd?* uptake at 25°C in intact Percoll-puri-
fied chloroplasts, isolated from cells grown for 8 days
with 0.05 mM CdCl,, followed a Michaelis-Menten (hy-
perbolic) type of kinetics, as revealed by the non-linear
(Fig. 2) and the linear curve fiting (Fig. 2. insert) of the
experimental data. The estimated Michaelis-Menten
constant (K,) was 57* 13 pM and the V,,, was 3.7+
0.5 nmol (mg protein) ~' min~! (mean *skm, n =3). At

20+ B I Conwol
7 200 oM O S day
I 200 4 Cd & day

1
i

Cyx (nmcl (107 oatsy)

144

124

thial-paptides (nmal (107 cats)')
?

Chioroplast Cyiosal

Fig. 1. Distribution of Cd. cysteine. glutathione. and thiol-containing peptides in subcellular fractions of Euglena gracilis. Cells were har-
vested after 3 or 8 days of culture with or without 0.2 mM CdCl,. Cell fractionation and determination of the contents of Cd {A), cysteine
(B). glutathione (C). and thiol-peptides (D) were made as described under Methods. The percentage of non-recovered metabolites after
fractionation was 43 = 11% (n =22:; mean=sp). The total amount of metabolites was normalized to 107 cells and the ‘chloroplast’ plus
“cytosol’ fractions amounted up 70% of total. Values are the mean * s of 3-4 different preparations.
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Fig. 2. Kinetics of the Cd?* uptake in

1/ Cd uptake

Euglena chloroplasts. Chloroplasts were
isolated using a Percoll gradient

™ ] centrifugation procedure as described
under Methods. from cells grown for 8
days In the presence of 0.05 mM CdCl,.
Purified chloroplasts (1 mg protein) were
added to 2.5 ml of the sorbitol medium,
described under Methods, to start the
reaction; the medium also contained the
Indicated concentrations of '%°CdCl,. An
aliquot was filtered every 5 min during 30
min. To discard unspecific binding, the
rate of Cd?* uptake was determined from
the slope of the plot Cd retained in the
filter versus time. Such a plot was linear for
at least 30 min The data shown represent
the mean = sb of 3 different preparations.
The solid lines represent the best fit to the
Michaelis-Menten and the Lineweaver-

Cd uptake (nmol *®Cd ** mg protein” min™")
N
L

/] Burk (insert) equations.
005 ~opo 005 010 015 0201
11 (pM')
0ob—F— A7 " .
T L
0 100 200 300 400 500
CdCI2 (uM)

CdCl, concentrations of 0.4 mM or higher, an apparent
non-saturable component was also observed (not
shown). A similar kinetic pattern was obtained for Cd?**
uptake in chloroplasts purified from cells grown with 0.2
mM CdCl;. Incubation at 4°C of chloroplasts, isolated
from control and Cd-exposed cells. only partially (37 £ 9
and 10 +9%; n =3, respectively) inhibited Cd?** uptake
assayed at 0.05 mM CdCl,,

Intracellular distribution of cysteine, glutathione and
thiol-peptides

The HPLC analysis of the Percoll-purified chloroplasts
(Fig.3), and of the other cell fractions (data not shown},
showed that the Increase in the cellular contents of cys-
teine, glutathione, and thiol-containing peptides, in-
duced by exposure to Cd®* (Tablel), were largely
located in the chloroplastic and cytosolic fractions (Fig.
1B-D). 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.1B.C). The levels
of cysteine and glutathione (Fig.1B.C and Fig.3) at the
8th day were not significantly different from those at the
3rd day of culture.

[n agreement with data obtained with the cellular ex-
tracts (Tablel), 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
Cd?*. 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 distribution pat-
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tern {cf. Fig. 1A.D). The contents of Cd and thiol com-
pounds, in Percoll-purified chloroplasts isolated from
cells grown with 0.2 mM CdCl; for 8 days, were (per mg
protein): 26 =6 nmol Cd (n=6), 3.1 £2 nmol cysteine
(n=3). 7.6 *£ 1.9 nmol glutathione (n=3), and 6.6+ 2.5
nmol thiol-peptides (n = 3).

Discussion

Little is known about the subcellular distribution of Cd
and the metabolites induced in response to Cd stress in
vacuole-lacking cells. We previously demonstrated that
Euglena gracllis Z strain grown photoheterotrophically
was able to accuinulate significant amounts of Cd (De-
vars et al., 1998). Thus in this work we determined the
intracellular distribution of Cd and some other metabo-
lites related to the Cd?* response in this microorganism.
The accumulation of Cd by the whole cells (cf. Table 1)
was similar to previous values reported by Coppellotti
(1989) and our group (Devars et al. 1998).

Cd?* 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 TMPD 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 content.

Compartmentalization of Cd in the vacuoles of yeast
and plants has been proposed as a protective mechanism
against the damaging effects of this metal (Ortiz et al.
1992. Zenk 1996, Li et al. 1997). Cd accumulation in
nuclei. mitochondria and chloroplasts has also been ob-
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1 Fig.3. HPLC profiles of DTNB-reacting
coinpounds from Percoll-purified
chloroplasts. Chloroplasts isolated from 8

| day-cultured. control cells (A), and 3 (B)

. and 8 day-cultured cells with 0.2 mAf
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CdCl; (C) were acid-extracted, filiered.
separated and detected by reaction with
DTNB as described under Methods.
[dentical amounts of protein (0.55 mg)
were analysed under the three conditions.
Peaks with retention times of 2.5 and 4.3
min correspond to cystelne and
glutathione, respectively. Peaks developed
at longer times correspond to thiol-
containing peptides induced by Cd. The
compounds detected by DTNB reaction at
412 nm after glutathione also showed an
absorbance peak at 220 nm, wavelength
at which the peptide bond has an
absorbance maximum (data not shown).

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 Euglena cells (Table 1) suggests that DNA syn-
thesis is active but cell division is arrested, raising the
possibility of a blocking of the cell cycle. A similar in-
crease in the DNA content was described by Falchuk
etal. (1975a) in Euglena grown with 10 yM Cd?*.
Multinucleated cells, as a result of inhibition of cytokin-
esis, fragmented endosomes, diffuse chromatin and in-
creased DNA contents, have been observed in Euglena
after Cd?* exposure, indicating alterations in the struc-
ture or composition of intranuclear components {Fat-
chuk et al., 1975b).

Chloroplast compartmentalization of Cd ac-
companied by a strong inhibitory effect on photosyn-
thesis has been observed in Chlamydomonas reinhardtii
(Nagel et al. 1996). In the present work we demonstrate
that Cd is also accumulated in Euglena 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 Euglena, cysteine and glutathione increased
significantly after 3 days of Cd?** exposure. Since the
levels of these metabolites did not substantially change
after further incubation with Cd%*, the enzymes in-
volved in the synthesis of these compounds must have
been induced/activated by the initial exposure to the
metal. The contents of cysteine and glutathione in con-
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Cd-binding peptides. isolated from
Euglena grown in the presence of 0.05 mAf
CdCl,, for 8 days as described by Grill

et al. (1991). showed an absorbance peak
at 254 nm indicative of Cd-thiolate
coordinates. These peptides exhibited an
identical HP1.C profile to that of Fig. 3C.

trol cells were similar to those reported by Coppellotti
(1989); this author also described a 6-fold increase in the
cysteine and glutathione contents in Euglena grown in
the presence of 44.5 pM CdCl,. Increases in the cysteine
concentration, concomitant with an increased expres-
sion of the enzymes for sulphur assimilation, ATP sul-
phurylase and adenylylsulphate (APS) reductase, have
also been observed after Cd?* exposure in Brassica jun-
cea (Schafer et al. 1998). This indicates that the flux
through this pathway is stimulated in response to Cd.

In higher plants and some 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.
Jjuncea, proteln sequences from cDNA clones encoding
O acetyl serine (thiol) lyase, y-glutamylcysteine synthe-
tase and glutathione synthetase, which exhibit putative
mitochondrial targeting sequences, have been isolated
from Cd?* exposed plants (Schéfer et al. 1998). These
observations indicate that a cysteine biosynthetic path-
way may be present in mitochondria. In purified mito-
chondria from proplastid-lacking Euglena 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 ai.
1988). However, for chloroplasts, it is not known
whether the other 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 deal with heavy metal toxicity in
plants. veast and algac (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 Gekeler et al.
(1988). but no subcellular distribution was analysed. In
Chilamydomonas reinhardtii, thiol-containing peptides in-
creased in cytosol and chloroplasts after Cd?" exposure
(Nagel et al. 1996). In our work, Cd-induced thiol-pep-
tides, presumably PCs, are present in both the cytosol
and chloroplasts since the 3rd day of Cd?* exposure.
The total content of the thiol-containing peptides was
within the range reported by Gekeler et al. (1988) for
Euglena grown with 20 pyM Cd(NO,), 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) (Al-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 mM Cd?* (Fig. 3C), might also be phytoch-
elatins although longer than PC-4 since no thiols ap-
peared around 25 min (Al-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 Cd?* exposure. Glutathione homo-
logues such as yGluCysGlu with retention times between
glutathione and PC-2 have been detected in maize
{Meuwly et al., 1995).

The correlated redistribution of Cd and PCs, from the
cytosol to the chloroplast after 8 days of Cd®* 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) Cd?* uptake reaction for vacuolar Cd seques-
tration has also been described in Saccharomyces cerevi-
siae (Li 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 chloroplasts possess a transport sys-
tem for the free Cd?* ion. The partial temperature-de-
pendence of the Cd?* uptake suggested that, in addition
to significant simple diffusion, there is also a protein-
mediated Cd?* transport in Euglena chloroplasts. No
such kind of transport has been described in chloro-
plasts, although a Cd?*/H™* antiport activity in tono-
plast vesicles from oat roots and in yeast vacuolar ves-
icles has been described {Salt and Wagner 1993, Ortiz
et al. 1995). The existence of a free Cd®* uptake system
in Euglena chloroplast does not exclude 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)/Cd was 0.66 in purified
chloroplasts. A similar stoichiometry was estimated for
the cytosolic fraction. Since complete chelation of Cd?*
requires at least two thiol groups. our results indicated
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that the biosynthesis and/or uptake of these compounds
was low and did not suffice to chelate the Cd?* present
in the chloroplasts. To completely account for resistance
to this heavy metal, other chelating molecules such as
dicarboxylic acids, inorganic phosphate, pyrophosphate
and sulphide should also be involved in the inactivation
of Cd®* in Euglena chloroplasts.
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Capitulo 5. Modelo de resistencia y acumulacién de Cd* en el

cloroplasto de Euglena gracilis.

Una vez determinado que el Cd** y las FQs se acumulaban en el cloroplasto (ver
capitulo 4), el siguiente paso fue determinar el mecanismo bioquimico por el cual ambos
compuestos se compartamentalizaban en este organelo. La figura 5.1 muestra el modelo

que proponemos para explicar la acumulacion de Cd*" y FQs en el cloroplasto de E.

gracilis.
(B)
ADP + Pi
(-EC)24-Gly 2 GSH
[Fas] s
ATP-Mg /DCSchI (C)
Cd* (1-EC)o4-Gly
(A) o
Cd?
HMWC
Citosol Cloroplasto (D)

Figura 5.1 Modelo de resistencia a Cd*" en Euglena gracilis.
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Debido a que E. gracilis carece de una vacuola tipo planta y mas del 60% del Cd** y
FQs se encuentran en el cloroplasto (ver Capitulo 4, Mendoza-Cézatl et al., 2002), el cd*
podria entrar al cloroplasto como ién libre (A) y unido a FQs (B), pero ademas, y debido a -
que el GSH esta presente dentro del cloroplasto, propusimos que las FQs podrian
sintetizarse también en el interior de este organelo (C). Debido a que la inactivacidn
completa del Cd?* requiere de la formacion de complejos de alto peso molecular formados
por Cd?*" y tioles (HMWC), también nos planteamos como hipétesis que estos complejos
podrian 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 Hipotesis
El mecanismo de resistencia y acumulacion de Cd?* en Euglena gracilis, esta

relacionado con su compartamentalizacion en el cloroplasto mediante la union con

diversos compuestos tioles (GSH, FQs y S%).
5.2 Objetivo general

Determinar el mecanismo de resistencia y acumulacién de Cd** mediado por tioles

en Euglena gracilis.
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5.3 Objetivos particulares

1) Caracterizar cinéticamente el transporte de Cd** al cloroplasto de Euglena
gracilis en forma de ién libre.

2) Determinar si la acumulacion de Cd*" 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 fisicoquimicamente a los complejos de alto peso molecular formados

por tioles, Cd** y sulfuro en Euglena gracilis.
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Capitulo 6. Resultados

6.1 Caracterizacién cinética del transporte de Cd** en cloroplastos de Euglena gracilis
Como primer objetivo, nos centramos en caracterizar la entrada de Cd* al
cloroplasto en forma de ion libre y en determinar si los tioles dentro del cloroplasto podrian
estar relacionados con el mecanismo de resistencia y acumulacién de Cd** en E. gracilis.
Ademas de la entrada de Cd*" al cloroplasto, también determinamos parte de la
bioenergética del transporte. Finalmente, con base en las caracteristicas bioquimicas del
transporte, propusimos el tipo de transportador (a nivel de familia de transportadores) que

podria estar mediando la entrada de Cd*" al clordplasto de Euglena gracilis.

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

acceptance letters
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Abstract

Euglena gracilis lacks a plant-like vacuole and, when grown in Cd?"-containing medium. 60% of the accumulated Cd”" is located inside
the chloroplast. Hencc. the biochemical mechanisms involved in Cd** accumulation in chloroplast were cxamined. Percoil-purificd
chloroplasis showed a temperalurc-sensitive uplake of the free '"?Cd™* ion. Kinclics of the uptake initial rate was resolved in two
components, one hyperbolic and saturable (¥, 11 nmol '®Cd?™ min™" mg protein ', K, 13 uM) and the other, linear and non-satursble.
1%Cd2* uptake was not affected by metabolic inhibitors or illumination. Zn?" competitively inhibiled '®Cd?* uptake (K; 8.2 uM): intemal
Cd?* stightly inhibited '®Cd** uptake. Cadmium was partially and rapidly rcleased from chloroplasts. These data suggested the involvement
of a cation diffusion facilitator-like protein. Chloroplasts isolated from cclls grown with 50 uM CdCl; (ZCdsp chloroplasts) showed a 1.6
times increase in the uplakc Vo, Whereas the K, and the non-saturablc component did not change. In addition, Cd** refention in
chloroplasts correlated with the amount of internal sulfur compounds. ZCdso chloroplasts, which contained 4.4 times more thiol-compounds
and sulfide than control chloroplasts, retained six times more Cd**. The Cd?" storage-inactivation meehanism was specific for Cd*", since
Zn?* and Fe** were not preferentially accumulated into chloroplasts.

© 2004 Elsevicr B.V. All rights reserved.

Keywords: Heavy metal transport; Phytochelatin: Sulfide; Cd™ compartmentation; Cd*" inactivation

1. Introduction

Heavy metals such as Cu®*, Zn>", Mn*", Fe**, Ni** and
Co™" are essential micronutrients for cell metabolism but
when present in excess, these, or trace amounts of
nonessential metals such as Cd**, Hg®*, Ag™", and Pb2",
may become extremely toxic [1]. Metal tolerance and
homeostasis in cells is achieved by controlling their trans-
port processes and by their sequestration with specific
metal-binding biomolecules such as phytochelatins (PCs)
and metallothioneins [2,3).

In the plant cell, Cd** can enter through different
pathways. In rice (Orvza sativa). maize (Zea mays) and
root cells from soybean (Glycine max), Cd** uptake is a
carrier-mediated process (4-6). In barley (Hordeum vul-

* Comesponding author. el ~52 §§ 3371 29}): fax: -32 55 8872
0926.
Eonail address cozatl@hotmat] com (D4 Mendoza-Cazathi

0005-2228°S - see front matter & 2004 Flsevier BV A npb revened
dor 10 107 60 Bhihie, 2004 09 (100

gare), Cd®* uptake is mainly a simple diffusion process [7].
In durum wheat roots (Triticum turgidum), Zn** and Cd*
uptake is mediated by both a carrier and through simple
diffusion [8.9].

At the protein level, five families have been implicated in
heavy metal transport:

(1) CPx-type ATPases, a subgroup of the P-type ATPases
with a Cys-Pro-X motif (CPx), which take up essential
and nonessential metals such as Cu®’, Zn>*, Cd** and
Pb?' across the plasma membrane [1.10].

(2) Cation/H' antiporter family, which physiologically
exchanges Na* or H* with Ca? or Cd®* [11,12].

(3) Nramp. from MNatural resistance associated macro-
phage protein, first identified in mammalian cells and
related to the susceptibility to infection by pathogens.
These proteins are H'-coupled transporters whose
activity depends on the plasma membrane electro-
chemical H' gradient and have been involved in the
transport of Cd**, Mn™" and Cu™" [1.12-15].
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(4) CDF (Cation Diffusion Facilitators) proteins related to
Zn¥, Co™, Mn?" and Cd™ transport in bacteria.
fungi, plants and animals (12.16]. Some of these
proteins do not apparently require an energy source
such as ATP or a H” motive force to function, since
the metal concentration gradient between the two
compartments is sufficient to drive the cation transport
and, in consequence, this process may be reversible
{17,18}.

(5) ZIP, from ZRT/IRT-like proteins. Plant transporters of
Fe’*, Mn®", Cd** and Zn®* with biochemical proper-
ties similar to those of CDF proteins, but with different
topology and a highly conserved histidine motif for
metal binding [19,20).

CDF and ZIP proteins have also been implicated in the
intracellular transport of heavy metals. Zhf and hZnT-5,
both members of the CDF family, facilitate the Zn?'
compartmentation into the endoplasmic reticulum and Golgi
apparatus, in yeast and mammais, respectively {18,21]. In §.
cerevisiae, ZRC1 and COT1, other CDF members, transport
Zn**, Co™ and probably Cd?" into the yeast vacuole {1.17],
whereas ZRT3, a ZIP family member, is involved in Zn*'
release from vacuole to cytosol {22). In addition, the
sequence of ZIP4, an Arabidopsis ZIP family member,
contains a transit peptide for chloroplast, suggesting that this
kind of proteins may also operate in the transport of heavy
metals into this organelle [19,23). However, the biochemical
characterization of the CDF or ZIP family proteins involved
in the transport of heavy metals to chloroplasts has not yet
been carried out.

In plants and some yeast, it is well established that Cd**
is accumulated into the vacuole. In plants, Cd** may be
transported as free ion or as a phytochelatin-Cd (PC-Cd)
complex {24,25). In yeast, Cd>* 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(giutathionato)-Cd
complex (GS;-Cd) {26,27]. In plants and yeast, the
transport of the free Cd>* ion requires a H™ gradient
across the vacuole membrane [24.26,27]; the transport of
thiol-Cd comnplexes requires an ABC-type transporter
specific for each kind of complex (PC-Cd or GS,-Cd)
{25-27). Finally, for a complete Cd** inactivation and
storage inside the vacuole, thiol(PCs, GSH or y-EC)-Cd
complexes, Cd*' and inorganic sulfide (S2°) form high
molecular weight complexes (HMWC) around a CdS core
[28,29]; cells unable to form these complexes become
Cd?*'-sensitive [30,31].

Little is known about Cd** uptake and compartmentation
in unicellular photosynthetic organisms. Euglena gracilis
shows a high Cd?" resistance associated with a large Cd?’
accumulation capacity; the CdCl, concentration to reach
50% growth inhibition is 100 pM whereas cells cultured in
the presence of 200 pM CdCla accumulate 249 nmol cd*/
107 cells {2.79 pg Cd*'fmg protein) [32]. £. gracilis lacks a
ptani-like vacuole and thus morc than 60% ol the

accumulatcd Cd™* is located inside the chloroplast {32].
PCs are also present inside the E. gracilis chloroplast {32],
suggesting that this organelle is involved in the Cd*
resistance mechanisin. The understanding ot the biochem-
ical mechanisms for heavy metal resistance and accumu-
lation in organisms such as £. gracilis is of interest for
bioremediation purposes. Therefore, in the present work the
Cd* uptake and the Cd*' storage mechanism of Percoll-
purified chloroplasts isolated from photosynthetic E. graci-
lis were evaluated.

2. Materials and methods
2.1. Chemicals

EGTA, carbonyl cyanide m-chlorophenylhydrazone
(CCCP), 5,5 -dithio-bis(2-nitrobenzoic acid) (DTNB) and
3-(3,4-dichloro-phenyl)-1,1-dimethyl-urea (DCMU) were
purchased from Sigma. HEPES was from Boehringer,
Percoll from Pharmacia, sorbitol from Research Organics
and '™CdCl, was from NEN (specific activity 5550~
7400 Bq pmol™"),

2.2. Cell culture and growth conditions

Axenic cultures of E. gracilis Klebs (strain Z) were
grown under cycles of 12 h of fluorescent white light (70
pmol quanta m~2 sy and 12-h dark at 2542 °C with no
agitation. The acidic organotrophic medium with 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) afier 8
days. The culture medium also contained the following
salts: 3.2 mM (NH,),HPO,, 5.6 mM KH,PO,, 2 mM
MgSO, - 7H,0, 2 mM CaCOs3, 473 puM MnSO, - 4H,0, 306
pM ZnSO4-7H,0, 90 pM Na,MoO,-2H,0, 184 uM
FeCly - 6H,0, 6.7 uM CoCl; - 6H,0, 6.2 puM CuSOy4 - 5H,0,
O, 1.7 uM Nal.

CdCl, was added to the culture medium before the
cellular inoculum. Ata pH of 3.5 and in the presence of 33
mM glutamate, 17 mM malate, 8.86 mM H;POJ_, 2 mM
Mg?" and 2 mM Ca®’, the chemical activity of 50 and 100
UM added Cd*' was 40.2 and 80.1 pM free Cd™',
respectively. These latter values were estimated by using
the software CHELATOR [34] for multiple ligand equili-
brium reaction systems and the stability constants compiled
by Sillen and Martell [35]. Free Cd®' concentration at 50
uM of added CdCl, was also experimentally determined to
be 41.7 uM free Cd*" in a medium that contained 33 mM
glutamate, 17 mM malate, 8.86 mM H-PO, ", pH 35.and 1
uM of the fluorescence dyc Mag-Fura-2 (Molecular Probes).
The Kdeg of the Cd** dye complex was 1.8+0.2 pM (also
experimentally determined at pH 3.5). The probe was stable
(»96%) at the pH used during the ineasurements. Excita-
tions wavelengths were 323 and 358 nm and emission was
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collected at 483 nm; data were processed as described
clsewhere [36].

2.3. Isolation of chloroplasts

[ntact Percoll-purified chloroplasts were obtained as
described previously [32] with some modifications. After
separation of the intact chloroplasts from the 40-80%
Percoll 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 2000x g for 5 min.
Then, chloroplasts were resuspended in a minimal volume
of the same bufTer, stored in ice, and used within the next 2
h for the uptake experiments. Chloroplasts showed mem-
brane integrity higher than 95%, as determined by the Hill
reaction.

2.4. Cd** uptake and release experiments

199Cd** uptake was measured as described previously
[32] with some modifications. Uptake was assayed at 25 °C
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 ml) was withdrawn afier 20-s
incubation with '%CdCl, and filtered through nitroceilulose
filters (0.45-pm pore diameter, Sartorius, Germany) pre-
viously rinsed with 10 mM CdCl,. Under these conditions, a
linear rate was attained from 10 to 30 s for CdCl,
concentrations of 50-200 puM. Then, filters were washed
twice with 10 ml of ice-cold 10 mM CdCl,. Radioactivity in
the filters was measured in a liquid scintillation counter.
Filters washed with either 120 mM KC!, | 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 (Microsoft) software.

v= (Ld“]]) + m{Cd**] (n

Km + [Cd*

For '°°Cd* loading, 0.5 ml of a chloroplast suspension
of 4 mg protein/ml was incubated for 10 min at 25 °C, or the
stated time, with 100 pM '%CdCl,. For the relcase
experiments, aliquots of 1%CdCl,-loaded chloroplasts were
transferred to a release medium (0.33 M sorbitof, 10 mM
HEPES with or without a competing metal or 10 mM
EGTA, pH 7.3) to a final concentration of 0.2 mg protein/
ml; after the indicated times, 0.1 mg of chloroplast protein
(in 0.5 ml) was withdrawn, filtered and washed for
radioactivity counting.

2.5. Cadmium, zinc and iron content

Content of heavy metals in acid-digested cells (107 -10°
cells) and chloroplasts (5 10 mg protein) was determined by
atomic absorption spectrophotomeiry in a SpectrAA 640
(Varian Australia Pty) spectrophotometer

2.6. Content of acid soluble thiol-compounds and sulfide

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

3. Results
3.1 Cd” uptake

We previously reported that Cd?* enters the chloroplast
as a free ion [32]; thercfore, in this work we characterized
the mechanism by which Cd** is transported and retained
inside the chloroplast. Initial rates of '°°Cd** uptake in
Percoll-purified chloroplasts of E. gracilis showed a
biphasic, non-saturating pattem (Fig. 1A). 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 fitting to Eq.
(1). Cd** uptake was dissected into two components, a
saturable (hyperbolic) and a non-saturable one (linear). The
saturable component showed a Vipuy of 11.213 (4) nmol
199Cd?* min~' (mg protein)” ' [mean+S$.D. ()] and a K, of
13.415 (4) uM. The rate of the non-saturable component
was 0.13+0.01 (4) nmol '®Cd™ min~' mg protein™'
uM", representing the increase in the cd* uptake rate
related to the increase in the Cd?* concentration in the assay.
Eq. (1) was the best fit to the experimental data of Fig. [A
over the Hill, double Michaelis~Menten or double Hill
equations (not shown).

To determine the nature of the driving force involved in
the Cd™* uptake, different inhibitors were tested. At 100 pM
Io"CdClz, the uptake initial rate was 21.4+4.6 (4) nmol
1%°Cd?* min~' (mg protein)™'; this rate was not affected by
the addition of 100 pM CCCP [{19+4.2 (4) nmol '®Cd**
min~' (mg protein) '] or 50 uM DCMU [19.4%3 (4) nmol
1°Cd** min~' (mg protein) '] These results suggested that
Cd** uptake did not depend on an electrochemical H’
gradient across the chloroplast envelope or on the photo-
synthetic electron transport activity. Mersalyl (50 pM),
ruthenium red (100 uM), pre-illumination of chloroplasts or
pre-incubation in the dark did not affect 1%Cd** uptake
(data not shown).

