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1. EL HIERRO EN LA PLANTA

El hierro es un micronutriente esencial para las plantas, animales y otros
~ organismos, ya que es un constituyente indispensable de un gran nimero de
enzimas y agentes redox que intervienen en algunas de las principales
funciones del metabolismo de los seres vivos. La gran versatilidad del Fe en
sus funciones biologicas es debida al potencial del par redox Fe(IlI)/Fe(1l),
que varia dependiendo del ligando al que se encuentre unido, permitiendo asf
su uso en forma, por ejemplo, de grupo hemo o centros Fe-S. En plantas, el
Fe interviene en la sintesis de clorofila y es esencial para la fotosintesis y el
mantenimiento de la estructura del cloroplasto (Terry y Abadia, .1986;
Abadia, 1992). Ademads, interviene en procesos como la respiracion, la
fijacién de nitrégeno (Clark, 1983) y en la sintesis de ADN y hormonas ‘
(Briat y Lobréaux, 1997). Sin embargo, a pesar de ser un elemento esencial,
el hierro libre en la célula puede reaccionar con el oxigeno, mediante la
reaccion de Fenton (Guerinot y Yi, 1994) y generar especies de oxigeno
reactivas, como el peréxido de hidrogeno, que conducen a una situacion de
estrés oxidativo. Por este motivo, la homeostasis del hierro en la planta a
nivel de 6rgano, tejido y célula, esta altamente regulada, con el fin de
mantener un aporte suficiente de hierro para el metabolismo, evitando al
mismo tiempo niveles excesivos que pueden ser toxicos para la planta.

Para prevenir el dafio oxidativo, el hierro se encuentra habitualmente
acomplejado con compuestos de bajo peso molecular o unido a proteinas. En
las plantas, aproximadamente el 63% del hierro de la hoja esta asociado a
proteinas, y el 80% del total estd localizado en los cloroplastos (Young y
Terry, 1982). Las proteinas mas comunes a las que est4 unido el hierro son:

~» - Proteinas con grupo hemo. Este grupo estd formado por las enzimas que
tienen un grupo prostético hemo Fe-porfirina. Ejemplos de estas enzimas
son los citocromos, catalasas y peroxidasas.
 Proteinas con centros Fe-azufre. En este grupo de proteinas, el Fe esta
coordinado bien con un sulfuro inorganico, bien con un grupo tiol de la
cisteina, o con ambos. Ejemplos de este tipo de proteinas son
ferredoxina, superéxido dismutasa, aconitasa y xantina oxidasa.
e TFitoferritina. Es un proteina de reserva de hierro y representa
aproximadamente un 35% del Fe en la hoja, llegando a contener hasta el
80% del hierro de los cloroplastos (Marschner, 1995). -
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2. BIODISPONIBILIDAD DE HIERRO

La biodisponibilidad del hierro afecta a la distribucion natural de las
especies vegetales (Grime y Hutchinson, 1967; Snowden y Wheeler, 1993;
Gries y Runge, 1995; Tyler y Falkengren-Grerup, 1998) y puede limitar el
crecimiento de especies consideradas de gran importancia econémica (Chen
y Barak, 1982; Vose, 1982).

El hierro es el cuarto elemento mas abundante de la corteza terrestre
después del oxigeno, el silicio y el aluminio. Su abundancia en el suelo es
aproximadamente de un 5%, y la mayor parte se encuentra en forma de
silicatos de hierro y magnesio. Sin embargo, en suelos alcalinos y calcareos,
que constituyen un 30% de la superficie terrestre (Chen y Barak, 1982), el
hierro se encuentra en forma de 6xidos e hidréxidos de muy baja solubilidad,
por lo que su disponibilidad para la planta es baja. La concentracion de
hierro disponible en estos suelos es de aproximadamente 10"° M, mientras
que los niveles necesarios para la planta son mucho mayores, cercanos a 107
M (Loeppert, 1986). Por este motivo, el hlerro es frecuentemente un
elemento deficitario para la planta.

Los principales factores que pueden provocar deficiencia de hierro en la
planta son: A _

* Factores que afecten a la solubilidad y movilidad del hierro en el suelo,
tales como elevado pH, tamafio de particula de suelo grande, estructura
muy cristalina de los minerales de Fe, suelos aireados, baja cantidad de
agentes quelantes (Loeppert, 1986) alta salinidad (Awad et al., 1988) y
altas cantidades de fosfatos (Lindsay y Schwab, 1982). Todas estas
condiciones causan una baja solubilidad del Fe en el suelo y, por tanto,
producen una disminucion en la disponibilidad del Fe en el mismo.

* Factores que afecten a la absorcion y metabolismo del Fe en la planta
(Romera y de la Guardia, 1991). Entre éstos destacan: i) los factores de
tipo genético; ii) los que inhiben el crecimiento de las raices, tales como
la compactacién del suelo y el encharcamiento (Chen y Bark, 1982;
Chaney, 1984), las bajas temperaturas, los herbicidas (Chaney, 1984), y
iii) los que inhiben la absorcién del Fe, como la presencia de fosfatos y
metales pesados.

* Factores que afecten a la actividad del Fe dentro de la planta. Se ha
descrito (Romheld, 1997; Morales et al., 1998) que en frutales crecidos
en el campo el contenido en Fe de hojas de plantas deficientes en Fe
puede ser similar o incluso algo superior al de las hojas verdes, y, sin
embargo, las hojas presentan un amarilleamiento en la zona internerval,
conocido como clorosis férrica y que es sintoma de deficiencia de Fe.
Estas altas concentraciones de Fe en hojas deficientes parecen indicar
que el Fe podria estar acumulado en alguna zona de la hoja en una forma
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no utilizable por la planta. Se ha propuesto que los fosfatos y un elevado
pH del apoplasto podria provocar la precipitacion del Fe en el exterior
de las células impidiendo su utilizacién (Mengel y Geurtzen, 1986). Sin
embargo, la explicacién de este fenémeno, conocido como la “paradoja
de 1a clorosis férrica”, esta todavia por elucidar.

« Fl bicarbonato merece una mencién especial, ya que afecta tanto a la
absorcion del Fe como a la actividad del Fe dentro de la planta. Los
factores que favorecen la formacién de bicarbonato, como la humedad
alta del suelo, la compactacién y el aporte de materia organica fresca,
también son inductores de clorosis (Chaney, 1984). Todavia no se
conocen con certeza las bases fisiologicas de la deficiencia de Fe en
plantas inducida por una concentracién alta de bicarbonato (Loeppert y
Hallmark, 1985; Mengel, 1994), pero no parecen deberse ni al alto pH
per se (Alhendawi et al., 1997) ni a la disminucién en la disponibilidad
fisiologica del Fe por precipitacion en las hojas debido a la
alcalinizacion del apoplasto y citoplasma (Romera ef al., 1992; Mengel,
1994). El bicarbonato absorbido a través de las raices podria utilizarse
en la sintesis de acidos organicos, siendo fijado in situ por la
fosfoenolpiruvato carboxilasa (PEPC), para dar oxalacetato, que es
reducido a continuacién para dar malato (Cramer et al., 1993). Este
proceso permitiria también la asimilacién de CO, por las raices. Por otro
lado, la presencia de bicarbonato en la solucién nutritiva durante el
crecimiento de las plantas moderaria el aumento inducido por la
deficiencia de Fe en la actividad de la reductasa férrica (Susin et al.,
1996) causando asi una disminucién en la eficiencia de la planta ante
esta deficiencia nutricional.

3. SINTOMAS DE LA DEFICIENCIA DE HIERRO-

La deficiencia de hierro es un estrés abidtico que se caracteriza
principalmente por un amarilleamiento de la zona internerval de las hojas
jovenes. Este fenomeno recibe el nombre de clorosis férrica y, en casos
extremos, la hoja puede adquirir practicamente un color blanco, pueden
aparecer manchas necréticas e incluso se puede producir la muerte de la
planta (Chaney, 1984). Este amarilleamiento esta provocado por un cambio
en la composicién pigmentaria de los cloroplastos de las hojas (Morales et
al., 1990, 1994; Abadia y Abadia, 1993). En la Figura 1-1 se pueden apreciar
estos sintomas en remolacha. |
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Figura I-1. Sintomas de la deficiencia de Fe en remolacha.

La deficiencia de Fe tiene mucho menos efecto en el crecimiento de la
hoja, el namero de células por area o el nimero de cloroplastos que en el
tamafio de los cloroplastos y su contenido proteico (Terry, 1980). De hecho,
solo en el caso de una deficiencia severa de Fe se produce una disminucion
en el crecimiento de la hoja (Abbott, 1967).

La deficiencia de Fe afecta a un alto porcentaje de las plantaciones de
frutales en toda el area mediterranea (Sanz et al., 1992; Tagliavini et al.,
2000). La clorosis férrica es el problema de explotacion mas importante
desde el punto de vista técnico y econémico en muchos frutales cultivados
en esta zona ya que, si la deficiencia no se corrige, el crecimiento de los
arboles se ve afectado, la floracién es mas escasa y los frutos son menos
numerosos y mas pequeilos, pudiéndose llegar en casos extremos a la muerte
prematura del arbol. S6lo en la cuenca del Ebro se ha estimado en maés de 13
millones de euros por afio el gasto que suponen los tratamientos correctores
de la clorosis férrica (Sanz et al., 1992).

4.  ADQUISICION DE HIERRO POR LA RA{Z EN
CONDICIONES DE DEFICIENCIA DE HIERRO.

Para mantener la homeostasis del Fe, las plantas deben adaptar los
mecanismos de adquisicion de este elemento a las condiciones externas.
Ante la deficiencia de Fe, las plantas pueden permanecer indiferentes
(plantas no eficientes) o desarrollar mecanismos de adaptacion para
aumentar su capacidad de adquirir Fe del suelo (plantas eficientes).
Dependiendo de la forma de adquisicion del Fe, las plantas se dividen en dos
grupos distintos: plantas de Estrategia II, formado por gramineas; y plantas
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de Estrategia I, formado por dicotiledéneas y monocotiledéneas no
gramineas.

4.1 Estrategia 11

Las plantas gramineas utilizan una estrategia basada en la quelacion del
Fe(III) para adquirir las cantidades necesarias de este microelemento.

Rizosfera = *f’ Citoplasma Metionina
” Nicotianamina
5
PS- Fitosideréforo (PS)
PS
>~ Fe(IT)-PS— N Fe(II-PS
Fe

Figura I-2. Estrategia Il (Buchanan et al. 2000).

Las gramineas producen y secretan a la rizosfera compuestos de bajo
peso molecular llamados fitosider6foros. Debido a su alta afinidad por el Fe,
los fitosiderdforos solubilizan de forma muy eficaz el Fe (III) por quelacion,
produciendo complejos Fe(Ill)-fitosideroforo (Fe-PS) que son introducidos
en la raiz a través de un transportador especifico situado en la membrana
plasmatica (Fig. 1-2).

La produccién y excrecion de fitosider6foros aumenta en condiciones de
deficiencia de Fe y la tolerancia a la deficiencia de este elemento se
relaciona con la cantidad y clase de fitosideroforo secretado. Los
fitosideroforos son derivados del acido muginéico (Takagi, 1976). El paso
inicial de su sintesis (Fig. 1-3), catalizado por la nicotianamina sintasa
‘(NAS), consiste en la condensacién de tres moléculas de S-adenosil
metionina para producir una molécula de nicotianamina (NA). Aunque la
sintesis de NA se produce tanto en plantas de estrategia I como II, los pasos
siguientes hasta la obtencién de los distintos &cidos mugénicos son
especificos para las plantas de estrategia II (Curie y Briat, 2003). La
actividad de las enzimas nicotianamina sintasa (NAS) y nicotianamina
aminotransferasa (NAAT), primera y segunda enzimas de la ruta
biosintética, aumenta en raices de cebada deficientes en Fe (Mori, 1999);
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igualmente, aumenta la expresion de los genes de cebada que codifican los
enzimas de la ruta biosintética de los acidos mugénicos: Hvnasl-7, naatA,
naatB, Ids2 e Ids3 (Higuchi et al., 1999; Nakanishi ef al., 1993; Okumura et
al., 1994; Takahashi et al., 1999).
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Figura I-3. Ruta de sintesis de los fitosider6foros (Negishi ef al., 2002).

Al contrario de lo que ocurre con la ruta biosintética de los acidos
mugénicos, los mecanismos moleculares de la excrecion de éstos todavia no
han sido totalmente esclarecidos, aunque Sakaguchi et al. (1999) mostraron
que los fitosider6foros son secretados como aniones monovalentes,
probablemente a través de canales anidnicos. Negishi e al. (2002) han
sugerido que en la liberacion de los fitosideroforos podria estar implicado el
transporte vesicular ya que en células de raices de cebada deficientes en Fe
aparecen gran cantidad de vesiculas engrosadas.

Una vez formado el complejo Fe-PS, éste debe ser transportado al
interior de la raiz. La existencia de un transportador especifico de Fe-PS fue
demostrada por primera vez por von Wirén et al. (1994), gracias a la
existencia de un mutante de maiz yellow—stripe 1 (ysl) que tiene un defecto
en el sistema de transporte del complejo Fe-PS a través de la membrana de la
raiz. Posteriormente, Curie et al. (2001) identificaron y clonaron el gen YS1
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que codifica este transportador. YSI codifica una proteina de 682
aminoacidos con 12 dominios transmembrana, y pertenece a una nueva
subclase de la familia de transportadores oligopeptidicos OPT (Yen et al.,
2001). La expresion del gen YS! estd incrementada en condiciones de
deficiencia de hierro, tanto en la raiz como en la parte aérea. La acumulacion
de mRNA del gen YS! en la parte aérea de la planta en deficiencia de Fe
sugiere otra posible funcién del transportador YS1 en el transporte deFealo
largo de la planta (Curie y Briat, 2003).

Busquedas de secuencias homélogas a YSI en Arabidopsis han
" demostrado la existencia de 8 secuencias con alta homologia a YSI,
alrededor del 80%, en el genoma de esta planta. Se les ha llamado YSL
(yellow-stripe-like) y se han clasificado dentro de la misma subclase de la
familia OPT (Curie et al., 2001; Yen et al., 2001). Este descubrimiento es
sorprendente. ya que Arabidopsis pertenece a las plantas de Estrategia L'y
entre las plantas superiores sélo las gramineas sintetizan y excretan
fitosideréforos, el substrato del transportador YS1. Como todas las plantas
producen nicotianamina, y esta molécula es muy similar tanto en estructura
como en su capacidad para unir Fe a los fitosideroforos, se podria especular
con una posible funcion transportadora de complejos Fe-nicotianamina de
las proteinas YSL en plantas no gramineas. Ademas, la nicotianamina se ha
encontrado en el floema, donde es probable que forme quelatos con varios
metales, incluyendo Fe, Zn, Niy Cu, y participe en la homeostasis de estos
metales a distintos niveles: transporte a larga distancia,
compartimentalizacion o sefializacion del contenido de metales (Pich ez al.,
1994; Stephan et al., 1994).

4.2 Estrategia I

~ Las plantas dicotiledoneas y monocotiledéneas no gramineas necesitan
reducir Fe(III) antes de incorporarlo al interior de la raiz. Esta estrategia
incluye: 1) la excrecion de protones por una ATPasa de tipo P, 2) reduccion
del Fe(Il) a Fe (II) por una reductasa Fe(IlI)-quelato; y 3) transporte del Fe
(II) al interior de la raiz por un transportador especifico.

En la Figura 1-4 se muestra el modelo propuesto para la adquisicion de
Fe por plantas de estrategia L. Los pasos serian los siguientes: 1) adsorcion
de los quelatos de Fe(III) en la raiz, 2) debilitamiento de los enlaces quelato-
Fe(III), 3) reduccién del Fe(IIl) a Fe(Il), 4) disociacién del quelato y 5)
transporte del Fe(Il) a través de un transportador de membrana.

En condiciones de deficiencia de Fe, las plantas de Estrategia 1
desarrollan una serie de respuestas que afectan a la morfologia y fisiologia
de las raices, todas ellas encaminadas a desarrollar mecanismos para
* aumentar la capacidad de absorcion del Fe del suelo.
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Figura 1-4. Estrategia | (Buchanan ef al., 2000).