To further assess whether an ion electrochemical gradient
was involved, the K'/H' ionophore nigericin was also
assayed. Nigericin showed no effect on '™Cd*" uptake in
the absence of added K'. but 50% inhibition by nigericin
wis attmned m the presence of 150 mM KCI {214 nmol
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Fig. 1. (A) Kinetics of '®Cd®" uptake in Percoll-purified chloroplasts from
E. gracilis. "®Cd** uptake was measured by filtration as described under
Materials and methods. The data shown represent mean+S.D. of four to
five different preparations. Kinetic p were calculated by fitting the
expenmental data to Eq. (1) (thick solid line). Hyperbolic (thin solid line)
and linear (dotted line) components derived from the nonlinear regression
analysis are also shown. (B) Effcct of temperature and K™ on the "™Cd?*
uptake kinetics. Chloroplasts were pre-incubated for 5 inin in a medium
containing 0.33 M sorbitol, 10 mM HEPES (pH 7.3),a1 25 (W) or4 °C (A ),
with 50 mM KCl at 25 °C (O), or with 50 mM KCl at 4 “C (7). Uptake
was initiated by the addition of "CdCl; at the indicated concentrations.
After 20 s, an aliquot of chloroplasts was withdrawn, filtered, washed and
the radioactivity in the filters was measured in a liquid scintilation counter.

19Cd** min~" (mg protein)~" vs. 11.1+3 (4) nmol '®Ca**
min~"' (mg protein)”'). Because K™ is a physiological cation
present in cytosol and chloroplast, the K" effect on the Cd**
uptake kinetics was examined (Fig. 1B). K* inhibited both
components, the saturable and the non-saturable, by
decreasing their ¥, and slope values, respectively, but
the K, value remained unchanged (Table 1A).

The effect of temperature was also tested (Fig. |1B).
Temperature affected both components in a greater propor-
tion than K", and all three kinetic parameters (¥ Ko
slope) were affected (Table 1A). Temperature and K’
showed an additive effect (Fig. 1B). eliminating almost
completely the saturable component (Table 1A). Indecd. in

the presence of 50 mM KCI and at 4 "C, the kinetic pattemn
firted 10 a linear equation starting at the origin.

It has been demonstrated thal exposure to heavy metals
affects the expression of some heavy metal transporters
[19.20). Therefore, '®’Cd" uptake in chloroplasts isolated
from cells growing for eight days with 50 or 100 uM CdCl,
(ZCdso and ZCd ) gp chloroplasts) was also studied. In these
chloroplasts, a significant 57-61.6% increase in V., was
found (Table 1B). The K, of the saturable component and
the rate (slope) of the non-saturable component remained
unchanged. Similar chlorophyll to protein ratios were found
in chloroplasts from control and Cd**-grown cells, discard-
ing an unspecific and generalized increase in the protein
content as related to the V,q.« increase (data not shown).

3.2 Effect of divalent cations on the Cd** uptake

To enter cells and organelles, nonessential heavy metals
use the essential heavy metal transporters. Hence, it may be
expected that different divalent cations may inhibit the Cd?*
transport. Depending on the effective inhibiting cations, it
would be possible to elucidate which transporter might be
mediating the Cd* uptake in Euglena chloroplast. Zn*
significantly inhibited '®Cd?" uptake whereas Mn?* and
Mg?" showed no effect; Ba®* and Ca®* only showed an
inhibitory effect in control chloroplasts (Fig. 2A).

Zn™* inhibited the '®Cd®* uptake in a concentration-
dependent manner, but above 200 pM no further effect was
atiained (Fip. 2B). Dixon plots (/v vs. Zn**) yielded
downward curves (not shown), suggesting either partial
inhibition or that two components were involved in Cd?*
uptake but only one of them was inhibited by Zn?*. The last
possibility seemed more feasible since kinetic analysis
showed that two components were mediating the Cd**

Table 1

Kinctic parameters of 1®Cg uptake in chloroplasts of E. gracilis
¥ mas. (N0l K (uM)  Slope {nmol cd®
Cd™ i min”' mg
my protein ') protein ' WM ")

(A4} Effect of K~ and remperature on (e uptake in control chloroplasts

Conirol 11,182 13553 0.13£0.01
K’ 6.2+ 1 1143 0.07610.006
4°C 49104 44507 0.05£0.004
K'+4 C ND ND 0.05£0.01

(B} Kinetic purameiers of chloroplasts isolated from control and
Cdd" -exposed cells

Control 11.243 1345 0.15+0.03

ZCdsy Chioroplasts  18.1%2° 12614 0.1210.04

Z2Cd g Chloroplasts 7.6 19 0.12

(A) Kinetc parameters were caleutated from the uptake experiments shown
in Fie 1 by nonhnear regression using kq. (1) (B) Imitial mics of 1®Cg?”

uptake 1 chloroplasts, isolated from cells grown for eght days without
teontrol) and wich 30 or 100 pM CdCly. Results are meanS.0D. of 34
different preparattons for comral and Z¢ d«, chlosoplasis and 2 preparations
for ZCdye chloroplists, *£=0.05 venus contral chioroplixes. ND, not

detecred
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Fig. 2. (A) Effect of divalent cations on '*°Cd™* uptake. Initial '™Cd**
uptake rates in control (open bars; B) and ZCdsg (filled bars) chloroplasts
were assayed at 50 pM '®CdCl, and 200 uM of the indicated metals.
Results are mean+8.D. of four to five different preparations and significant
differences (* P<0.05) are indicated. (B) C: ion-dependent inhibition
of "Cd?* uptake by Zn™*. The asympiotic values used to estimate the Cd?”
uptake rate that was resistant to Zn™* were 1.2 (for 10 uM Cd*"), 9.1 (for 50
uM) and 14.8 (for 100 pM) nmol Cd?* min ' mg protein *. Similar valucs
may be obtained by using the slope of the lincar component of Fig. 1A at the
cor ding CdCl, i

uptake into Euglena chloroplast (Fig. 1A). Therefore,
assuming that Zn™* did not inhibit the non-saturable
component and hence it did inhibit the saturable component,
the data of Fig. 2B were corrected by subtracting the
corresponding rates of '°°Cd*" uptake resistant to Zn®'.
Simple competitive inhibition showed the best fit to these
corrected rates over mixed and noncompetitive inhibition
(not shown), with a K; value of 8.2+2 uM. These results
suggested that a Zn?" transporter in the chloroplast envelope
might be mediating the Cd** uptake in Euglena chloroplasts.

3.3. Cd’* release

The time-dependent release of '°°Cd?* from control
chioroplasts was also analyzed (Fig. 3A). It should be noted
that the amount of accumulated '™Cd*" in these experi-
ments was lower than in the previous kinetics assays. This
was probably due to the high protein concentration (20-fold
more) used in the '""Cd?"-loading. increasing the unspecific
hinding and reducing the free Cd”" voncentration. Indeed. a

significant amount of '®?Cd** was bound to the external
chloroplast surface (4.6 nmol '®°Cd*'/mg protein; n=2),
which was efficiently removed by washing the chloroplasts
retained in the filters with ice-cold CdCl; (see Materials and
methods). No differences were found between washing the
chloroplasts with an excess of CdCl; (10 mM) or with KCI
(120 mM) or EGTA (10 mM). Therefore, most of the
'99Cd** retained by the chloroplasts was very likely inside
the organelle.

Cadmium release was too fast to allow an accurate
estimation of the release initial rates (Fig. 3A). It was
preferred to refer to it as cadmium since the nature of the
released component (as free ion or as a complex with thiol-
compounds) was not determined. However, it was interest-
ing to note that the cadmium release was only partial. This is

16 I T T T - —
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Fig. 3. 1CaY release in E. gracilis chloroplasts. (A) Chloroplasts were
toaded with "™CdCl, as deseribed under Materials and methods. After 10
min, the suspension was diluted 20 times with fresh medium (W) or
medium contamning (O) | mM CdCl,, (4 ) 5 mM CaCl, (v ) 159 mM KCI
or (#) 10 mM EGTA. At the indicated times, an aliquot was withdrawn,
fillered for radioacnvity measurement and washed twice with 8 ml of ice-
cold 10 mM CdCls. (B) "PCd%* uptake in conrol (M) and ZCdsa
chloroplasts (& ) was ininated by the addition of SO pM 1MCACT: after 3
min, 10 mM EGTA was added. Aliquots of chloroplasts were withdrawn at
difterent nmes. filtered and washed for radioactiviry measuremens Results
are mean ¥ 8.1 of tour o e expernments and searficant ditferences

(o 008 are ndicated,
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Fig. 4. 1%C4** retention by E. gracilis chloroplasts. Conirol {open bars)
and ZCdso chloroplasts (filled bars) were loaded with I“"CdClz as described
under Materials and methods. At the indicated times, an aliquot equivalent
to 0.1 mg protein was withdrawn 1o determine the Cd™™ accumulation. In
parallel, another aliquot was transferred to a medium containing 0.33 M
sorbitol. 10 mM HEPES, 10 mM EGTA (pH 7.3) to a final concentration of
0.2 mg protein/ml; after 60 s, 0.5 ml (0.1 mg protein) was fikered 1o
evaluate the amount of '™Cd®" rewined. Results arc mean+S.D. of four to
five experiments. Significant differences ( £<0.05) between a vs. d; b vs. ¢;
cvs. fbvs ¢ and ¢ vs. f were found.

expected if a protein acts as a diffusion facilitator and
equilibrates the Cd®* concentration between two compart-
ments. To test this last hypothesis, the following experi-
ments were carried out.

First, '®Cd*" uptake in Cd*'-loaded chloroplasts was
assayed. Control chloroplasts, loaded with 0.1 mM non-
radioactive Cd** for 60 min at 25 °C, showed a decreased
19°Cd?* uptake initial rate [15.6£0.3 (n=3) versus 13.3+0.8
(n=3) nmol 'Cd** min~' mg protein™" at 50 pM
199CdCl,; P<0.01, Student’s (-test for nonpaired samples].
Second, the presence of added nonradioactive Cd**, or
Ca**, in the release medium did not increase the cadmium
release (Fig. 3A). In contrast, chloroplasts diluted in a
medium containing either EGTA, to diminish the external
1%Cd*" concentration, or KCI, to block '®°Cd** re-entry,
showed an increased release of cadmium, although part of
the loaded '®Cd?* still remained inside the chloroplasts
(Fig. 3A and B). It was also noted in the release experiments
with EGTA that ZCds chloroplasts retained significantly
more '®Cd** than control chloroplasts (Fig. 3B). These
results suggested that Cd** transport was reversible, but
another process, such as equilibration between Cd?*-binding
molecules and free Cd**, might also be taking place for
long-term Cd™*accumulation inside the chioroplast.

Therefore, to test this last proposal, both types of
chloroplasts were incubated with '%Cd?* for longer periods,
to evaluate their Cd>*-retention capaceity (Fig. 4). After 20
min, '%Cd*' accumulation increased only in control
chloroplasts, but 199Cd?* content was higher in ZCdsg
chloroplasts. From 20 to 60 min of incubation, 19¢q*
retention was a time-linear function in both types of
chloroplasts, and was higher in ZCdso chloroplasts.

3.4. Acid-soluble organic thiolcompounds and inorganic
sulfide in chloroplasts

Among the different functional groups of biomolecules
(-NH,, -COOH, -OH, -OPO3~ and -SH), the thiol group has
the highest affinity for Cd** [35]. On the other hand. Cd**
exposure (0.2 mM) induces PCs synthesis and an increase in
the Cys and GSH content in E. gracilis chloroplasts [32]. It
follows that Cys, GSH and PCs may very likely be the
Cd**-binding compounds inside the chloroplast that mostly
account for Cd*" retention. To test this hypothesis, soluble
acid thiol-compounds were determined in extracts from both
types of chloroplasts. As expected, ZCdso chloroplasts
exhibited a higher content of acid soluble thiol-compounds
than control chloroplasts (Table 2). In control chloroplasts,
Cys was the most abundant organic thiol-compound and
PCs levels were negligible. In ZCds, chloroplasts, a
significantly higher amount of PCs was found, but GSH
and y-EC were the most abundant thiol-compounds
representing 66% of the total organic thiol content.

The higher amount of '°’Cd** retained after 60 min of
incubation with 0.1 mM '®CdCl, correlated well with the
higher amount of organic thiols and inorganic sulfide
present in ZCdsy chloroplasts (Table 2). Although such
relationship was not strictly proportional, it should be noted
that, before the '®Cd** incubation, ZCdso chloroplasts
already contained a considerable amount of internal cd*
(9.33£0.9 nmol Cd**/mg protein), brought about from
growing cells in the presence of CdCl,. Therefore, the total
Cd*" retention should be considered as the sum of the
'0Cd?" retained from the 60-min incubation (8.25 nmol
Cd**/mg protein) plus the Cd>* brought about from the cell
culture. Following these considerations, the Cd*'/-SH ratio
was 3.7 and 3.9 for control and ZCds, chloroplasts, -
respectively. Since full inactivation of cd” requires a
Cd*'/-SH ratio of 0.5 or lower, it seemed that other
molecules such as inorganic sulfide and organic acids

Tabic 2

Thiol<enaining molecules, sulfide and cadmium content 1n control and ZCdsq chloroplasts

Chloroplasts Cys GSH y-EC PCa PCy PC, Total thiols Sulfide cd
Conuol 0.4410.1 0.33+0.2 03-u] 0.028+:0005 ND T ND 1.01x0.4 095204 0
2Cdsa 0.510.06 1.5£0.3 IR 052+01 044+ 0.1 0.1820.1 4509 42=1.7 93109

Thiol-compounds in freshly prepared Percoll-puntied
was determined by atomic absorprion spectrophotomeis
ND, not detected

loroplasts were quantified by RP-HPLC, PCs are reported on thiol-content basis Cadmium content
and sultide by the methylene blue method [38], Resuhs are mean 28.D. of four 1o five expenments
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“Tahle 3
Cadmiwn, iron and zinc content in chloroplasts from control and Cd%
exposed cells

nol metal/10’  mmol mewlpg  Meal content
cells Chl in chloroplast

Cadmium
ZCdsq Cells
ZCdsq Chloroplasts -

7014 (4) - -
0.92+0.1 (3) 62.7%

fron

Control Ceils

Control Chloroplast
ZCdsa Cells

ZCds, Chioroplasts  —

37+4.8 (3) - -
0.38+0.1 (3)  45%

57417 (3) - -
0.34+0.1 ()  28.5%

Zinc

Conwrol Cells 157150 (3) - -
Conrrol Chloroplast — 0.93+0.3 (3) 26%
2Cdg Cells 202155 (3) - -
ZCdsg Chloroplasts - 0.67£0.2 (3) 15.8%

The contents of cadinium, zinc and tron in chloroplasts isolated from cells
grown for § days without or with 50 uM CdCl; were ¢stimated by using the
amount of metal per cell unit (107 cclls). and the metalug Chl ratio in
Pereoll-purified chloroplasts. The chlorophyll content was 43.8 and 47.7 pg
ChU107 cells. for control and ZCdyq cells, respectively. Results arc
meant8.D. of threc to four different preparations.

should also be involved in achieving an efficient Cd*'
inactivation inside the chloroplast.

Cells grown with 50 pM CdCl, showed a sevenfold
higher content of sulfide than control cells [34.9 versus 5.1
amol S27/107 cells (n=2)]. ZCds, chloroplasts also con-
tained four times more sulfide than control chloroplasts
(Table 2). Therefore, sulfide could contribute, together with
PCs, GSH, Cys and y-EC, to Cd®" inactivation inside the
chloroplasts.

3.5. Zn™ and Fe* content in chloroplasis

As Cd™ was mainly located inside the Euglena
chloroplast [32], it might be expected that other heavy
metals would also be preferentially located in this organelle.
Although significant amounts of Zn™* and Fe** were found
in both types of cells and chloroplasts (Table 3), intracellular
Zn™ and Fe** were not predominantly compartmentated
into chloroplasts (Table 3). In contrast, Cd** was mainly
located in chloroplasts (62.8%).

4. Discussion

Kinetics of the initial uptake rate of free Cd*' into E.
gracilis chloroplasts was resolved in two components, one
saturable and another non-saturable. The saturable compo-
nent was highly sensitive to temperature, K' and Zn™'.
supgesting thal it may be a protein of the chloroplast
envelope. The nature of the non-saturable component was
probably related either to passive diffusion through the
organelle membranes or to unspecific transport through 1on

channcls [39]. Ca®* channels have been associated with the
Cd*" uptake across the plasma membrane in a pituitary cell
line {39]; similar Ca®" channels have been found in the inner
envelope of plant chloroplasts [40].

in previous work [32], analysis of Cd?' uptake in ZCdso
chloroplasts after incubation for 5-30 min revealed only
one saturable component with a K, value of 57 pM and
Vewax Of 3.7 nmol '°Cd*' min~' (mg protein)™'. In the
present work, by adjusting the protein concentration and
the time of incubation, the initial uptake rate was analyzed,
thus revealing that the affinity and Vi, of the satrable
component were in fact 4.3 and 3 times higher, respec-
tively (cf. Table 1). According to the results of the present
work, the previous kinetic analysis [32] also involved the
Cd** retention processes of thiol-compounds and HMWC
formation.

Taking into consideration the amount of Cd** available
in uncontaminated and contaminated soils, cytosolic free
Cd?' concentrations in plants have been estimated of the
order of 0.005 to 2 pM [24]. The K, value obtained in this
work (cf. Table 1), although higher than the estimated free
Ccd* in cytosol, was in agreement with other K, values
reported for Cd*' carrier proteins (0.020 to 33 pgM)
[9,24.41]. By using Eq. (1), it may be predicted that at 2
pM free Cd”*, the uptake rate in £. gracilis chloroplasts
would be 1.76 nmol Cd*" min™' (mg protein) ™', with 83%
of the uptake carried out by the saturable component and
only 17% by simple diffusion. Therefore, Cd** accumu-
lation in the chloroplast of £. gracilis would be mainly a
protein-mediated process at low free Cd>* (<10 pM)
concentrations.

The lack of effect of either pre-illumination, darkness or
several metabolic inhibitors such as CCCP, DCMU,
mersalyl or nigericin on '"Cd** uptake indicated that
Cd* transport did not require a H® gradient across the
chloroplast envelope or the photosynthetic electron transport
chain activity. Inhibition of '®°Cd¥ uptake by high,
although physiological concentrations of K indicated an
unspecific effect, probably related to a saturation of
negatively charged sites in the chloroplast envelope.

199Cd**-loaded chloroplasts showed a rapid cadmium
release (Fig. 3A and B), which was not stimulated in
chloroplasts diluted in a medium containing a high
concentration of a competing divalent ion such as Ca** or
Cd?" itself. This last observation supported the notion that
the main part of cadmium was inside the chloroplast and not
loosely bound to the extemnal chloroplast surface. On the
other hand. EGTA, by decreasing the extemal '®°C¢®’
concentration, and KC1, by inhibiting '"’Cd*" uptake and by
saturating the negatively charged sites in the chloroplast
envelope, promoted an increased cadmium release. Thus,
EGTA or KCI apparently altered the Cd?* electrochemical
equilibrium across the chloroplast envelope. The reversi-
bility of the process suggesied that the Cd> gradient across
the chloroplast envelope was apparently sutficient to drive
net Cd”’ transport. This explanation was further supported
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by the small, but significant inhibition attained by intemal
Cd*™ on '°Cd™ uptake. Therefore, this Cd* transport
process should be considered as facilitated diffusion.

Proteins that catalyze a facilitated diffusion of heavy
metals such as Zn?* and Cd?' belong to the CDF and ZIP
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 located in the plasma membrane and,
due 10 the ion (K, H") electrochemical gradient across the
cell membrane (negative inside), the heavy metal uptake
through these proteins is not generally 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 transport into
that organelle.

Protein-mediated transport of heavy metals that is not
dependent on a H" gradient has also been reported in liver
and prostate mitochondria [42], pancreatic f3-cells [18] and
in proteoliposomes containing a CDF protein from 4.
thaliana [17). CDF proteins are mostly considered as cation
efflux proteins whereas ZIP proteins are involved in the
heavy metal uptake process [12,17,43]. The strong and
competitive inhibition of '%Cd** uptake in E. gracilis
chloroplasts by Zn"* suggested that a Zn>* transporter,
perhaps belonging to the CDF or ZIP protein families, might
mediate '®Cd** transport.

The genetic expression of several Zn®* transporters is
regulated by Zn?" availability [19,20]. Cd** exposure may
result in an altered Zn®* sensing ability. Interestingly,
chloroplasts isolated from cells grown with CdCl, showed
a slight, but significantly higher ¥, for Cd?* uptake,
implying an increase in the transporter content.

In plants and some yeast, PCs, Cd®* and sulfide form
HMWC which are essential for Cd** accumulation and
inactivation in vacuoles [29--31,44,45]. These complexes
have a Cd**/-SH molar ratio of 1, whereas the Cd**/S>~
ratio is more variable, depending on the organism, ranging
from 0.5 to 5.5 [29,31,44].

As shown in this (cf. Table 2) and in previous work 32},
PCs and sulfide are present in E. gracilis chloroplasts.
These molecules may be mediating the Cd*’ storage-
inactivation process inside the chloroplast since the Cd*'/-
SH and Cd™/S? ratios (2 and 2.2, respectively) were
similar to those found in plants [29.44]. Furthermore,
chloroplasts isolated from cells grown with CdCl; showed
enhanced levels of organic thiol-compounds and inorganic
sulfide as well as a higher ability to accumulate Cd?'. Cys,
v-EC and GSH coniributed to the Cd®* inactivation process
since they accounted for 66% of the acid-soluble thiol-
compounds in the stroma (Table 2). HMWC of plants and
yeast do not contain Cys or (GSH: in contrast, HMWC
1solated from £. gracilis cells exhibited a significant content

of Cys and GSH (Mendoza-Cozatl DG. Rangel-Gonzilez
EA. Moreno-Sanchez R, unpublished results). In a cell wall-
deficient strain of Chlamydomonas reinhardtii, Cd** is also
preferentially located inside the chloroplast and HMWC are
also found in this organelle [46), but the origin of PC-like
compounds and the mechanism by which Cd*' is trans-
ported into the chloroplast are unknown [46]. Chlorella
synthesizes PCs and forms HMWC in response to Cd*'
exposure, although the intracellular focalization of these
compounds is also unknown [47,48].

The preferential retention of Cd** over that of Zn?* and
Fe'* in the Euglena chloroplast suggested that the accumu-
lation process was specific for Cd**, This observation was
in agreement with the notion that Cd** competes with Zn**
in the uptake process by the chloroplast and that the
chelating molecules involved in the metal retention, thiol-
compounds and sulfide, have more affinity for Cd?*.

The presence of PCs inside E. gracilis chloroplasts is
intriguing. In plants and Schizosaccharomyces 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 thought to be a cytosolic soluble enzyme {49-51]. Then,
the presence of PCs in Euglena chloroplast might be the
result of any of the following processes:

(1) Active transport of PCs from cytosol to chloroplast.

(2) The existence of a PC synthase isoenzyme in Euglena
chloroplast.

(3) Both processes coexist and Euglena can transport PCs
and synthesize them inside the chloroplast.
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Dear Dr. Mendoza-Cézatl:

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 comments and supported publication, the second reviewer raised

some rather more important points, and the third reviewer was fairly negative.
" As a result, the manuscript is not acceptable in its present form.

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 citation of literature;

--the need to describe growth media and chemical activity of cadmium in the
growth media;

--and the possible effects of non-specific cadmium binding to the chloroplast
surface. The more minor comments should also be addressed.

Please be advised that any resubmitted version of your article will be re-
evaluated by one or more original reviewers.

When submitting your revised paper, please be sure to include a separate
document uploaded as "Response to Reviewers" that carefully addresses, point-
by-point, the issues raised in the comments appended below. You should also
include a suitable rebuttal to any specific request for change that you have
not made. Please note that the editorial policy of BBA places & time limit for
resubmission of a révised manuscript at 6 months. Such a revised manuscript
will retain its original submission date. Manuscripts submitted after 6 months
will be considered as new submissions.

Yours sincerely,

Peter R. Rich, Ph.D.

Executive Editor

BBA - Bioenergetics

s5e sea Reviewers' comments below:
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Reviewer #1: In this paper the authors have described experiments aimed at
elucidating the mechanism of Cd2+ accumulation by chloroplasts from Euglena
gracilis. This appears to occur by a mixture of simple and facilitated
diffusion. Growth of the organism in the presence of Cd2+ leads to an increase
in the storage capacity of chloroplasts for Cd2+ consistent with an increase
in thiol compounds and sulphide in these chloroplasts as well as the
occurrence of phytochelatins. The work is concisely and well described, except
that the Tables in the manuscript do not correspond either with the text or
the table legends.

In addition, Table IV (why the Roman numerals?) is missing data on the
chloroplast sulphide content. 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 values for this condition in their table - there
needs to be some indication of the reliability of these values in the table.
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 difference in rate in the figures
on page ll is rather modest. This needs to be clarified or expanded upon.

There are other minor errors/comments:

1 Vm might be better replaced with Vmax. throughout

2 Page 4, line 9: suggest 'implicated in' rather than 'related to’

3 Page 12, line 14: omit 'it' after 'brought’

4 Page 13, second sentence 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 effects 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 chloroplasts is
described. The abstract and introduction are well written although references
to the literature on phytochelatins synthase and algal heavy metal biology are
incomplete and out of date.

The paper described two kinetically distinguishable cadmium uptake mechanisms,
a saturable mechanism having classic Michaelis-Menten kinetics, and a non-
saturable uptake system. The former system is competitively inhibited by zinc
but not by other divalent metals suggesting similarity to a ZIP-type
transporter. In addition, cadmium export from plastids is characterized,
although the chemical form of the exported cadmium is not described.

There are several concerns regarding the paper that need to be addressed in
any revised version:

1. The growth media and chemical activity of cadmium in the growth media are
not described. It is unclear whether the effective concentration of cadmium in
the medium is eqguivalent to that added.

2. Little care is taken to exclude the effects of non-specific cadmium binding

to the chloroplast surface. This is most evident in the experiments described
in Figure 3 that show a very rapid loss of cadmium from chloroplasts exposed
to EGTA. The authors attribute this rapid less of cadmium T0 a rapid expor®
system. It is more likely due to removal of adventiously-tound cadmium from
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the surface of the chloroplasts. It is suggested that a vast excess of a non-
competing metal or “cold cadmium" be included in the export studies to
aisplace any metal that may be bound non-specifically to the chloroplast
surface.

Minor points:

1. The tables have values of mg-1 but do not indicate what the identity of the
mass is.

2. Page 11, line 3. This sentence is unclear and the values may be reversed
for the two treatments. .

3. Page 13, 2nd paragraph, line 4. Table III indicates rates of cadmium uptake
not chloroplast cadmium or other metal content.

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 that the paper be
substantially revised for publication.

Reviewer #3: The paper by Mendoza-Coézatl and Moreno-Sanchez deals with the
process of Cd2+ uptake and storage into chloroplasts from Euglena gracilis.
The scientific work conducted by the authors is sound and well 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 I feel that the manuscript in its present status should hardly be
published.
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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 "Cd** 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 all 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-Cézat!

Departamento de Bioguimica

Instituto Nacional de Cardiologia

Juan Badiano # 1, Col. Seccién XVI, Tialpan 14080
México, DF. MEXICO.

Fax: +5255-5573-0926

Email: cozati@hotmail.com

Response to Reviewer #1
Major points

1. The tables changed to Arabic numerals and the correspondence between text and
tables was checked and corrected.

2. Cd*" uptake in the condition K*+ 4°C (Fig. 1B) 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 Cd*" release at the 10 s-point, in which
conditions for measuring initial rate were not achieved, the previous sentence showing
rates of Cd* release was deleted. New data about Cd?* 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 throughout the text.

2.p. 4, line 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**" on the first page of the PDF file.

Response to Reviewer # 2
Major points

1. A detailed description of the growth medium and chemical activity of Cd** was included
on p. 6, last paragraph and p. 7, 1% paragraph. Chemical activity of Cd?*" 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 Cd** has been accumulated
(see Ref. Mendoza). The calculated values represent minimum values of free Cd**
available in the culture media; the presence of the other metal ions should increase the
free Cd®* concentration. The free Cd?* concentration was not determined in the complete
culture medium because Mag-Fura-2 also reacts with the other metal ions, making the
changes in the fluorescence signal difficult to interpret.

2. Certainly Cd** 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 chioroplasts in the filters with CdCl,, as stated in Material and Methods (p. 9,
lines 4-6). Moreover, no differences were found by washing the chloroplasts with CdCl,,
EGTA, KCl or DTT (see please p. 13, last lines and p. 4, first two lines). This suggests that
the main part of Cd** be localized inside the chioroplasts. 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, 1st paragraph; and p. 20, 1st
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 uM CdCls.

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 Cd®* 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: <cozatl@hotmail.com>

Asunto: BBABIO-04-2R2: Final Decision

Manuscript No.: BBABIO-04-2R2
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-Cézatl

All Authors: David Guillermo Mendoza-Cbzatl, PhD; Rafael Moreno-Sanchez, PhD
Submit Date: Apr 07, 2004

Dear Dr. Mendoza-Cobzatl:

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 Producticn Department in Amsterdam and will be
included for publication in BBA - Bicenergetics.

Your article will be published rapidly in electronic form, as well as in the
© traditional print journal in the first available scheduled issue.

Shortly, you will receive an acknowledgement letter from our Production
Department detailing information regarding proofs, reprints and copyright
transfer. The BBA Editorial Office handles only editorial matters and does not
have any information regarding production issues. Should you have any further
inquiries regarding this manuscript, please contact our author support
department at: authorsupport@elsevier.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 of Dr. Peter Rich,
Yours sincerely,

Laura Wallins, D.Sc.

Editorial Office
BBA - Bioenergetics
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6.1.1 Datos no mostrados en el trabajo “Cd*®* transport and storage in the chloroplast of
Euglena gracilis”

La grafica 6.1.1 muestra los dobles reciprocos del transporte de Cd* en
cloroplastos control. Se puede distinguir una desviacién de la linealidad, la cual puede
interpretarse como: (a) dos componentes o bien, (b) cooperatividad negativa. La curva de
saturacion (v vs Cd2+; ver Fig 1A de Mendoza-Cozatl y Moreno-Sanchez R, 2005) no
muestra la tendencia caracteristica de una cooperatividad negativa. Por otro lado, no se
obtuvo un buen ajuste de los datos utilizando la ecuacion de Hill (Tabla 6.1.1), fa cual es

capaz de describir la cooperatividad negativa. Estos resultados apoyaron la presencia de

dos componentes en el transporte de Cd?" al cloroplasto de Euglena gracilis.
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Figura 6.1.1 Dobles reciprocos del transporte de Cd?* en ¢loroplastos control (25°C)
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La tabla 6.1.1 muestra los resultados de los ajustes del transporte de Cd** a
diferentes ecuaciones, incluida la usada en la Fig. 1A del transporte de Cd** al cloroplasto
(ver Fig 1A de Mendoza-Coézatl y Moreno-Sanchez R, 2005). Hay que puntualizar que la
Chi? no puede ser usada en este caso como Gnica referencia para evaluar los ajustes,
debido a que las ecuaciones contienen un numero distinto de parametros. Los resultados,
ponderando la desviacion de los parametros cinéticos, muestran que el mejor ajuste se
logra con una ecuacién que involucra dos componentes, uno saturable e hiperbélico y otro

lineal no-saturable.

Tabla 6.1.1 Parametros cinéticos de diferentes ajustes por regresion no-lineal realizados al
transporte de Cd** en cloroplastos control (ver Fig 1A de Mendoza-Cozatl y Moreno-
Séanchez R, 2005).

MM? + linea doble MM Hill doble Hill

chi? 1.04 Chi? 0.91 Chi? 1.03 Chi? 0.74

vm 105+2° Vm1 107+48 Vm 387 + 921 Vm1 238+25
Cloroplastos Km 13.9+6.1 Km1 4681351 Kps 5629 + 24451 K,51 34180

control m 013101 Vm2 49134 h 067 +£0.09 nt 08+05
Km2 39+68 Vm2 18114

Kos2 107 £10

n2 44+£32

® Michaelis-Menten
®La dispersion de la media se refiere al error estandar derivado del ajuste de los datos experimentales a la
ecuacién respectiva y, por tanto, no tiene que ver con el numero de experimentos.

La tabla 6.1.2 muestra que el rojo de rutenio, mersalyl, la luz o la oscuridad no

tienen efecto sobre el transporte de Cd** en cloroplastos de Euglena gracilis, por lo que el
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transporte depende Unicamente de la concentracion de Cd®* 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 '%°Cd**

en cloroplastos control

Rojo de rutenio Mersalyl Luz Oscuridad
(50 pM) (50 pM)
nmoles '®Cd* min"" mg proteina’’
Cloroplastos 21.4 £ 4.6 (4) 20 £3.4 (3) 19.5+£27(3) 2314 (3)
Contro!

‘Los cloroplastos se iluminaron 60 segundos antes de iniciar el experimento del transporte y se continué
durante el experimento. Los experimentos se realizaron con 100 M 109CdCIz. Promedio + DE (n).

Una de las posibilidades para explicar el aumento en la velocidad de captacién de
Cd?* hacia el cloroplasto de Euglena (ver tabla 1B de Mendoza-Cozatl y Moreno-Sanchez
R, 2005), era un cambio inespecifico en la relacion proteina/clorofila. Una disminucion en
la concentracion de proteina a una concentracion constante de clorofila, produciria un
incremento en la velocidad del transporte si se usa como tnica referencia la cantidad de
proteina en el ensayo. La tabla 6.1.3 muestra que esta relacion permanece constante, por
lo que el aumento en la Vm del transporte podria deberse a un aumento en la cantidad de

transportador en la membrana del cloroplasto.

Tabla 6.1.3 Relacion proteina/clorofila en células control y cultivadas con 50 uM CdCl,

Condicion de cultivo Relacién proteina/clorofila

(mg proteina:-(107cels) ' / ug clotrofila-(10’cels)’
Control 0.11 £ 0.02 (5)
ZCdsg 0.11+0.01(5)

lPromedio + DE (n).

78



La figura 6.1.2 muestra el grafico de Dixon (1/v vs inhibidor [Zn?']) para determinar
la Ki del transportador (componente saturable) de Cd® hacia el Zn?* en cloroplastos de E.

gracilis (ver Fig. 2B en Mendoza-Co6zatl y Moreno-Sanchez R, 2005).
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Figura 6.1.2 Grafico de Dixon para la inhibicion del transporte de Cd®* por Zn®".

Las concentraciones de Cd?* usadas fueron: 10 M (m), 50 uM (o) y 100 pM (A ). El inserto es una
amplificacién de las concentraciones 50 y 100 pM Cd**.

La tabla 6.1.4 muestra los ajustes por regresion no-fineal de la inhibicion del
transporte de Cd?* de cloroplastos de Euglena por Zn*. Una vez mas, basandose en las
desviaciones estandar de los ajustes, podemos concluir que la inhibicién del Zn*" es de

tipo competitiva.
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Tabla 6.1.4 Ajustes por regresion no-lineal del tipo de inhibicion del transporte de Cd** en

cloroplastos.

Competitivo No competitivo Incompetitivo Mixto
Chi® 3.01 Chi® 3.56 Chi® 4.03 Chi? 3.04
Cloroplastos :
control Ki 85+ 2uM Ki 50.3t125 Ki 30+ 10 Ki 4729
a -0.07+0.04
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6.2 Consideraciones termodinamicas del transporte de Cd”* en cloroplastos de

Euglena gracilis

p 82-84 Problema Bioquimico REB 22:86, 92-93
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REB 22 (2):86

ProsuLema Bioquimico 1

ioenergética
ransporte de cadmio ea cloroplasto

1 cadmio es un metal pesado no esencial, el cual es t6x-
:0 para la mayoria de los organismos. Euglena gracilis es
n protista fotosintético con una elevada capacidad de tol-
rancia y acumulacién de cadmio, y la mayor parte del
1etal es acumulado en el cloroplasto. Para determinar la
inética de captacién, y el mecanismo por el cual el cad-
1o es acumulado en el cloroplasto, se obtuvieron las
elocidades iniciales de captacién de cadmio en cloro-
lastos intactos de Euglena gracilis. Ademés, se evalud el
fecto de la temperatura y de diferentes inhibidores
CCCP, desacoplante y DCMU, inhibidor del Fotosistema
I) sobre la velocidad de captacién, para determinar a que

fabla 1 Velocidades iniciales de transporte de cad-
nio en cloroplastos intactos de Euglena gracilis a
liferentes temperaturas.

CdClL, (pM) 25°C 4°C
_ nmol Cd min * mg™
_ 0 0 0
_ 5 3.61 29
| 7.5 443 n.d.
i 10 6.62 4.12
\ 15 1.73 n.d.
20 8.8 5.21
50 15.69 6.86
75 19.59 8.1
100 24.72 10.3
150 29.74 13.1
200 36.88 16.41

a.d. no determinada

David Mendoza Cézatl y Rafael Moreno Sinchez
Correo E: davidmendozac @netscape.net

Tabla 2 Efecto de inhibidores sobre el transporte de
cadmio en cloroplastos de Euglena gracilis

Cloroplastos control | ( 100 uM CdCl,) + CCCP
(100 uM ) + DCMU (50 uM)
nmol Cd min"* mg "
21.4 £4.6(8) 19.4 +3 (3) | 19 +4.2 (4)
promedio = DE (n)
tipo de energia estd acoplado el transporte.
1.- Determinar los pardmetros cinéticos (Km y Vm) de el

o los componentes involucrados en el transporte de cadmio.
2.- ;A que tipo de energia esta acoplado el transporte?

3.- Si la concentracién méaxima de cadmio libre en el
citosol es de 10 uM y la de el cloroplasto es 5 uM, y
durante la fotofosforilacién se establece una diferencia de
potencial eléctrico transmembranal (A'Y) entre el citosol y
el estroma de —100 mV (interior negativo), calcule el
cambio de energia libre (AG,,) para el transporte de cad-
mio del citosol al cloroplasto a 25 °C. ;Es termodindmi-
camente favorable este proceso?

TRSES CON
ALLA DE OBIGEN

s

-
|
!




Mendoza Cézatl D y Moreno Sinchez R

ResPUESTA AL ProBLEMA BloqQuimico 1l

t graficar la velocidad de transporte contra la concen-
wcién de cadmio se obtienen a ambas temperaturas,
‘rvas que no se ajustan a una hipérbola (cinética de
ichaelis-Menten) (Fig. 1). La grdfica de dobles
ciprocos muestra curvas convexas (Fig. 2). Estos
sultados pueden interpretarse de dos maneras: (1) dos
ymponentes estdn actuando simultdneamente en el
insporte o bien, (2) una sola enzima presenta cooper-
ividad negativa (una curva céncava se interpretaria
'mo cooperatividad positiva). La grifica de velocidad
ntra sustrato a 4 °C define con mayor claridad dos
'mponentes, de los cuales uno es completamente line-
sugiriendo que parte del transporte se lleva acabo por
fusién simple. La curva de saturacién presente a bajas
ncentraciones de cadmio, y claramente visible a
°C, sugiere que la parte restante del transporte es
:diado por una proteina.

01 s
N o _ 4°C
30-
a
204
101
0 T L T T
0 50 100 150 200
CdCls (uM)
ura |

La Vm del componente saturable (8.8 nmoles Cd min
ng' a 25 °C), obtenida de la zona lineal en los dobles
:iprocos a bajas concentraciones de Cd, sera una Vm
arente (Vm,,) pues se encuentra modificada por el
mponente lineal. Sin embargo, esta Vm,_, nos indica
e por arriba de esta velocidad, el transporte es dnica-
:nte debido al componente lineal (difusién). De hecho,
a regresién lineal con los datos de la Fig. 1 a 75, 100,
0 y 200 uM de CdCl, tiene un coeficiente de cor-
acién de 0.995 (recuadro de la figura 3), y el valor de
pendiente (0.140) nos indica cuanto aumenta la veloci-
d de difusién por unidad de tiempo por cada umol de
| anadido L.

o
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£
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-0.05
-0.10 1/ CdCI2
Figura 2

Conociendo la velocidad de difusién, y debido a que
esta depende tinicamente de la concentracién de Cd afia-
dido, Ia velocidad de transporte del componente saturable
puede obtenerse restandole a la velocidad total la veloci-
dad de difusién. Esta se obtiene al multiplicar la pendi-
ente del componente lineal (0.140 nmol Cd min' mg"
uM™") por la concentracién a la cual se ensay6 el trans-
porte (Fig. 3). De los dobles reciprocos de las velocidades
corregidas (Fig. 4) podemos obtener los valores reales de
las constantes cinéticas para el componente saturable
(Vm = 11 nmol Cd min * mg ' y Km = {4.28 uM).

F.LP.

nmoles Cd min-! mg"
P

W 60 20 100 120 140 WO W0 200
AT, (M)

0 0 100 150 200
CdCl,(uM)

Figura 3



REB 22(2): 92-93

Los valores obtenidos por regresién no lineal, usando
el programa Microcal Origin 5.0, al ajustar las veloci-
dades iniciales de la Fig. | usando la ecuacién v =
(Vm*S / Km + S) + (m*S), concuerdan con los valores
obtenidos por regresién lineal.

Por otro lado, que el transporte de Cd no haya sido
afectado por un desacoplante (CCCP) o un inhibidor de la
fotosintesis (DCMU), indica que el transporte no esta
asociado a un potencial electroquimico de protones y que
no depende de la actividad de los fotosistemas. Debido a
que una proteina esta involucrada, estos resultados sug-

a
ans-
0030
ke
20.5-
<0204
0.154
Km=1428 M 0104 Vm= 11 nmol Cd min -1 mg-*
0.00=_1/Kn 6
1/Vm= Q05086
0 o005 1 'l T T
-0.(!:0 005 o010 Q15 020
%0 1Caa,
Figora 4
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ieren que parte del cadmio entra al cloroplasto por
difusién facilitada.

Finalmente, usando la ecuacién AGg, = RTn ([Cd],./
[Cd] ) + Zoy F AY , donde R = 1.98 cal mol' K+, T =
298.15 (25°C), Zy = 2 (carga del ion), F = 23 080 cal mol’
V- (Cte. de Faraday) y AY =- 0.1 V (potencial de mem-
brana) tenemos que: .

AGo, =1.987x298.15In (5 x 10* M/ 10 x 10* M) +
[2 x (23 080) x (-0.1)]

durante la fotofosforilacién, el potencial electro-
quimico del cadmio es AG, = - 5.02 kcal mol", por lo
que el transporte de cadmio es termodinidmicamente
favorable.

REFERENCIAS, :

Hart ]J, Welch RM, Norvell WA, Sullivan LA,
Kochian LV (1998) Characterization of cadmium 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 : Bioquimica. Ed. OMEGA, Barcelona,
Espana. pp. 520-544.



El problema bioquimico presentado ayuda a responder la pregunta ;Que impulisa la
entrada de Cd?®* al cloroplasto de Euglena gracilis? De acuerdo con la ecuacion para
calcular el potencial electroquimico del Cd?* (AGgq ; Ecuacién 1), la entrada de Cd** al
cloroplasto estaria termodinamicamente favorecida durante la fotofosforilacién (- 5.02 kcal
mol™), si la concentracion de Cd?* en el citosol es mayor que en el estroma. Sin embargo,
la entrada de Cd** al cloroplasto fue la misma con iluminacién o en la oscuridad (ver
capitulo 6.1). De modo que la pregunta sigue siendo valida, durante la oscuridad ;El

transporte de Cd*" estaria igualmente favorecido termodinamicamente?.
AGCd = RT/n([Cd2+]eslroma/[Cd2+]cilosoI) + ZCdFA\V (Ecuacién 1)

En la oscuridad, la diferencia de potencial eléctrico entre el citosol y el estroma
puede disminuir significativamente, por lo que la contribucién del segundo término de la
ecuacion 1 (el componente eléctrico) al valor global del AG¢q disminuye; sin embargo, no
llega a cero o adquiere valor positivo debido a las ATPasas que se encuentran en la
membrana externa del cloroplasto, las cuales bombean H* hacia el citosol manteniendo
una diferencia minima de potencia! eléctrico entre el estroma vy el citosol necesario para el
transporte de solutos (Heiber et al., 1995). Por otro lado, aun sin una diferencia de
potencial, la ecuacién 1 también muestra que en cualquier condicién en la que la
concentracién de Cd?* fuera del cloroplasto sea mayor que en el éstroma, y por lo tanto el
componente quimico In([Cdleswoma/[Cd]erosol) @dquiera un valor negativo, el transporte de
Cd? hacia el cloroplasto estaria favorecido termodinamicamente. Adicionalmente, hay
que considerar que si dentro del cloroplasto hay moléculas capaces de secuestrar al cd?,
el transporte hacia el interior estaria ain mas favorecido.
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Es notable, sin embargo, que la diferencia del AGgq entre luz y oscuridad pueda ser
de un orden de magnitud o mas. Por ejemplo, asumiendo que la concentracién de Cd** en
el citosol y el estroma sea igual ([Cd]esiroma = [Cdlcitosor), €l primer término de la ecuacion 1
se elimina debido a que In 1 = 0, por lo que el AGgy depende Unicamente del segundo
término. Tomando como ejemplo dos valores de diferencia de potencial -0.1 V (luz) y -
0.01 (oscuridad), el AGcq seria 4.6 y -0.46 kcal mo!™, respectivamente. ; Que tanto podria
influir esta diferencia en la velocidad de transporte? La respuesta es que podria o no
podria influir.

Una reaccion catalizada por una enzima esta gobernada por dos factores los cuales
pueden ser claramente separados, un término cinético, el cual tiene que ver con la Kgat 6
constante catalitica de la enzima y la afinidad de la enzima por los sustratos o productos
respectivos (Kms y/0 Kmp) y un segundo término, denominado termodinamico, el cual
considera la constante de equilibrio de la reaccién (Keg) y por lo tanto el AG, ya sea el valor

estandar o de preferencia el fisiolégico (Ecuacion 2).

'Iif'" l — |®| §— P E 40 2
Ks 1+s/Ks+p/Kp Keq (Ecuacion 2)

Una reaccién puede entonces estar gobernada cinéticamente, termodinamicamente
o un balance de ambas. Siguiendo con el ejemplo anterior, un cambio d&”. orden de
magnitud en el AGcq representa un cambio de 1000 veces en la Keq de la reaccién, 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 termodinamico afecta la velocidad de la reaccion, por lo que la

ecuacion 2 quedaria simplificada a la ecuacion 3:
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4
v=]ele|ls— - ‘e
[ Keq} (Ecuacion 3)

Cuando s = p, un cambio en la constante de equilibrio de 2.16 a 2230 aumentaria la
velocidad de la reaccion 1.86 veces. Sin embargo, en condiciones de velocidad inicial, tal
y como las utilizadas en el transporte de Cd** en cloroplastos de Euglena, cuando P es
igual 0 muy cercano a cero, el cambio es minimo, porque el término p/Keg es muy
pequefio, si no es que despreciable. Por lo tanto, en una reaccién catalizada
enzimaticamente, el término termodinamico es importante para indicarnos hacia que
direccién se llevara a cabo la reaccién, hacia adelante (signo +) o en direccion reversa
(signo -).

En conclusién, el cambio de mil veces en fa Keq no maodifico la velocidad de entrada
de Cd* 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
catalitica del transportador, Vm 06 k.o * [Ev], y mas especificamente por su eficiencia

catalitica (Vm/ Kp).
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6.3 Sintesis de fitoquelatinas e inactivacion del Cd?* en el cloroplasto de Euglena
gracilis *

Una vez que determinamos que el Cd?* y las FQs se acumulan principalmente en el
cloroplasto, que el Cd?** puede entrar al cloroplasto como ion libre y que son los tioles
organicos (Cys, GSH, FQs) y el sulfuro las moléculas que lo retienen dentro del cloroplasto
(ver capitulo 6.1, Mendoza-Cé6zatl y Moreno-Sanchez R, 2005), el siguiente paso fue
determinar si las FQs podian sintetizarse en el interior del cloroplasto o si estas tenian que
ser exclusivamente transportadas del citosol al cloroplasto.

En plantas y en la levadura S. pombe, las 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 razén por la cual en la literatura se
sugiere que la fitoquelatina sintetasa es un enzima citosolica; sin embargo, ningan trabajo
ha determinado sistematicamente su localizacién intracelular.

Utilizando cloroplastos purificados de Euglena, con poca o nula contaminacion por
citosol (< 10%), se determiné 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 fado, un proceso clave en fa inactivacion del Cd** en plantas y levaduras como
Candida glabrata y S. pombe es la formacién de complejos de alto peso molecular
formados por tioles, Cd*" y sulfuro (ver capitulo 2), por lo que también se determiné si

estos complejos se pueden formar dentro del cloroplasto de Eugléena gracilis.

* En este trabajo participaron: Mendoza-Cézatl D y Moreno-Sanchez R.
Material y Métodos
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Aislamiento de cloroplastos y obtencion de citosol

Los cloroplastos se purificaron a partir de células en la fase estacionaria temprana
de cultivo (8 dias), expuestas o no a 50 uM de CdCl; (cloroplastos ZCdsg) de igual manera
a lo reportado anteriormente (Mendoza-Cézatl y Moreno-Sanchez, 2005) con algunas
modificaciones, las cuales se indican a continuacién. Una vez rotas las células por
sonicacion, el extracto se centrifugd a 200 x g por 5 min para sedimentar células enteras;
el sobrenadante se centrifugé a 2000 x g por 5 min para sedimentar los cloroplastos y el
sobrenadante de esta fraccién se centrifugd a 225 000 x g por 45 min para sedimentar la
fraccién microsomal. EIl sobrenadante de esta ultima fraccién fue considerado como el
citosol. La pastilla correspondiente a la centrifugacion de 2000 x g enriquecida con
cloroplastos se resuspendié y se aplico a un gradiente discontinuo de Percoll (40-80%).
Después de centrifugar a 6500 x g por 20 min, los cloropliastos 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 minimo de buffer SH.

Para obtener las proteinas del estroma, los cloroplastos intactos se diluyeron 10
veces con Tris 20 mM pH 8, previamente burbujeado con nitrégeno, y se sometieron a 3
ciclos de congelacion con nitrogeno liquido y descongelamiento (37 °C). El extracto se
centrifugd a 20 000 x g por 10 min y el sobrenadante se consideré6 como el estroma.
Antes de usarse, todos los buffers fueron previamente saturados con N,. La proteina se
determiné de acuerdo al método de Biuret usando BSA como estéandar y centrifugando la
mezcla para eliminar la interferencia del paramilo. La clorofila se extrajo con acetona al

80% y se cuantifico de acuerdo a lo reportado por Arnon (1949).
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Actividad de fitoquelatina sintetasa (PCS), gliceraldehido 3-fosfato deshidrogenasa
dependiente de NADP* (GAPDH-NADP") y glutamato deshirogenasa (GDH)

Para eliminar compuestos de bajo peso molecular incluidos sustratos y cofactores
que pudieran interferir con el ensayo de la PCS, todas las fracciones (extracto crudo,
estroma y citosol) se pasaron a través de una columna de Sephadex G25 y el eluado se
concentrd por ultra-filtracién con un filtro Amicon Ultra (30 kDa). Todos los buffers usados
fueron previamente saturados con N,

El ensayo de la PCS se realizé en Tris-HC| 200 mM pH 8.0, DTT (DL-ditiotreitol) 1
mM, GSH 1 mM. La reaccién se inicié con la adicion del extracto (1-3 mg proteina/mi). A
diferentes tiempos (0-60 min), alicuotas de la mezcla de reaccion (450 pl) se acidificaban
con acido perclérico 3 % final, se centrifugaba a 20 000 x g para descartar la proteina

precipitada y se analizaba el contenido de fitoquelatinas por RP-HPLC.
La GAPDH-NADP" se determiné por el consumo de NADPH (g = 6220 M cm™ a

340 nm) en Tris 100 mM pH 7.8, MgCl, 10 mM, GSH 5 mM, ATP 5 mM, 0.2 unidades de 3-
fosfoglicerato cinasa, 0.2 mM NADPH; después de una incubacién de 4 min, la reaccién se
iniciaba afiadiendo 3-fosfoglicerato 2 mM concentracion final (Latzko y Gibbs, 1969).

La GDH se midi6 por la formacién de NADPH en Tris 50 mM pH 8.0, NADP* 0.2
mM. Después de la adicion del extracto (1-3 mg proteina), la reaccidén se iniciaba con la

adicién de Glu 30 mM (Suzuki et al., 1987).