Hasta el momento se han realizado pocos estudios integrados de las
respuestas inducidas por la deficiencia de Fe en plantas de Estrategia I,
considerando tanto aspectos fisiologicos como moleculares en una misma
especie. Muchos de los estudios descritos en los parrafos siguientes se han
realizado sobre aspectos puntuales de la Estrategia I. En nuestro laboratorio
se han realizado estudios de la respuesta de la Estrategia I a la deficiencia de
Fe en plantas de Beta vulgaris (Susin et al., 1993, 1994, 1996; Gonzalez-
Vallejo, 2000; Lopez-Millan et al., 2000a, b, 2001a, b), pero en este modelo
no son faciles los analisis de expresion de proteinas, ya que es muy escasa la
informacion de su genoma disponible en bases de datos publicas.

4.2.1 Cambios morfolégicos en la raiz inducidos por la deficiencia
de hierro

En condiciones de deficiencia de Fe la estructura radicular de muchas
especies de estrategia I sufre cambios tanto a nivel macroscopico como
microscopico. Estos cambios morfolégicos van encaminados al aumento de
la superficie de contacto entre la raiz y el suelo, incrementando de esta forma
la posibilidad de adquisicion de Fe por la planta. Entre los cambios
macroscopicos, se produce una disminucién en el crecimiento de la raiz
primaria (Hutchinson, 1967; Brown y Ambler, 1974; Romheld y Marschner,
1981) acompaiiada por un aumento en el namero de raices laterales (Moog et
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al., 1995; Pinton et al., 1998). Estos cambios son evidentes después de un
largo tiempo en deficiencia de Fe, mientras que otros cambios
macroscopicos como la formacion de pelos radiculares (Dell Orto ef al.,
2002) y el engrosamiento de las zonas subapicales de la raiz (Fig. 1-5)
(Welkie y Miller, 1993; Landsberg, 1996, Lopez-Millan et al., 2000a)
ocurren antes de que se observe una disminucion en el crecimiento de la raiz.

Figura 1-5. Microscopia electronica de barrido de puntas de raiz, mostrando los segmentos
distales de la raiz de plantas de remolacha deficientes en Fe a 5-10 mm (A), 0-5 mm (B) de la
punta, y controles a 5-10 mm (C), 0-5 mm (D) de la punta (Lopez-Millan et al., 2000a).

El engrosamiento de las puntas de raiz no se observa en todas las
especies (Wei et al., 1997). Este engrosamiento es debido, por una parte, al
aumento del tamafio de las células corticales y, por otra, a un incremento del
nimero de células en la rizodermis e hipodermis (Landsberg, 1996, Kramer
et al., 1980). El engrosamiento de las raices coincide espacialmente con
aquellas zonas donde se produce la induccion en la reduccion de Fe (Bell et
al., 1988) y la extrusion de protones (Alcantara et al., 1991).

Los cambios microscépicos consisten en la formacion de células de
transferencia tanto en la rizodermis como en la hipodermis (Landsberg,

1996) aumentando asi la superficie de contacto entre la pared celular y el
citoplasma (Welkie y Miller, 1993; Landsberg, 1994; Schmidt y Bartels,
1996). Las células de transferencia se caracterizan por la existencia de
multitud de invaginaciones, protuberancias en la pared celular mas préxima
al exterior, y por tener un citoplasma denso con numerosas mitocondrias y
protoplastidios voluminosos (Landsberg, 1994). La funcién de estas-células
de transferencia ain no se conoce exactamente, aunque algunos autores
proponen que esté'relacibnada con la induccion de la acidificacion de la
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rizosfera (Schmidt et al., 2003). La frecuencia de las células de transferencia
en raices deficientes en Fe es mayor en las zonas acidificantes de la raiz que
en las zonas no acidificantes. Ademas, las células de transferencia inducidas
por deficiencia de Fe presentan mayor cantidad de enzima ATPasa que las
células ordinarias de la epidermis (Schmidt et al., 2003).

Experimentos de “split root” realizados en raices de tomate muestran que
la mitad de la raiz crecida sin Fe presenta un nimero de células de
transferencia cuatro veces mayor que en la mitad crecida con Fe (Schmidt ef
‘al., 2003). Sin embargo, respuestas como la extrusién de protones y
actividad reductasa indican un comportamiento distinto, con una mayor
induccion en la mitad de la raiz crecida con Fe que en la mitad crecida sin Fe
(Schmidt et al., 1996; Schikora y Schmidt, 2001). Aunque las bases
moleculares de este comportamiento no se conocen hasta el momento, estos
experimentos sugieren que los cambios morfoldgicos inducidos por la
deficiencia de Fe estan regulados a nivel local por la concentracion de Fe
(Schmidt et al., 2003).

4.2.2 Cambios fisiolégicos

e Induccion de la actividad reductasa

En las plantas de Estrategia I, la reduccion del Fe(Ill) en la membrana
plasmatica es un paso obligatorio antes de la adquisicion y transporte de este
microelemento al interior de la planta (Chaney et al., 1972). En deficiencia
de Fe, la capacidad de reduccién aumenta hasta alcanzar un maximo de
actividad que varia dependiendo de la especie. Hasta el momento, todas las
plantas pertenecientes a esta estrategia muestran un aumento de la actividad
reductasa que oscila entre 5y 20 veces (Moog y Briiggemann, 1994; Susin et
al., 1996; Sueyoshi et al., 1997; Lépez-Millan ef al., 2005). El tiempo en el
que se produce la induccién también varia entre especies: en tomate, por
ejemplo, este maximo de actividad se observa a los 8-10 dias (Brown y
Jolley, 1988, Zouari et al., 2001), en judia a los 6-8 dias (Schmidt, 1993) y
en Medicago a los 7-9 dias (Lopez-Millan et al., 2005). La reduccion de Fe
en raices se ajusta a una cinética de tipo Michaelis-Menten con un pH
optimo para la reduccion de Fe(IlI)-EDTA de 5,5 (Rosenfield et al., 1991;
Schmidt y Janiesch, 1991), y una Km que oscila entre 28 uM en soja
(Cornett y Johnson, 1991) y 230 uM en tomate (Briiggemann et al., 1990).
Ademéds, en algunas especies como tomate es necesaria la presencia de una
cantidad minima de Fe para la induccidn de la actividad reductasa férrica
(Romera et al., 1996a, b; Zouari, 1996; Gogorcena et al., 2000; Zouari et al.,
2001). Esta actividad reductasa se localiza generalmente en la superficie de
las partes subapicales de las raices que muestran engrosamiento, asi como en
los pelos radiculares (Moog y Briiggemann, 1994).
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La reductasa férrica estd codificada por un gen (FRO) que pertenece a
una superfamilia de flavocitocromos cuyos miembros contienen en su
secuencia sitios de unién a FAD y NADPH, en concordancia con su funcién
en la transferencia de electrones desde los nucleotidos de piridina citosolicos
a los quelatos férricos del lado opuesto de la membrana. Los genes de
reductasa férrica caracterizados hasta la fecha son: AtFRO2 en Arabidopsis
thaliana (Robinson et al., 1999), LeFROI en tomate (Li et al., 2004),
PsFROI en guisante (Waters et al., 2002) y MtFRO1 en Medicago
truncatula (Lopez-Millan et al., 2005). Estos genes codifican polipéptidos de
entre 712 y 725 aminoacidos con un peso molecular deducido entre 80,5 y
81,5 kDa y un punto isoeléctrico teérico de aproximadamente 9,4. En
general, las proteinas descritas hasta el momento poseen seis dominios
hidrofébicos en el extremo N-terminal y dos en el C-terminal, todos ellos
formando hélices o transmembrana (Fig. 1-6). Los sitios de unidn de los
cofactores se encuentran en el “loop” del lado citoplasmatico que une las
hélices o 6 y 7 (Robinson et al., 1999).

Exterior Membyqna
: plasmatica

Figura 1-6. Estructura molecular de la reductasa férrica (Buchanan et al., 2000).

En todas las especies para las cuales se conoce el gen de la reductasa
(Arabidopsis, Medicago, tomate y guisante) se ha descrito un aumento
inducido por la deficiencia de Fe, tanto en la actividad de esta enzima como
en la expresion del gen correspondiente en raices (Robinson ef al., 1999;
Waters et al., 2002; Li et al., 2004; Lopez-Millan et al., 2005). Sin embargo,
al contrario de lo que ocurre en Arabidopsis y Medicago, donde la expresion
de AtFRO2 y MtFROI esta restringida a raiz, LeFRO1 se expresa en raiz,
hoja, cotiledones, flores y frutos jovenes de tomate (Li et al., 2004) y
PsFROI se expresa en raiz, hoja y nédulos de guisante (Waters et al., 2002).
Estos datos de expresién sugieren una regulacion distinta de estos genes en
hoja y raiz, y/o la existencia de mas de una reductasa indicando que LeFRO!
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y PsFROI participarian tanto en adquisicion de Fe en raiz como en la
distribucion de Fe por la planta. M4s atn, experimentos realizados con los
mutantes de guisante brz y dgl, que tienen una regulacion anormal de la
adquisicion de Fe, con una induccidn constitutiva de la actividad reductasa
(Grusak ef al., 1990a; Grusak y Pezeshgi, 1996), sugieren que la regulacion
del gen PsFRO es distinta en hojas y raices. En estos mutantes, la expresion
de PsFROI est4 inducida en raiz, mientras que en hoja la expresiéon depende
de la concentracion de Fe (Waters et al., 2002).

* Acidificacion de la rizosfera

La acidificacion de la rizosfera, al contrario de lo que ocurre con la
reduccién férrica, no es evidente en todas las especies de Estrategia [ y, en
aquellas especies que la muestran, esta respuesta depende de muchos
factores como el balance de incorporacion cationes/aniones, la composicién
de los exudados de la raiz y el tipo de nutricién nitrogenada.

La solubilidad del Fe en el suelo depende principalmente del pH,
disminuyendo mas de 1000 veces por cada aumento de unidad de pH. Por lo
tanto, debilitar el enlace Fe-O por acidificacion de la rizosfera es un método
eficiente para incrementar la disponibilidad de Fe. La excrecién neta de
protones en deficiencia de Fe ha sido descrita en muchas especies (girasol,
remolacha, pepino, tomate) y ha sido atribuida a un aumento de la actividad
ATPasa de la membrana plasmatica (Rémheld et al., 1984; Susin et al.,
1994; Dell’Orto ef al., 2000; Schmidt et al., 2003). En raices de tomate, la
cantidad de la proteina H'-ATPasa aumenta principalmente en las células de
transferencia formadas en la rizodermis bajo condiciones de deficiencia de
Fe (Schmidt et al., 2003).

La ATPasa de membrana plasmatica, perteneciente a la familia de
ATPasas tipo P, es un polipéptido de aproximadamente 100 kDa (Palmgren,
2001). La Ca**-ATPasa es la primera ATPasa de tipo P resuelta por rayos X
(Toyoshima et al., 2000) y consta de diez dominios a-hélice transmembrana
(Fig. 1-7). La region citoplasmatica esta divida en tres dominios: el dominio
A incluye la region N-terminal y el “loop” citosélico, el dominio P es el de
fosforilacion y el dominio N contiene el sitio de unién a ATP (Palmgren,
2001). En pepino se han encontrado dos isoformas de la ATPasa (CsHAI y
CsHA2). La expresion de una de ellas, CsHA I, aumenta en raiz en
condiciones de deficiencia de Fe, mientras que la otra isoforma CsHA2, que
se expresa tanto en raiz como en hoja, no se ve afectada por el estado
nutricional de Fe de la planta (Santi et al., 2005). En Arabidopsis, la familia
de ATPasas de membrana plasmatica estd formada por 12 miembros cuya
funcion, en la mayoria de los casos, no ha sido determinada hasta la fecha
(Palmgren, 2001). La expresiéon de, al menos, 4 isoformas, entre ellas la
AtAHA?2, aumenta en raices en condiciones de deficiencia de Fe (Santi ef al.,
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2005). La AtAHA2 se expresa preferentemente en pelos radiculares vy,
ademas de en la adquisicion de Fe, podria participar en la adquisicion de
otros nutrientes (Sussmann, 1994).

Por otro lado, el aumento de la excrecidén de protones podria tener otras
funciones ademas de aumentar la solubilidad del Fe en la rizosfera. La
afinidad del quelato de Fe por la reductasa aumenta en condiciones de pH
bajo, probablemente debido a una neutralizacion de las cargas negativas
superficiales del sitio de reduccién, que podria evitar la repulsion de los

quelatos de Fe cargados negativamente (Schmidt y Janiesch, 1991; Cohen et
al., 1997).
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Figura I-7. Estructura de la ATPasa de tipo P (Palmgren, 2001).

* Transportador de Fe

Una vez que el Fe es reducido, éste debe ser transportado al interior de la
raiz. Datos bioquimicos indican que este transporte muestra una cinética de
tipo Michaelis-Menten y esta inducido en condiciones de deficiencia de Fe
(Cohen et al., 1998). Estudios moleculares en estos ultimos afios han
identificado la familia de transportadores de metales ZIP (“ZNT-IRT like
protein”) que actia no solo en el transporte de este elemento en la membrana
plasmatica de raiz, sino también en su distribucion en la planta. El primer
“miembro identificado de esta familia como transportador de Fe, codificado
por el gen IRTI, se caracterizd en Arabidopsis, y corresponde a un
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polipéptido de 347 aminoacidos con 8 dominios transmembrana (Eide et al.,
1996, Vert et al., 2002) (Fig 1-8). IRT1 es un transportador de Fe(II) pero
también puede transportar Mn(II), Zn(II), Cd(I) y Co(II) (Korshunova et al.,
1999; Rogers et al., 2000). Este gen se expresa en la epidermis de la raiz y
su expresion se induce después de 1 6 2 dias de crecimiento en condiciones
de deficiencia de Fe, pero cuando las plantas son sometidas a experimentos
de adicién de Fe, su induccién desaparece en 12 - 24 horas, para evitar la
acumulacion perjudicial del metal y mantener asi su homeostasis (Connolly
et al., 2002). '

citoplasma

HIS

Figura 1-8. Prediccion de la estructura de los transportadores de metales ZIP.

Otros genes homologos han sido caracterizados en guisante (R/T/: Cohen
et al., 1998), y tomate (LeIRT1 y LeIRT2: Eckhardt et al., 2001). Todos ellos
se expresan en raiz, pero solo RIT1 y LelRT] se inducen por deficiencia de
Fe.

Ademas de IRT, otros transportadores de Fe de alta afinidad han sido
clonados en Arabidopsis (Curie et al., 2000; Thomine et al., 2000). Estos
transportadores pertenecen a la familia NRAMP (“Natural Resistance
Associate Macrophage Proteins”), se expresan en raiz y parte aérea, pero su
papel fisioldgico todavia no ha sido completamente aclarado. Algunos de
ellos, como AtNRAMP 1, 3 y 4, se inducen en condiciones de deficiencia de
Fe.

4.2.3 Excrecion de compuestos de bajo peso molecular

Las raices de plantas pueden excretar, ya sea de forma activa o pasiva,
gran variedad de compuestos organicos, entre los que se encuentran azicares
reductores, aminoacidos y acidos organicos. Las cantidades excretadas
pueden suponer hasta un 20% del carbono asimilado (Jones y Darrah, 1995).
El tipo de exudados radiculares esta determinado genéticamente, aunque
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existen factores medioambientales que pueden causar una alteracion en la
composicién de estos exudados. La tasa de exudacién y su composicion
dependen del pH, temperatura y tipo de suelo, intensidad de la luz, asi como
de la edad y estado nutricional de la planta y de la presencia de
microorganismos (Jones, 1998). La exudacién de estos compuestos esta
estimulada en condiciones de deficiencia de Fe.

e Fenoles

Las plantas deficientes en Fe producen y excretan diferentes compuestos
de naturaleza fendlica (Brown y Ambler, 1974). Entre los compuestos
identificados se encuentra el 4cido caféico, el acido p-cumarico (Olsen et al.,
1981), el 4cido fendlico y el acido clorogénico (Hether et al., 1984).
Inicialmente se atribuy6 a estos compuestos una funcién reductora del
Fe(IIT). Sin embargo, varios estudios han mostrado que las cantidades
excretadas no son suficientes para explicar la tasa de reducci6én encontrada
en las plantas deficientes (Chaney et al., 1972; Barret-Lennard ef al., 1983;
Bienfait et al., 1983), y que la adicién de estos compuestos no sélo no afecta N
sino que incluso disminuye la actividad reductasa de Fe(Ill)-EDTA de las '
raices (Romheld y Marschner, 1983).