Obtencién de fracciones de alfo (>50 kDa) y bajo peso molecular del estroma
Los cloroplastos obtenidos de células cultivadas con 50 pM CdCl;, y purificados con
Percoll (8-10 mg; 5004!) se solubilizaron con 0.2% de Triton X-100 (concentracion final), se

sometieron a 3 ciclos de congelacion-descongelacién, con nitrogeno liquido y un bafo a
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30°C, respectivamente, y se centrifugaron por 20 min a 20 000 x g. El sobrenadante se
fracciond con un Centricon (50 kDa). El concentrado se resuspendio en Tris 50 mM (pH
8.0) y se concentré por segunda vez. Ambas fracciones se analizaron por RP-HPLC,
ademas de medir el contenido de Cd®* tal y como se reporté previamente (Mendoza-

Coézatl y Moreno-Sanchez R, 2005).

Resultados y Discusién
Sintesis de fitoquelatinas en el cloroplasto de Euglena gracilis
Los cloroplastos control de E. gracilis fueron capaces de sintetizar FQs usando el
GSH endégeno cuando se les expuso a Cd®* 500 uM por una hora (Fig. 6.3.1). Esta
observacion 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 acido antes y después de la exposicion a Cd**,
Los Unicos dos compuestos que varian significativamente durante la exposicién a Cd** in
vitro son la PC;, y la PCa, y la diferencia respecto a los cloroplastos incubados sin Cd* nos
permitié calcular una velocidad de sintesis de 150 pmoles —SH (mg proteina)™ h™. Debido
al alto contenido de FQs presentes en los cloroplastos obtenidos de células cultivadas con
Ccd** (cloroplastos ZCdsp), la sintesis de novo de FQs no pudo ser detectada (Tabia 6.3.1).
Para determinar la distribucion intracelular de la PCS en Euglena y debido a la baja
actividad de la enzima, fue necesario hacer un extracto enriquecido de! estroma y eliminar
la mayor parte de las FQs enddgenas mediante una columna de exclusién molecular
(Sephadex G25). A pesar de que este procedimiento no elimin6 la totalidad de la PC,
endogena, si permitié determinar con mayor confianza la velocidad inicial para la PCS de

Euglena gracilis, la cual fue lineal por 60 min (Figura 6.3.2). EI mismo procedimiento
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permitid medir la actividad en el extracto crudo (sonicado) y citosol (Tabla 6.3.2). 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 esta presente en el cloroplasto de Euglena.

Con la actividad de la PCS en el extracto crudo y en el cloroplasto purificado, mas la
cantidad de clorofila por célula (55 pug Chi/10” células) y la relacién mg proteina/ug Chl en
cada fraccion, pudimos determinar que el 38% de la actividad de la PCS se encuentra en
el cloroplasto (Tabla 6.3.2). Es importante notar que los cloroplastos no presentaron
contaminacion significativa por el citosol (actividad nula de la GDH), el cual seria la unica
fuente de contaminacion para la actividad de PCS. Por otro lado, la elevada actividad de
la GAPDH-NADP" encontrada en el citosol sugiere que una gran cantidad de cloroplastos
se rompieron durante el proceso de sonicacion; sin embargo, esto no afecta el calculo del
porcentaje de PCS en el cloroplasto debido a que la actividad se midié también en
cloroplastos intactos después de ser purificados por un gradiente de Percoll. EI hecho de
haber encontrado una PCS en el interior del cloroplasto tiene implicaciones filogenéticas

muy importantes, las cuales se discutiran en el apartado siguiente (ver capitulo 6.4).

Distribucion de tioles en complejos de alto y bajo peso molecular en el cloroplasto de
Euglena gracilis

Uno de los procesos clave para la inactivacion y almacenaje del Cd* es la
formacién de complejos de alto peso molecular formados por tioles, Cd?*" y sulfuro; en
plantas y algunas levaduras, la incapacidad de formar estos compuestos resulta en una

hipersensibilidad a Cd** (Vande y Ow, 2000). Sila acumulacion de Cd? en el cloroplasto

92



de Euglena esta relacionada con el mecanismo de resistencia, entonces se esperaria
encontrar este tipo de complejos dentro del cloroplasto de Euglena.

El fraccionamiento del estroma de cloroplastos ZCdsy en compuestos de alto (>50
kDa) y bajo (<50 kDa) peso molecular permitid determinar que parte del Cd?*, sulfuro vy
FQs, los cuales son péptidos de muy bajo peso molecular (< 2 kDa), se encontraban en la
fraccion de alto peso molecular (> 50 kDa, Fig. 6.3.3). La tabla 6.3.3 muestra que mas del
70% de las FQs se encuentran en la fraccion de alto peso molecular, mientras que
monotioles como y-EC y GSH se encuentran principalmente en la fraccion de bajo peso
molecular. Estos resultados sugieren que los complejos tiol- Cd**-sulfuro de alto peso
molecular estan relacionados con la acumulacion e inactivacion del Cd?* en el cloroplasto

de Euglena gracilis.
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Pie de figuras

Figura 6.3.1 Sintesis de fitoquelatinas en cloroplastos intactos y puros de Euglena gracilis.
Cloroplastos control (5 mg proteina/ml) se incubaron por 60 min con CdCl, 500 uM, la
reaccién se detuvo acidificando con PCA 3% final, la proteina se eliminé por centrifugacion
y las fitoquelatinas se cuantificaron por RP-HPLC. EI compuesto X no fue identificado,

pero su concentracion no varié por la exposicion a Cd?*.

Figura 6.3.2 Velocidades iniciales de la PCS en extractos citosolicos de Euglena gracilis.
Los cuadros representan la cantidad de PC; en cada punto de la curva, a los circulos se
les restd la cantidad de PC; presente en el tiempo cero. 19.65 UA corresponden a 1 nmol

de —SH. Elinserto muestra el cromatograma con el cual se cuantificé la sintesis de PC,,

Figura 6.3.3 Tioles solubles en acido y contenido de Cd? en las fracciones de alto y bajo
peso molecular del estroma.

Cloroplastos ZCdsg fueron solubilizados con Triton X-100 y fraccionados por ultrafiltracion
con un centricon (50 kDa). Ambas fracciones, de alto y bajo peso molecular, fueron
analizadas por RP-HPLC y el Cd®* se determind por espectrofotometria de absorcion

atomica.
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Tablas y Figuras

Tabla 6.3.1 Sintesis de fitoquelatinas en cloroplastos control y ZCdsp de Euglena gracilis.

-Cd

+Cd

Cloroptastos control

Cys
GSH
v-EC
X
PC.
PC;

PC,

Cloroplastos ZCds,

Cys
GSH
y-EC
X
PC:
PC,
PC,

nmoles —SH / mg proteina

1202
0.13+0.06
0.44 £ 0.1
0.03+0.007
0.09 £ 0.01
0.02 £ 0.01

0.03 + 0.006

2407
53126
4705
0.4+0.08
2.9+0.09
0.8+0.1
0.1£0.05

12403
0.08 + 0.03
0.42+0.2
0.04 £ 0.02
0.18 £ 0.06"

0.07 £0.02°
0.036 £ 0.01

22105
49+21
4307
0.36£0.15
2702
09103
0.11+0.06

Promedio + SD (n=3-4); * P<0.05 respecto al valor — cd®. Los cloroplastos intactos (-Cd) se incubaron por
60 min con 0.5 mM CdCl, (+Cd) y posteriormente se determin6 el contenido de tioles por RP-HPLC. X,

compuesto no identificado.
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Tabla 6.3.2 Localizacién intracelular de la PCS de Euglena gracilis

Fraccion PCS GAPDH-NADP GDHnmoles  mg proteina /
pmoles min' mg nmoles min" mg™' min” mg™ ug Chl
proteina™
Extracto crudo 2.47 238 52+09 0.154 £ 0.01
(20.9 puU/10’ cels) (137 pur0’ cets)
Cloroplastos 1.81 154 +4 0+0 0.083 £ 0.009
(8.26 uU /55 pgchl)  (70.3 pU /55 pgChl)
Citosol 3776 634 £ 90 43.3+9.7 2376

La actividad de la PCS en cloroplastos corresponde al 39 % del total de acuerdo a los siguientes célculos: la
actividad de la PCS en cloroplastos se multiplicé por 0.083 para convertir las unidades a pg de Chl,
posteriormente se multiplicé por 55 g de Chi/107 cels para obtener la actividad proporcional a todos los
cloroplastos de una célula. £l mismo procedimiento se realizé 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=3-6).
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Tabla 6.3.3 Distribucién de tioles en cloroplastos de Euglena gracilis expuestos a 50 pM de CdCl..

Cys y-EC + GSH X4 PC, PC; PC, X2 PCs Xs

nmol -SH / fraction

Total 7.3+0.8 18+3.6 006+0.01 086+02 025+004 087+01 045+005 075+0.2 0.260.04
HMWC 36:+05 33:06 0.05+0.01 075+02 023+0.03 066+006 045:006 067:02 024+0.05
(>50 kDa)  (49%) (18 %) (83 %) (87 %) (92 %) (75 %) (73 %) (89 %) (92 %)
LMWC 3+04 131+12 ND. 0.03+0.01 N.D. 0.12+0.05 0.08+0.02 N.D. N.D.

(<50 kDa)

Cloroplastos ZCdsg purificados con Percoll (8-10 mg; 500 pl} solubilizados con 0.2% Tritén X-100 y centrifugados 20 min a
20 000 g. El sobrenadante se fraccion6 con un Centricdn (50 kDa). El concentrado se resuspendié en Tris 50 mM (pH 8.0)
y se concentr6 por segunda vez. Ambas fracciones se analizaron por RP-HPLC. Los resultados son la media = DE (n = 3).
Los nimeros entre paréntesis representan el porcentaje respecto al contenido en el estroma. La recuperacion fue del 85-
90%. El limite de deteccion fue 0.03 nmoles. Xi, péptido-tiol no identificado que permanece constante con y sin Cd**. X, y
X, péptidos-tioles no identificados sintetizados en respuesta a Cd?*, presumiblemente homo-fitoquelatinas. N.D., 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 ordenes Euglenida (Euglena sp.) y
Kinetoplastida (Trypanosoma sp.), presenta una historia evolutiva muy caracteristica.
Aparentemente, el organismo eucarionte progenitor del phylum se separd del tronco
comun muy temprano en la evolucién, justo después de haber adquirido las mitocondrias
por endosimbiosis primaria (Gray et al., 1989, Hannaert et al., 2003). Posteriormente, y
contrario al evento coman de la adquisicion del cloroplasto por una segunda endosimbiosis
primaria, se llevé a cabo una endosimbiosis secundaria. Esto es, un organismo eucarionte
(del phylum Euglenozoa) tuvo una endosimbiosis con otro organismo eucarionte
(posiblemente un alga verde) del cual conservd principalmente el cloropiasto. Una
evidencia de este proceso es la estructura atipica del cloroplasto de E. gracilis, el cual
presenta 3 membranas ademas de las tilacoidales (Buetow, 1989). Durante este proceso
se llevé a cabo una transferencia de genes del cloroplasto al genoma nuclear, un proceso
bastante comin tanto para mitocondrias como para cloroplastos (Gray et al., 1989).

Una diferencia entre los ordenes Euglenida y Kinetoplastida es que éste ultimo
perdié el cloroplasto pero conservé genes exclusivos de organismos fotosintéticos,
ademas de desarroltar un organelo muy caracteristico, derivado de los peroxisomas,
denominado glicosoma, el cual es de vital importancia para el metabolismo de este
organismo (Hannaert et al.,2003). La figura 6.4.1 muestra un arbol filogenético ilustrando
estos eventos. Los organismos del orden Kinetoplastida son de relevancia clinica y, en el
caso de Tryparnosoma brucei y T. cruzi, sus respectivos genomas estan practicamente

secuenciados (http://www tigr.org). Un analisis de la base de datos de estos crganismos
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mostro que no hay genes homoélogos de PCS lo cual sugiere que: (1) el phylum
Euglenozoa NO tenia el gene de la PCS antes de la adquisicion del cloroplasto, y por lo
tanto adquiri6 éste del alga clorofita endosimbionte y (2) el orden Kinetoplastida no solo
perdié el cloroplasto, sino algunos genes incluyendo el de la PCS. EIl hecho de haber
encontrado actividad de PCS en el cloroplasto de E. gracilis apoya la idea de que esta
enzima provino del alga endosimbionte.

A pesar de que esta hipétesis podria explicar el origen de la PCS de cloroplasto,
quedarfa incompleto el origen de la PCS en el citosol, el cual podria ser el resultado de
una duplicacion de genes (genes ortdlogos) aunado a la pérdida del péptido de transito
que dirige a la enzima al cloroplasto. En relacion a ésto, en el alga verde Chlamydomonas
reinhardtii, la cual tampoco tiene una vacuola tipo planta, el Cd?* también se acumula en el
clorbplasto (Nagel et al., 1996) y dentro de él se han encontrado compuestos similares a
.FQs {Nagel et al., 1996); sin embargo, no se conoce aln si dentro del cloroplasto de esta
clorofita existe una PCS.

Ademas del origen filogenético, los resultados obtenidos sobre la caracterizacién
funcional de la enzima nos permiten hacer un analisis funcién-estructura de la PCS de E.
gracilis.

Las FQs fueron identificadas por primera vez en levaduras (S. pombe) y
originalmente se les denominé cadistinas (Kondo et a., 1984). Hasta 1988 se identificaron
compuestos homoélogos a los cuales se les denomin6é FQs (Grill et al., 1988). Por una
razoén no muy clara, tal vez debido al mayor avance en el campo de las plantas que en el
de las levaduras, el nombre que predominé en la literatura cientifica para estos
compuestos fue FQs, el cual tiene un prefijo claramente erréneo si el término también se

aplica a levaduras o a otros organismos.
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Eukaryota

Eubacteria

Archaebacteria

Figura 6.4.1 Arbol filogenético ilustrando la historia evolutiva del phylum Euglenozoa
(tomado de Hannaert et al., 2003).

De cualquier manera, una vez determinada su estructura primaria [(y-Glu-Cys)n-
Gly], donde n = 2-11, la cual guarda semejanza con el GSH, se sugiri6 que estas
moléculas eran sintetizadas por una enzima a la cual se le denominé fitoquelatina
sintetasa (revisado por Rea et al., 2004). La PCS de plantas (Silene cucubalus) se purifico
y caracterizd 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 caracterizacion cinética mas profunda llevo a la conclusion de que
la PCS es una dipeptidiltranspeptidasa cuya reaccion se muestra en la figura 6.4.2A, y el
ciclo catalitico propuesto en la figura 6.4.2B; nétese que durante la sintesis 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, seria y-EC y en el caso de que el donador fuera otra
FQ el intermediario seria una des-Gly-FQ.

La era post-genémica y la biologia molecular han hecho posible dos hallazgos
importantisimos para el origen y funcion de las PCS: (1) se cloné y se determiné que el
gusano Caenorhabditis elegans, un nematodo marino, posee una PCS funcional y (2) la
cianobacteria Nostoc sp. contiene un gen homélogo, pero incompleto (correspondiente al
extremo amino terminal de las PCS “canonicas”), 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 aminoacidos esenciales para la catélisis y las diferencias
entre secuencias a nivel del carboxilo terminal. Varios experimentos nos permiten hacer
inferencias respecto a la estructura-funcion de la PCS de Euglena. Los fragmentos de la
secuencia AtPCS1 denominados PCS_Nt1 y PCS_Nt2 son fragmentos proteoliticos de la
secuencia original AtPCS1 con un carboxilo terminal mas 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 proteina codificada
por el gen Alr0975 de Nostoc sp., cuyo carboxilo terminal esta ausente, preferentemente

hidroliza GSH a y-EC + Gly mientras que la sintesis neta de FQs es muy ineficiente
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Fig 6.4.2 (A) Reaccion de la PCS y (B) ciclo catalitico propuesto. (tomado de Rea et

al.,2004).
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Estos resultados sugieren que el segmento amino terminal de la PCS esta
relacionado con la catalisis e hidrélisis, mientras que el segmento del carboxilo terminal
esta relacionado con la longitud de las FQs sintetizadas (Ruotolo et al., 2004). Hay que
mencionar que la sintesis de FQs de cadena larga en plantas puede llevarse a cabo en

horas, y su acumulacién depende de los dias de exposicion a Cd?*.

A Cy|B-"° Ht& IA_G_P‘N cagi-5 P‘
: |
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CePC81 N O I s e 27
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arte7s gl I <
{

J |
Congarved N-terminal domain Variable C-terminal domain

Figura 6.4.3 Estructura de diferentes fitoquelatina sintetasas con énfasis en los
aminoacidos 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 sintesis de FQs en E. gracilis después de ocho dias de
exposicion a diferentes concentraciones de Cd?**. Es notable que aun después de 8 dias

de exposicion a Cd?* 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
sintesis de FQs para detectar hidrolisis de GSH y en ningun caso hemos detectado
formacién de y-EC. 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 Sintesis de fitoquelatinas en Euglena gracilis después de 8 dias de

exposicion a diferentes concentraciones de Cd*'.
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6.5 Caracterizacion de los complejos tiol-Cd**-sulfuro (HMWC) en Euglena gracilis *
plej

Como se revisoé en los capitulos 2 y 6, un proceso indispensable para la inactivacion
del Cd* es la formacion de complejos de alto peso molecular formados por tioles, Cd** y
sulfuro (HMWC), airededor de un nucleo 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 fa vacuola (Barbas et al., 1992; Speiser et al., 1992; Vande y Ow, 2000).
Su formacién aparentemente es no-enzimatica y pueden formarse in vitro por la simple
combinacién de sus componentes (Cd*, tioles y sulfuro); sin embargo, in vivo son
necesarias dos enzimas relacionadas con la sintesis de purinas: la adenilosuccinato
sintetasa y la succinoaminoimidazol carboximida sintetasa, las cuales pueden utilizar un
analogo del aspartato, sulfinato de cisteina, para transferir el sulfuro a los complejos
‘(Juang et al., 1993). Otra caracteristica importante de estos complejos es que, en plantas
y S. pombe, los HMWC estan formados Unicamente por Cd?*, sulfuro y FQs, mientras que
en C. glabrata otros tioles (monotioles), como y-EC y GSH, pueden incorporarse en los
complejos. Se ha demostrado que la composiciéon de tioles esta relacionada con la
estabilidad de los HMWC. Los complejos que incluyen monotioles resuitan ser mucho
mas inestables fuera de la célula que los complejos formados sin monotioles (Dameron et
al., 1989).

Ya demostramos que en el cloroplasto de Euglena los tioles y el Cd? se encuentran
en la fraccion de alto peso molecular del estroma; sin embargo, su estructura y

composicion no se ha determinado.

* En este trabajo participaron: Mendoza-Cézatl D, Mendoza-Hernandez G y Moreno-
Sanchez R.
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Ademas, dos observaciones hacen suponer que estos complejos NO son idénticos a los
reportados para plantas y levaduras: (1) su localizacion intracelular, pues las condiciones
del cloroplasto son muy diferentes a la vacuola respecto al pH y disponibilidad de tioles (al
contrario del cloroplasto, en la vacuola practicamente no hay GSH) y (2) la cuantificaciéon
de tioles solubles en acido en Euglena, tanto en células como en cloroplastos, ha
mostrado que respecto al total de tioles, la mayor parte son monotioles (Cys, y-EC y GSH)
y solo una fraccion menor corresponde a FQs. Por lo tanto, si la formacién de los HMWC
es no-enzimatica, esperariamos que la composicion de los HMWC de Euglena fuera mas
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 Opticas, composicion
de péptidos y aminoacidos asi como la estequiometria tiol-Cd?" -sulfuro, la cual sera
definitiva para establecer si estos complejos estan relacionados con la inactivacion del
Cd?* en E. gracilis.

Debido al bajo rendimiento en la obtencion de cloroplastos puros e intactos, se
decidi6 como una primera aproximacion, que la purificacion de los HMWC de Euglena se
realizara a partir de células enteras. Puesto que la mayor parte del Cd®* y FQs se
encuentran en el interior de este organelo, la informacion obtenida de células enteras seria

un reflejo de los HMWC formados dentro del cloroplasto.

Material y Métodos
Purificacién 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 dias con 50 uM CdCl,. El citosol
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se obtuvo por sonicacion exhaustiva de las células (hasta que el 90 % de las células
fueran rotas) y centrifugacion a 225 000 x g por 60 min. Todos los buffers usados durante
la purificacién fueron previamente saturados con N;. El citosol se cargé en una columna
de DEAE (1.5 x 25 cm; DEAE-Bioge!) equilibrada con Tris 10 mM pH 8.0 (Buffer A) a un
flujo de 200 ml/h. Una vez cargada la muestra, la columna se lavé con 50 ml de Buffer A.
Los compuestos unidos se eluyeron en un solo paso con NaCl 0.5 M en el buffer A. Toda
la proteina fue colectada y llevada a 80% de saturacion con (NH4).SO, (0.6 g / m! de
eluado). La proteina precipitada se removio por centrifugacion a 9000 x g por 10 min y el
sobrenadante se diluyd 1:1 con buffer A y posteriormente se concentré con un Amicon (10
kDa) hasta 1 mi. El concentrado final se sometié a una cromatografia de filtraci6bn en gel
(Sephacryl S-200, 1.7 x 56 cm) a un flujo de 60 ml/h, colectando fracciones de 4 ml. Las
fracciones con absorbencia (280 nm) se colectaron y liofilizaron para posteriormente ser
analizadas por RP-HPLC y determinar el contenido de tioles, Cd?* y sulfuro de la misma
manera que lo reportado previamente (Mendoza-Coézatl y Moreno-Sanchez, 2005). El

rendimiento a partir de 2.8 x 108 células (1.7 g de peso humedo) fue de 7 mg de HMWC.

Caracterizacion de los HMWC de Euglena gracilis

La composicién de aminoacidos de los HMWC (1 mg) se llevo a cabo después de
mezclarlos con HC! 1 N, e hidrolizarlos a 100°C durante 24 h y posteriormente
derivatizarlos con fenilisotiocianato. La separacion y cuantificacion se llevé a cabo por RP-

HPLC. La Cys se modificé con poliacrilamida o se cuantificé con 1 mM de DTNB en un

buffer de Tris 50 mM, 10 mM EGTA pH 8.0 usando un gyng 13,600 M™ cm™ a 412nm.
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Marcaje de HMWC con '%°Cd?*

HMWC (30 pg) fueron incubados con 75 uCi de %CdCl, durante 30 min a 4 °C en
un buffer con 50 mM Tris pH 8.0, previamente saturado con N, en un volumen final de 30
ul. Los HMWC marcados se analizaron en un gel de poliacrilamida (10%) desnaturalizante
(0.1 % SDS) en condiciones no reductoras de acuerdo al método de Laemmli (1970).
Medicion de proteina

Debido a que las FQs no dan sefal por los métodos tradicionales (Bradford o
Biuret), la proteina se cuantificd por el método de Murphy y Kies (1960) midiendo la

absorbencia del enlace peptidico (AbSz150m-AbSz25nm) ¥ Usando BSA como estandar.

Resultados y Discusion

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 cromatografico (Fig. 6.5.2, inserto), sugiriendo que en Euglena solo hay
una especie molecular de HMWC. El analisis espectrofotométrico de los HMWC mostrd 2
maximos de absorcién, uno a 220 nm (enlace peptidico) y otro a 254 nm (enlace tiol-Cd,;
Fig. 6.5.3). La acidificacién de los HMWC con HCI (10% concentracién final), indujo una
reduccion en la absorbencia a 254 nm pero no la de 220 nm, lo cual es consistente con la
idea de que el Cd* esta unido, al menos parcialmente, a través de grupos tioles. La
acidificacion induce la protonacion del grupo tiol desplazando al Cd®*, reduciendo asi 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 contaminacién por proteinas (con
aminoacidos aromaticos). Un analisis adicional de los HMWC por SDS-PAGE (10%, no-

reductor) tefiido con azul de Coomassie, tampoco revelé contaminacion por proteinas (Fig.
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6.5.4A); sin embargo, cuando se marcaron HMWC con 19Cd%*, estos revelaron un
compuesto de mas de 100 kDa (Fig. 6.5.4B). Si bien el peso molecular no corresponde
con aquel determinado por filtracion en gel (148 kDa), desconocemos la estabilidad de los
HMWC fuera de la célula y ademas, desconocemos su comportamiento en un campo
eléctrico, por lo que el menor peso puede corresponder a HMWC parcialmente disociados.

El analisis por RP-HPLC mostré que los HMWC de Euglena estan formados
principalmente por monotioles (Cys + y-EC + GSH = 74.8%) y solo un 15 % por FQs (Fig.
6.5.5). Los HMWC de Euglena contienen una elevada cantidad de S*, la cual junto con el
Cd*" determinado en los complejos da una relacion S>/Cd®* de 1.87 (Tabla 6.5.1). Esta
relacion es semejante a la reportada en plantas y S. pombe (Speiser et al., 1992). Por otro
lado, fa relacion -SH + S% /Cd** fue de 3.41 (Tabla 6.5.1), un valor superior al encontrado
en algunas plantas (-SH + S* /Cd** =1.18 para maiz) y similar a lo reportado para S.
pombe (-SH + S /Cd?** = 4) (Speiser et al., 1992). Los resultados sugieren que, al igual
que en plantas y algunas levaduras, los HMWC de Euglena estan relacionados con la
inactivacién-acumulacion de Cd?*.

Par otro lado, la composicién de aminoacidos de los HMWC revelé que el 72.4 % de
los HMWC estan formados por Glu, Cys, Gly, Ser y Ala, los cuales pueden pertenecer a y-
EC, GSH, homo-glutatién y FQs (Tabla 6.5.2). Sorprendentemente, el Asp constituyd un
19 % de los aminoacidos totales, un porcentaje muy superior al contenido promedio de
este aminoacido en una proteina (5%; Lehninger et al., 2000) para sospechar de una
posible contaminacién. Al momento desconocemos el origen de este aminoacido y/o si
forma parte de los complejos como aminoacido libre.

Los HMWC de plantas y S. pombe tienen un peso molecular de entre 10-30 kDa, se

encuentran principalmente en la vacuola y estan formados exclusivamente por cd?,
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sulfuro y FQs (Speiser et al., 1992). Los HMWC de C. glabrata pueden contener, ademas
de FQs, monotioles tales como y-EC y GSH (Dameron et al.,, 1989). Aparentemente, la
incorporacién de estos monotioles disminuye la estabilidad a los complejos (Dameron et
al., 1989). Al igual que los complejos de C. glabrata, 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. glabrata se ha demostrado que los HMWC se
forman alrededor de un nucleo de CdS, y dependiendo del tamario del cristal, los HMWC
pueden mostrar transiciones electronicas en longitudes de onda cercanos al ultravioleta
(300-330 nm, Barbas et al., 1992). Un nicleo de CdS de 20 A de diametro, formado por
aproximadamente 85 moléculas de CdS, presenta una transicién a 316 nm (Barbas et al.,
1992). Debido a que los HMWC de Euglena no presentan ninguna transicion en
longitudes mayores de 300 nm, podemos concluir que el nucleo 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, mas del 80% se encuentran
como complejos de alto peso molecuiar (Mendoza-Cézatl 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 sefialar que ambos compartimentos tienen caracteristicas 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).
Ademas de la diferencia en el tamafio del nlcleo de CdS, los HMWC de Euglena también
difieren significativamente de los encontrados en plantas y levaduras respecto al peso
molecular, composicién de péptidos y aminoacidos. 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 Cd?*, FQs y sulfuro de
plantas. Este tipo de estructura se formaria alrededor de un nucleo de CdS (Tomado de

Pickering et al., 1999).

Figura 6.5.2 Determinacion del peso molecular de los HMWC de E. gracilis utilizando una
columna de exclusion molecular Sephacryl S-200 (1.7 x 56 cm). Los estandares utilizados
se muestran en circulos abiertos y el nimero se refiere al peso molecular. El coeficiente
de distribucién (K,,) se determiné de acuerdo a la férmula K,,v = Ve-Vo/Vt-Vo, donde Ve es
el volumen de elucion del compuesto de interés, Vo es el volumen vacio (60 ml

determinado con Azul Dextran) y V¢ el volumen total (127 ml).
Figura 6.5.3 Propiedades odpticas 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 pg de proteina de los HMWC se analizaron en un gel de poliacrilamida (10%) sin p-
mercaptoetanol, se incluyeron 20 pg de proteina de citosol como control positivo. (B)
Radioblott de los HMWC de Euglena, 20 ug de proteina de los HMWC se incubaron con

75 uCide '®CdCl, 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 CdCl; 50 uM durante 8 dias.
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Tablas y Figuras

Tabla 6.5.1 Contenido de tioles, sulfuro y Cd** de los complejos de alto peso molecular
purificados a partir de células cultivadas con 50 uM de CdCl;

Cys 7YEC+GSH pcs | cd® s -SH -SH + §* /1 Ccd*
(%) nmoles / mg proteina HMWC
6.4 68.4 25.1 67.7 1267  105.7 3.41

Promedio de dos determinaciones

Tabla 6.5.2 Composicién de aminoacidos de los complejos tiol-Cd**-sulfuro de E. gracilis

(1 mg proteina) purificados a partir de células cultivadas con 50 pM de CdCl..

Aminoacido Contenido Intracelular Contenido Porcentual
(nmoles / mg HMWC) Observado
Glu 211 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 14 1.8
Tyr 1.36 1.8
Pro 1.1 14
Val 0.95 1.3
Phe 0.8 1.5
ite 0.68 0.9

i Determinado con DTNB, el numero entre paréntesis fue el encontrado por derivatizaciéon con

fenilisotiocianato. L.a determinacidn de amino4cidos solo se ha llevado a cabo una vez.
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Figura 6.5.2
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Capitulo 7 Capacidad de biorremocion de cadmio, zinc y plomo por Euglena gracilis

Hasta este punto, la tesis presentada se ha centrado en el mecanismo bioquimico
por el cual E. gracilis resiste y acumula cantidades significativas de Cd*. Si bien se han
cumplido los objetivos planteados al inicio de la tesis, queda incompleta la informacion
acerca de qué tan factible es el uso de este organismo en procesos de biorremocion de
metales de cuerpos de agua. Este es un problema comtin cuando se trata de hacer una
conexién entre ciencia basica y aplicada. No necesariamente debe haber una conexion
entre ambas, pero seria ideal que el avance en ciencia basica tuviera un uso inmediato en
la ciencia aplicada. El siguiente trabajo hace precisamente esta conexién. A pesar de no
estar incluido en los objetivos planteados al inicio de la tesis, el trabajo establece una
relacién entre el mecanismo de resistencia-acumulacién de Cd®* en E. gracilis y la
viabilidad de este organismo para ser usado en procesos de remocion de metales de
sistemas acuosos. Ademas, no solo determina la capacidad de Euglena para remover
Cd*, adicionalmente analiza como otros metales usualmente presentes en aguas
residuales, como zinc y plomo, pueden afectar esta capacidad de remocién. Por estas

razones, procedimos a desarrollar el siguiente trabajo como parte del trabajo de tesis.
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Abstract

The ability of Euglena gracilis to simultaneously remove and accumulate Zn?*, Cd?*
and Pb?* from the culture media was evaluated. E. gracilis was able to remove up to
80% of the Cd?* present in the medium when cultured with 20 or 50 M CdCla.
Higher external Cd?* concentrations increased Cd®* accumulation per cell but
decreased the cell density, thus diminishing the capacity of the cell culture to remove
Cd**. E. gracilis removed 60% of the Zn?* present in the medium when cultured with
5 to 50 uM ZnS0Qa. Zn?* did not affect the Cd?* removal capacity. E. gracilis was
much less efficient in removing Pb?* (< 20%) when cultured with 100 or 200 uM
Pb(NQs)2. Moreover, Pb?* decreased the efficiency to remove Cd?**; Pb** did not
affect Zn?* removal. Cd?* induced a generalized increase in the cellular thiol-
compounds, including phytochelatins, and Pb?* had an additive effect only at 200 yM.
Zn?* did not stimulate phytochelatin synthesis. Cd?* and Pb?* co-located in the
cytosol at the same high-molecular weight fraction. As Pb?'is a weak phytochelatin
inducer, competition between Pb?* and Cd?* for transportation across the plasma
membrane and binding to phytochelatins and other thiol-compounds is proposed to

explain the detrimental effects of Pb?* on the Cd®* removal capacity of E. gracilis.
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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 Hg®*, Cd?", Cr®* and Pb?* 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’" uptake accounts for the differential Cd?* 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** resistance in E. gracilis
(Mendoza-Cdzatl et al., 2002; Avilés et al., 2003). Volatilization and increased levels

2+

of glutathione were also described for Hg?" resistance in E. gracilis (Devars et al.,

2000).



In addition to high Cd?* resistance (ICso =100 uM for photosynthetic strain Z;
Devars et a., 1998), high Cd** accumulation capacity has also been reported for E.
gracilis: heterotrophic cells exposed to 200 #M CdClz for 96 h accumulated 11.2 g
Cd’*/ Kg dry weight (1.1 %) (Avilés et al., 2005). Therefore, E. gracilis may be a
suitable model for bioremediation of heavy metal-polluted water bodies (Devars et al.,
1998; Mendoza-Cézatl et al., 2002). However, few works, if any, have determined
the ability of £. gracilis to remove heavy metals from agqueous 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 their overall performance (i.e., growth) under
unfavorable conditions (Devars et al., 1998; Tsuji et al., 2002).

In the present work the ability of £. gracilis to remove Cd**, Zn** and Pb**,

separately or in combination from the culture medium was assessed. As the content
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of thiol-compounds is directly related to Cd?* resistance and accumulation capacity in
E. gracilis (Coppellotti, 1989; Devars et al., 1998; Mendoza-Cozatl et al., 2002; Avilés
et al., 2003), the different acid-soluble thiol-compounds (cysteine, y-glutamylcysteine,
glutathione, phytochelatins) were also analyzed to determine whether Zn?* and Pb?"
have an additive effect on the glutathione-phytochelatin synthesis pathway or they are

detoxified by different mechanisms.

Material and Methods

Cell culture and growth conditions

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
etal. (1998). Cultures were initiated with a cell inoculum of 0.4 x 10° cells/ml. CdClz,
ZnS0s and Pb(NOs)2 were added from sterile stock solutions. When Zn**
concentration was modified, sulfate was maintained constant in the culture (2.7 mM)
by adding H2S04 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 dilution and immobilization with HCI. Cell viability, measured by the
trypan blue method (described in Devars et al., 1998), was always higher than 90%.
Cells were harvested at the eight day of culture (early stationary phase for control
cells) by centrifugation at 1 000 x g for 10 min (4°C) and washed twice with 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.
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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 g for 5 min.
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-Cdézatl et al., 2002).

Cadmium, Zinc and Lead determination

Content of heavy metals in acid-digested cells (107-10° 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 Cd** 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 EGTA
(ethylene glycol-bis(B-aminoethyl ether)-N,N,N',N'-tetraacetic acid), pH 8.0. The
difference in cadmium content between cells washed with and without EGTA was
considered as Cd?* bound to the external cell surface. Washing cells with buffer
containing 1 mM DTT (DL-dithiotreitol) instead of EGTA vyielded similar results.
Bioremoval capacity

To determine the removal capacity of E. gracilis, aliguots were withdrawn from
the culture medium before addition of the initial cell inoculum and from the cell-free
medium after 8 days of culture (i.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



amounts of Cd?*, Zn?* or Pb?* 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 caontents 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 (Eliman s reagent) as described
previously (Mendoza-Cézatl and Moreno-Sanchez, 2006). Aliquots of 107 cells (in
900 ul) were acidified with 3% perchloric acid (final concentration), mixed vigorously
for 30 s and cell debris was removed by centrifugation at 20 000 x g for 5 min. All
samples were filtered through Millex"*-Millipore filter devices (0.45 um) prior to
analysis by HPLC (50 ul 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 10% cells in 2 ml of Tris-HCI buffer with
0.2 % Triton X-100, pH 8.0 (saturated with Nz). Cell debris was removed by
centrifugation at 20 000 x g for 20 min. Soluble fractions from control cells, cells
grown in the presence of 50 uM CdClz, and cells grown with 50 uM CdClz plus 200
UM Pb(NOs)2 were separated ina 1.7 cm x 54 cm Sephacryl S-200 column

(Amersham Biosciences) equilibrated with 560 mM Tris-HCI pH 8.0 (previously



saturated with N2) at a flow rate of 0.8 ml/min. Column was calibrated with the
standards supplied by Amersham Biosciences: Dextran blue (void volume, 2 000
kDa), Aldolase (158 kDa), Ovoalbumin (43 000), Quimiotripsinogen (25 kDa) and
vitamin B2 (1.3 kDa). Fractions of 4 ml 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 ml 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 ul injection loop) for determination of the thiol-compounds as described

previously (Mendoza-Cé6zatl and Moreno-Séanchez, 2005).

Results
Cadmium uptake and removal

E. gracilis growth after 8 days of culture (early stationary growth phase) was
significantly diminished by Cd?* concentrations higher than 20 #M (Table 1); at 20 uM
or lower Cd?* 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 Cd** concentrations of 5 up to 50 uM (Table 1), whereas a significant increase
was found at 100 uM. The Cd** concentrations used in this work (5-100 yM) did not

alter the chlorophyll content. . However, a significant increase in both parameters,



protein and chlorophyll, has been reported at Cd?" concentrations higher that 100 uM
(Navarro et al., 1997; Mendoza-Cézatl et al., 2002). Cd?* accumulation was a linear
function of the external Cd?* concentration used (Table 1), with no apparent
saturation even at 0.5 mM external Cd?", although cellular density severely decreased
(data not shown).

After eight days of culture and at the lower concentrations used (5 and 10 uM
CdCl2), E. gracilis was able to remove 80% of the Cd*" present in the growth medium,
whereas at 20 and 50 4M CdClz, this value reached 80% (Fig. 1). At this range of
concentrations, Cd?* was mainly located inside the cell and not loosely bound to the
external surface, since no significant differences were found in the Cd** content per
cell by washing them with either 10 mM EGTA (101 + 15 nmol Cd?*/10’ cells; mean
+ SD; n=3; at 50 M CdCl2) or distilled water (134 + 19 nmol Cd?*/107 cells; n=23).
Washing the cells with 1 mM DTT vielded identical results (not shown). Cd** removal
capacity decreased drastically with Cd?" concentrations higher than 50 4M (Fig. 1).
Although the cellular Cd** accumulation increased concomitantly with the Cd**
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’* on Cd”* removal

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?* and Zn?* are well-known



competitors in several cell processes (Guerinot, 2000; Williams et al., 2000). Thus, to
determine the effect of Zn?* on the Cd?* removal capacity of E. gracilis, 50 uM CdClz,
was added to the culture medium, as this is the concentration at which E. gracilis
achieved the optimal Cd?* removal (Fig. 1).

Zn** at the concentrations tested (5-300 pM) did not affect the cell density or
the Cd?* accumulation (Table 2). Protein and chlorophyll content also remained
constant (data not shown). Zn?* accumulation was a hyperbolic function of the Zn**
concentration in the culture medium (Table 2); the different patterns found between
the Cd?* and Zn’* accumulation behavior {linear and hyperbolic, respectively)
suggested that the processes involved in the storage of both heavy metals are
different. Zn*" did not affect the Cd** removal capacity of E. gracilis, which remained
constant throughout the different Zn?* concentrations assayed (Fig. 2).

On the other hand, Zn?* removal was constant (75 %) up to 50 uM ZnSO4 and
decreased significantly at external Zn?* concentrations of 100 and 300 #M (Fig.2).
This result was not related to a variation in the cell density, which was not affected
by the different Zn?* concentrations (Tale 2). The diminished Zn?* removal capacity
was very likely associated with the saturable behavior of the Zn?* accumulation by
these cells (Table 2): At ZnSQs concentrations higher than 100 yM, the amount of
metal ion present in the growth media saturated the E. gracilis capacity for Zn?*

accumulation, which resulted in a decreased capacity in cellular Zn?* removal.



Effect of Pb** on Cd?* and Zn?* removal

Lead is another heavy metal usually present in industrial wastewaters (Celebi
and Kendir, 2002; Sharaf, 2002). In addition, £. gracilis tolerates exposure to high
concentrations of Ph?* 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** and Zn?* remained
constant in the medium (50 yM each), values at which the removal of both metals
was optimal (Figs. 1 and 2).

Remarkably, the two different Pb?* concentrations used did not affect cell
growth (Table 3) or protein and chlorophyll content (data not shown). At 100 uM
Pb?*, Cd** accumulation was not affected, whereas at 200 uM Pb** it significantly
decreased (Table 3). In consequence, the ability of £. gracilis to remove Cd?* from
the culture medium in the presence of 200 M Pb?* was also affected (Fig. 3). In
contrast, Zn** accumulation and removal were not affected by the presence of Pb?*.
These observations suggested that in E. gracilis Pb?* and Cd?* 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?*, Zn?* and Pb?*, the
intracellular content of cysteine (Cys), y-glutamylcysteine (y-EC), glutathione (GSH)

and phytochelatins (PCs) was determined in the presence of the three heavy metals



(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, PC:z and PCs. The peak corresponding to PCs 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 #M ZnSQs, without Cd** or Pb**, showed similar content
of mono-thiols (Cys, y-EC and GSH) to that previously reported for control cells
cultured in the presence of 300 M ZnS0s (Table 4; Mendoza-Cazatl 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 60 4M Zn?*, the PCs
content was below the limit of detection (< 0.1 nmol; Table 4). Addition of 50 uM
CdClz to the culture medium induced an increase in thiol-compounds: 6-fold for Cys,
27-fold for y-EC and 10-fold for GSH (Table 4). PCs synthesis was also induced
(Table 4), resulting in a thiol-compounds/Cd** stoichiometry of 3.1; although this is a
high ratio, which very likely inactivates Cd**, 30 % inhibition on cell growth still
developed under this condition (Table 2).

Addition of 100 #M Pb** to the culture medium containing Zn** and Cd**
brought about a 2-fold increase in the Cys content respect to cells grown in the
absence of Pb®* (Table 4}, whereas the other thiol-compounds, including the PCs and

total thiol content, remained unchanged. Interestingly, the thiol/Cd** ratio increased



to 4.2 (Tables 3 and 4), but Cd** accumulation and removal did not vary, suggesting
that a fraction of the thiol-compounds was occupied with Pb?*. Moreover, addition of
200 uM Pb?* to the culture medium (+Cd?* + Zn?*) promoted a significant increase
in Cys, GSH and PCs content (Table 4), supporting the idea of an additive effect of
high concentrations of Pb?* with Cd** in activating the GSH and PCs synthesis
pathway. In this last condition, the thiol/Cd?* ratio increased up to 7.7, which was
apparently in contradiction with the observation that 200 #M Pb?* diminished the
ability of £. gracilis to accumulate and remove Cd?* from the culture medium (Table 3,
Figure 3). Then, this last finding strongly suggested that Pb?* might interfere with the

Cd?* storage-inactivation mechanism.

Heavy metal sub-cellular distribution

To further assess the proposed Pb?* competition with Cd** for the thiol-
mediated mechanism of storage-inactivation, the distribution of heavy metals (Zn®*,
Cd?* and Pb?*) in the soluble fraction of E. gracilis was determined by using gel
filtration chromatography (Figure 5, A-C). In control cells {50 4M ZnS0:), Zn®* was
mainly located in the high-molecular weight fractions (10-19; > 30 kDa, Fig. bA). In
Cd?** exposed cells, Zn?* was found in both high- and low-molecular weight fractions,
but in contrast to control cells, Zn?* was mainly located with the low-molecular
weight fractions (25-35; < 30 kDa, Fig. 5B); Zn** in its free ion form eluted in
fraction 37 (not shown). The putative molecules involved in Zn’* chelation were not
further characterized in this work, but they are presumably single PCs, which have not

been fully polymerized with sulfide.



Cd?* was mainly located in the high-molecular weight fractions in two major
peaks (Fig. 5B). When E. gracilis was grown in the presence of Zn’*, Cd?* and Pb**
(60 uM, 50 uM and 200 uM, respectively), Zn** and Cd** were located in the same
two fractions (Fig. 5C) than those from cells grown in the absence of Pb?* (Fig. 5B).
Notably, the presence of Pb?* decreased the height of the Cd** high-molecular weight
fractions, in one of which Pb?* was also located (Fig. 5C). When cells were disrupted
by sonication, instead of freeze-thawing cycles, the content of Cd®* 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 Cd”’* to the higher-molecular weight fractions.

In an attempt to determine which molecules may be binding simultaneously
Cd** and Pb**, 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 Cd?* added to the culture when grown in the range of 5-50 yM CdClz
(Fig. 1). This ability did not affect cell viability and, in the case of 50 yM CdClz, only
decreased cell growth by 30 % (Table 1). The ICso 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 yuM CdCl: (reviewed by Trevors et al.,

1996). Thus, these results emphasize the high Cd?" resistance of E. gracilis. On the



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 #M) 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-
Coézatl 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 £. gracilis is
able to accumulate Cd>* up to 0.02 and 0.08 % of its dry weight, at 20 and 50 yM
CdClz, respectively. These values are lower than that reported for Cd?*-
hyperaccumulator plants (0.4 %; Ebbs et al. 2002) and heterotrophic £E. gracilis (1.1
%; Avilés et al., 2005), but whether the capacity of E. gracilis to remove Cd** 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



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 £. gracilis, Zn** did not affect the
Cd?* removal capacity (Fig. 2), and the process involved in accumulation and storage
of Zn** seemed to be independent of the Cd** accumulation mechanism. This
conclusion was supported by (a) the distinct accumulation patterns of Zn?* and Cd?*
(saturable and linear, respectively; Tables 1 and 2), (b) the induction of
phytochelatins, which were synthesized only with the addition of Cd** (Table 4) and
(c) the different sub-cellular location, as revealed by size exclusion chromatography
(Fig. 5).

On the contrary, although E. gracilis showed not to be an efficient organism to
remove Pb?* from the culture medium, the presence of this metal ion proved to be
detrimental for Cd** 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**
storage and inactivation cellular mechanism (Clemens, 2001; Mendoza-Cézatl et al.,
2005). Pb’*is a weak inducer of PCs (Vatamaniuk et al., 2000); in E. gracilis this
was evident from the fact that 100 uM Pb?* had no effect on the PCs content (Table
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4) and that a higher Pb?* concentration was required to increase the PCs content over
that induced by Cd?*.

Phytochelatin induction by Pb?* might be due to an indirect effect of Pb?* on
the Cd**-induced PCs synthesis. For instance, Pb?* and Cd?* have similar dissociation
constants for the thiol group, i.e., for GSH, the logarithmic value of the stability
constant for Cd** is 10.5 and for Pb?* is 10.6, whereas that for Zn?* is two orders of
magnitude lower at 8.3 (Sillen and Martell, 1971). In consequence, it is conceivable
that Pb®* may compete for the already synthesized PCs, thus diminishing their
efficiency to bind (and inactivate) Cd®*, whereas Zn?* is unable to compete with Cd**.
In agreement with this proposal, Cd** and Pb?* 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 Zn’* was located in different fractions
(Fig. 5). These results do not exclude the possibility that part of the Cd** and Pb**
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 Cd®* and Pb?* 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 Pb?>* and Cd** in E.
gracilis, but data presented in this work support the notion that, as in plants and some
yeast such as Schizosaccharomyces pombe and Candida glabrata, these complexes
are essential for an effective Cd?* and Pb?* storage-inactivation process (Speiser et

al., 1992; Vande and Ow, 2001).



In Mexico, the permissible concentration of Cd?‘in water for agriculture
purposes has to be below 3.5 yM (0.4 ppm) (NOM-001-ECOL-1996). Reliable values
of heavy metals content in waste water from industries are not often available, but |
Vézquez-Alarcén et al. (2001) reported Cd®* values of 0.2-1 yM (0.032-0.11 ppm) for
water used in food crops irrigation in the Mezquital Valley (Central México); Ni** and
Pb?* were also present in potentially 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 uM), which are
disposed towards water bodies and soils with the concomitant risk for human health.
We have also found high contents of Cd?*, Zn?* and Pb?* in an artificial lake of
Mexico City (Chapultepec Lake: Cd?*, 5-17 uM; Zn**, 23-38 uM; Pb?*, 18-49 uM;
sampling was made from March 2004 to August 2004) and in a natural lake in the
state of Michoacan (Cuitzeo Lake: Pb®*, 18-31 uyM; Zn?*, 3.6-30 pM; cd?®,
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 a suitable model to apply bioremediation technology on
heavy metal polluted 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 still far from the conditions that this and
other microorganisms may encounter in a polluted 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-contaminated systems is to



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

Bi2) and the presence of other organisms (phytoplankton) may affect this capacity.

Conclusions
The main conclusions of the present work are:

1) Euglena gracilis is a suitable organism for simultaneous, relatively fast and
efficient Cd** and Zn?* removal from aqueous media containing concentrations
below 100 yM of each heavy metal.

2) In E. gracilis, Cd** and Zn** do not share the same mechanism of resistance
and storage.

3) The presence of Pb?* may be detrimental on the ability of £. gracilis to remove
Cd?* from an aqueous media. Photosynthetic E. gracilis cells are not able to
efficiently remove Pb?*.

4) Cd?* and Pb?* may share the thiol-mediated mechanism for resistance and

storage in E. gracilis.
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Figure Legends

Figure 1. Cd** removal from the culture medium by Euglena gracilis.
Results are mean + SD of 3-4 independent cell cultures. Significant differences are
indicated: a vs b (P<0.01); b vs ¢ (P<0.005).

Figure 2. Effect of Zn?* on the Cd?*removal capacity of E. gracilis.

CdClz was 50 yM whereas Zn** was varied as indicated. Results are mean + SD of
3-4 independent cell cultures. Significant differences are indicated: a vs b (P<0.05);
avsc (P<0.01); bvsc (P<0.01).

Figure 3. Effect of Pb?* on Zn?* and Cd** removal by E. gracilis.

CdClz and ZnClz were 50 M whereas Pb** was varied as indicated. Results are mean
+ SD 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 Cd**-exposed cells (50
HM).

Thiol-containing compounds were post-column derived with DTNB 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 PCs. 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 chromatography was
performed as described under Material and methods from cells exposed to (A) 50 uM
ZnS0a, (B) 50 4M ZnS04 and 50 #M CdClz, and (C) 50 #4M ZnS0a, 50 uM CdClz and
200 M Pb(NOs)2. Arrows show the fraction elution for: (1) Dextran blue (void
volume, 2 000 kDa), (2) Aldolase (158 kDa), (3) Ovoalbumin (43 kDa), (4)



Quimiotripsinogen (25 kDa) and (5) vitamin Biz (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 (10-189) 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 X1 and Xz were not identified but presumably corresponded to

larger chain (n>4) phytochelatins.



Table 1. Effact of Cd?* on cell density, protein, chlorophyll and metal content in photosynthetic £uglena 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 samples), respect to no

Cd?* added, is indicated.

CdClz (M)

0 5 10 20 50 100
Cell density 54 + 061(6) 5 £ 1 46 +0.7 53+1 38 +03 22=x03"7
{x 10° cells/ml) (3} (7) (3) (8) (3)
Proteln content 6.3 £ 2 6.5 6.7 £ 1.2 7.1 6.5 + 1.5 13.8 £ 5°
{mg protein / 10’ (6) {2) {4) (2) {10) (4)
cells)
Chlorophyli 55 + 9 62 46 *+ 4 57 56 + 6 66 + 15
content (5) (2) (3) (2) (7) (5)
{ug Chl / 10’ cells)
Cd?* content 0] 6.3 15 + 3 335 102 £ 10 183 + 30
(nmol / 107 cells) (2} (4) (3} {4) (3)
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Table 2. Effect of Zn?* on cell density, protein, chlorophyll and metal content in £,

gracilis after eight days of culture with 50 M CdCl.. 'P< 0.05 versus 5 uM Zn?*;
"P< 0.05 versus 50 uM Zn’*; *P< 0.01 versus 5 uM Zn?*; ® P< 0.001 versus 5 4uM
Zn®*; ©P< 0.005 versus 50 uM Zn?*.

ZnS0a (M)

5 20 50 100 300
Cell density 3.2+03 27+03 38+ 0.7 3.9 £ 1 3.2+ 04
(x 10° cells/ml) (3) (3) (3) (3) (5)
Cd** content 126 + 26 113 + 7 83 + 6 905 + 2 102 + 10"
(nmol / 107 cels) (3) (3) (3) (3) (4)
Zn** content 25+ 6 68 + 15° 130 + 20° 148 = 15 240 = 30°
(nmal / 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 gracifis cultured with CdClz (50 M) and ZnS04 (50 yM). Results are mean +

SD (n). Statistically significant difference ('P< 0.01) respect to cells grown without

lead is indicated.

Pb(NO3)z (uM)

0 100 200
Cell density 3.2 £+ 04 2.8 £ 0.2 3.6 £+ 04
(x 10° cells/ml) (4) (4) (4)
Cd?* content 84 + 6 77 + 17 54 + 8’
4 4 4
(nmol / 107 cels) % (4 (4)
Zn?* content 130 + 20 144.5 + 30 147 + 21
4 4 3
(nmol / 107 cels) - 4 (3)
Pb?* content 0 24 £7 31 + 17
(4) (3)

(nmal / 107 cels)




Table 4 Thiol-containing moleculas in fuglena graciis grown with Cd?', Zn** and Pb*".