Probablemente, el papel principal de los fenoles consista en la inhibicion
de la degradacion de los 4cidos orgénicos, cuyo papel en la nutricion férrica
como quelantes de Fe es muy importante (Schmidt, 1999). Una funcién
alternativa fue propuesta por Sijmons e al. (1985), al relacionar la excrecion
de estos compuestos con la pérdida de suberina, recubrimiento protector de
las células corticales de la raiz, que presentan las raices deficientes en Fe.

e Flavinas

En condiciones de deficiencia de Fe, algunas especies acumulan y
excretan flavinas (Welkie y Miller, 1993). La flavina mayoritaria es la
riboflavina (Kannan y Seshyri, 1988; Shinmachi et al., 1994, 1995; Welkie,
1996) y, en algunas plantas como remolacha y espinaca, los sulfatos de
riboflavina (Susin, 1994; Susin ef al., 1993, 1994). A pH alto, las flavinas se
acumulan en la zona subapical de la raiz (Susin et al., 1993) siendo
excretadas al medio cuando las plantas crecen a pH bajo (Susin ef al., 1994a,
b).

Las plantas que producen flavinas como remolacha (Welkie y Miller,
1988:; Susin ef al., 1993, 1994; Susin, 1994), tabaco (Welkie y Miller, 1988),
lechuga (Welkie y Miller, 1992), melo6n, alfalfa, pimiento (Shinmachi ef al.,
'1995) y pepino (Shinmachi et al., 1992) son generalmente muy eficientes en
la adquisicion de Fe (Welkie y Miller, 1993). El papel de las flavinas en la
deficiencia de Fe es todavia desconocido. Sin embargo, el hecho de que la .
acumulacion de flavinas tenga lugar simultineamente al incremento en la
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actividad reductasa sugiere que estos compuestos podrian ser parte integral
de los sistemas de reductasa férrica de las raices (Cakmak et al., 1987; Susin
et al., 1993). Ademas, el gen de la reductasa férrica pertenece a la familia de
los flavocitocromos y contiene un sitio de unién a FAD (Robinson et al.,
1999). . _

Otra posible funcion de los sulfatos de riboflavina, una vez excretados a
la rizosfera, podria ser una accién antimicrobiana en las proximidades de la
raiz, disminuyendo la posibilidad de que los microorganismos del entorno
compitan con la planta por la adquisicién de Fe (Susin et al., 1993).

La ruta de sintesis de la riboflavina, precursor del mononucleétido de
flavina (FMN) y del dinucleétido de flavina y adenina (FAD), se puede ver
en la figura 1-9. El compuesto de partida de la sintesis es el GTP, y mediante
cinco pasos enzimaticos se obtiene la riboflavina. La DMRL sintasa
(2.5.1.9), que cataliza el pentitimo paso de la biosintesis de riboflavina, es
un péptido de 16 a 17 kDa que ha sido clonado en espinaca, tabaco y
Arabidopsis thaliana (Jordan et al., 1999). Los sulfatos de riboflavina son
posiblemente sintetizados por una enzima sulfotransferasa, similar a las que
tienen como sustrato flavonoides, que transfiere el azufre desde un donador
como adenosina 3’-fosfato 5’-fosfosulfato o adenosina 3’-fosfosulfato hasta
el aceptor riboflavina, siendo el primero de estos donadores el mas usado por
las plantas (Varin et al., 1987).
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Figura I-9. Metabolismo de la riboflavina.

* Acidos organicos

En condiciones de deficiencia de Fe, las plantas dicotiledéneas acumulan
en las raices y excretan acidos organicos, principalmente citrato y malato
(Brown, 1966; de Vos et al., 1986; Brancadoro et al., 1995). Dependiendo
de sus propiedades de disociacion y del nimero de grupos carboxilicos, los
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acidos organicos pueden variar su carga negativa y, por tanto, quelar
distintos metales de la solucién del suelo. Por este motivo, los acidos estan
implicados en un gran nimero de procesos en el suelo como la movilizacién
y toma de nutrientes (por ejemplo Fe y P) por las plantas y microorganismos,
la detoxificacion de metales por las plantas (Zn y Al), la proliferacion de
microorganismos en la rizosfera y la disolucion de minerales en el suelo
(Jones, 1998). v

En condiciones de deficiencia de Fe, la funcion mas probable de estos
acidos consiste en la solubilizacién de Fe (III). Cuando el pH del suelo es
. bajo, tanto citrato como malato forman complejos estables con el Fe(IIl),
favoreciendo su disolucién en la solucion del suelo (Jones et al., 1996). En
suelos calcareos, con pH alto, la movilizacion del Fe por malato y citrato es
lenta, puesto que los complejos que se forman son inestables y se degradan
rapidamente (Jones et al., 1996; Gerke, 1997). Sin embargo, en estas
condiciones, la combinacién del poder de acidificacion de la ATPasa de la
raiz con el poder quelante del citrato (que aumenta conforme disminuye el
pH) podrian constituir un mecanismo viable para movilizar el Fe de la
rizosfera (Jones, 1998). Usando un modelo de simulacién por ordenador,
Jones et al. (1996) estimaron que la concentracion de Fe(IlI)-citrato en la
interfase raiz-suelo podia llegar a ser de 0,1-50 uM. Por lo tanto, la
concentracién de Fe unida a 4cidos organicos podria ser adecuada para
satisfacer las necesidades de las plantas.

~ La excrecién de estos acidos organicos tiene lugar probablemente por
difusién pasiva, gracias al gradiente de potencial electroquimico de la
membrana plasmatica (Jones y Darrah, 1995). Sin embargo, también se ha
sugerido la posible existencia de un canal o transportador acoplado con la
ATPasa de la membrana plasmatica (Dinkelaker et al., 1995; Fox et al.,
1996; Yamaguchi et al., 2005).

4.2.4 Sintesis de proteinas en raiz

Las respuestas a la deficiencia de Fe implican cambios en la expresion de
genes y un aumento general en el contenido de proteina celular (Sijmons y
Bienfait, 1983; Pontiggia et al., 2003). Varios trabajos sobre la deficiencia
de Fe han demostrado que la actividad de un gran nimero de enzimas
aumenta bajo estas condiciones, y el incremento, frecuentemente, se
corresponde con un aumento en el contenido proteico ademas de con la
posible existencia de regulacion enzimatica (Schmidt y Buckhout, 1997;
Pontiggia et al., 2003). Este aumento se ha demostrado por Western-blot
para IRT1, PEPC y ATPasa (Dell’Orto et al., 2000; De Nisi y Zocchi, 2000,
Andaluz et al., 2002; Connolly et al., 2002; Vert et al., 2003). Ademas,
Schmidt (1999), usando el inhibidor de sintesis de proteina cicloheximida,
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demostréo que es necesaria la sintesis proteica de novo para aumentar la
actividad de la reductasa férrica. Mas adn, utilizando microscopia
electronica se ha demostrado que las puntas de raiz engrosadas tienen un
citoplasma denso y rico en organulos y que el nimero de polisomas
presentes en raices deficientes en Fe es casi el doble que en raices control,
hechos que demuestran la existencia de una mayor actividad biosintética
(Landsberg, 1994; Dell’Orto et al., 2002; Pontiggia et al., 2003). Otro
resultado que apoya el incremento en la sintesis proteica, es el incremento
observado en la cantidad total de aminoacidos libres, en particular los a01dos
glutamico y aspértico (Pontiggia et al., 2003).

La aplicacion de nuevas técnicas de protedmica (Canovas et al., 2004),
tales como la electroforesis bidimensional y las técnicas espectroscopia de
masas, permitira la obtencion y el analisis de mapas proteicos de raices
controles y deficientes en Fe, y aportara una vision mas global de los
cambios que experimenta la raiz en su adaptacion a este estrés ambiental.

5. TRANSPORTE DE HIERRO
5.1 Transporte en la raiz

Una vez dentro de las células, el Fe(I) debe ser protegido del oxigeno
para evitar la generacion de radicales libres que producen estrés oxidativo.
Hasta la fecha, se desconoce la naturaleza de la molécula o moléculas
quelantes de Fe en la raiz, y de hecho, distintas moléculas podrian tener esta
funciéon dependiendo de la localizacidon subcelular del Fe. Segiun Hell y
Stephan (2003), aunque algunos &acidos orgédnicos y aminodcidos son
apropiados para quelar el Fe(Il), el papel mas importante en el trafico de Fe
en el citoplasma lo podria tener la nicotianamina (NA). Estos autores se
basan en varias razones:

* La NA forma complejos estables tanto con el Fe(III) como con el Fe(II) a
pHs neutros o ligeramente alcalinos (Stephan et al., 1996). Ademas,
aunque la constante de formacion del complejo Fe(IlI)-NA es mucho
mayor que la de Fe(II)-NA, cinéticamente el complejo Fe(II)-NA es mas
estable en condiciones aerdbicas (von Wirén et al., 1999).

* La NA parece estar presente en todas las plantas superiores y se
encuentra en todos los tejidos (Scholz et al., 1992).

* Los complejos Fe-NA no actian bien como sustratos para la reaccion de
Fenton (von Wirén et al., 1999).

* El mutante de tomate chloronerva, deficiente en NA, muestra tanto
precipitacion de Fe en vacuolas y mitocondrias (Liu ef al., 1998) como
elevadas actividades de enzimas antioxidantes (Herbik et al., 1996).
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En las puntas de raiz de girasol y cebada, la concentracion de NA
aumenta en aquellas zonas de la raiz donde se produce la adquisicion de Fe
(Stephan y Scholz, 1990). Ademas, la concentracion de NA se correlaciona

con la localizacion y concentracion de Fe en guisante y tomate (Pich et al.,
2001). '

5.2 Transporte en el xilema

La forma por la que el Fe es transportado al interior del xilema no ha sido
aclarada todavia, pero probablemente se realiza a través de canales idnicos
que estan controlados por el voltaje de la membrana (Gaymard et al., 1998;
Kdéhler et al., 2002). Recientemente se ha identificado un gen, FRD3
(Rogers y Guerinot, 2002; Green y Rogers, 2004), perteneciente a la familia
MATE (Multi Antimicrobial Extrusion), que podria estar implicado en el
transporte de Fe a la parte aérea de la planta. Este gen se expresa en el
periciclo y otros tejidos vasculares de raiz, y su expresion aumenta en
condiciones de deficiencia de Fe. No se conoce exactamente cudl.es el papel
de FRD3 en la homeostasis del Fe, pero se ha especulado con dos posibles
funciones: la carga y descarga en la savia de xilema bien de Fe o de una
molécula necesaria para su transporte, y la participacion en la sefializacion
del estado nutricional de Fe en la planta (Rogers y Guerinot, 2002; Green y
Rogers, 2004). Una vez que el Fe estd dentro del xilema, seria oxidado de
nuevo y esta aceptado que se trasporta como complejo Fe(Ill)-citrato (Tiffin,
1966; Lopez-Millan et al., 2000b; Abadia et al., 2002). El tipo de complejo
en el que se encuentra el Fe(Ill) podria variar con la edad de las plantas y
también en situaciones de estrés, ya que la composicion y pH de la savia del
xilema podria variar en dichos casos. Utilizando programas de especiacion
quimica se ha demostrado que el Fe en xilema de remolacha y tomate estaria
principalmente formando complejos con citrato, a pesar de que el malato fue
el acido organico mayoritario, tanto en plantas control como deficientes en
Fe (Lépez-Millan et al., 2000b; White et al., 1981a, b). En condiciones
control, el Fe se encontraria mayoritariamente (61%) en forma de FeCitOH,
mientras que en situacion de estrés el dimero FeCit,” seria la especie
mayoritaria (96%). '

5.3 Transporte al interior de las hojas

El mecanismo de transporte de Fe desde la savia de xilema hasta las
hojas todavia no se conoce en profundidad. Inicialmente, el Fe en el
apoplasto debe ser reducido antes de entrar a la célula del mesoéfilo. Para esta
reduccién se propuso la existencia de una enzima reductasa férrica en la
membrana plasmatica de las células del mesoéfilo que podria ser similar a la
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presente en la membrana plasmatica de la raiz (Briiggeman et al., 1993).
Aunque esta idea de un reduccién enzimatica en hoja ha producido
controversia (Schmidt, 1999), la actividad reductasa Fe(IlI)-citrato ha sido
claramente demostrada tanto en discos de hoja (Larbi et al., 2001) como en
protoplastos (Gonzalez-Vallejo, 2000). Mas aun, el gen FROI de guisante se
ha encontrado expresado en hoja y su expresion se induce en condiciones de
deficiencia de Fe (Waters ef al., 2002). Por otro lado, se ha propuesto que el
citrato de Fe(IIl) podria ser fotoreducido in vivo en la hoja por luz
ultravioleta y/o azul (Jolley et al., 1987), dado que la citada reaccion se
puede producir in vitro (Bienfait y Scheffers, 1992). En todo caso, la
reduccion de quelatos férricos en hoja esta claramente estimulada por luz
(Briiggemann ef al., 1993; Gonzalez-Vallejo et al., 2000). Una vez en el
citoplasma de la célula del mesofilo, el Fe podria estar quelado de nuevo con
NA (Hell y Stephan, 2003) que actuaria como molécula transportadora de Fe
‘a aquellos compartimentos donde se necesita. De hecho, en el mutante
.chloronerva no se ha podido detectar inmunolégicamente fitoferritina
(Becker et al., 1995), aunque se vieron precipitados de Fe en el cloroplasto
(Liu et al., 1998). Esto indicaria la funcion del NA como mediador entre las
distintas formas de almacenamiento y utilizacion de Fe.

5.4 Transporte al cloroplasto

El cloroplasto es el destino final de una gran parte del Fe de la planta
(80%, Young y Terry, 1982). El transporte de Fe al interior del plastidio es
de gran importancia en fisiologia de plantas, y, paraddjicamente, esta poco
documentado. Los datos disponibles hasta ahora sobre caracterizacion del
transporte de Fe hacia el interior del cloroplasto a través de la envoltura del
mismo (Bughio ef al., 1997a, b; Mori, 1998), indican que es un transporte
activo y dependiente de luz. Estudios recientes parecen indicar que el
transporte se realiza a través de mecanismos uniporte no especificos,
estimulados por potencial de membrana (Shingles et al., 2002). Este
transporte se inhibe completamente por Zn(Il), Cu(Il) y Mn(Il). Curie ef al.
(2000) han descrito la existencia de un péptido sefial de transporte a la
membrana del cloroplasto en el extremo N-terminal de la proteina
NRAMPI1, perteneciente a la familia NRAMP (Natural Resistance-
Associated Macrophage Protein), sugiriendo un posible papel de este
transportador en el transporte de Fe al interior del cloroplasto. Estudios con
cloroplastos aislados de plantas de cebada control sugieren, que previamente
al transporte, es necesaria una reduccién mediada por una reductasa de
Fe(Ill) no dependiente de ATP (Bughio et al., 1997b). Mas adn, en
Arabidopsis se han descrito al menos 8 miembros de la familia FRO de
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reductasas férricas y alguno de ellos podria estar implicado en este proceso
(Yiy Guerinot, 1996).

Una vez que el Fe alcanza su destino final, si no va a ser utilizado, es
necesario que sea acumulado en forma no téxica y soluble, para que
posteriormente pueda ser liberado segin las necesidades metabodlicas de la
planta. Esta funcion la realiza una proteina denominada ferritina (Briat,
1996; Briat y Lobréaux, 1997) que se encuentra en el estroma del cloroplasto
y en plastidios tales como proplastidios, etioplastos y amiloplastos (Briat y
Lobréaux, 1997). Asi, se ha descrito que en cebada el 75% del Fe
cloroplastico se encuentra en el estroma mientras que el resto se encuentra
‘en la membrana tilacoidal (Bughio et al., 1997a). La ferritina es un complejo
proteico multimérico con 24 subunidades que es capaz de almacenar hasta
4.500 atomos de Fe en su cavidad central (Fig. 1-10). La abundancia de la
ferritina esta controlada por un mecanismo regulador preciso que pone de
manifiesto la necesidad de un fuerte control homeostatico en la célula (Briat
et al., 1999). | "

Cavidad |
central §

Figura 1-10. Estructura de la ferritina. A. Representacion esquematica del complejo
multimérico. B. Modelo estructural de una subunidad de ferritina (Briat, 1997).

5.5 Transporte en el floema

El floema es el tejido vegetal encargado del transporte a larga distancia,
desde los 6rganos de produccion, principalmente hojas maduras, hasta los
tejidos en crecimiento y 6rganos reproductivos o de almacenamiento, de una
amplia variedad de compuestos. En angiospermas estd constituido por tubos
cribosos, parénquima floematico y, en algunos tejidos, fibras floematicas. En
el floema secundario, los elementos de los tubos cribosos se encuentran
asociados a células parenquimaticas especializadas denominadas células de
compaiiia (Azcon-Bieto y Talon, 2000). En los elementos de los tubos
cribosos existen unas punteaduras agrupadas en los polos de la célula
formando unas estructuras denominadas placas cribosas (Fig. 1-11). Los



Introduccion 23

elementos de los tubos cribosos son las células mas caracteristicas de este
tejido. Durante su madurez funcional estas células pierden el niicleo aunque
conservan el citoplasma. Las células de compaiiia mantienen vivo dicho
citoplasma permitiendo el transporte de sustancias.

Pléca cribosa,
R

Tubo crib DS

Célula aco

Figura [-11. Corte transversal del tubo criboso y su célula acompaifiante. A. Microscopia
optica. B.microscopia electronica de barrido (http://www.biologia.edu.ar).

Aunque la translocacién de Fe desde las hojas maduras a las partes de la
planta en crecimiento a través del simplasto y el floema se conoce desde
hace mucho tiempo (Edding y Brown, 1967), la movilidad del Fe en el
floema estd pobremente documentada. Una de las moléculas identificadas
como posible transportador de metales en el floema es la nicotianamina
(NA) (Stephan y Scholz, 1993), aunque también se ha sugerido que el Fe
pueda estar unido a un péptido de bajo peso molecular formando un
complejo férrico de 2,4 kDa (Maas et al., 1988). Recientemente, Kriiger et
al. (2002) han purificado una proteina del floema de Ricinus communis, de
17 kDa de peso molecular, que es capaz de unir in vivo Fe(Ill), pero no
Fe(Il). In vitro, dicha proteina puede unir Fe(III), Cu(Il), Zn(II) y Mn(II).
Estos autores han clonado un cDNA, ITP (Iron Transporter Protein), que
codifica una proteina de 96 aminodcidos perteneciente a la familia “Late
Embryogenesis Abundant” (LEA). Este gen se expresa en semillas y hojas
maduras y un 67% de sus aminoécidos esta constituido por histidina, lisina,
acido glutamico y glicina.

Debido a que en floema existe una concentracién baja (4%) pero
significativa del ién ferroso en equilibrio con el ién férrico y a la mayor
afinidad de NA por el i6n ferroso al pH ligeramente alcalino del floema
(Maas et al., 1988), se ha especulado sobre el hecho de que la NA podria
actuar como lanzadera, quelando el Fe del complejo Fe-ITP durante los
procesos de carga y descarga del floema y manteniendo, por tanto, un nivel
basal de Fe(II). Para que esta hipdtesis sea cierta es necesaria la existencia
de: '

1. uno o varios transportadores de Fe(I)-NA en las células adyacentes del
floema. Unos buenos candidatos para esta funcion serian los
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transportadores “Yellow Stripe Like” (YSL) (Curie et al., 2001), de los

que se han encontrado 8 homologos en Arabidopsis (DiDonato et al.,

2004; Schaaf et al., 2005) y 18 en arroz (Gross ef al., 2003).

2. un sistema de oxido-reduccion que deberia funcionar dentro del floema
para oxidar el Fe(I[)-NA generando el Fe(III) que se uniria a la proteina
ITP y para reducir el Fe(III)-ITP a Fe(II) permitiendo su unién a NA.

 Actualmente no existe candidato para esta actividad oxido-reductora,
aunque en calabaza (Cucurbita maxima) se ha descrito la existencia de
una proteina, la citocromo bs reductasa, que se encuentra anclada a la
membrana a través de su dominio N-terminal, cuyo corte produce una
proteina soluble. Esta proteina presenta actividad Fe(Ill)-citrato reductasa
in vitro, y es capaz de entrar a los tubos cribosos del floema. Ademas, su
transcrito esta inducido por deficiencia de Fe y reprimido por exceso de

Fe (Xoconostle-Cazares et al., 2000). .

El estudio de los exudados de floema, usando las nuevas técnicas de
protedmica, ampliara los datos disponibles sobre las proteinas solubles en el
floema. Ademas, se podran realizar estudios especificos sobre el transporte
de micronutrientes en este medio.

6. CAMBIOS EN EL METABOLISMO INDUCIDOS
POR DEFICIENCIA DE HIERRO

La respuesta a la deficiencia de Fe es méas compleja que la simple
activacion de los mecanismos de adquisicion de Fe por la raiz. Ademas de
estos mecanismos, se producen cambios metabolicos a nivel de planta entera
dirigidos a mantener las actividades enzimticas implicadas en la
adquisicidn, transporte y utilizacion de Fe.

6.1 Metabolismo energético

Para mantener la activacion de los procesos de reduccion y excrecion de
protones bajo condiciones de deficiencia de Fe, es necesario incrementar las
tasas de regeneracion de NAD(P)H y ATP. Tanto la proporcién
NADPH:NADP" (Sijmons et al., 1984; Schmidt y Schuck, 1996) como la
concentracién de ATP (Espen et al., 2000; Lopez-Millan et al., 2000a) en
especies como judia, Plantago lanceolata, remolacha y pepino, son mas
altas en condiciones de deficiencia de Fe. Se ha demostrado también que
después de la adicién de compuestos férricos aumenta el estado oxidado de
los pares NADH/NAD" y NADPH/NADP' en plantas de judia (Sijmons et
al., 1984) y Plantago lanceolata (Schmidt y Schuck, 1996) crecidas en
deficiencia de Fe. En condiciones aerobicas, la recarga de estos substratos
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requiere la aceleracion del metabolismo unido a la ruta respiratoria. De este
modo, se ha demostrado que la tasa de oxigeno incorporado por las raices
aumenta en deficiencia de Fe (Espen et al., 2000; Lopez-Millan et al.,
2000a), aunque es dificil asociar esta mayor utilizacion de oxigeno
unicamente a la cadena oxidativa de transporte electronico, ya que también
estin presentes rutas oxidativas alternativas (Lopez-Millan et al., 2000a) o,
incluso, parte del oxigeno podria estar siendo utilizado directamente por la
reductasa férrica cuando las plantas crecen en completa ausencia de Fe.
Observaciones por microscopia electronica de segmentos apicales de raiz
mostraron que en secciones de puntas deficientes el niimero de mitocondrias
aumenta (Landsberg, 1994; Dell’Orto ef al., 2002; Schmidt et al., 2003). Por
ultimo, apoyando también la tesis de un control respiratorio, analisis por
micromatrices (“microarrays”) de genes inducibles por deficiencia de Fe en
Arabidopsis revelan que existe una induccion de componentes de la cadena
de transferencia electronica mitocondrial, principalmente citrocromo C
reductasa y oxidasa (Thimm et al., 2001).

Por otro lado, Lopez-Millan et al. (2000a) mostraron que, en condiciones
de Fe limitado, algunas enzimas asociadas con el metabolismo anaerdbico,
como la lactato deshidrogenasa y la piruvato descarboxilasa, presentan un
incremento en su actividad. Este comportamiento ha sido apoyado por
analisis de micromatrices (Thimm et al., 2001), que muestran una induccién
de las enzimas de metabolismo anaerobico lactato deshidrogenasa, piruvato
descarboxilasa y alcohol deshidrogenasa. Estos resultados podrian
interpretarse como un sistema de by-pass para mantener el flujo de carbono
y produccién de energia por reacciones glicoliticas cuando, por alguna
razon, el oxigeno es un factor limitante.

6.2 Metabolismo de carbohidratos

La glucosa es la principal fuente para la sintesis de substratos energéticos
y para el aporte de esqueletos carbonados a las raices. En un tejido
metabolicamente activo, el elevado requerimiento de glucosa se mantiene
mediante la degradaciéon del almidén almacenado en raices o por
traslocacion de fotosintatos desde la parte aérea. Esto ocurre, por ejemplo, en
judia (de Vos et al., 1986) donde la concentracion de azicares en el floema
de plantas deficientes es doble de la que se encuentra en las controles.
También en raices de pepino deficientes en Fe se ha descrito una
disminucion en la concentracién de almidon, que ocurre al mismo tiempo
que un aumento en la concentracién de carbohidratos sencillos,
principalmente glucosa-6-fostato y, en menor grado, fructosa-6-fosfato
(Espen et al., 2000). Ademas, la actividad de enzimas participantes en la
glicolisis, como la gliceraldehido-3-fosfato deshidrogenasa (Sijmons y



Introduccion 26

Bienfait, 1983; Rabotti et al., 1995; Espen et al., 2000), la piruvato quinasa y
la fructosa-6-fosfato quinasa (Espen et al., 2000), también aumentan en
deficiencia de Fe. Estos resultados parecen indicar que la adaptacién a la
deficiencia de Fe implica, por parte de las raices, una activacion de las
reacciones glicoliticas y una disminucion de la sintesis de carbohidratos. La
activacion de la glicélisis proporciona una serie de elementos necesarios
para la activacién de las respuestas caracteristicas de la Estrategia I (ATP
para mantener el aumento de actividad de la ATPasa, equivalentes de
reduccién para la reductasa férrica y fosfoenolpiruvato) y, finalmente,

. contribuye a la regulacion del pH citosolico.

Ademas, otras rutas metabdlicas y actividades enzimaticas citosdlicas
encaminadas a aumentar la produccion de equivalentes reductores necesarios
para mantener el aumento de actividad de la reductasa férrica, estan
activadas durante la deficiencia de Fe. Asi en deficiencia de Fe, se han
encontrado aumentos de actividad en la enzima glucosa-6-fosfato
deshidrogenasa (G6PDH), perteneciente a la ruta de las pentosas fosfato
(Sijmons y Bienfait, 1983; Rabotti et al., 1995; Lopez-Millan et al., 2000a),
la malato deshidrogenasa (Sijmons y Bienfait, 1983; Rabotti ef al., 1995,
Lépez-Millan et al., 2000a), y la isocitrato deshidrogenasa (IDH) (Lopez-
Millan et al., 2000a).

6.3 Fosfoenolpiruvato carboxilasa

Entre las actividades metabolicas que estan aumentadas en deficiencia de
Fe, la fosfoenolpiruvato carboxilasa (PEPC) merece una mencion especial,
ya que, en muchos casos, su activacién no sélo es comparable sino aun
mayor que la de otras respuestas caracteristicas de la Estrategia I, como por
ejemplo la actividad reductasa férrica. La PEPC es una enzima muy
abundante en plantas y cataliza la fijacion de bicarbonato a
fosfoenolpiruvato para producir oxalacetato y fosforo inorganico. En plantas
C3 vy tejidos no fotosintéticos, la PEPC actia como fuente anaplerética de
reposicién de intermediarios para el ciclo de Krebs y de esqueletos
carbonados para la sintesis de aminodcidos, y en la regulacion del pH
citosolico.

En condiciones de deficiencia de Fe, la actividad de la enzima PEPC, en
base a peso fresco, aumenta 4 veces en raices de pepino (De Nisi y Zocchi,
2000) y 60 veces en puntas amarillas de raiz de remolacha (L6pez-Millan ez
al., 2000a). Este aumento en la actividad puede ser debido a una alta
regulacion alostérica de la enzima similar a la descrita en otros casos

(Chollet et al., 1996) y/o a un aumento de la cantidad de la proteina (De Nisi

y Zocchi, 2000, Andaluz et al., 2002), quizd mediado por una posible
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induccion de la transcripcion (se ha realizado un comunicacién a un

. Congreso en 2004 en dicho sentido, De Nisi ef al., 2004).

El aumento de la actividad PEPC en raiz de pepino deficiente en Fe
ocurre principalmente en las capas externas de las células corticales que, a su
vez, son muy activas en la extrusion de protones (De Nisi ef al., 2002). Asi
mismo, el aumento en la actividad PEPC coincide con una acumulacion de
acidos organicos en raiz deficiente (Lopez-Millan et al., 2000a; Abadia et
al., 2002). Se han establecido dos hipétesis para explicar estas correlaciones:

* Una primera hipétesis se basa en la teoria “pH-stat” formulada por
Davies en 1973. Esta teoria propone que la alcalinizacién del citoplasma
asociada con la extrusién de H' activaria la PEPC y, en consecuencia,
aumentaria la concentracion de acidos organicos. Este aumento en la
concentracion de acidos mantendria el balance idnico en el citoplasma,
re-equilibrando el pH citosdlico en su valor fisiolégico. Estudios in vivo
con *'P-NMR han demostrado que el pH citos6lico aumenta ligeramente
bajo deficiencia de Fe (Espen et al., 2000). Sin embargo, la acumulacién
de acidos organicos en deficiencia de Fe no estd necesariamente
acoplada a la extrusiéon de H' (Bienfait, 1989; Landsberg, 1981), lo que
plantea dudas sobre la validez de esta hipétesis.

* La segunda hipdtesis sugiere un papel mas complejo para la PEPC. La
activacion de la excrecion de H', como una de las principales respuestas
a la deficiencia de Fe, requiere no sélo producciéon de ATP como
combustible de la ATPasa, sino también produccién de H' para ser
excretado por la enzima. La glicdlisis podria ser la ruta que satisficiese
ambos requerimientos. De hecho, tres reacciones glicoliticas son
consideradas protogénicas, las catatalizadas por la hexoquinasa, la
fosfofructoquinasa (PFK) y la gliceraldehido-3-fosfato deshidrogenasa
(G3PDH). Para mantener la tasa de glicolisis lo suficientemente alta, el
fosfoenolpiruvato (PEP) debe ser consumido con el fin de desplazar el
equilibrio y, ademas, evitar la inhibicién alostérica sobre la enzima
piruvato quinasa (PK). En plantas donde la actividad ATPasa es alta, la
actividad PEPC también estd aumentada y como consecuencia la tasa de
glicdlisis también se incrementa. Asi, de acuerdo con lo expuesto
anteriormente, se han encontrado aumentos en las acitividades de la PFK
en pepino (Espen et al., 2000) y de G3PDH en pepino (Rabotti et al.,
1995), judia (Bianfait et al., 1983) y tomate (Herbik et al., 1996) cuando
las plantas se cultivaron en deficiencia de Fe.

El PEP producido por el aumento de la actividad glicolitica puede ser
utilizado por dos enzimas: la PEPC y la PK. La ventaja de la PEPC sobre la
piruvato quinasa (PK) en el consumo de PEP no se cifie exclusivamente a la
termodinamica, sino también a su capacidad de producir acidos organicos
protogénicos (Davies, 1973; Lance y Rustin, 1984). Ademas, la PEPC podria
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actuar como by-pass frente al posible control negativo ejercido por el citrato
sobre la PK. Este modelo asume que la excreciéon de H' seria la fuerza
conductora para la activacion de la glicolisis y que la PEPC esta activada
como consecuencia de la acumulacién de PEP. Aunque también se puede
plantear de otro modo, considerando que la PEPC es el punto clave en la
respuesta a la deficiencia de Fe y su activacion produce un aumento de la
glicolisis, que a su vez induciria una activacion de la ATPasa.

MODELO METABOITICO DE ASIMILACION DE CARBONO EN CELULAS
DE RAIZ DE Beta vulgaris DEFICIENTES EN Fe

Aporte de C

de la glicolisis ~~. .