Thiol-compounds in cells {107 cells) were guantified by RP-HPLC as described under Material and methods. PCs are
reported in thicl-content basis as the sum of PCz, PCas and PCs, identified by stenderds es described by Avilés et al.

{2003). Results are mean £ SD of 3 independent cell cultures. ND, not detected. The lowaer limit of detection was

0.1 nmol. Statistically significant differance ((P< 0.05; "'P< 0.01) respect to cells grown without lead {50 uM ZnSCa

and 50 yM CdClz} is indicated.

Cells Cys y-EC GSH PCs Total thiols
nmal 107 cells
ZnS0a (50 uM) 10 £ 1.9 3.5+ 0.6 6.9 + 1.3 N.D. 21 + 4
(4} (4} 4) {4)

ZnSC. (50 uM) + 38 + 7 90 = 10 61.5 =+ 8 68+ 11 258 + 37
CdClz (50 uhM) 4 (4} (4] {4) {4)
ZnS0« (50 M) + 70 £ 18° 112 + 32 67 £ 20 74 + 22 323.% x 92
CdClz {50 uM) + {3 {3) {3} (3} {3)
PBING)z (100uM)
ZnS0a (50 uM) + B8 + & 110 £ 13 133 £ 157 118 = 18’ 419 + 652
CdCl2 {50 uM) + {3) {3) {3} (3 (3)

PbiNO3}z (200uM]
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Capitulo 8. Analisis de control metabdlico para la sintesis de glutation y
fitoquelatinas

Los libros de bioguimica y la mayor parte de la literatura enfocada al estudio del
metabolismo hacen énfasis en que tas vias metaboélicas son principalmente controladas
por una etapa limitante, la cual si es incrementada tendra como resultado el aumento en el
flujo de la via metabélica en cuestion (Voet y Voet, 1992; Lehninger et al.,, 2000). Este
punto de vista carece de una base sélida y cuantitativa acerca del control que ejerce una
enzima sobre el flujo de una via metabdlica determinada.

Durante la decada de 1970, dos grupos de investigacion europeos desarrollaron
una teoria que se conoce actualmente como teoria de control metabdlico la cual sustituye
el término de etapa limitante por la determinacién cuantitativa del grado de control que una
enzima ejerce sobre el flujo de una via metabolica (Kacser y Burns, 1973; Heinrich y
Rapoport, 1974). La formalizacién de este concepto se denomina coeficiente de control de
flujo, el pual nos dice qué porcentaje de cambio en el flujo de una via metabédlica se
obtendra al variar infinitesimalmente un porcentaje de la actividad de una enzima. El
mismo formalismo se aplica para la concentracion de metabolitos. El coeficiente de
control de concentracion nos dice cual sera el efecto en la concentracion de un metabolito
si cambiamos en un porcentaje pequefio la actividad de una enzima dada. Es importante
decir que ambos coeficientes estan estrechamente relacionados con la cinética enzimatica
por lo que el disefio experimental para calcular estos coeficientes es posible con los
experimentos que comunmente se realizan en bioquimica.

Si conocemos la estructura de control de una via, es decir los coeficientes de
control y concentracion, y los coeficientes de elasticidad, de cada una de las enzimas de
una via metabdlica, podemos identificar racionalmente y con bases cuantitativas los sitios
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Por otro lado, a pesar de las diferencias intrinsecas en el metabolismo del GSH y
FQs entre plantas, levaduras y Euglena, el hecho de que la sintesis de GSH en todos los
organismos descritos hasta el momento tenga como principal mecanismo de regulacién a
la retro-inhibicion de la primera enzima de la via (y-ECS) por GSH (ver capitulo 2), permite
extrapolar algunas de las conclusiones del modelo cinético de plantas, a la via de sintesis
de GSH en cualquier otro organismo. Estas conclusiones son:

1.- La sintesis de GSH en condiciones control es mayormente controlada por la
demanda (enzimas consumidoras de GSH), mientras que en condiciones de alta demanda
(p. €., exposicion a Cd”), el control de la sintesis de GSH se distribuye entre el bloque
productor y el consumidor.

2.- La y-ECS solo controla marginalmente el flujo de la sintesis de GSH en
condiciones control; la retro-inhibicion de la y-ECS esta estrechamente relacionada con la
homeostasis del GSH, pero no necesariamente con el control del flujo.

3.- En una via metabdlica se debe hacer una clara distincion entre quien controla el
flujo y quien controla la concentracion de intermediarios. Dependiendo del estatus celular,

el mismo grupo de enzimas puede o no controlar ambas propiedades de la via.
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Capitulo 9. Discusién general

El trabajo realizado en esta tesis demuestra que, respecto al mecanismo de
resistencia propuesto: (i) el Cd** puede entrar al cloroplasto de Euglena como ion libre, (i)
la retencion del Cd** dentro dei 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 Cd*, los tioles y el suifuro forman complejos de alto peso molecular, los cuales
inactivan y mantienen fuertemente unido al Cd?*.

En plantas y levaduras esta bien documentado que el Cd** se acumula
principalmente en la vacuola, y puede ser transportado en forma de ion Iipre usando al
intercambiador vacuolar Ca®'/2H" (Salt y Wagner, 1993). Euglena carece de una vacuola
tipo planta yr la mayor parte del Cd*" se acumula en el cloroplasto (Mendoza-Cézatl et al.,
2002). La entrada de Cd** al cloroplasto como ion libre provee una base bioquimica para
explicar la acumulacién de Cd?* en el cloroplasto, sin excluir la posibilidad de que el Ccd*
también pueda ser transportado en forma de complejo GS-Cd 6 FQ-Cd (ver capitulo 2).

Se identificaron dos procesos responsables de la entrada de Cd?* al cloroplasto,
uno saturable y otro no saturable. Considerando que para otros organismos la
concentracion estimada de Cd?* libre en el citosol es de 0.005-2 uM (durante la exposicion
a concentraciones de CdCl; en el orden de micromolar; Salt y Wagner, 1993) y atendiendo
a los pardmetros cinéticos de ambos procesos de transporte [Vm 11.3 nmol Cd* min™ (mg
proteina)” , Km 13 uM para el transportador y 0.13 nmol Cd® min™' (mg proteina)’ pM”
de la difusion simple], se puede proponer que la entrada de Cd®* al cloroplasto es
principalmente mediada por el transportador saturable.

La bioenergética del transporte resulté ser muy diferente a la reportada para plantas

y levaduras, en el sentido de no depender de un gradiente electroquimico de H*. Ademas,
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el hecho de que cloroplastos cargados con Cd?" podian rapidamente liberar el metal,
involucraba un proceso de difusion facilitada.

Se ha demostrado experimentalmente la difusion facilitada de metales pesados,
especificamente Zn*", en plantas y mamiferos, y los genes responsables del transporte se
han agrupado en dos familias de proteinas: CDF (Cation Diffusion Facilitator) y ZIP (Zi.nc-
Iron Proteins). Los proyectos de secuenciacion de genomas han permitido identificar
genes pertenecientes a estas familias con péptidos de transito para organelos, incluido el
cloroplasto, pero su caracterizacion funcional no se ha realizado todavia. Debido a que el
transporte de Cd** al cloroplasto de Euglena es mediado por una proteina mediante
difusién facilitada, y es inhibido competitivamente por Zn%, sugerimqs que la proteina
responsable puede pertenecer a una de estas dos familias de transportadores, CDF 6 ZIP.
La obtencién del gene responsable del transporte sera crucial para la asignacion final del
transportador en una familia determinada.

Una consideracion importante sobre el mecanismo de transporte es que la difusién
facilitada implica que la direccion en la cual se va a llevar a cabo el transporte depende
Unicamente de la concentracion de Cd**, en su forma libre, a ambos lados de le
membrana del cloroplasto. Este mecanismo no podria explicar la acumulacion
preferencial del Cd®* dentro del cloroplasto. Sin embargo, si dentro del cloroplasto hay
moléculas capaces de secuestrar al Cd®", |a entrada al cloroplasto se veria favorecida, y si
ademas el cloroplasto es capaz de sintetizar de novo estas moléculas, se daria una
acumulacién progresiva del Cd®*. Nosotros demostramos que los tioles organicos (Cys, y-
EC, GSH, FQs), junto con el sulfuro inorganico, son en parte los responsables de

secuestrar al Cd®" y por lo tanto favorecer su acumulacién dentro del cloroplasto.
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Respecto a la sintesis de FQs en Euglena, fue muy interesante encontrar sintesis
de FQs dentro del cloroplasto. Las repercusiones filogenéticas de este hallazgo resultan
ser ain mas interesantes. La localizacién de una secuencia parcial de fitoquelatina
sintetasa en una bacteria fotosintética (Nostoc sp.) sugiere que el origen de esta enzima
pudo ser en el organismo endosimbionte que dio origen al cloroplasto (Tsuji et al., 2004).
Esta hipétesis implica que, para el caso de plantas, el gen de la PCS se transfirio del
cloroplasto al genédma nuclear y en algin momento de la evolucion perdié el péptido de
transito dando como resultado una enzima citosdlica. La peculiar historia evolutiva de
Euglena (un organismo originaimente no fotosintetico y aparentemente sin el gene de la
PCS) y la adquisicion del cloropiasto por endosimbiosis secundaria, apoyarian esta
hipétesis (Hannaert et al.,2003; Rea et al.,2004).

Las propiedades cinéticas de la PCS de E. gracilis, asi 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 Nostoc sp y la enzima mas estudiada
de plantas (A. thaliana). La obtencién de la secuencia de la PCS de Euglena sera 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 Cd**. Las FQs junto con suifuro y Cd*" deben formar
complejos de alto peso molecular para una completa inactivacion del Cd?; la incapacidad
de formar estos complejos resulta en una hipersensibilidad al Cd?* respecto a organismos
silvestres (Juang et al., 1993; Vande y Ow, 2000). Euglena gracilis también forma estos
complejos, lo cual sugiere su participacion en el mecanismo de resistencia a Cd* 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 composicion de aminoacidos, péptidos, peso molecular, contenido
de monotioles y localizacién intracelular, la estequiometria —SH + S?/ Cd** de 3.4 sugiere
fuertemente que estos complejos son los responsables de inactivar al Cd** dentro de la
celula y especificamente, dentro del cloroplasto. Las diferencias entre los complejos de
plantas, levaduras y Euglena probablemente estan 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 podria esperarse entre 7 y 8 (Salt y
Wagner, 1993; Lehninger et al., 2000). Un pH mas alcalino favoreceria ia unién tiol-Cd,
incrementando significativamente la estabilidad de los complejos.

La composicién a nivel de péptidos también podria jugar otro papel importante en la
estabilidad. Los complejos de plantas y S. pombe no contienen monotioles (Cys, y-EC y
GSH) y estan formados tnicamente por Cd**, FQs y S*. Estos complejos son bastante
estables una vez aislados, no asi los HMWC de Euglena, los cuales estan constituidos en
un 74.8 % por monotioles, y una vez purificados se disocian facilmente ain en condiciones
alcalinas (pH 8). Otro aspecto interesante de los HMWC de Euglena fue el alto contenido
de aspartico. Se ha sugerido que un analogo del aspartato, sulfinato de cisteina, pudiera
estar involucrado en el acarreo de sulfuro hacia los HMWC (Speiser et al., 1992), pero su
funcién no se ha establecido claramente, por lo que todavia no es posible proponer una
analogia directa respecto a su funcién en Euglena.

Finalmente, el avance en el conocimiento de los mecanismos de resistencia y
acumulacion de metales en plantas terrestres para fitorremediacion es notable; no asi el
avance en el campo dirigido al tratamiento de aguas que involucra plantas acuaticas y

organismos unicelulares como Euglena gracilis. Este organismo se ha propuesto como un
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candidato para procesos de biorremediacion debido a la elevada resistencia y capacidad
de acumulacion de metales (Devars et al., 1998). Sin embargo, poco se conocia sobre el
mecanismo bioquimico de resistencia y acumulaciéon en Euglena, asi como su verdadera
capacidad de remocion de metales de medios acuosos. Esta tesis también abordo este
ultimo tema, determinando la capacidad de Euglena para remover Cd®* de un medio
acuoso bajo diferentes condiciones. Los resultados obtenidos mostraron que E&glena es
capaz de remover hasta el 80% del Cd®* en condiciones similares a las encontradas en
cuerpos de agua contaminados con Cd?* (20-50 pM; Vazquez-Alarcén et al., 2001).

El mecanismo de acumulacion de Zn%* parecié no involucrar compuestos tioles y
formacion de HMWC, aunque tal vez si comparta con el Cd** el mecanismo de transporte
en el cloroplasto. En cambio, otros metales pesados como el Pb?* si compartieron el
mecanismo de acumulacion mediado por tioles, por lo que su presencia en cuerpos de
agua podria disminuir la eficiencia de Euglena para remover y acumular Cd*. Sin
embargo, los resultados obtenidos alin sostienen que este organismo es un candidato
ideal para ser utilizado en procesos de biorremocion de metales de aguas contaminadas,

principaimente con Cd?".
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9.1. Conclusiones generales

1.- El Cd*" puede entrar al cloroplasto como ion libre mediante un proceso de difusion
facilitada.

2.- El transporte de Cd®" probablemente es mediado por un transportador de Zn?'

perteneciente a la familia de transportadores Z/P o CDF.

3.- La acumulacién de Cd** en el cloroplasto de Euglena depende de la cantidad de tioles

organicos 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 gracilis.

5.- Al igual que plantas y levaduras, la mayor parte del Cd*" y los tioles se encuentran
formando complejos de alto peso molecular, los cuales difieren de los de plantas y
levaduras en peso molecular composicion de péptidos y aminoacidos, pero presentan

una similar estequiometria de sulfuro, Cd* y tioles.

6.- Euglena gracilis es capaz de remover hasta el 80 % del Cd** cuando se cultiva en un
medio con 20 6 50 uM CdCl,.

7.~ El zinc en el medio de cultivo no modifica la capacidad de Euglena para acumular y

remover el Cd**.
8.- Euglena no es un buen modelo para biorremocion de plomo de cuerpos de agua y la
presencia del plomo en el medio tiene un efecto negativo en la capacidad de

acumulacién y remocion de Cd?*.

9.- El Cd* y el zinc no comparten el mecanismo de resistencia y acumulacién mediado por

tioles, pero el cd® y el plomo probablemente si lo comparten.
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Capitulo 10. Perspectivas

Tal vez la pregunta mas 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 ex‘plicar la acumulacién de FQs en el
cloroplasto es que éstas se sinteticen en el citosol y sean internalizadas al cloroplasto
mediante un tfansporte acoplado a ATP. Este mecanismo es independiente del hecho de
que las FQs se sinteticen en el interior del cloroplasto y mas bien estaria relacionado con
una acumulacién muy selectiva de estos compuestos dentro de este organelo.

Independientemente de la existencia de este transporte, el mecanismo de
internalizacion es en si una alternativa para incrementar la capacidad de acumulacion de
FQs dentro del cloroplasto de Euglena. La biologia molecular nos ha demostrado que es
posible la expresion heterdloga de enzimas, por lo que una hipétesis de trabajo seria que
el introducir el gen hmt1, responsable del transporte de FQs en S. pombe, con un péptido
sefial dirigido a cloroplasto, se incrementaria la acumulaciéon de FQs en ese organelo.

Una vez mas el andlisis de control metabdlico (capitulo 8) se hace indispensable
para determinar el grado de control de este transportador respecto al flujo hacia FQs y
respecto a la concentracién de FQs, ademas de determinar si este transporte no
comprometeria la concentracién de GSH, necesaria para otros procesos celulares (como
procesamiento de especies reactivas de oxigeno y detoxificacion de xenobibticos). El
analisis de control permitird obtener una vision global de coémo se controla la sintesis de
GSH, y en su caso de FQs, en condiciones control y de exposicién a Cd*". Resultados en
nuestro grupo de investigacion sugieren que el control de la via en Euglena durante la

exposicion a Cd*" puede ser significativamente diferente a lo esperado para plantas y
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levaduras, con una participaciéon muy significativa de la glutation sintetasa. El analisis de
control sentara las bases bioguimicas para entender de manera mecanistica esta
diferencia.

Adicionalmente, la sintesis de GSH y FQs puede llevarse a cabo tanto en citosol
como en cloroplasto (Martinez-Oliver, 2005). El efecto de esta compartamentalizacion y
su relevancia para el control de la via no se ha evaluado, y sera necesaria para el analisis
de la via en el siguiente nivel de organizacion celular,

Por otro tado, la obtencion de la secuencia de la PCS es otra perspectiva importante
de este trabajo. Sélo con un andlisis filogenético usando las secuencias de la PCS de
Euglena y de las otras especies reportadas, se podra 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
bioquimico de resistencia a Cd®* en Euglena gracilis. Pero el avance en este
conocimiento se vera grandemente impulsado cuando las grandes herramientas de la era
post-genémica se integren a este estudio: la proteémica, la transcriptémica y la
metaboldmica. Estas herramientas nos daran un panorama global de como las vias
metabodlicas en conjunto responden a un estrés como la exposicion a metales pesados.
Un ultimo reto sera ademas, el encontrar una técnica adecuada para llevar a cabo
transformaciones genéticas (introduccion y expresion de genes) en protistas fotosintéticos

como Euglena gracilis, la cual no esta disponible a la fecha.
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ulumate and more stable storage of cadmium. Mutant
cells unable to synthesize phytochelatins. transport them
or form HMWC are Cd*" hypersensitive in comparison
1o the wild type organisms (reviewed in Mendoza-Cézatl
el al., 2005).

2. Over-expression experiments

The biochemical basis of the Cd®*-inactivation
mechanism described above regarding reactions, 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-expression of some of these
enzymes with the aim of increasing the Cd®” -resistance
capacity. Although some of them have had some
success, others have not obtained the expected results.

For example, in unstressed conditions (without Cd*~
exposure). over-expression ol some 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 1obacco and serine
acetyl transferase in potato chloroplasts) shows little
(< 2-fold) or no effect 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 affect the GSH content
(Grant et al., 1997; Zhu et al., 1999b; Creissen et al.,
1999; Kim et al., 2003). However, co-¢xpression of y-
ECS (9.1-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 tremula
or by 5-fold in the chloroplast of Brassica juncea also
leads to a significant increase (> 4-fold) in the total GSH
content (Noctor et al.. 1996, 1998). Over-expression of
the same gene in tobacco produces a 4-fold elevation in
the GSH content and a 40-fold increase in 3-ECS
activity in comparison to wild type plants. As in yeast.
this indicates that GSH concentration is homeostatically
regulated. We shall show that this is mostly due 1o the
feedback inhibition of y-ECS by GSH. especially under
conditions where the demand [or GSH controls the flux
through GSH. However. in the case of tobacco. the
strong over-expression is accompanied by oxidative
stress, because apparently the y-ECS activity exceeds
the GS activity, increasing the content of 7-EC and its
oxidized form (ESSE) (Creissen et al., 1999). In the same
case ol tobacco, when y-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 s partially
restored. It is important to note that even after co-

expression of -ECS and GS, Cys levels are not affected
reflecting the great plasticity of sulfate assimilation to an
enhanced Cys demand (Noctor et al., 1998, Creissen et
al.. 1999).

Over-expression of enzymes involved in GSH-phyto-
chelatins synthesis during Cd*”* exposure has also been
studied. In S. pombe the simultaneous over-expression
of y-ECS and GS allows growth in the presence of 1 mm
CdCl; (Kim et al. 2003). Unfortunately, neither
phytochelatins concentration or Cd** accumulation
were measured in order to establish whether phytoche-
latins are responsible for the enhanced Cd** resistance
or whether this is achieved only by the higher GSH
levels.

In B. juncea over-expression of either GS or y-ECS
during Cd*” exposure increases the Cd** resistance and
accumulation capacity (Zhu et al., 1999a,b). It is again
noted that the sulfur assimilation pathway does not limit
the increased Cys demand for GSH synthesis. Indeed,
enhanced activity ol several steps of the sulfate
assimilation pathway such as sulfate transporters, ATP
sulfurylase, and adenosine 5-phosphosulfate reductase is
induced by Cd>* stress (Mendoza-Cazatl et al., 2005).
Thus. these results suggest that the best target (or
targets) for genetic manipulation to enhance Ccd*”
resistance and accumulation may be located after Cys
synthesis.

Unexpectedly, over-cxpression of PCS in A. thaliana
caused hypersensitivity to Cd*"; this phenolype was
suppressed when GSH was supplied in the growth
medium, suggesting limited intracellular GSH genera-
tion (Lee et al.. 2003). However, the Cd”” content was
not examined. It is possible that added GSH restored
growth by reducing the free Cd’* concentration in the
culture medium. Natural PCS-defective or phytochela-
tins vacuole transport-defective strains of A. thaliana
and 5. pombe are highly Cd** -sensitive, which indicates
that both proteins are essential for the onset of the
cellular mechanisms of heavy metal resistance (reviewed
by Mendoza-Cozall et al.. 2005). Indeed, over-expres-
sion ol heavy metal transporter-1 (HMT1). the protein
that catalyses the transport of the complex phytochela-
tin-Cd into the S. pombe vacuole, results in higher Cd**
resistance (Ortiz et al., 1995),

Thus, these observations on enzyme over-expression
reveal that the control of the GSH concentration cannot
be attributed to only one enzyme, but that it may be
distributed among several sites. In consequence, over-
expression of only one enzyme of the GSH biosynthetic
pathway is not expected to significantly enhance the
GSH concentration as so far observed by many
researchers, Moreover. the only evaluated parameter
has been the GSH concentration, but in no case the flux
1o GSH has been measured or even considered. This is a
common misunderstanding since the rate-limiting step
concept, often used in the above-mentioned works, does
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chemical manipulation, which may enhance the heavy
metal removal capacity of organisms.

One of the most studied mechanisms of heavy metal
accumulation is the GSH-phytochelatins-mediated
Cd**  resistance (Mendoza-Cozatl et al, 2005).
Although this mechanism has been described for
Cd*", other heavy metals such as Hg?*, Cu®* and
Zn>" may also be inactivated and stored (Devars et al.,
1998; Vatamaniuk et al., 2000). Glutathione (GSH) is
synthesized by y-glutamylcysteine synthetase (y-ECS)
and glutathione synthetase (GS) (Fig. I, Scheme 1; Hell
and Bergmann, 1988, 1990, Meister, 1995). All y-ECSs
described in bacteria, yeast, plants and animals are
physiologically feedback inhibited by GSH with K,
values ranging from 0.1 to 8mm; for plants such as
tobacco and Arabidopsis thaliana the K; values are
within a closer range, 0.42 and 0.72 mm, respectively
(Hell and Bergmann, 1988; Griffith and Mulcahy, 1999;
Jez et al., 2004). This feedback inhibition of y-ECS by

Scheme 1

Journal af Thearetical Biology

GSH has been considered as the prime regulation
mechanism of the pathway (Meister. 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 some yeast such as Schizosacchar-
omyces pombe and Candida glabrata. GSH is also used
to synthesize phytochelatins (Fig. 1; Scheme 2) (see, for
a recent review, Mendoza-Cozatl 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-GS,; or Zn-GS;) 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 weight complexes (HMWC)
around a CdS crystallite core. These HMWC are the

Glutamate T e

Glutamate

Scheme 3

2H

2 GSH + Cde+ '-.-_/'—b GS-Cd-SG A—L» (y-EC),-G + y-EC
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Fig. | GSH metabolism under control (Scheme 1) and cadmium exposure (Schemes 2 and 3) Scheme 3 shows the exphait reaction of phvtochelatin

svathase. HMWC, high molecular weight complexes
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Abstract

Glutathione (GSH) plays several roles in cell metabolism such as redox state regulation, oxidative stress control, and protection
against xenobiotics and heavy metals. GSH is synthesized in two steps catalysed 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 contrel on
a pathway; therefore, we hypothesize that GSH-consuming enzymes may exert some control on GSH synthesis.

A kinetic model of GSH and phytochelatin synthesis in plants was constructed using the software GEPASI and the kinetic data
available in the literature. The main conclusions drawn by the model concerning metabolic control analysis are (1) y-ECS is indeed a
rate-limiting step in GSH synthesis, but only if GSH-consuming enzymes are not taken into account. (2) At low 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 1o GSH is controlled mainly by demand, so that y-ECS determines the degree of
homeostasis of the GSH concentration. Under cadmium exposure, the GSH demand increases and flux-control is re-distributed
almost equally between the supply and demand blocks. (4) To enhance phytochelatins synthesis without depleting the GSH pool, at
least two enzymes (3-ECS and PCS) should be increased and/or, alternatively, a branching flux (GSH-S-transferases) could be
partially diminished.

@ 2005 Elsevier Lid. All rights reserved.
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One potential strategy to efficiently remove heavy
metals from contaminated sites is the use of organisms
with high heavy metal resistance and accumulation
capacity (Salt et al.. 1995; Dhankher et al.. 2002). This
strategy. called “bioremediation™, has several advan-
tages over physical remediation methods m the sense of
costs, practice and the scale at which the processes
operate (Salt et al., 1995; Dhankher et al., 2002). Thus,
the understanding of the biochemical mechanisms
related to heavy metal resistance and accumulation
may lead to the identification of targets for genetic and
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not distinguish between metabolite concentration con-
trol and flux control through the pathway.

2.1. In silico experimentation

The over-expression results, together with the feed-
back inhibition of y-ECS by GSH have led to consider
this enzyme as the rate-limiting step of the 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, ie. in the
consuming block of enzymes (Rodriguez-Enriquez 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 brucei
(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 some 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 inan
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 to explain the
results obtained with the enzyme. over-expression
experiments. It may also help to identify and design
strategies to improve the Cd** -accumulating ability of
resistant organisms. MCA shows that it is feasible to
quantitatively determine the degree of control exerted by
each site of a given pathway. In addition, 1t 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 $hown that, in most cases, the flux in a
metabolic pathway is not necessarily controlled by only
one enzyme, the putative rate-limiting 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 organisms (Fell, 1997, Moreno-Sanchez
et al., 1999; Rossignol et al., 2000).

MCA also establishes that, mstead of embarking on a
“trial and error” sequence of expeniments for idenufying
the ill-coneeptualized “rate-limiting step™. the control

:ﬁ'\g’- o B

profile of a pathway should be evaluated systematically.
Control is quantified in terms of flux-control (C‘é) and
concentration-control (C¥) coefficients (the degree of
control exerted by a given enzyme E on flux J and
metabolite M concentration, respectively) (Fell, 1997).
The control coefficients are system properties that are in
turn determined by the elasticity coefficients (the
sensitivity of a given enzyme rate Lo variations in one
of its ligands under particular steady-state conditions).
Some enzymes have elasticities to factors other than
their own substrate, product or enzyme concentration
such as allosteric modulators.