Cg HCOy  Cy

Pep | OXA
- PEPC

MALATO (C4) al

=P XILEMA, apoya el
catabolismo en hojas

Rutas de fermentacion ‘(o

cuando et O, es esCasow., oo

CITRATO (Cé) ai

XILEMA, ayuda a (2 e oi7

movilizacion de Fe ASIMILACION DE CARBONO (CA)

Citosol PEPC = fosfoenolpiruvato carboxiasa x 6
. MDH = malato deshidrogenasa x 18

RUTAS DE COMPENSACION

MOC = malato descarboxilasa (enzima malico)

PDK = pkuvato diguinasa

CICLO DE KREBS (KC)

MDH = malato deshidrogenasa x 16

8 = citralo sktasa x 45
© OTROSPASOS en KC

{18 = cltrato isomerasa (aconitasa) x5

1DH = isockrato deshidrogenasa x 14

FHY = fumarato hidratasa (fumarasa} x9

CADENA RESPIRATORIA (RC)

consumo de O, x4
acervo NAD(P)(H) x3
concentracion ATP x5
RUTAS DE FERMENTACION

LM = lactato deshidrogenasa x i3
£ = piruvato descarboxiasa x6

Figura I-12. Modelo metabdlico de la asimilacién de Fe (Lopez-Millan ef al., 2000a).

Independientemente de la hipétesis, la activacion de la PEPC produce un
aumento en la concentracién de oxalacetato y/o malato. Estos compuestos
son utilizados como fuente de carbono en el ciclo de Krebs (Fig. 1-12). Esta
funcioén anaplerdtica de reposicion de intermediarios del ciclo de Krebs es
importante para producir tanto ATP como d4cidos organicos, que son
exportados desde la mitocondria al citosol. Estos acidos organicos pueden
realizar distintas funciones:

*  pueden ser liberados a la rizosfera y utilizados posteriormente para quelar

y facilitar la adquisiciéon de Fe del suelo,

* pueden ser translocados al xilema donde quelarian el Fe, facilitando asi
su-transporte a la parte aérea (Tiffin, 1966; Lopez-Millan et al., 2000b).

En las hojas cloréticas, los dcidos organicos podrian ser utilizados
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también como fuente anaplerdtica de carbono para mantener procesos

basicos como la respiracion y el crecimiento (Abadia et al., 2002), ya

que la fotosintesis en estas hojas deficientes en Fe estd muy afectada

(Terry, 1980).

* pueden participar en la sintesis d¢ NADH y NADPH, a través de las
actividades enzimaticas de la IDH y G6PDH. Estos nucleétidos podrian
actuar como fuente de poder reductor para la reductasa férrica de raiz.

El aumento en la actividad de la PEPC en las raices deficientes en Fe
puede ser debido a distintos factores: inducciones de la transcripcion por el
estado nutricional de la planta, modificaciones post-transcripcionales como
la fosforilacion (Vidal y Chollet, 1997) u otras todavia no identificadas, y/o
regulaciones alostéricas de la enzima PEPC (Chollet et al., 1996). Un estudio
mas detallado de esta enzima permitira conocer los mecanismos que regulan
esta importante proteina de la respuesta de la Estrategia I a la deficiencia de
Fe. ' :

7. CAMBIOS EN LA FOTOSINTESIS INDUCIDOS
POR LA DEFICIENCIA DE HIERRO

La clorosis debida a la baja concentracion de clorofilas y carotenoides
por area foliar (Morales et al., 1990, 1994; Abadia y Abadia, 1993) es una de
las principales caracteristicas de la deficiencia de hierro. Las hojas
deficientes en Fe reducen el nimero de membranas tilacoidales por
cloroplasto (Spiller y Terry, 1980) asi como el nimero de ciertos
componentes de las membranas: transportadores electronicos de la cadena
fotosintética, como el PSII, citocromo f, PSI y ferredoxina (Spiller y Terry,
1980; Terry y Abadia, 1986); y clorofilas y carotenoides (Morales et al.,
1990, 1994; Abadia y Abadia, 1993). Se ha descrito que la deficiencia de Fe
en remolacha produce mayores cambios en el cloroplasto que en el resto de
los orgénulos celulares (Platt-Aloia et al., 1983). Estos cambios consisten en
la reduccién de los apilamientos tilacoidales y en la presencia de globulos
osmiofilicos en el estroma (Spiller y Terry, 1980). En los tilacoides de
plantas deficientes se ha observado una reduccién del 75 % en la cantidad de
galactolipidos (Abadia et al., 1988) y reducciones en la relacion
MGDG/DGDG de los tilacoides (Nishio et al., 1985; Abadia et al., 1989),
hecho que esta de acuerdo con la disminucién del grado de. apilamiento de

las membranas, observado en los cloroplastos de plantas deficientes en Fe
(Fig. 1-13).
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Figura 1-13. Detalle del grado de apilamiento de tilacoides de melocotonero en condiciones
control (A) y de deficiencia de Fe (B) (Morales et al., 2000a).

En cuanto a los pigmentos fotosintéticos, no todos disminuyen en igual
proporcion, ya que existe una disminucion preferente de Chl b y, por lo
tanto, de antena extrinseca LHC. El gran descenso observado en el contenido
de Chl en las plantas deficientes en Fe ha sido explicado de diversas formas.
Algunos autores relacionan la disminucién del contenido de Chl en las
plantas deficientes en Fe con la existencia de pasos dependientes de este
elemento en la ruta biosintética de la misma (Pushnik et al., 1984; ver
referencias en Terry y Abadia, 1986). Otra posible explicacion de la
disminucion de Chl podria ser la carencia de proteinas a las que unirse, ya

"que la mayor parte de los pigmentos fotosintéticos en las membranas
tilacoidales aparecen formando complejos pigmento-proteina. Ademas del
descenso en el contenido de Chl, también se produce una disminucién en las
concentraciones foliares de carotenoides (Terry, 1980; Morales et al., 1990,
1994, 2000b), aunque en menor grado que en la concentraciéon de Chl. No
todos los carotenoides disminuyen de igual forma, produciendose un menor
descenso en xantofilas que en B-caroteno.

Por otro lado, la disminucion del contenido de pigmentos en las hojas de
plantas deficientes en Fe puede restringir la insercion estable de proteinas a
la membrana tilacoidal produciendo en consecuencia una disminucion en el
contenido proteico de la misma (Paulsen et al., 1993). Aparte de la
disminucién de proteinas tilacoidales, también se ha demostrado la
existencia de un nuevo pigmento-proteina inducido por la deficiencia de
hierro en la cianobacteria Synechococcus sp (Riethman y Sherman, 1988;
Burnap ef al., 1993). Esta proteina, CP43’, esta codificada por el gen IS4 y
tiene gran homologia con la proteina del fotosistema II CP43. Bibby et al.
(2001) en Synechocystis sp. y Boekema et al. (2001) en Synechococcus sp
mostraron que la proteina CP43’ se asocia para formar un anillo de 18
moléculas de CP43’ alrededor de un trimero de fotosistema I (PSI). La
utilizacién de esta proteina como una antena extra del PSI aumenta la
flexibilidad del LHC de cianobacterias y parece compensar el descenso de
los niveles de ficobilisomas y PSI en respuesta a la deficiencia de Fe (Bibby
et al., 2001; Boekema et al., 2001). En remolacha se han encontrado indicios
de la existencia de un nuevo complejo pigmento-proteina y un relativo
enriquecimiento de las antenas internas del fotosistema II (Quilez et al.,
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1992; Morales et al., 2001). La aplicacion de las nuevas técnicas de
proteémica (Whitelegge, 2003) permitira ampliar la informacioén sobre la
adaptacion de las membranas tilacoidales a la deficiencia de Fe.

En condiciones de deficiencia de Fe la tasa fotosintética estd disminuida
(Terry, 1980), y se han encontrado evidencias de que este descenso se debe a
una disminucion en la regeneracién de la ribulosa 1,5-bifosfato (RuBP), y no
a una modulacién de la actividad de la enzima ribulosa 1,5-bisfosfato
carboxilasa/oxigenasa (Rubisco) (Arulanantham ef al., 1990). Los niveles de
ATP, NADPH, triosa-P, fructosa bifosfato y fructosa-6-fosfato no estan muy
afectados por la deficiencia de Fe en hojas, sugiriendo que el efecto de la
baja capacidad bioquimica en la regeneracion de la RuBP se debe a alguna
enzima situada entre la fructosa-6-fostato (F6P) y la RuBP, y no a una
limitacién en las concentraciones de ATP y NADPH. Algunas enzimas del
ciclo de Calvin fueron estudiadas en hojas de plantas de remolacha control y
deficiente en Fe. Las actividades de la Rubisco, 3-fosfoglicerato quinasa,
gliceraldehido 3-fosfato deshidrogenasa, fructosa 1,6-bisfosfatasa y
sedoheptulosa 1-7 bisfosfatasa no estan muy afectadas por la deficiencia de
Fe, mientras que la actividad de la Ru5P quinasa disminuye de forma
apreciable en deficiencia de Fe, sugiriendo que esta enzima podria ser la
responsable de la baja regeneracion de la RuBP (Arulanantham et al., 1990).
Sin embargo, Winder y Nishio (1995) demostraron que la deficiencia de Fe
reduce tanto la activacion de la Rubisco como la expresion de la proteina.

La aplicacion de nuevas técnicas de proteémica permitird la obtencion de
mapas proteicos de los tilacoides de plantas controles y deficientes en Fe y
aportard una vision mas global de los cambios que ocurren en el aparato
fotosintético tilacoidal en su adaptacion a este estrés ambiental.

8. REGULACION DE LAS RESPUESTAS ANTE LA
DEFICIENCIA DE HIERRO A NIVEL DE
PLANTA |

A pesar de las continuas fluctuaciones de las condiciones
medioambientales, la planta es capaz de mantener una concentracion estable
de Fe. Esta homeostasis se consigue con un delicado balance entre las
cantidades de Fe incorporado, utilizado y almacenado. Debido, por una
parte, al efecto toxico del Fe como catalizador del estrés oxidativo, y por
otra, al defecto en el crecimiento unido a la deficiencia de Fe, este balance
en la concentracion de Fe requiere una regulaciéon extremadamente precisa a
nivel de organo, tejido y célula (Curie y Briat, 2003). Esta regulacion podria
tener dos sistemas de control: sefiales sistémicas que controlasen el
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contenido global de Fe en la planta, y sefiales locales que controlasen el

contenido de Fe a nivel de cada célula.

Una sefial sistémica permitiria la comunicacién entre los distintos
érganos de las plantas, para evitar desequilibrios en el aporte de nutrientes y
asi integrar las demandas nutricionales de toda la planta. La naturaleza de
esta sefial (o sefiales) en el caso de la nutricién férrica es todavia
desconocida, pero un complejo de Fe que permitiese su transporte estable en
el floema podria contribuir a la regulacion sistémica de las respuestas de raiz
(Schmidt, 2003). Se han identificado distintas moléculas que podrian
participar en esta funcion:

e Un posible candidato es el producto del gen FER, recientemente
identificado en tomate. Este gen codifica un factor de transcripcion
bHLH (Ling et al., 2002), cuya ausencia en el mutante fer de tomate
provoca una pérdida completa” de las respuestas fisiologicas y
morfoldgicas a la deficiencia de Fe (Ling et al., 1996). Aunque se sabe
que FER esta implicado en la cascada reguladora que dirige la expresién
de genes implicados en la respuesta a la deficiencia de Fe, no se conoce
en que punto de la cascada actia. La expresion de FER es independiente
del estatus de Fe y se encuentra en la epidermis y periciclo de raiz (Ling
et al., 2002).

* Otro posible candidato es el producto del gen de Arabidopsis FRD3. El
mutante frd3 expresa constitutivamente las proteinas de respuesta a
deficiencia de Fe provocando hiperacumulacion de hierro en raices y
hojas (Rogers y Guerinot, 2002). FRD3 se expresa constitutivamente en
raiz y aumenta su expresion en condiciones de deficiencia de Fe. La
funcion fisiolégica de FRD3 debe ser elucidada todavia, pero una de las
hipotesis sobre su funcién propone que FRD3 es necesario para la
importacién al xilema de un factor necesario para el transporte de Fe
(Green y Rogers, 2004). Sin embargo, se ha demostrado recientemente,
mediante experimentos de injertos cruzados entre el mutante frd3 y el
silvestre de Arabidopsis, que el fenotipo de la planta injertada depende
del genotipo de la raiz y no del genotipo de la parte aérea. Estos
resultados contradicen la hip6tesis de una participacién de FRD3 en la
sefializacion proveniente de parte aérea (Green y Rogers, 2004).

« Un tercer candidato es la proteina ITP (Iron Transporter Protein). Esta
proteina une Fe(III) en el floema (Kriiger et al., 2002) y podria participar
en la sefializacion del estado nutricional de Fe. ‘

 Por tltimo, el propio Fe podria actuar como sefial del estado nutricional
de la planta, uniéndose a alglin receptor que desencadenase la respuesta
correspondiente para mantener la homeostasis.

Una sefial local permitiria una respuesta inmediata de las células de la
raiz a las necesidades nutricionales de la planta. En raices de plantas de
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tomate crecidas durante un breve espacio de tiempo, de 1 a 3 h, en un medio

sin Fe, potasio o fosforo, se induce la expresion de genes relacionados con el

transporte de estos nutrientes (Wang et al., 2002) y con cascadas de
sefializacién como factores de transcripcion, MAP (Mitogen Activated

Protein) quinasas, MAP quinasa quinasas y proteinas de la familia 14-3-3.

Asimismo, en raices de plantas de Arabidopsis deficientes en Fe, se ha

descrito recientemente la induccion de un gen, FITI (Fe-deficiency Induced

Transcription Factor 1), que regula la expresion del transportador IRT] y la

reductasa férrrica FRO2 (Colangelo y Guerinot, 2004). La induccién de

IRT1 y FRO?2 tiene lugar tras cultivar las plantas en solucion sin Fe durante

24 h, mientras que la desactivacion ocurre 24 h después del aporte de Fe

(Connolly et al., 2002, 2003).

En general, la homeostasis de Fe se puede mantener a- través de un
control transcripcional, post-transcripcional y/o post-traduccional.

* Hasta el momento, no se ha descrito ningiin mecanismo de control de la
transcripcion de genes como el sistema IRE/IRP de animales (Klausner
et al., 1993) o el Aftl p de levadura (Yamaguchi-Iwai et al., 1995), ya
que no se ha encontrado ningin gen homélogo a AFTI en las bases de
datos de Arabidopsis. Sin embargo, se ha propuesto que FIT1
(Colangelo y Guerinot, 2004) y/o FER (Ling et al., 2002) puedan regular
la transcripcion de los genes de respuesta a la deficiencia de Fe. La
trascripcion de genes de ferritina, tanto en maiz como en Arabidopsis,
depende de la combinacion positiva y negativa de promotores cis, que
producen acumulacion de mRNA de ferritina en respuesta al aumento en
el contenido de Fe (Petit et al., 2001; Murgia et al., 2002).

* Un ejemplo de regulacién post-transcripcional lo encontramos en
Arabidopsis, donde el gen IRTI se expresa tanto en raices deficientes en
Fe de plantas silvestres como en raices y parte aérea de plantas
transgénicas 35S-IRT1, en condiciones control y de deficiencia de Fe.
Sin embargo, analisis por Western-blot muestran que la acumulacion de
proteina solo se produce en raices, tanto de las plantas silvestres como
transgénicas, en condiciones de deficiencia de Fe (Connolly et al.,
2002). |

* El tercer tipo de regulacion, la post-traduccional, ha sido propuesta

' también para el gen IRTI de Arabidopsis (Colangelo y Guerinot, 2004).
En el transportador de zinc ZRT1, perteneciente a la misma familia que
IRT1, la modificacion por ubiquitina de una lisina posiblemente
localizada en un “loop” citosoélico, mediaria la endocitosis y degradacion
de este transportador (Gitan y Eide, 2000).






Capitulo 2
OBJETIVOS

1. Estudiar la actividad y expresiéon de distintas enzimas implicadas en la
respuesta a la deficiencia de Fe, utilizando como especies modelo
remolacha (Beta vulgaris L.) y Medicago truncatula.

2. Caracterizar los cambios inducidos por la deficiencia de Fe en el
proteoma de puntas de raiz de las plantas pertenecientes a la Estrategia I,
utilizando como especie modelo remolacha (Beta vulgaris L.).

3. Caracterizar los cambios inducidos por la deficiencia de Fe en el
proteoma de tilacoides aislados de la planta modelo remolacha (Beta
vulgaris L.). ‘

4. Caracterizar el proteoma del floema aislado de la planta modelo Lupinus
texensis y estudiar las proteinas implicadas en el transporte a larga
distancia de Fe y Zn.
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RESPONSES OF Medicago truncatula ROOTS TO
IRON DEFICIENCY

Abstract:

Key words:

1.