3. Description of the model

The kinetic model is based on data obtained from
GSH synthesis in tobacco cell suspension cultures
during illumination and was simulated using the
computer program GEPASI (available at http://
www gepasi.org; Mendes, 1993). Identical results were
obtained by using the software PySCeS (http:/[/pysces.-
sourceforge.net; Olivier et al., 2005). GSH-synthesizing
enzymes (y-ECS and GS) were from the same source
(Nicotiana tabacum) and characterized by the same
group (Hell and Bergmann, 1988, 1990). The reaction
stoichiometry, the kinetic constants and the fixed
metabolites are shown in Tables 1-3, with the maximal
rate values (V) calculated from the activities in the crude
cell extracts instead of the activities from the purified
enzymes, For a detailed explanation of the stoichiome-
try reactions and the kinetic equations used see
Appendix A. Two models were built: (1) in control,
unstressed conditions (Fig. 1, Scheme 1) and (2) under
cadmium exposure (Fig. |, Scheme 2 and 3).

Glutathione S-transferases (GSTs) were chosen as the
GSH-consuming block because they are the only
enzymes that effectively consume GSH by forming
conjugates with electrophilic compounds (Fig. 1,
Scheme 1). Kinetic constants of GSTs were also taken
from tobacco (Droog et al., 1995). Glutathione perox-
idase (GPx) is another enzyme that uses GSH to reduce
organic peroxides forming GSSG (Fig. 1, Scheme 1).
Under unstressed conditions glutathione reductase (GR)
is able to maintain a high GSH/GSSG ratio at expenses
of NADPH (up to 100/1; Meister, 1995). Therefore, this
branch involving a moiety-conserved cycle may have no
relevant control on GSH synthesis (see Hofmeyr et al.,
1986 for control analysis of moiety-conserved cycles);
for this reason, this branch was not included in the
model. However, under conditions in which the redox
state of the cell is compromised. this set of reactions may
be relevant [or the control of GSH synthesis.

In the cadmium exposure model. the GSH-consuming
block of enzymes involves the GSTs and PCS activities.
PCS has been found in tobacco (Nakazawa et al.. 2002).
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bul a detailed description of kinetics has been made for are relatively insensitive to the inclusion of kinetic
the A. thaliana enzyme (Vatamaniuk et al.. 2000, 2004). parameters [rom a different biological source.

Kinetic parameters for phytochelatins synthesis were The volume (ml) for compartments was 1 for cytosol
then taken from the Arabidopsis studies. Although and 08 for vacuole. These values were chosen to
compartmentation of phytochelatins into the vacuole maintam the volume proportionality found in most
is well described for higher plants, phytochelatins plant cells (Lehninger et al., 2000). ATP was assumed Lo
transport has only been determined in tonoplasts be present at saturating concentrations and, therefore,
isolated from oat roots (Salt and Rauser, 1995), There- was not included in the model (see Appendix A).

fore, kinetics for phytochelatins transport was taken
from this last organism. A more accurate estimation of
the control distribution of the phytochelatins synthesis 3.1 Kinetic equations
pathway will be possible when the kinetic parameters of

the enzymes and transporters from the same organism Kinetic equations were taken from the kinetic
become available. Nonetheless, we expect that the characterization reported for each enzyme. For y-ECS
conclusions reached with the cadmium exposure model
Table 3
Fixed metabolites of the model
Table |
Reactions of glutathione and phytochelutin synthesis Metabolite (mm) Unstressed conditions Cadmium exposure
Enzyme Reuction represented in GEPAS/ Glu 525 5.25
Cys 03 1
(1) Unstressed conditions Gly 1 I
y-ECS* Glu+ Cys = y-EC Xe 0.0003 0.0003
Gs* 7-EC +Gly = GSH GS-Xe 1 |
GSTs GSH + Xc— GS-Xe cd*” N.A. 0.01*
(2) Cadmium exposure” PCin NA. 1
pCs* GSH +GSy-Cd— PCy+ 5
EC+Cd® ' + 2Gly N.A., nen-applicable.
HMTI PCa= Pcin “To maintain a phytochelatin synthesi dmium was
Non-enzymatic formation of 2GSH+Cd*' = GS,-Cd initialized at 0.01 mm but not fixed, because due to its high affinity for
GS,-Cd GSH it would deplete the GSH pool. Almost all cadmium (>99%)
d in the form of GS;-Cd, which is the truc substrate of PCS
“See Appendix for justification on the stoichiometry of the reactions. (Vatamaniuk ct al . 2000). In the following reaction with PCS, Cd* " is
“Including the reactions showed for unstressed conditions recycled (see Table 1)
Table 2
Kinetic parameters of the mode!
Enzyme or reaction e K, (mu) Ks tmm) K, (mm) K, (mm) Ky
Unsiressed conditions
+ECS 1.73 104 019 03° 0.42 5597
GS 114 0022 0.3 0.03 N.A 5597
GSTs 103° 04 0.3 N.A N.A. N.A.
Cadmium exposure
-ECS 432 104 0.19 0.3 042 5597
GS 2.85 0022 03 003 N.A. 5597
PCS 325 136 0.0092 NA NA. NA.
Phytochelaring transparter | 0.033 N.A NA N.A. N.A.
2GSH +Cd”" = GS,-Cd N.A NA NA NA N.A. 2.23x 10 M?

*V units are: nmolmin ' (mg protein)™'. N.A. Non-applicable.

"Velocities were culeulated from the rates found in extracts al non-salutating subsirate concentrations and by using the kinctic mechanism
deseribed for cach enzyme (sce Description of the modef scetion). Ditta were tiken from Hell and Bergmann (1988) (7-ECS); Hell and Bergmann
(1990) (GS). Droog ctal, (1995) (GSTs): Lociller et al. (1989) and Varamaniuk et al. (2000) (PCS): and Salt and Rauser (1995) (pes transport); data
for GS,-Cd stoichiometry was compiled by Vatamaniuk 1 al (2000)

“There are no experimental data for K, values of 3-ECS and GS: sce Appendix for K, estimation

"K,, was calculated using the AG™ for o pepride bond formution it expenses of ATP hydrolysis {sec also Appendix).

“This value represents an average of activitics under unstressed conditions described for several plant species (Irzyk and Fuerst, 1993; Droog etal.,
1995: Riechers et al., 1997, DeRidder et al., 2002)

"In the cadmium exposure model, 3-ECS and GS rate sctivities were mcreased by o factor of 2.5, which is an increase average found for both
cnzymes alter cadmum exposure.
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the rate equation used was (1), a reversible Michaelis—
Menten random bi-reactant mechanism with competi-
tive inhibition by GSH against glutamate (Hell and
Bergmann, 1990; Griffith and Mulcahy, 1999),

V/K,Ky(AB— P{K.,)
i+ AlKs+ B/Ko(1 + 1/K,+ A[K,) + P/K, + I/K,
(1)
in which ¥ is the maximal rate of the forward reaction;
A=Glu, B=Cys, P = y-EC, I = GSH; K,, K;, K, and
K; are the respecuive dissociation constants for each

ligand, and K,, 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/KiKi(AB ~ P/K,,)

I+ A/K,+ B/Ky(1 + A/K,) + P/K,
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 ome
substrate does not affect the affinity of the other
substrate (Segel, 1975):

V(4AB/K.K}p)

1+ A/K, + B/Ky + AB/K.K,

in which 4 = GSH and B = Xenobiotic.

For PCS the rate equation used was, an irreversible
ping-pong mechanism (Segel, 1975; Vatamaniuk et al.,
2000):

v=

(2)

=

3)

_ VAB y
T KA+ K,B+ AB’ e @

where 4 = GSH and B = GS,-Cd.« .

For phytochelatins transport into vacuoles the rate
equation used was, irreversible‘Michaelis-Menten (Salt
and Rauser, 1995)

V(A/Ka)

ST+ (4/K.) ®
in which ¥ is the maximal rate of the [orward reaction,
A= phytochclaun-é and K, the dissociation constant
for phytochelatins. Although this transport is ATP
dependent; the reaction was considered uni-reactant
because the Kyq7p 1s very low (0.2 mm; Salt and Rauser,
1995) and ATP values in the plant cell are usually above
0.7mm (Geingenberger et al., 2001: van Dongen et al.,
2003). Then, under physiological conditions ATP would
not apparently be a limiting factor for phytochelatins
transport. '

It is important 1o recall that the €% is a quantitative
measurement of the flux sensitivity to the concentration
(or. more strictly. to the activity) of one parucular

enzyme. C‘L directly reflects the impact on flux by
changing an enzyme activity caused by biochemical
factors (biosynthesis, degradation, external activation or
external inhibition). Thus. a Cf,_- of 1 implies total
control of that enzyme over the flux, as expected for a
rate-limiting step; on the other hand, a C% of zero means
that this enzyme exerts no control over the pathway flux.
Similarly, the C,_‘;' 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 CY £ » but they have to be interconnected by a
pathway. An absolute value of C§ of 1 or higher means
that that enzyme exerts significant control on the
concentration of a given metabolite and a C} of zero
means that the activity of that enzyme exerts no control
on the concentration of such metabolite. A large C¥
value reflects the high sensitivity of metabolite concen-
tration to enzyme activity.

4. Results
4.1. Steady-state properties of the GSH synthesis model

GSH synthesis 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 et al,
1997, 1998) on the flux to GSH (Jgsy) and the GSH
concentration (Fig. 2). The arrows shown in Fig. 2
represent the physiological concentration of each sub-
strate reported in plants (poplar and tobacco) (Hell and
Bergmann, 1990; Noctor et al., 1997, 1998).

Varation in Glu concentration by a factor of 2 at
both sides of the scale (3—12mm) has no effect on Jgsu:
only at Glu values below | mm, Jgsy 1s affected. As Glu
is a substrate of the first enzyme (3-ECS). then the
decrease in Jggy is related to the decrease in the y-ECS
rate due to substrate limitation. However, this effect has
a poor physiological relevance since Glu concentrations
are usually higher than Imm in plants (Hell and
Bergmann. 1990: Noctor et al.. 1998). On the contrary.
small changes in Glu concentration have a strong effect
on GSH concentrauon (Fig. 2A). Glu is not usually
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Table 4

Steady-state concentratons of inlermediaries of GSH and phytochelatin synthesis obtained by modeling and compared with those reporied in the
literature

Mectabolite Unstressed conditions  Cadmium cxposure Literature
No changes”  7-ECS (5 ) tmm) PCS (5% ) (mm)  ;-ECS+PCS (2.5 % ) (mm)

+EC 0.04 0.085 113 0.087 0.54 0.01-0.5"

GSH 34 I 285 0.33 | 1-10*

Phytochelatins (cytosoll  N.A. 0.008 0.03 0.02 0.036 0.03-8¢

Variable metabolites were initialized at 0.001 mm N A, non-applicable

“In the cadmium exposure model. the maximal rate of y-ECS and GS was increased 5-fold respect 1o unstressed conditions

"Determined in plants in unstressed conditions (Noctor et al.. 1997, 1998); for metabolite content, a volume of 210 ul/g fresh weight was used
(Noctor ct al,, 1997).

“Determined in unstressed conditions for different animal cells and tissues {Meister, 1995), plants {Nocior and Foyer. 1998) and Eunglena gracilis Z
{Mendoza-Cazatl et al . 2002).

%The lowest value represents the concentration of the llest phytochelatin (n = 2), and the hghest the sum of all phytochelatins, both in the
whole cell; Euglena gracilis 2 grown for 10 days with 30 pm CdCly (Gekeler et al., 1988),

- — 010 . .
o = 410
€ =
o ) ]
5 g 18
a &
o = o =
= 0.064 o i
g A P
E T £ ’ -
7} 0,04+ )
* ® E G
£ g
E E oo2 12
5 F EAN
n: L opols T - T 0
[+] ] 2 3 a4 5
(A) (1] Cysteine (mM)
. 0.40T— . . ; . . 010y : - . ——r
i 10 -
T b3
L] 2
S 0081 {8 S
a . a .
o > [=2} =
E oos- «c g E E
T T I
E 14+ 8 E 3
B 0.04 4 S
E &
= 12 £
X 002 x
= - - - 0 w
01 02 03 04 05 08 b0 03 06 08 12 15
() Xenaobiotic (M) (0} -ECS Kigsy (mM)

Fig. 2. Effect on lux to GSH and GSH concentration of varying the concentration of Glu (A). Cys ( B). or Xe (C) and the K, valuc of 3-ECS by GSH
(D). The arrows indicate the physiological value of the metabolites found in plants or the K valuc used in the present kinetic model.

considered as a crucial metabolite for GSH synthesis
because it is maintained roughly stable in the cell

Plants fed with an excess of sulfur develop increased
Cys and GSH coneentrations (Buwalda et al., 1988),

(Noctor et al., 1998). but due to the competitive nature
of the feedback inhibition of 3-ECS by GSH, changes in
Glu concentration may directly affect the GSH con-
centration.

The present model reproduces this response. In the
range of concentrations found in plants of 0.1-1mm
(Hell and Bergmann. 1990; Noctor et al, 1998), Cys
alfects GSH concentration. and to a much smaller
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extent Josy (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; Dominguez-Solis et al., 2001;
Harada et al., 2002; Mendoza-Cbzatl et 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 demand. Thus, for
instance under Cd?* stress, which prompts a high Cys
(and GSH) demand, the plasma membrane sulfate
transporters and some enzymes of sulfate reduction
such as ATP sulfurylase and O-acetylserine(thiol)lyase
are up-regulated in plants, leading to an enhanced Cys
level (Xiang and Oliver, 1998; Dominguez-Solis et al.,
2001; Harada et al., 2002).

Gly is probably the amino 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 of 0.1-1 mm (Noctor et al., 1997) had no
effect on Jgsy 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 physiological levels of GSH
(1-10 mwm) these enzymes are practically saturated (near-
zero elasticity towards GSH). Therefore, the rate of
GSTs is governed by the concentration of the electro-
philic compound (Xe in this model), thus establishing a
highly efficient detoxifying system. Hence, a Xe con-
centration that allows a physiological accumulation of
GSH was selected for modeling (0.3pM; Fig. 20).
Around this value (0.1-0.5 pM), Xe-concentration affects
both fiux to GSH and GSH cencentration.

Feedback inhibition in_metabolic pathways is an
efficient mechanism for metabolite homeostasis espe-
cially for those involved in reactions with large
equilibrium constants (Hofmeyr and Cornish-Bowden,
1991; Cornish-Bowden .and Cardenas. 2001). All de-
scribed y- BCSs,—-aancs catalysing a reaction with a
large K., (Table 2), show feedback inhibition by GSH,
although their Ié,_ values vary among organisms (Griffith
and M 7 1999). Hence, the effect of varying K,
value was evaluated (Fig. 2D). GSH concentration was
markedly affected by changing the K value of y-ECS in
the range tested (0.1-1.5mm). whereas the effect on
Jasu was negligible.

Only K; values below 0.2mwm have a significant effect
on Jgsu: the meaning of this result may be physiologi-
cally irrelevant since the K, values reported for 3-ECSs
range from 0.1 to 8mm (Gnffith and Mulcahy, 1999)

and above 0.2 mm the K, value shows no effect on Jggy.
This finding predicts that the intracellular GSH con-
centration of a given organism is determined, at least in
part, by the K; value of its y-ECS for GSH. The same
conclusion may be drawn by plotting the effect of
varying the K; of y-ECS in a supply-demand rate
characteristic graph (see below for description); chan-
ging the K; value has an effect on the GSH concentra-
tion at the different K; values tested, whereas Jggy is
only affected at the lowest K; values where the elasticity
of the demand block increases, thus diminishing its
control on Jgsu (see Supplementary data).

4.2. Control of GSH synthesis under unstressed
conditions

Modeling GSH synthesis under unstressed conditions
(Fig. 1, Scheme 1) shows that Jggy is mainly controlled
by GSTs (88%; Table 5), the GSH-consuming block,
due to its lower elasticity towards GSH (eS8 = 0.10)
than that of the enzymes of the supply block
(78S = —0.84; e85, = —091). The &&& is high,
despite  the saturating inhibitor  concentration
(Kigsu =0.42mm, [GSH] = 3.4 mm at the steady state),
because the GSH inhibition is of the competitive type
against the substrate glutamate, which in turn is also
present at a high concentration (K. 10.4mm,
[Glu] = 5.25mm; Table 3). Within the supply block, y-
ECS is the controlling step because it is virtually
insensitive to its immediate product (sES° =

Table 5
Flux control cocfficients and fluxes of the glutathione and phytoche-
latin synthesis

Enzyme Unstressed Cadmium

conditions exposure

GSH GSH Phytochelating

synthesis® synthesis* synthesis®
+ECS 011 0.58 0.60
GS <0.01 <0.01 0.01
GSTs 0.88 0.01 —0.06
PCS NA 0.40 0.44
Phytochelatins N.A < 0.01 < 0.01
transport

Flux nmol min~" (mg protein)™"

GS§* GS PCS®

0.055 0.67 021

N.A. non-applicable.

*The Mux is considered as the Mux through GS. Because under
unstressed conditions the pathway s lincar. the values of C}; of cach
enzyme Tor Nux through any point m the pathway are the same.

"The Mux is considered s the flux through phytochelatin synthase
In this ease there is branching after GSH and rwo fluxes are derived.
through GSTs and PCS
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—0.005; £5Ec = 0.95). Nevertheless, 3-ECS. the pre-
sumed rate-limiting step of the pathway (Meister. 1995;
Gniffith and Mulcahy. 1999), exhibits a discrete flux
control (11%) on GSH synthesis. As GS flux-control is
negligible ( <0.01; Table 5), the connectivity theorem for
GSH [E r’(E;SH Cij =0) reduces to (C:.Ersfcdcs'r) =

—(e830/—"ESH). which yields the same above-men-

tioned control profile for the supply and demand blocks.

+-ECS is certainly a rate-limiting step (C7_gcs = 0.99)
only whether the GSH-consuming block is not included
in the model (not shown; see Supplementary data), but
studying a pathway without considering the consump-
tion (demand) of the final product is misleading. The
robustness of the model was analysed by systematically
changing the Michaelis constants (K,s's and K,,p's of
each enzyme) by a factor of 2. Neither Jggy nor the

ass were significantly affected (> 10%) by modilying
the K, values, whereas the C;!-Ecs varied between 0.05
and 0.19 only when the K, or the K;gsy were altered.

The feedback inhibition of y-ECS by GSH reveals
efficient transfer information from the ending to the
initial pathway segment (Cornish-Bowden and Carde-
nas, 2001). This allows that GSH synthesis in unstressed
conditions may also be modeled using irreversible
equations for y-ECS and GS without major alterations
in the control structure of the pathway (<10%: see
Supplementary data).

To further support the initial results on flux control
reached by the GSH synthesis modeling. the pathway
was divided in two blocks (supply and demand) and
their rate characteristics (Hofmeyr. 1995) in response to
fixed concentrations of GSH were obtained. Plotting the
local steady-state flux of both blocks, in logarithmic
scale. against the GSH concentration alse in logarithmic
scale, a control analysis according to the supply-de-
mand theory developed by Hofmeyr and Cornish-
Bowden (2000) was made (Fig. 3A). The intersection
of supply and demand rates denotes the steady-state flux
{/) and GSH concentration (arrow in Fig. 3A). From
the slope at the steady-state point. the elasticity for each
block is determined. Following the summation and
connectivity theorems (Eqs. 6(6) and (3). respectively),

f J
Csup'ply + Cllcm.md =1, (6)
uuprhy J .
cfupplgﬂ‘GS“ + Cd:mnmi'r';]SH“ =0 (7)

values for C‘l,urnl). and € yemang are derived (0.1 and 0.9,
respectively). which are in good agreement with those
attained with the algorithm of GEPASI. As GS shows
no control on the pathway, then € .., becomes

S-ECS:

From the kinetic parameters of GSTs (Table 2). one
can reahze that these enzymes are physiologically
saturated by GSH (Fig. 3A) and thus their rate is
predominantly regulated by the Xe concentration. If the

i PRGSO
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Fig. 3. (A) Supply-demand analysis of the GSH biosynthesis pathway.
The rate characicristics of cach block were obtained by fixing GSH at
different concentrations and using the sofiware Microcal ORIGIN 5.0
(Microsoft). The slope at the intercept (steady state) of the rates of the
supply and demand block represents the clasticity of each block
toward GSH. Elasticities were used to obtain the flux control
cocfficient of cach block using the conncctivity theorem. (B) Effect
on flux to GSH and Clics (supply block) of increasing the Xe
concentration and henee the activity of the demand block.

increase in GSTs activity. induced by herbicide or heavy
metal exposure, surpasses the rate ol GSH synthesis,
then it is expected that part of the flux-control transfers
to the supply block. Hence, by increasing the Xe
concentration and hence the GSTs activity, the yemans
(GSTs) diminishes and flux control is transferred 1o the
supply block (7-ECS: Fig. 3B). At low GSH demand, the
GSH-consuming block exerts more control whereas, at
high demand. the supply block mainly controls GSH
synthesis.

The notion that -ECS is the rate-limiting step of
GSH synthesis is based on the physiological GSH
feedback inhibition by GSH (Meister. 1995; Griffith and
Mulcahy. 1999). This view has been reinforced by the
finding that over-expression of E. coli y-ECS in plants
under unstressed conditions promotes an increase in
GSH concentration (Noctor et al.. 1997, 1998; Zhu et
al., 1999b). It is worth noting that the concept of rate-
limiting step has been used to describe an enzyme that
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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 CGS",_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 also a high and identical but
negative COSY, which is accompanied by a high Clgst:

Table 6
Concentration control coefficients of GSH and phytochelatins synth-
esis pathway

Enzyme Unstressed Cadmium exposure
GSH GSH Phytochelatins
y-ECS 1.05 0.68 0.76
GS§ <0.01 0.01 0.01
GSTs -1.05 -0.07 -0.07
PCS N.A. -0.63 0.56
Phytochelatins ~ N.A. <0.01 -1.2
transport
N.A. non-applicable.
0.0 v v r 20
T
g
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Fig. 4 Simulation of incrcasing the 3-ECS acuviy wnh different
Kiisy values: (A) Kegy = 042mm, and (B) Ko = 2my
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in this case. inhibition of GSTs (diminution in Xe
concentration, Fig. 2C) would also increase GSH
concentration. Furthermore, modeling shows that an
increased GSH concentration c¢an also be achieved by
only altering the K; 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 K; value.
These model predictions provide a mechanistic explana-
tion [or the increased GSH content achieved when over-
expressing £. celi y-ECS in plants (Noctor et al., 1997,
1998; Zhu et al, 1999b): K; of E coli y-ECS for
GSH=2mwm, a higher value than that of plant y-ECS.
Note that in all 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 Cgsy ranges from 0.88 to 0.95. Major
changes in control distribution are achieved when the
metabolites diminish below their respective physiologi-
cal concentrations. Changes'in Gly concentration in the
range 0.1-1 mm have no effect on the control structure
(see Supplementary data).

43. GSH symliesis under cadmium exposure

When plants are exposed to Cd®* phytochelatin
synthesis, another GSH-consuming branch is activated
thus increasing the GSH demand (Fig. 1, Schemes 2 and
3). One well-known cellular response to Cd®* stress is
the up-regulated transcription of y-ECS and GS genes
leading to 3-7-fold higher mRNA levels (Xiang and
Oliver. 1998; reviewed by Mendoza-Cozatl et al., 2005).
Less known is the effective increase in enzyme activity.
Analysis of literature data reveals an average of 2.5
times increase in both enzyme activities (Tsuji et al.,
2003; Martinez-Oliver J, Mendoza-Cbzatl D, Moreno-
Sinchez R, unpublished resuits). Therefore, such an
increase in enzyme activity under Cd** stress was
incorporated in the model (Table 2). In this branched
pathway, control analysis is focused on flux to GSH
Josu (through GS) and on the bio-technologically
orientated flux to phytochelatins J, (through PCS)
(Table 5).

Modeling shows that cadmium up to a concentration
of 5um increases both fluxes, Jgsy and Jic, (Fig. 5A,
Table 5 bottom); higher concentrations had a discrete
effect. Cadmium also diminishes the GSH pool, but
increases the phytochelatins content (Fig. 5B). This
modeled effect of Cd** on GSH synthesis may appear
somewhat difficult to explain. For instance, plants
exposed to 50 um CdCl; show an increase, not decrease,
in the GSH concentration (Dominguez-Solis ¢t al.
2001). However. higher cadmium concentrations cer-
tainly induce a decrease in the GSH content and an
mcrease i phytechelatins concentration (Meuwly and
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Rauser, 1992). Cd*™ was included 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
Cd*". Further pathway modeling under Cd®* stress
was made using a cadmium concentration of 10 pum,
which sull maintains a GSH concentration above the
lower physiological reported value of 1 mm (Noctor and
Foyer, 1998; Table 4).

Flux control 15 redistributed as expecled from an
increased GSH demand (Table 5). Due to their low
clasticity towards their respective substrate, Cys (&
ECS ey = 0.17) and GS;Cd (e553¢q = 0.06), 7-ECS and
PCS now control Jgsy and J,.: in additvon, y-ECS
shows the lowest elasticity for GSH (£&$ = —0.61). 3-
ECS and PCS also control the GSH concentration
whereas phytochelatins concentration is controlled by y-
ECS, PCS and significantly by the vacuolar transporter
(Table 6). The robustness of the Cd*~ exposure model
was also assessed 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, gsn is modified.
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It has been suggested that y-ECS plays an important
protective role under stress conditions (i.e. oxidative,
heat or heavy metal stress) (Xiang and Oliver. 1998;
Dormer et al., 2002). Over-expression of E. coli 7-ECS
promotes an increase in the cadmium resistance and
accumulation capacity in B. juncea (Zhu et al.. 1999b).
However. high over-expression of the same enzyme in
tobacco leads to oxidative stress due to accumulation of
the oxidized form ol ;-EC, ESSE (Creissen et al.. 1999).
The model (Fig. 6A and B) can reproduce these
experimental findings. As y-ECS has significant control
on GSH and phytochelatins synthesis under Cd” " stress
(Table 5). then by increasing its activity, enhancement in
Josu and Jo, is achieved as well as in GSH and
phylochelatins concentrations. Although this result is
expected to increase the cadmium resistance and
accumulation capacity. a negative side effect is the high
accumulation of y-EC over physiological levels (Table 4;
compare y-ECS 5 x versus no changes in the cadmium
exposure columns). This accumulation may induce
additional oxidative stress along with that promoted
by cadmium self.