Medicago truncatula plants have been used as a model plant to study some of
the major responses of roots to iron deficiency. At different time points after
imposing the deficiency the activities of iron reductase in intact roots and
phosphoenolpyruvate carboxylase in root extracts and the expression patterns
of their corresponding genes, MtFROZ2 and MtPEPC, were studied. The
capacity for root acidification of the nutrient solution and the concentrations of
flavins in roots were also determined, as well as the expression profile of the
genes Mthal, encoding for ATPase, MtribA and MtDMRLs, two genes
encoding enzymes related to flavin synthesis, and MtSULTI, a gene encoding
for a putative flavin sulfotransferase. Our results indicate that in roots of

" Medicago truncatula grown under iron deficiency PEPC activity is regulated

at the transcriptional level, similarly to what occurs with the root iron
reductase and ATPase. The flavin-related genes MtribA, MtDMRLs and
MtSULT! were also found to be upregulated by Fe status and flavin
concentrations were higher in Fe deficient roots, providing further support for

* the hypothesis that flavins could be involved in the mechanism of iron
- reduction.

iron deficiency, Medicago truncatula, Strategy 1

INTRODUCTION

Iron is an essential micronutrient for plants and the study of its roles in
plant metabolism is currently a very active research field in plant nutrition
(Marschner, 1995; Fox and Guerinot, 1998). Although Fe is the fourth most
abundant element in the earth’s crust, plant Fe deficiency is a worldwide

“problem, especially in high-pH calcareous soils. In these soils Fe is present
in oxidized forms with low solubility that are not readily available to plants
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(Lindsay and Schwab, 1982). Plants can be broadly classified into two
groups based on their root mechanisms for Fe uptake: Strategy I plants,
which include dicotyledonous and non-Graminaceae monocotyledonous
species, and Strategy II plants, which include Graminaceae species. Strategy
II plants release phytosiderophores (PS) in response to Fe deficiency stress.
These phytosiderophores solubilize Fe(IIl) from soil inorganic compounds
by chelation, and then the Fe(III)-PS complexes are taken up through
specific transporter systems in the root plasma membrane (Marschner and
Roémbheld, 1994; Mori, 1999).

When grown under Fe deficiency, Strategy I plants develop a series of
morphological and biochemical changes that increase their capacity for Fe
uptake. Morphological changes include swelling of root tips and formation
of lateral roots, root hairs and transfer cells (Landsberg, 1982; Schmidt,
1999). These changes lead to an inciease of the root surface that allows
plants to maximize Fe uptake. Biochemical changes can include i) an
enhanced excretion of protons to the rhizosphere (mediated by a plasma
membrane-bound H'-ATPase), which serve to lower soil pH and increase
Fe(IIl) solubility (Dell’Orto et al., 2002; Schmidt et al., 2003); ii) the
induction of a plasma-membrane ferric reductase (FC-R) enzyme that
reduces Fe(Ill) to Fe(Il) in root epidermal cells (Moog and Briiggemann
1994; Schmidt, 1999); iii) the activation of a plasma membrane transport
system for Fe(II) uptake (Chaney ef al., 1972; Eide et al., 1996; Fox and
Guerinot, 1998), and iv) the excretion to the growth medium of compounds
such as phenolics, organic acids and flavins which facilitate reduction and
solubility of external Fe (Welkie and Miller, 1993; Susin et al., 1994).

Some of the key components of Strategy I mechanisms have been
recently identified at the molecular level. The acidification is most likely a
result of the activation of one or more members of the H'-ATPase family in
plants (Palmgren, 2001) such as the AHA2 gene from Arabidopsis (Harper et
al., 1990; Santi et al., 2004) and the CsHAI gene from cucumber. The
plasma membrane FC-R is encoded by the genes AtFRO2 in Arabidopsis
(Robinson et al., 1999), PsFROI in Pisum sativum (Waters et al., 2002),
LeFROI in Lycopersicon esculentum (Li et al., 2004) and MtFROZ2 in
Medicago truncatula (Lopez-Millan et al., 2005). Iron transporter genes
probably involved in root uptake have been cloned from several plant
species, and include IRT! and IRT?2 in Arabidopsis (Eide et al., 1996; Vert et
al., 2002), RITI in P. sativum (Cohen et al., 1998), LeIRTI and LelRT2 in L.
esculentum (Eckhardt et al., 2001) and MtZIP6 in M. truncatula (Lopez-
Millan et al., 2004).

Genes encoding for GTP cyclohydrolase II (rib4) and 6,7-dimethyl-8-
ribityllumazine synthase (DMRL synthase), enzymes that catalyze the first
and the last step in riboflavin synthesis, respectively, have been
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characterized in Spinacia oleracea (Jordan et al., 1999), and identified in 4.
thaliana (DMRL: At2g20690, ribA: AJ000053), L. esculentum (ribA:
AJ002298) and Nicotiana tabacum (DMRL: AAD44809), although no report
is yet available on the effect of Fe deficiency in the expression of these
genes. , '

On the other hand, the metabolism of roots in Strategy I plants is highly
affected by Fe deficiency. Several changes at the metabolic level have been
reported, including an accumulation of organic acids, mainly malate and
citrate (reviewed in Abadia et al., 2002), shifts in the redox state of the
cytoplasm (Schmidt, 1999; Lépez-Millan et al., 2000a) and increases in the
activity of PEPC and in several other enzymes of the Krebs cycle
(Landsberg, 1986; Rabotti et al., 1995; Lopez-Millan et al., 2000a) and the
glycolitic pathway- (Sijmons and Bienfait, 1983; Rabotti et al., 1995; Espen
et al., 2000). Increases in PEPC activity in root extracts of Fe-deficient
plants have been reported in pepper (Landsberg, 1986), kiwifruit (Rombola,
1998), cucumber (Rabotti et al., 1995; De Nisi and Zocchi, 2000) and sugar
beet (Lopez-Millan et al., 2000a; Andaluz et al., 2002). The increase in
PEPC activity correlates with the organic acid accumulation in Fe deficient
roots (Lopez-Millén et al., 2000a; Abadia ef al., 2002) and is mainly
localized to the external layers of the cortical cells of iron deprived root
apical sections which are very active in proton extrusion (De Nissi et al.,
2002). So far, there are several hypotheses to explain such metabolic
changes (de Vos ef al., 1986; Landsberg, 1986), all of them giving a key role
of PEPC in the root response to Fe deficiency. A relatively large number of
PEPC cDNA sequences have been reported in a wide range of plant species
including M. truncatula, but changes in the expression pattern of this gene in
Fe deficient conditions have been reported only recently (De Nisi et al.,
2004).

M. truncatula is an emerging model legume with a number of genetic and
molecular tools available. A better understanding of the proteins involved in
root Fe acquisition and Fe homeostasis in this organism will strengthen our
ability to enhance the Fe efficiency of other plants, especially that of
different agronomic legumes. The aim of this work was to study the
development of some of the major Strategy I responses to Fe deficiency in
M. truncatula roots. We have used a time window that includes the maxima
for FC-R activity found in early studies with this plant species, that occurs at
9 days after the onset of the deficiency (Lépez-Millan et al., 2005). At
different time points after the onset of Fe deficiency, the activities of FC-R
and PEPC and the expression patterns of their corresponding genes,

MtFROZ2 and MtPEPC, were studied. Root acidification of the nutrient
solution and root concentrations of flavins were also determined, as well as
the expression profile of the genes Mthal, MtribA, MtDMRL and MtSULT].
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2. "MATERIALS AND METHODS
2.1 Plant Material

Medicago truncatula (ecotype Al7) plants were grown in a controlled
environment chamber with a photosynthetic photon flux density (PPFD) at
leaf height of 350 pmol m? s’ PAR and a 16 h- 22 °C / 8 h- 20 °C, day /
night regime. M. truncatula seeds were scarified by nicking the seed coat,
then soaked overnight in distilled water and germinated on filter paper for
four days in darkness. The standard solution for hydroponically grown plants
contained: (in mM) 0.6 K,SOy, 0.5 Ca(NOs),, 1.0 NH4NO3, 0.3 KH,PO,, 0.2
MgSOs, and (in pM) 25 CaCl,, 25 H3BOs, 2 MnSOy, 2 ZnSOy, 0.5 CuSOs,,
0.5 H,MoQ,, 0.1 NiSO4, and 15 Fe(II)-EDTA. All hydroponic solutions
were buffered with 1 mM MES/KOH, pH 5.5. Plants (35) were grown for 10
days in 10 L of standard solution with 15 pM Fe(III)-EDTA. After this time,
treatments were applied by using fresh nutrient solutions with 0.5 or 15 uM
Fe, and plants were grown under these new conditions for 10 more days.
Nutrient solutions were renewed weekly. Samples for the different
physiological and molecular analysis were taken on days 7, 8, 9 and 10 after
treatment initiation. The experiment was replicated 3 times with different
- batches of plants. ’

2.2 Root iron reductase assay

Root Fe reductase was measured with intact plants. At different times,
whole plants were placed in aluminium foil-wrapped beakers containing the
assay solution (100 pM Fe(lI)-EDTA, 100 pM bathophenanthroline
disulphonate (BPDS) and 1 mM MES pH 5.5), and Fe reductase activity was
determined in vivo by following at 535 nm the formation of the Fe(I)-BPDS
complex from Fe(III)-EDTA (Bienfait ef al., 1983). Reactions were run for 1
h in the dark and blanks without plants were used to correct for any non- -
specific photoreduction.

2.3 PEPC activity

PEPC (PEPC; EC 4.1.1.31) activity was measured in root extracts.
Extracts were made by grinding 100 mg FW of root material in a mortar
with 1 mL of extraction buffer containing 30 mM sorbitol, 1% BSA and 1%
PVP in 100 mM HEPES-KOH, pH 8.0. The slurry was centrifuged for 15
min at 10000 g and 4 °C, the supernatant was collected and the enzyme
activity measured immediately. PEPC activity was determined in a coupled
enzymatic assay with malate dehydrogenase according to Vance et al.
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(1983) with 75 pl of extract in 2 mM PEP, 10 mM NaHCO;, 5 mM MgCl,,
0.16 mM NADH, and 100 mM Bicine [N, N’ -bls(2 -hydroxyethylglycine)]-
HCI, pH 8.5.

24 External acidification of the medium

For a quantitative determination of H' extrusion, each plant was placed
for 24 h in a normal growth chamber regime, in a beaker containing 100 mL
of nutrient solution (pH 5.5) without MES buffer. After this time, the final
pH of the solution was measured using a Metrohm 719 S Titrino pH-meter
(Herisau, Switzerland).

2.5 Flavin concentrations

Root material (ca. 100 mg FW) was frozen in liquid N, and ground in a
mortar with 0.1 M ammonium acetate, pH 6.1. Extracts were centrifuged for
5 min at 14000°g and the supernatant stored at —80 °C until analysis. Flavin
compounds were analysed by HPLC using a 100 x 8 mm Waters Radial-Pak
C18 radial compression column (Waters Corp., Milford, MA, USA) (Susin
et al., 1993). Samples were injected with a Rheodyne injector (50 uL loop).
Moblle phase (water:methanol 70:30, v:v) was pumped at a flow rate of 1
mL min. Flavins were detected at 445 nm. Peaks corresponding to FMN
and FAD were identified by comparison of their retention times with those
of standards from SIGMA (Saint Louis, MI, USA). Quantification was made
with known amounts of each compound using peak areas.

2.6 Gene expression analysis

Database searches were performed with TBLASTX (Altschul- and
Lipman, 1990) using previously identified PEPC and DMRL synthase
sequences from A. thaliana, L. esculentum, P. sativum, Medicago sativa and
S. oleracea. Two putative tentative consensum (TC) sequences from M.
truncatula encoding possible orthologs for PEPC and DMRL synthase
proteins were identified. Sequences obtained were aligned using the
ClustalW program. Based on these alignments, specific primers were
designed to amplify the complete cDNA sequence of PEPC and DMRL
synthase. Primers used were, for PEPC, fATGGCAAACAAGATGGAAA
AAATGGC and -TTAACCAGTGTTCTGCAT; and for DMRL synthase, f-
ATGGCTTTATCTGTTTCCACC and r-CTAATTCAGATGCTCGAA.
After PCR amplification, products were sequenced and RT-PCR specific
primers were designed based on the sequences obtained for PEPC and
DMRL and also on the known M. truncatula cDNA sequences for Fe
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reductase (AY439088), ATPase (AJ132892), GTP cyclohydrolase II
(TC100898) and a putative sulfotransferase (TC96336) (Table 3-1).

Table 3-1. Forward and reverse specific primers utilized for the RT-PCR amplification of the
MtFROI1, MtPEPC, Mthal, MtDMRLs, MtribA, and MtSULTI cDNAs and size of the
fragment amplified.

Forward (5°-3°) Reverse (5°-3") Fragment MLRT PCR  Tameling
Size (bp) reaction cycles (°C)

Actin AAGAGYTAYGAR  TTRATCTTCATGC 290 1 25 55
YTNCCWGATGG TRCTRCTWGGAGC

MtFROI1 GGTGACACGTGGA TTGCAATCCACAG 239 2 28 55

‘ TCATCTG ~ GAACAAA ' '
MPEPC ATGGCAAACAAGA CATTATATGGGAC 825 3 35 65
_ TGGAAAAAATGGC ACGTTCGT

Mthal GCACAAGTATGAG ATCACCAGTCATG 68 2 30 55
ATTGTGAAGA CCACAAA

MtDMRLs ATGGCTTTATCTGT CTAATTCAGATGC 666 2 30 55
TTCCACC TCGAA

MiribA TGCAATGGTTAAGG CCAATCCAATACC 200 2 30 55

' GTGACA CCTTCCT '

MSULTI  ATGGCATCAACAAA TATGGGCATACTT 1013 2 25 55

TCTCACACA TAAATGAAATACC

Total RNA was isolated from roots with the Rneasy Plant Mini kit
~ (Qiagen, Maryland, USA). One plant per treatment was used to extract
RNA, and two different batches of plants were analyzed. A third pooled
sample was also obtained by combining RNA from the two batches of
plants. A sample aliquot containing 3 pg of total RNA was subjected to
reverse transcription with 25 pg/mL oligo (dT) primer, 0.05 mM dNTP mix
and 15 units Cloned AMV Reverse Transcriptase (Invitrogen, Carlsbad, CA,
USA) in a final volume of 20 pL, according to the manufacturer’s
instructions. PCR reactions were carried out with the volumes of resulting
c¢DNA solution indicated in Table 3-1, using 0.5 pM of the specific primers
indicated in Table 3-1. Additional reaction components were standard buffer
(75 mM Tris HCI1 pH 9.0, 1.5 mM MgCl, 50 mM KCI, 20 mM (NH,)>SO4),
0.2 mM dNTP's and 0.5 units DNA polymerase (Biotools, Madrid, Spain).
PCR reactions were carried out for 5 min at 95 °C, followed by the number
of cycles indicated in Table 3-1, each consisting of 45 s at 95 °C, 45 s at the
anneling temperature indicated in Table 3-1 and 1 min at 70 °C. A final
period of 10 min at 70 °C was used. RT-PCR reactions were carried out
twice for each one of the three types of samples (individual plant batches
and the two-batch pooled sample). Actin was used as housekeeping gene.
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3. RESULTS

M. truncatula plants grown in hydroponics with 0.5 uM Fe developed
visible symptoms of leaf chlorosis gradually, whereas those of plants grown
with 15 uM Fe remained green. A picture of the plants at day 7 after the
onset of the deficiency is shown in Fig. 3-1. |

Figure 3-1. Medicago truncatula plants after 7 days of growth with 15 uM (Fe-sufficient,
+Fe) and 0.5 uM Fe(II[)-EDTA (Fe-deficient, -Fe).

3.1 Morphological root responses

Roots of M. truncatula plants grown in hydroponic culture, consisted of
principal roots and a system of secondary new roots (Fig. 3-2). Roots of Fe
sufficient plants, grown with 15 uM Fe, were white in color, whereas roots
of Fe-deficient plants, grown with 0.5 uM for 7 days, had a yellowish color
(Fig. 3-2). Root morphology was affected by Fe deficiency, and compared to
control plants, roots of Fe-deficient plants had a higher amount of secondary
roots (see inserts in Fig. 3-2), and swollen root tips were also apparent.
These morphological root changes are often an integral part of the response
of Strategy I plants (Welkie and Miller, 1993; Schikora and Schmidt, 2001).