Considering that the PCS gene has been cloned, and
that phytochelatins are directly related with Cd**
inactivation (for a review, see Mendoza-Cozail et al.,
2005), then an obvious experiment is to simulate over-
expression of PCS 1o increase the cadmium resistance
(Fig. 6C and D), The model predicts that PCS over-
expression promotes elevation of the phytochelatins
content, although the GSH level severely diminishes (see
also Table 4; PCS 5 x ). Inability to maintain GSH levels
under Cd®" exposure may lead to oxidative stress and
Cd** hypersensitivity. as demonstrated experimentally
by over-expressing PCS in A. thaliana (Lee et al., 2003).
In addition, the increase in PCS activity, although
promotes a higher Jpc,. shows little effect on Jgsy (Fig.
6C). Therefore, to achieve the proposed biotechnologi-
cal orientated goal of an enhanced Cd*” accumulation
capacity, flux to phytochelatins should be increased
without compromising the GSH level required for
oxidative stress processing.

The Universal Method of Kacser and Acerenza (1993)
addresses the problem of inducing an increase in a given
flux, and hence in a desired end-product metabolite,
without affecting the concentrations of all other inter-
mediaries and branched fluxes. To achieve such a goal
the method proposes to increase the activity of all
enzymes involved in both the mput to the crossroad
metabolite (GSH) and the output towards the desired
metabolite (phytochelatins). Thus, for the Cd®" stress
model, the flux through GS of 0.67 (Table 5), or 100%.
splits into four fluxes with values of 0.21 (PCS), or
31.3%. 0.04 (GSTs). 0.21 (GS;-Cd). and 0.21 (y-EC
release [rom GSH during phytochelatins formation; Fig.
2). Then, to increase flux through PCS without affecting
both the GSH concentration and the flux through GSTs,
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the Universal Method establishes that any given degree
of PCS over-expression should be accompanied by a
proportional 0.3] increase (respect to the PCS increase)
in y-ECS and GS over-expression. However, such
differential over-expression of several enzymes may be
experimentally difficult to accomplish.

Modeling shows that $-ECS over-expression is an
cffective protocol to igcrcahthc GSH content, although
with detrimental sideeffects (accumulation of ESSE). By
simulating a more realistic simultaneous over-expression
to the same degree of the relevant enzymes in the supply
and demand (Table 4, y-ECS+PCS 2.5 x ; Fig. 7A and
B), as anuseful approximation of the Universal Method,
it is possible to effectively increase Joo as well as Jggp
by 3 and 2.5 times, respectively, without a significant
accumulation of y-EC (Table 4). Moreover, the GSH
pool is not depleted and phytochelatins concentration
increased by 4.5 times. Organisms with these character-
istics may develop a Cd>* hyper-accumulating pheno-
type.

Inhibiting other GSH-consuming enzymes (repre-
sented by GSTs in this model) may also enhance the

levels of GSH and phytochelatins and their respective
fluxes. 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 compromise the cell
ability to detoxily intracellular toxic compounds, it may
also be promoted an increase in Jgsy 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 some validity under control,
unstressed conditions, but definitively can be challenged
under stress conditions that may affect the ATP-
generating pathways (Vallee and Ulmer, 1972; Devars
et al., 199R). The affinity of the tobacco y-ECS and GS
for ATP is not available; however, most ol Lhe
characterized enzymes (rom bacteria, yeast and protists
show K, values for ATP below 1 mm (Griffith and
Mulcahy, 1999; Meierjohann et al.. 2002). The ATP
dependence of Jeey and GSH concentration may be
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evaluated using an additional model based on the
kinetic properties of yeast, including the K, lor ATP
(see Supplementary data). The yeast model predicts that
above 2mM ATP. the GSH level is roughly stable, but
below 2mm, ATP steeply diminishes. Therefore, a
similar response to ATP variation may be expected for
the plant system.

5. Discussion

Modeling metabelic pathways is a powerful ool in
the sense that it simulates properties of a given pathway
that may not be deduced by simple inspection of the
kmetic parameters ol the enzymes, and which may be
relevant to understand the biochemical mechanisms
involved in the regulation of a pathway. Modeling
involves the quantitative consideration ol the multitude
of reported data and interactions that are typical of a
biological system, allowing for an integrative view of
somelimes disperse data. discarding irrelevant facls
(Hemrich et al.. 1977), Although models are simplifica-
tions of the complex reality. they are useful for the
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deduction ol essential relations. In addition, modeling
may help to design experimental strategies to test the
different hypotheses on the pathway control and may
also help to detect incompatibilities on the kinetic
parameters of the different parlicipating enzymes,
prompting experimental revision of the most cntical
enzyme uncertainties.

In this work, we have constructed a kinetic model of
the GSH and phytochelatins synthesis under control and
Cd* " -stressed conditions to understand how this path-
way 1s controlled, and to identify which the targets for
genetic manipulation may be to increasing the heavy
metal resistance-accumulation ability of the organisms.
This is the first attempt to determine the control
structure of the GSH-phytochelatins synthesizing path-
way and to explain why the efforts to increase the GSH
and phytochelatins content by over-expressing some
enzymes involved in this pathway have achieved limited
Success.

The enzymes responsible of GSH synthesis from its
constituent amino acids (y-ECS and GS; Fig. 1, Scheme
1) catalyse reactions with large equilibrium constants
(> 1000). Then under low-GSH demand this block of
enzymes has to receive information from the end of the
pathway, other than simple product accumulation and
hence inhibition, to avoid high accumulation of the
intermediaries (y-EC and GSH) and to achieve a stable
steady-state flux (Cornish-Bowden and Cardenas, 2001).
This information transfer is provided by the feedback
inhibition of y-ECS by GSH (Meister, 1995). The
existence of such mechanism has led to the proposal
that 7-ECS is the rate limiting step of GSH synthesis
(Meister, 1995; Noctor et al., 1998; Zhu et al, 1999a, b).
In agreement with this notion, pathway modeling shows
that when GSH-consuming enzymes are not included, y-
ECS is indeed the rate-limiting step (Chgcs = 0.99) of
the pathway.

However, it seems more accurate to analyse GSH
synthesis pathway with the product consumption reac-
tions included, because it has been demonstrated that
significant fAlux control may reside outside the synthetic
block of enzymes, ie. in the consuming block of
enzymes (Rodriguez-Enriquez el al. 2000; Hofmeyr
and Cornish-Bowden. 2000: Koebmann et al., 2002).
With this consideration taking into account, modeling
shows that under low demand, the demand block mainly
controls Jggy. whereas at high demand, the supply
block exerts the major flux control on GSH synthesis
(Fig. 3A and B; Table 4),

On the other hand, this model emphasizes that
control on the rate of GSH synthesis is not directly
related with control on the GSH concentration under
unstressed conditions. GSH concentration is home-
ostatically maintained by y-ECS. the enzyme that senses
the information transfer from the end of the pathway
(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
demand. 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 smaller the concentration control coeffi-
cient. It is therefore in this sense that the supply (-ECS)
regulates 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). Tt is worth to note that
cadmium exposure induces oxidative stress and, depend-
ing on the concentration, it may alter the redox state of
the cell. In such case, GPx and GR may play a 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

(1986) for MCA of moiety-conserved cycles).
Unfurtunamly few works, if any, have determined
systematically the effect of cadmium on’thé cellular
redox state and on activity of GR andsGPx . (there are
many works dealing with gene CXprBSBIO};I but this may
not directly reflect the effect on enzyme activity).

Experimental data regarding how. the GSH and
phytochelatins synthesis pathway may respond to an
increased demand of GSH are also scarce. Furthermore,
how an increased activity ‘of an enzyme may compro-
mise the pool of a metabolite used for several reactions
(ie. GSH; Kim et al, 2003), inducing secondary
undesirable effécts (accumulation of reactive intermedi-
aries such as.oxidized y-EC; Creissen et al., 1999) has
also been poorly explored. Pathway mndelmg 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 phytochelating concentration. This is because
GSH can be used in several reactions besides phytoche-
latins synthesis and because PCS is not by far a highly
efficient enzyme (F =3.2nmolmin~' (mgprotein)™'
Kcsu> 10mm) (Table 2)

Tf"

Smbmras iy

By

PCS has been proposed as a genetic target for
improving the Cd*" resistance because its product is
directly related to Cd®* 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 Cd** exposure may lead to oxidative stress
and Cd’> " 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.
cerevisiae, which does not have the PCS gene, induces a
higher Cd”* 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 y-ECS
and PCS on flux to GSH and phytochelatins and on the
GSH and phytochelatins concentrations (Tables 5 and
6) make these enzymés potential genetic targets for
enhancing the GSH:and phytochelatins levels. Indeed,
the simultaneous increase in the y-ECS and PCS
activities results in the most successful simulation to
achieve an increased phytochelatins concentration with-
out depleting the GSH pool (Fig. 7A and B).

Tt should be noted that Cys synthesis is a very efficient
pathway able to respond to an increased Cys demand
induced by either Cd>* stress or over-expression of Cys-
consuming enzymes, i.e. y-ECS (Noctor et al, 1998;
Creissen et al., 1999; Dominguez-Solis et al., 2001).
Analysis of the literature data about the kinetics
properties of the enzymes involved in Cys synthesis
(Mendoza-Cozatl et al., 2005) shows that these enzymes
are more efficient that y-ECS (as judged by the V/K,,
ratio). This suggests that, as in the case of GSH
synthesis, Cys synthesis may also be mainly controlled
by the Cys-demand block (GSH synthesis, protein
synthesis).

6. Concluding remarks

1. The rate of GSH synthesis in unstressed conditions is
mainly controlled by the consuming block of enzymes
(demand).

2. While y-ECS is the rate-limiung step of GSH
synthesis when studied on its own, it is not rate-
limiting when the GSH-consuming reactions (de-
mand) are taken imto account, The role of feedback
mhibition of 3-ECS by GSH is to allow the sensing of
variations in GSH concentration. thereby determin-
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ing the homeostatic maintenance of GSH. However,
it does not determine the flux control of the pathway.

3. A clear distinction should be made regarding which
steps control the rate synthesis of GSH and which
steps control the GSH concentration; depending on
the cellular status, the same set of enzymes may, or
may not, exert control on both pathway properties.

4, Under Cd*" stress, and an increased GSH demand,
both synthesis and demand blocks share the flux
control to GSH and phytochelatins as well the
concentration control of both metabolites.

5. The manipulation of the GSH and phytochelatins
synthesis pathway to enhance Cd*" resistance and
accumulation should proceed by increasing simulta-
neously expression, and activity. of y-ECS and PCS.
Over-expression of these two enzymes may bring
about an elevation in both flux and concentration of
relevant metabolites. This sort of genetic manipula-
tion may confer the desired characteristics in a much
greater extent than those reached by manipulating
only one enzyme and should prevent the accumula-
tion of toxic intermediaries such as ESSE.
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Appendix A
A.l. y-ECS and GS

y-ECS and GS are strictly ter-reactant enzymes, which
form a peptide bond at expenses of the ATP hydrolysis
(Meister, 1995). The reported K,a7p values for both
enzymes are in the majority of the organisms below
I mm (Griffith and Muleahy, 1999; Meierjohann et al.,
2002). Since cytosolic ATP is usuvally above 0.7mm in
plants (Geingenberger et al.. 2001; van Dongen et al.,
2003) and several cellular processes are involved in
maintaining its concentration roughly constant, ATP is
expected to play a minor role in determining the rate of
both reactions; therefore. it was not included in the rate
equations. Thus, reversible bi-reactant equations were
used for these two enzymes.

On the other hand. kinetic parameters of the
reversibility of y-ECS and GS under physiological
conditions are not available very likely because the
large K., of their reactions prevents such possibility.
However, significant changes in the control structure
have been found by introducing reversibility in all
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pathway reactions. even in those with very large K, (ie.
pyruvate kinase. K, = 10°; see Cornish-Bowden and
Cardenas (2001) for reversibilitv in kinetic models). The
use of reversible equations. although more accurate than
irreversible equations. brings about a major experimen-
tal problem: how to include kinetic parameters that do
not exist in the literature and that, due to experimental
difficulty. would be unreliable. This is particularly
troublesome for the maximal rate of the reverse reaction
(¥,) and. to a lesser extent, for the enzyme affinity for
the product (Kp). An irreversible rate equation could
still be a good approximation for reactions with large
K., when the enzyme K, value is much higher than the
physiological product concentration (or when ¥, is
extremely low in comparison to V). This would avoid
incorporation of reversible equations with guessed
values in pathway modeling.

By introducing the K., value of the overall reaction,
V, is discarded. y-ECS and GS have the same K, since
both catalyse the same reaction regarding a peptide
bond formation at expenses of ATP hydrolysis. AG™' for
a peptide bond formation is + 2.2 kcal/mol whereas the
AG™ of ATP hydrolysis is —7.3 kcal/mol (Lehninger et
al., 2000); the difference (—5.1 keal/mol) may be used to
calculate the K., of the overall reaction, K., = 5597
(Table 2). This value i1s an underestimate because the AG
of ATP hydrolysis under many physiological conditions
may be higher (> —9 kcal/mol) than the standard value.

The Kp values for y-EC and GSH used in the pathway
modeling were estimated as follows. y-ECS is able to
perform the synthesis of y-EC in the presence of | mm
Cys. 20mm Glu and 4 mm ATP with linear rates for up
to 60 min (Hell and Bergmann, 1990). This means that
accumulation of y-EC up to a concentration of 0.5mm
has no effect on the initial rate of the enzymes. With the
kinetic parameters described m Table 2. the y-ECS
activity was simulated against different Kp values (Fig.
8A: note that the x-axis is plotted in log-scale to
visualize the effect of large changes in the K value). The
Kp values that do not affect the rate of y-ECS during the
accumulation of 0.5 mm of its product (y-EC) should be
greater than 0.3 mm. The same treatment was done for
GS. The mitial rate of GSH synthesis with 1 mm of 3-EC
and Gly was not affected by the accumulation of
0,075mm GSH (Hell and Bergmann, 1988). This means
that the Kp value for GSH of GS has to be above
0.03mm (Fig. 8B). Furthermore. the effect of simulta-
neous variation in the Kp values of both enzymes on the
flux 1o GSH in unstressed conditions was simulated
(Fig. 8C). In any case. Kp should be lower than 0.01 mm
to significantly alter the flux to GSH. Therefore, the Kp
values used in the modeling of GSH biosynthesis were
0.3mm for 7-ECS and 0.03 for GS.
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Fig. 8. (A) Effect of K,,,.ec- value of y-ECS on the rate (normalized) of
-EC synthesis under initial rate conditions. The x-axis (K,) is plotted
in log-scale to visualize the effect of large changes in the K, value.
Kinetic paramelers arc listed in Table 2; substrate and product
concentrations were Cys = | mm, Glu = 20mum and 3-EC 0.5mm. (B)
Effect of K,gsy value of GS on the ratc (normalized) of GSH synthesis
under initial rate conditions. Substrate and product concentrations
were 7-EC = | mu. Gly = | mm and GSH 0,075 mwm. (C) Effect of the
K, value of »ECS and GS on the flux to GSH synthesis. 100%
represents 0.055 nmol min™' (mg protein) '

The reversibility of PCS is much more complicated if
not impossible to measure or estimate. PCS catalyses the
synthesis of phytochelatins (pc) according to the
following equation:

Py + P = PCngt + Pomoy ®

When PCS is incubated with GSH and Cd?™, the first
products are the smallest phytochelatin (pc;) and Gly
(for a detailed revision of PCS kinetics, see Rea et al.,
2004). When PCS is incubated only with pc, and Cd*”,
the products are pcy 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
vacuolar ABC-type transporter internalizes phytochela-
tins into the vacuole efficiently; comparison of the
kinetic properties of the vacuolar transporter and PCS
clearly illustrates this point (Table 2). Thus, the length
of the prevalent phytochelatins (pcs, where 7= 2-11) in
the cytosol is determined by the efficiency of their
compartmentation; the vacuolar transporter may show
higher affinity for a particular phytochelatin. Therefore,
PCS reaction in the present model was considered as an
irreversible reaction.

Appendix B. Supplementary Data

The online version of this article contains additional
supplementary  data. Please visit  doi:10.1016/
1.j1bi.2005.07.003
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Abstract To determine the onset of the Cd**-hyperac-
cumulating phenotype in Euglena gracilis, induced by
Hg’" pretreatment (Avilés et al. in Arch Microbiol
180:1-10, 2003), the changes in cellular growth, Cd**
uptake, and intracellular contents of sulfide, cysteine, y#
glutamylcysteine, glutathione and phytochelatins durj
the progress of the culture were analyzed. In cel
posed to 0.2 mM CdCl,, the Cd** -hyperacc
phenotype was apparent only after 48 h of ¢
indicated by the significant increase in cell
higher internal contents of sulfide and thiol
along with a higher y-glutamylcystej

activity,. However, the stiochiome of

@ is one of the most toxic heavy metals (Vallee
t 1972) and has become a serious contaminant
and water bodies, mainly due to anthropogenic
iy*and inappropriate methods of disposal (Clark-
in_1995). Bioremediation, the use of organisms to re-
mgve 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

pounds/O8* acommulated was simila tm} chromatography, which is expensive and inefficient for
and Hg**-p s celis. Mosoa r this Temoving micromolar concentrations of heavy metals.
gatic was 3 | oF lowee afte;' 48-h | A As a consequence, development of alternative ap-

It ed that, Proaches for the treatment of heavy metal-contaminated

. ecosystems is required (Dhankher et al. 2002). Some
or“th?’“ég?i’f varjglies of pl§2n+ts have been used for removing Co**,
hyperaccumulating phen cilis, apparently Zn“", and Ni*" from contaminated 50|l§.(Salt et al.
other pathways and su 0 anis;ns ire ako 1995). Although su_ch plants haw_: the ability to accu-
involved. These may in other Cd2* che- mulate extremely high concentrations of hgn’y rnr:tals,
lating molecules tricarboxylic acids t!ney tend to grow at slower rates, generating relan_w:ly
phosphate and polfghosph as well as Cdz* wm: little biomass ar_1d sh_nmng lower fitness in comparison
partmentation i clled to plants growing in non-heavy metal-polluted SI?IIS

{Antonovics 1971; Dhankher et al. 2002). Thus, finding

ywords - g2 S and developing plant and non-plant species that show

Eleercury- lcystcinc(;dy-glzﬁ:xunr;l!l;;aslt:::e resistance to heavy metals, which is accompanied by
syn . e - Phytochelatins.

suffice to fully inactivate Cd**
although the glutathione a
pathway is involved in the

accumulation of the metal ion, may be helpful for
designing bioremediation strategies. This approach
is also being developed for Cd®’-polluted water
(Matsunaga et al. 1999),

C. Avilés - D. Mendoza-Cozatl - R. Moreno-Sanchez (B4) Synthesis of phylochc]at_ins (pes), and enhapced
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Tl'::ll:)an. ;:‘,;;0 J}“i‘coo' AL sulfide, is a commonly used cellular response against

Cd*" stress in higher plants, some veast and algae (see

M. E T Mi for a recent review Mendoza-Cozatl et al. 2005). The
. E. Torres-Marquez . P g .
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Abatract

Ihe structural and kinetic analyses of the components of the lactate shuttie from heterotrophic Euglena gracilis were camied out.
2 Mhmwhondnal membrane-bound. NAD -independent D-lactate dehydrogenase (D-iLDH) was purified by solubilization with CHAPS and
b heat weatment. The active enzyme was a 62-kDa monomer containing non-covalently bound FAD as cofactor. D-iILDH was specific for D-
¢ wtate and it was able to reduce quinones of different redox potential values. Oxalate and L-lactate were mixed-type inhibitors of D-ILDH.
v Muwchondnal L-iLDH alwo catalyzed the reduction of quinanes, but it was inactivated during the extraction with detergents. Both L-iILDH
teand 0-LDH were inhibited by the specific flavoprotein-inhibitor diphenylenciodonium, suggesting that L-iLDH was also a flavoprotein.
T Afmmn chromatography reveaked that the £ gracilis cytosolic fraction contained two types of NAD -dependent LDH specific for the
*  generatwn of - and |-lactate (0-nl.DH and L-nLDH, respectively). These two enzymes were tetramers of 126132 kDa and showed an
2 ondered bi - bi kinetic mechansm. Kinetic properties were different in both enzymes. Pyruvate reduction by D-nLDH was inhibited by its two
products: the D-lacate oxidauon was 40-fold jower than forward reaction. L-lactate oxidation by L-nLDH was not detected, whereas pyruvate
2. reduction was activated by fructose-1. 6-bisphosphate, K~ or NHS. Interestingly, membrane-bound L- and D-lactate dehydrogenases with
X! quinone reductase acuvity have been only detected in bactena, whereas the activity of soluble D-nLDH has been identified in bacteria and
some veast. Also, FBP-acuvated L-nLDH has been found solely in lactic bacteria. Based on their similar kinetic and structural characteristics,
43 a possible common ongin among bacwenal and £ gracilis lactic dehydrogenase enzymes is discussed.
2%+ 2005 Published by Elsevier BV
Keiwanis

Membrane-bound lactate dehydrop lactate dehydrogenase: Mitochondnion: Energy metabolism

se. NAD ™ -dey

M 1 Introduction L-ILDH. both stereo-specific enzymes, are localized in the

inner cytoplasmic membrane, while in Seccharomyees

Wi The NAD -independent lactate dehydrogenases (1ILDH)
o are enaamies wadely distnbuted among bactena and veast
2] Lactate oxidation o coupled o the respiratory chain
ciand hence o the pencration ol a transmembrane proton
“tadient and ATE santhesis In hactena, the quinone pool is
Voo the phivaiologics] cletron acceptor of ILDH, while in yeast,
e ovtowhrome o s the man s ceptor In bactena, D<LDH and

* Uomospombing suthis Tei 40 €5€ 8TT3G1] [an - 52 855 87104020

Femunl irdifre sy nasss s sl com (R Jaswo-Chaves)
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shon TILTO TG bhaboo MW 07 1™

cerevisive. they are located in the mitochondnal intermem-
branal space [3.4]. In both kinds of microurgamsms, the
iILDHs are flavoproteins, but i yeast, - and 1L-iILDH also
have a cytochrome hs. Many of these enzymes have been
purified and their molecular and kinetic propertics have
been determined [1.2.5). In bacteria and yeasl. active D-
iLDH s a 6066 kDa monomer which contains one non-
covalently hound FAD molecule [1.2]: in yeast, D-ILDH
seems o be mainly associated with the methylglyoxal
pathway [6]. On the other hand, 1-iLDH is a 45-kDa
maonomer in bactena and a 240-kDa homotetramer in yeast
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FLUX CONTROL ANALYSIS AS A TOOL FOR METABOLIC PATHWAY MANIPULATION

Abstract
Flux control analysis of a metabolic pathway allows the quantitative determination of the
degree of control that a given enzyme (Ei) exerts on flux J (i.e., flux control coefficient C;; ) and

on the concentration of metabolites M (ie., concentration control coefficient Cf), thus
substituting the misleading, qualitative concept of rate limiting steps in metabolic pathways. In
addition, it helps to understand (i) the underfying reasons by which a given enzyme exerts high or
low control and (ii) why the pathway control does not reside in only one enzyme (‘the rate limiting
step”); instead, the control is shared by several enzymes and transporters.

Several different experimental approaches have been developed for the determination of
Ci,. Forinstance, litration of flux with specific inhibitors has been used in the control analysis of

oxidative phosphorylation in isolated mitochondria and intact cells. Elasticity analysis is perhaps
the most profusely approach used in many metabolic pathways, mainly glycolysis. This consists
in the determination of the sensitivity of a given enzyme (or block of enzymes) towards the
vaniation in the concentration of its substrates and products, under steady-state conditions of the
pathway. If the enzyme activity does not significantly change with the variation in one of its

ligands (low elasticity, -*.‘;; ), then the enzyme, transporter or block of enzymes is close (0
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RESUMEN

El glutati6n es el péptido de bajo peso molecular més
abundante dentro de las células y se encuentra préc-
ticamente en todos los organismos. La concentracién
de glutatién depende de diversos factores ambienta-
les y su interconversi6n entre la forma reducida
(GSH) y oxidada (GSSG) brinda un adecuado con-
trol del estado redox intracelular. Su biosintesis es a
través de la via de asimilacién del azufre, que asu vez
estd estrechamente relacionada con la sintesis de
cisteina. El GSH funciona como el principal almacén
intracelular de azufre y cisteina; participa ademés en
el transporie de aminoécidos, metabolitos y en el pro-
cesamiento e inactivacién de especies reactivas de
oxigeno. En plantas y algas es esencial para la tole-
rancia a metales pesados. Poco se conoce sobre la
regulacién de su biosintesis; sin embargo, lareciente
clonaci6n de los genes de las enzimas, que participan
en la via ha permitido un estudio mas detallado de su
metabolismo. El determinar los mecanismos de regu-
laci6n de la via puede facilitar su manejo, lo cual po-
dria tener diversas implicaciones en biotecnologia.

PALABRAS CLAVE: Asimilacién de azufre, cis-
tefna, glutatién, fitoquelatinas, compartamentaliza-
cién, metales pesados.

ABSTRACT .

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 closely related with cysteine
biosynthesis; in fact, GSH works as the main intracellular
sulfur and cysteine storage. It 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 metals
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 metabolism.
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.

INTRODUCCION
Los compuestos con azufre, como la cisteina, me-
tionina, S-adenosilmetionina y glutatién son esencia-
les para el metabolismo de todas las células. La me-
tionina, salvo pocas excepciones, es el aminoé4cido
con el cual se inicia la biosintesis de protefnas. La
cisteina tiene una funcién crucial en la estructura, es-
tabilidad y funcién catalitica de enzimas. La S-adeno-
silmetionina interviene en la transferencia de grupos
metilo y biosintesis de poliaminas. El glutatién (y-Glu-
Cys-Gly; GSH) tiene diversas funciones dentro del
metabolismo. Su capacidad de mantener el estado
redox intracelular, ademés de su participacién en el
de amino4cidos y destoxificacién de xeno-
bi6ticos, hacen de ésta una molécula esencial. EI GSH
mantiene enzimas y otros componentes celulares en
estado reducido y es, ademés, el principal almacén y
transportador de sulfuro y cisteina [1]. Dentro de la
célula, mds del 90% del azufre no-proteico estd en
forma de GSH y la mayoria se encuentra en forma
reducida [2]. E1 GSH es el producto final de una serie
de reacciones que constituyen la via metabélica de
asimilacién de azufre y sintesis de cisteina.
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