3.2 Root iron reductase activity and expression

The time window used to assay FC-R activity was from 7 to 10 days.
This window includes the time when the maximal FC-R activity is induced
by Fe-deficiency in M. truncatula (maximum at 9 days; Lépez-Millan et al.,
2005) and other herbaceous species, including tomato (maximum at 8-10
days; Zouari et al., 2001) and sugar beet (maximum at 9-10 days; Susin et
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al., 1996). Only in woody species the development of FC-R activity with Fe-
deficiency takes longer (maxima at 30 days; Gogorcena et al., 2001).

Figure 3-2. Roots of Medicago truncatula plants grown in nutrient solution for 7 days with 15
uM (Fe-sufficient, +Fe) or 0.5 uM Fe(III)-EDTA (Fe-deficient, -Fe). Inserts show a detail of
secondary roots.

In control plants grown with 15 uM Fe, in vivo root FC-R activities did
not change significantly over time in the time window used, ranging from
0.10 to 0.19 pmol Fe reduced g FW h''. In Fe-deficient plants, grown with
0.5 uM Fe, root FC-R activity was significantly higher than in the controls,
ranging from 0.53 to 0.90 pmol Fe reduced g FW h''. In the time window
used root FC-R activities in Fe-deficient plants were maximal at day 9,
although changes over time were not statistically significant. On days 8-9,
the in vivo root FC-R activity was approximately 4-fold higher in Fe-
deficient than in control plants (Fig. 3-3A). These values are within the
range found in other plant species (Moog and Briiggemann, 1995; Zouari et
al., 2001), although they are significantly lower than those found in the
model plant species sugar beet (approximately 0.6 and >8 pumol Fe reduced
g'1 FW h' in Fe-sufficient and deficient plants, respectively; Susin ef al.,
1996; Lopez-Millan et al., 2000a). In M. truncatula FC-R activity was
detected along the whole root system, as judged from agar plate assays (data
not shown).

To study the correlation between enzymatic activity and gene expression,
transcript levels of FC-R (MtFRO1-AY439088) were estimated by semi-
quantitative 'RT-PCR in control and Fe-deficient plants at different time
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points, on days 7, 8, 9 and 10 after the beginning of treatments. As estimated
by RT-PCR, MtFRQO?2 transcript abundances were always higher in roots
from Fe-deficient as compared to control plants. The expression of MtFRO?2
was maximal at days 7 and 8 in both control and Fe-deficient plants, and
then decreased over time (Fig. 3-3B).

A Fe reductase activity
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Figure 3-3. A- Root Fe reductase activity (pmol Fe reduced g‘l FW h™") in roots from M.
truncatula plants grown at 15 (+Fe) and 0.5 (-Fe) uM Fe supplied to the nutrient solution.
Activity was measured on days 7, 8, 9 and 10 after treatment initiation. B- Semi-quantitative
RT-PCR analysis of the MtFRO! transcript in roots from M. truncatula plants grown at 15
(+Fe) and 0.5 (-Fe) pM Fe supplied to the nutrient solution, at days 7, 8, 9 and 10 after
treatment initiation. ' A

3.3  PEPC activity and expression

In control plants, PEPC activity in root extracts did not change
significantly in the time window used, ranging from 0.41 to 0.68 umol g
FW min". In Fe-deficient plants, PEPC activity in root extracts was
significantly higher than in the controls, ranging from 1.30 to 1.87 pumol g
FW min™. In root extracts of Fe-deficient plants PEPC activity was maximal
at day 8, although changes over time were not statistically significant. On
day 8, PEPC activity was 2.9-fold higher in root extracts of Fe-deficient than
in those obtained from control plants (Fig. 3-4A). Induction of PEPC activity
with Fe-deficiency was less strong in M. truncatula than in sugar beet (sugar



Capitulo 3 46

beet plants had PEPC activities of approximately 0.2 and 5-13 pmol g' FW
min” in Fe-sufficient and Fe-deficient plants, respectively; Andaluz et al.,
2002; Lopez-Millan et al., 2000a). _

To identify potential PEPC open reading frames (ORFs) in M.
truncatula, we performed database searches looking for ESTs and TCs with
sequence similarity to previously reported genes from different species,
including A. thaliana, Lupinus albus, L. esculentum, M. sativa, N. tabacum,
P. sativum, Saccharum sp. and S. oleracea. We identified a TC in The
Institute for Genomic Research (TIGR) M. truncatula gene index, MtGI
. TC101015, containing a full-length ORF, which probably represents a PEPC
ortholog. A PCR product of approximately 2.3 kb was amplified and
sequencing was carried out. The translated amino acid sequence for the
PEPC ORF displayed 91% identity at the amino acid level to the Glycine
max PEPC gene, and more than 80% to the L. esculentum, P. sativum, L.
albus, Saccharum sp, and M. sativa PEPC genes. We assigned the name
MtPEPC to the corresponding gene in M. truncatula.
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Figure 3-4. A- PEPC activity (pumol ¢! FW min™) in roots from M. truncatula plants grown
at 15 (+Fe) and 0.5 (-Fe) uM Fe supplied to the nutrient solution. Activity was measured at
days 7, 8, 9 and 10 after treatment initiation. B- Semi-quantitative RT-PCR analysis of the
MtPEPC transcript in roots from M. truncatula plants grown at 15 (+Fe) and 0.5 (-Fe) uM Fe
supplied to the nutrient solution, at days 7, 8, 9 and 10 after treatment initiation.
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To study the correlation between enzymatic activity and gene expression
in M. truncatula roots, transcript levels of PEPC (MtPEPC-TC101015) were
estimated by semi-quantitative RT-PCR in control and Fe-deficient plants at
different time points, on days 7, 8, 9 and 10 after the beginning of
treatments. As estimated by RT-PCR, MtPEPC transcript abundances were
always higher in roots from Fe-deficient as compared to control plants. The
expression of MtPEPC was maximal at days 7 and 8 in both control and Fe-
deficient plants, and then decreased over time (Fig. 3-4B). |

3.4 Root ATPase activity and expression

In control plants, in vivo root proton extrusion did not change
significantly in the time window used, ranging from 0.19 to 0.34 pmol H ¢!
FW h''. In Fe-deficient plants, root proton extrusion was significantly higher
than in the controls, ranging from 0.80 to 3.58 pmol H' g! FW h' with a
maximum at day 7. At this time point proton extrusion was approximately
19-fold higher in Fe-deficient than in control plants (Fig. 3-5A). The
measured proton extrusion rates in M. fruncatula plants are higher than those
reported for Fe-deficient Quercus suber (8.7-26.2 nmol H' plant” min’,
equivalent to 0.13-0.35 pmol H' gfl FW h'; Gogorcena et al., 2001).
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Figure 3-5. A- Acidification capacity (umol H" g FW h') of M. truncatula plants grown at
15 (+Fe) and 0.5 (-Fe) uM Fe supplied to the nutrient solution. Proton extrusion was
measured at days 7, 8, 9 and 10 after treatment initiation. B- Semi-quantitative RT-PCR
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analysis of the Mthal transcript in roots from M. truncatula plants grown at 15 (+Fe) and 0.5
(-Fe) pM Fe supplied to the nutrient solution, at days 7, 8, 9 and 10 after treatment initiation.

To study the correlation between enzymatic activities and gene
expression in M. truncatula roots, transcript levels of ATPase (Mthal-
AJ132892) were estimated by semi-quantitative RT-PCR in control and Fe-
deficient plants at different time points, on days 7, 8, 9 and 10 after imposing
the treatments. As estimated by RT-PCR, Mthal root transcript abundance
was significantly higher in Fe deficient than in control roots at all the time
points measured, and did not change over time in Fe- sufﬁc1ent or Fe-
deficient M. truncatula plants (Fig. 3-5B).

3.5 Flavin concentrations and expression of flavin
synthesis enzymes

Flavin compounds in root extracts were quantified by HPLC. Peaks
cortesponding to FMN, riboflavin, and to an unidentified flavin (with two
absorption maxima at 372 and 425 nm; data not shown) were found in Fe-
deficient roots, whereas only traces of these compounds were detected in
control roots. In the time window used, FMN and riboflavin concentrations
in Fe-deficient roots were higher on day 7, and then decreased over time
~ (from 64 to 21 nmol g FW and from 100 to 28 nmol g FW, respectively;
Fig. 3-6A). The unidentified flavin was estimated to decrease also 2-fold in
the same time period (data not shown). Assuming riboflavin is mostly
located in the cytoplasm, riboflavin concentrations in M. truncatula roots at
day 7 were equivalent to a concentration of approximately 100 pM. These
concentrations are similar to the riboflavin concentrations found in sugar
beet, and much lower than the concentrations of riboflavin sulfates, that may
reach mM levels (Susin et al., 1993).

To identify potential DMRL synthase open-reading frames in M.
truncatula, we performed database searches looking for ESTs and TCs with
sequence similarity to previously reported genes from different species,
including A. thaliana, L. esculentum, P. sativum, M. sativa, L. albus,
Saccharum sp., N. tabacum and S. oleracea. We identified a TC in the TIGR
M. truncatula gene index, MtGI TC107317, containing a full-length ORF,
which probably represents a DMRL synthase ortholog. A PCR product of
approximately 687 bp was amplified and sequencing was carried out. The
translated amino acid sequence for the DMRL synthase open-reading frame
displayed 61% identity at the amino acid level to the 4. thaliana DMRL
synthase gene, and 57% to those of S. oleracea and N. tabacum. We
assigned the name MtDMRLs to the corresponding gene. - |
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Figure 3-6. A- Flavin concentration (nmol g FW) of FMN and riboflavin in roots from M.
truncatula plants grown at 0.5 uM Fe supplied to the nutrient solution. Activity was measured
at days 7, 8, 9 and 10 after treatment initiation. B, C, D Semi-quantitative RT-PCR analysis of
the MtribA, MtDMRLs and MtSULT] transcripts, respectively, in roots from M. truncatula
plants grown at 15 (+Fe) and 0.5 (-Fe) pM Fe to the nutrient solution, at days 7, 8, 9 and 10
after treatment initiation. '

To study the correlation between flavin biosynthesis-related enzymatic
activities and gene expression in M. truncatula roots, transcript levels of
MtDMRLs-TC107317 and two other enzymes involved in flavin
biosynthesis, GTP cyclohydrolase II (MtribA- TC100898) and a putative
sulfotranferase (MtSULTI1-TC96336), were estimated by semi-quantitative
RT-PCR in control and Fe-deficient plants at different time points, on days
7, 8, 9 and 10 after beginning of treatments. The expression of the three
genes (MtribA, MtDMRLs and MtSULTI) was always significantly higher in
Fe-deficient than in Fe-sufficient roots, and did not change over time (Fig. 3-
6B, C, D).
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4. DISCUSSION

Most of the studies with Fe-deficient plants have focused on very specific
aspects. of their physiology or molecular biology. In the present work we
report background information on some of the most important responses
induced by Fe deficiency in roots of Medicago truncatula, a Strategy I
model plant species. Data indicate that M. truncatula constitutes a good
model for Strategy I, since most of the physiological responses described so
far in Strategy I are developed by this species, including flavin accumulation
and the consequent yellowing of root tips.

Our data demonstrate an up-regulation of the PEPC transcript in response
to Fe-deficiency, which occurs concomitantly with the increase in PEPC
activity in root extracts. A report indicating an up-regulation of PEPC in Fe-
deficient Cucumis sativus was recently presented in a Symposium (De Nisi
et al., 2004). An increase in PEPC activity in root extracts with Fe
deficiency has been described before in root extracts from pepper
(Landsberg, 1986), kiwi (Rombola, 1998), cucumber (Rabotti et al., 1995;
De Nisi and Zocchi, 2000) and sugar beet (Lopez-Millan et al., 2000a;
Andaluz et al., 2002). The amount of root PEPC protein with Fe-deficiency
has been demonstrated to increase in cucumber (De Nisi and Zocchi, 2000)
and sugar beet (Andaluz et al., 2002). Also, post-translational upregulation
by phosphorylation of the N-terminus does not appear to occur under Fe
deficiency in sugar beet (Andaluz et al., 2002). The increase measured in
PEPC carboxylase activity in Fe-deficient M. truncatula roots
(approximately 3-fold over control values) is similar to the increase
measured in iron reductase (4-fold, see below) supporting the key role of this
enzyme in the response to Fe-deficiency. The increase in PEPC activity is
known to be localized mainly to the external layers of the cortical cells of
Fe-deprived root apical sections, which are very active in proton extrusion
(De Nissi et af., 2002). It has been proposed that cytoplasm alkalinisation
associated with proton extrusion would activate PEPC activity (pH-stat
theory, Davis, 1973). However, the up-regulation of PEPC transcripts under
Fe-deficiency and the fact that the induction of PEPC activity and
acidification capacity were not parallel in time suggests that the increase in
PEPC activity is not exclusively due to an effect of a cytoplasmatic pH
change.

Another response of Fe-deficient M. truncatula plants consists in the
accumulation of flavins in roots, including riboflavin, FMN and a so far
unidentified compound. Also, we have found, for the first time to our
knowledge, an increase with Fe deﬁmency in the expression of the first and
last genes of the riboflavin biosynthesis pathway, Mirib4 and MtDMRLs. An
accumulation of flavin compounds with Fe deficiency, including riboflavin
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and riboflavin 3’- and 5’ sulfate, has been described previously in different
plant species (Welkie and Miller, 1988, 1992; Susin et al., 1993, 1994). The
exact role of flavins in Fe deficiency is still unresolved. It has been
hypothesized, based on the similar location of flavin accumulation and Fe
reduction and on the fact that the FC-R is a flavin-containing protein, that
flavin accumulation may be an integral part of the Fe reducing system in
roots from Strategy I plants (Cakmak et al., 1987; Lopez-Millan et al.,
2000a). The time-dependent expression pattern of MtribA and MtDMRLs is
parallel to that of MtFRO, suggesting that flavin compounds could play an
important, and still to be elucidated role, in the mechanism for Fe reduction.
On the other hand, a mRNA (MtSULTI) encoding for a M. truncatula
putative root sulfo-transferase was also found to be up-regulated by Fe
deficiency. This enzyme, belonging to the secondary metabolism, might
participate in the sulfation of riboflavin, yielding the unknown flavin that
was detected in Fe-deficient roots. A detailed study of both MtSULTI and
the unknown flavin is being carried out in our laboratory. . :

Increases of root FC-R activity and transcript abundance of the
corresponding gene, MtFROI, were found in M. truncatula grown under Fe-
deficiency as compared to the controls. An increase in the activity of FC-R,
which could be the rate-limiting physiological process in root Fe-acquisition
(Grusak et al., 1990b; Connolly et al., 2003), has been demonstrated in a
number of plant species (see Schmidt 1999, for a review). The 4-fold
increases found in FC-R activity in M. truncatula were similar to those
found in other species, 3-fold in L. esculentum (Zouari et al., 2001), 5-fold in
P. sativum (Waters et al., 2002) and M. truncatula (Lépez-Millan et al.,
2004) and 11-fold in B. vulgaris (Lopez-Millan et al., 2000a). Concomitant
increases in the expression of the corresponding FC-R genes AtFRO2,
AtFRO3, LeFRQOI and PsFROI have been described in roots from A.
thaliana, L. esculentum and P. sativum grown under Fe-deficiency
(Robinson et al., 1999; Wintz et al., 2003; Li et al., 2004; Waters et al.,
2002). Furthermore, 4. thaliana lines with an inactivated AtFROZ2 gene have
reduced FC-R activity, are chlorotic, and grow slowly without elevated Fe
supply (Robinson et al., 1999). FC-R activity and gene expression did not
correlate exactly, since at day 10 the expression of MtFROI was
significantly reduced, while FC-R activity was still quite high.

In Fe-deficient M. truncatula roots we found an increase in ATPase
activity and transcript abundance as compared to Fe-sufficient roots,
confirming the result found in other plant species (Dell’Orto et al., 2000 and
2002; Schmidt et al., 2003; Santi et al., 2005). Assays of acidification in
agar plates showed that in M. truncatula proton extrusion was located in the
whole root, as it also occurs with the FC-R (data not shown). In M
truncatula grown without Fe for 7 days the increase in proton extrusion was
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higher than that found for FC-R activity, conversely to what occurs in Q.
suber (Gogorgena et al., 2001). The early development of the ATPase
activity in Fe-deficient M. truncatula roots support the need to carry out
studies using shorter times after the onset of the deficiency.

In summary, our results indicate that in Medicago truncatula roots grown
in Fe-deficient conditions, the in vivo root FC-R and ATPase activities, the
activity of PEPC in root extracts as well as the concentrations of flavins in
roots were significantly higher as compared to those found in Fe-sufficient

~ plants. Also, the corresponding genes MtFROI, Mthal, MtPEPC, MtribA

and MtDMRLs showed higher expression in Fe-deficient as compared to Fe-
sufficient roots. These results suggest that adaptation to Fe deficiency is
mediated by transcriptional up-regulation of these genes by Fe deficiency.
Also, expression for each of these genes did not follow exactly the same
changes in pattern over time, suggesting that although their response is‘more
or less coordinated different signals may control each of the adaptation
mechanisms.
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INCREASES IN PHOSPHOENOL PYRUVATE
CARBOXYLASE ACTIVITY IN IRON DEFICIENT
SUGAR BEET ROOTS: ANALYSIS OF SPATIAL
LOCALIZATION AND POST-TRANSLATIONAL
MODIFICATION

Abstract: Root tips of Fe-deficient and Fe-sufficient sugar beet plants grown in
hydroponics have been used to study the changes in the amount and activity of
the cytosolic enzyme phosphoenolpyruvate carboxylase (PEPC, EC 4.1.1.31).
Phosphoenolpyruvate carboxylase activity in extracts of the yellow Fe-
deficient root tips was, at pH 7.3, 30-fold higher (when expressed on a FW
basis) and 7.1-fold higher (when expressed on a protein basis) than that found
in the extracts of Fe-sufficient root tips. The amount of phosphoenolpyruvate
carboxylase protein determined by immuno-blotting was, on a protein basis,
35-fold larger in the yellow zone of Fe-deficient root tips than in the Fe-
sufficient root tips. The inhibition of the phosphoenolpyruvate carboxylase
activity by 500 pM malate was 41 and 58% in the extracts Fe-deficient and
Fe-sufficient roots. The possibility that post-translational regulation of
phosphoenolpyruvate carboxylase may occur mediated through
phosphorylation, was studied by immunological detection of phosphoserine
residues in root tip extracts.

Key words iron deficiency, malate, phosphoenol pyruvate carboxylase, root tips, sugar
beet

1. INTRODUCTION

Iron deficiency is a widespread agricultural problem in many crops,
especially in calcareous soils. In these soils, total Fe is high but occurs in
chemical forms not available to plant roots (Lindsay and Schwab, /1‘-9%?25;?:\\

ARt OH S
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The adaptive response of the so-called Strategy I plants, which include
dicotyledonous and non-graminaceous monocotyledonous plant species,
involves root morphological and physiological changes (Marschner et al.,
1986). Among the morphological changes there is an increased formation of
lateral roots, root hairs and transfer cells. All these changes increase the root
surface available for Fe uptake (Landsberg, 1982). The physiological
responses of Strategy I plants include higher rates of proton extrusion, which
decreases the pH of the rhizosphere, a release of reducing and/or chelating
substances such as phenolics and flavins and a two step mechanism for Fe
uptake, in which Fe (III) is first reduced by a plasma membrane-bound
ferric-chelate reductase (FC-R) and subsequently absorbed as Fe(Il) (for
reviews see Welkie and Miller 1993; Moog and Briiggemann, 1994).

The metabolism of roots is highly affected by Fe deficiency. Several
changes at the metabolic level have been reported to occur in Fe-deficient
- roots, including an accumulation of organic acids, mainly malate and citrate
(reviewed in Abadia et al., 2002), shifts in the redox state of the cytoplasm
(Schmidt, 1999; Lopez-Millan et al. 2000a) and an increase in the activities
of PEPC and several enzymes of the Krebs cycle (Landsberg, 1986; Rabotti
et al., 1995; Lopez-Millan et al. 2000a) and of the glycolitic pathway
(Rabotti ef al., 1995; Espen et al., 2000).

The role of the organic acids in the Fe deficiency responses in not well
established (Schmidt, 1999; Lopez-Millan et al., 2000a; Abadia et al., 2002),
although is commonly accepted that citrate could play an important role in
Fe transport via xylem to the shoot (Tiffin, 1966). Two hypotheses have
been put forward so far to explain the accumulation of organic acids in Fe-
deficient roots. Landsberg (1986) reported that organic acid increases
coincided with the enhanced proton extrusion found in Fe-deficient roots.
This may occur through cytoplasm alkalinisation associated to proton efflux,
which could activate phosphoenolpyruvate carboxylase (PEPC) activity
(Rabotti et al., 1995; Espen et al., 2000). The second hypothesis (de Vos et
al., 1986) suggested that Fe deficiency may cause an alteration in the
glycolytic pathway, as reported in fungi. Under Fe deficiency,
phosphofructokinase would lose its regulation by citrate and pyruvate kinase
would be inhibited by citrate, causing an accumulation of PEP, that in turn,
via PEPC activity, would cause root organic acid concentrations to increase.
In any case, Fe deficiency could cause an increase in root PEPC activity
leading to organic acid accumulation. This increase in PEPC activity has
been described previously in root extracts of Fe-deficient plants (Huffaker et
al., 1959; Landsberg 1986; Rabotti et al., 1995; Rombola, 1998; Lopez-

Millan et al., 2000a).
~ The aim of this work was to determine whether PEPC activity was
enhanced in root tips of Fe-deficient sugar beet plants. The amount of PEPC
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in Fe-deficient and Fe-sufficient root tip extracts was determined by
immuno-blotting and PEPC phosphorylation was investigated by
immunochemical detection of phospho-serine residues. Inhibition of PEPC
by malate was studied to assess the regulation of the enzyme activity under
Fe deficiency conditions. '

2. MATERIALS AND METHODS
2.1 Plant Material

Sugar beet (Beta vulgaris L. Monohil hybrid from Hilleshog,
Landskrona, Sweden) was grown in a growth chamber with a PPFD of 350
pmol m? s' PAR at a temperature of 25 °C, 80% humidity and a
photoperiod of 16 h light/8 h dark. Seeds were germinated and grown in
vermiculite for 2 weeks. Seedlings were grown for 2 more weeks in half-
strength Hoagland nutrient solution with 45 uM Fe(III)-EDTA and then
transplanted to 20 L plastic buckets (four plants per bucket) containing half-
strength Hoagland nutrient solution with either 0 or 45 uM Fe(II)-EDTA.
The pH of the Fe-free nutrient solutions was buffered at approximately 7.7
by adding 1 mM NaOH and 1 g L of CaCO;. Root tips from plants grown
for 10 days in the presence or absence of Fe(III)-EDTA were used in all
experiments. _

Root sections were taken approximately 0-5 and 5-10 mm from the root
apex with a surgical blade (L6pez-Millan et al., 2000a). The 0-5 mm section
(YZ) from the zero-Fe treatment had root hairs and was yellow due to the
presence of flavins, whereas the 5-10 mm section (WZ) in the zero-Fe
treatment and both the 0-5 mm and 5-10 mm sections in the control
treatments had practically no root hairs and were white.

2.2 Protein quantification

Extracts for protein quantification were made according to Granier
(1988) with the solubilisation buffer of Herbik et al. (1996). Samples were
washed twice with TCA to avoid interferences by SDS and 2-
mercaptoethanol. Aliquots of the extracts were incubated with 12% TCA (1
h at 4 °C) and centrifuged for 15 min at 10000 g at 4 °C. In the second
washing step the pellet was resuspended with 6% TCA, centrifuged at 10000
g for 15 min at 4 °C and solubilised with ultrapure water. Proteins were
quantified with the Bio-Rad DC Protein System Assay using BSA as
standard.
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2.3 Enzyme Assays

Extracts for measuring enzyme activity were made by grinding 100 mg
FW of root material in a mortar with 1 mL of extraction buffer containing 30
mM sorbitol, 1% BSA and 1% PVP in 100 mM HEPES-KOH, pH 8.0. The.
slurry was centrifuged for 15 min at 10000 g and 4 °C, the supernatant
collected and enzyme activity measured immediately. Phosphoenolpyruvate
carboxylase (PEPC; EC 4.1.1.31) activity was measured in a coupled
enzymatic assay with malate dehydrogenase, according to Vance et al.
(1983), with 75 pL of extract in 1 mL of 2 mM PEP, 1 mM NaHCO;, 5 mM
MgCl,, 0.16 mM NADH, 50 mM HEPES, pH 7.3. The endogenous root

malate concentration (approximately 5.95 and 0.37 pmol g' FW in —Fe and
control roots, respectively; see Lopez-Milldn ef al., 2000a), will give (with a
ratio 100 mg/mL extract and then 75 pL extract/mL of assay) final malate
concentrations in the assay medium of approximately 45 and 3 pM for Fe-
deficient and control roots, respectively. These concentrations are much
lower than the inhibition assay carried out with 500 pM malate. The addition
of the protease inhibitor chymostatin (10 pg mL") did not increase PEPC
activities.

24 Immunoblotting

Extracts for immunoblotting were made according to Granier (1988) with
the solubilisation buffer of Herbik et al. (1996). Root soluble protein was
boiled for 5 min at 95 °C. Electrophoresis was carried out with a
discontinuous system (Laemmli, 1970). The resolving gel contained 8%
acrylamide and the stacking gel 7.2 % acrylamide in a Tris-glycine buffer.
Proteins were electrophoresed for 2 h at 20 mA constant current and 25 °C in
a discontinuous PAGE system. Semidry electroblotting onto nitrocellulose
membranes was carried out at 50 mA for 2 h, using a Semiphor TE70
apparatus (Hoefer Scientific Instruments, San Francisco, CA, USA)
according to the manufacturer’s instructions. Blots were blocked for 45 min
with 20 mM Tris, 0.9% NaCl and 5% BSA and then washed with 20 mM
Tris, 0.9% NaCl and 0.1% BSA. For the identification of PEPC, blots were
incubated for 2 h with a 1:1000 dilution of rabbit IgG against the
phosphorylation site of PEPC and washed as above. The PEPC antibody was
a polyclonal antibody obtained against a synthetic peptide of 23 aminoacids
from the N-terminal sequence of sorghum PEPC (from Dr. J. Vidal, Orsay,
France). A second incubation with a 1:2000 dilution of goat anti-rabbit IgG
(H+L) horseradish peroxidase conjugate from BioRad was performed for 45
min. After thorough washing with 20 mM Tris and 0.9% NaCl, PEPC was
detected with 20 mM Tris, 0.9% NaCl, 9 mg mL" chloronaftol in ethanol
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and 17 pLL H,O,. Quantification of PEPC was performed using a Molecular
Imager FX apparatus (BioRad, San Francisco, USA).

Phosphoserine residues were identified by incubating the blot for 3 h
with a 1:50 dilution of rabbit IgG against phosphoserine residues from
SIGMA, St. Louis, USA. After washing the blot a second incubation was
carried out for 1 h using a 1:2500 dilution of anti-Rabbit IgG-phosphatase.
After thorough washing with 20 mM Tris and 0.9% NaCl, phosphoserine
residues were detected with 0.2 M Tris, pH 9.6, 1 mM MgCly_, 4 mg mL™
BCIP and 1 mg mL"' NBT in DMF.

3. RESULTS AND DISCUSSION

The amount of soluble protein in root tips was 2.85 and 1.18 mg protein
g FW in the yellow tip and the white adjacent zone of Fe-deficient roots,
respectlvely These values were approximately 4.2- and 2.4-fold higher than
that found in the Fe-sufficient root tips, that was approximately 0 68 mg
protein g FW.

Standard PEPC Root extracts |
-Fe -Fe +Fe
YZ wWZ7Z
Total
1pug 2pug 4ug 6pg 8ug 5S5ug  14pg 8.7 Hg < ~rotein

113 KDa —»

Figure 4-1. Protein immunoblot of partially purified PEPC (from SIGMA) and sugar beet
root extracts. Extracts were made from the yellow (-Fe, YZ) and white parts (-Fe, WZ) of Fe-
deficient root tips and from Fe-sufficient root tips (+Fe). PEPC was labelled using PEPC
antibody.

The antibody against the phosphorylation site of PEPC immunodecorated
a single 113-kDa polypeptide in sugar beet root tip extracts. The amount of
PEPC was 34.7- and 6.5-fold higher in the yellow and white zones of Fe-
deficient root tips, respectively, than in the Fe-sufficient root tips (Fig. 4-1).
The activity of PEPC in root extracts was much higher in the yellow zone of
Fe-deficient root tips than in the control. These increases were 29.6-fold
when expressed on a FW basis and 7.1-fold when expressed on a protein
basis (Table 4-1). An increase in PEPC activity in root extracts of Fe-
deficient plants was first described by Huffaker et al. (1959). Later,
increases in PEPC activity in root extracts under Fe deficiency of 1.85-, 2.3,
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4 to 6 and 7- to 14-fold were reported in pepper (Landsberg, 1986), kiwifruit
(Rombola, 1998), cucumber (Rabotti ez al., 1995; De Nisi and Zocchi, 2000)
and sugar beet (Lopez-Millan et al., 2000a), respectively. The increase. in
PEPC activity in Fe-deficient roots coincides spatially with areas having
increased FC-R activity (Lopez-Millan et al., 2000a). Similar data were
reported for the swollen root tip area of Fe-deficient pepper plants
(Landsberg, 1986). The white parts of Fe-deficient roots did not have major
increases neither in the total amount of PEPC (Fig. 4-1) nor in FC-R activity
(Lopez-Millan et al., 2000a).

Table 4-1. Phosphoenolpyruvate carboxylase activity in root extracts from Fe-deficient and
Fe-sufficient sugar beet. Enzyme assays were done at pH 7.3. Data are means + SE of 10
replicates. Values in the same column followed by a different letter are statistically significant
at p < 0.05 (¢ Student’s test).

umol g° FW min™ wmol mg ! protein min’!
-Fe . 5.04+042 a 1.77£042 a
+Fe 0.17£0.02 b 0.25+0.02 b

-Fe /+Fe ‘ 29.6 7.1

Increases of PEPC activity could be also mediated by post-translational
regulation through phosphorylation as it occurs in the leaves of C4 and CAM
species (see Chollet et al., 1996, for a review) and in proteid roots of P-

“stressed plants (Gilbert ef al., 1998). The activity of PEPC in presence of
500 uM malate decreased from 4.57 to 2.72 nmol g' FW min™ in extracts of
the yellow zone of Fe-deficient roots and from 0.21 to 0.09 nmol g' FW
min"' in extracts of Fe-sufficient roots (Table 4-2). Inhibition by malate was
therefore 58% in Fe-sufficient roots and 41% in Fe-deficient yellow root tips
(Table 4-2). The relatively small but significant difference in PEPC
sensitivity to malate could be explained by the presence of some endogenous
malate in the assay medium of the Fe-deficient roots (approximately 45
uM). This could make the PEPC activity in Fe-deficient root extracts
apparently less sensitive to malate. Post-translational regulation of PEPC
through phosphorylation was also studied by immunological detection of
phosphorylated residues of serine in the 113-kDa band, previously identified
as PEPC. Phosphoserine residues were not detected in the PEPC region in
any of the root extracts analysed (Fig. 4-2). These data suggest that post-
translational regulation by phosphorylation may not occur in Fe-deficient
roots. However this does not necessarily exclude phosphorylation because
the steric conformation of the target protein may hinder the interaction of the
antibody with the phosphoserine residues. Therefore, a more detailed
analysis should be carried out with additional experiments, including **P
labelling of PEPC protein, studies with inhibitors of protein kinases and
phosphatases and PEPC-kinase tests.
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Table 4-2. Inhibition of phosphoenolpyruvate carboxylase activity in root extracts from Fe-
deficient and Fe-sufficient sugar beet by 500 pM malate. Enzymes assays were done at pH
7.3. Data (in pmol g FW min™) are means + SE of 5 replicates. Values in the same column
followed by a different letter are statistically significant at p < 0.05 (¢ Student’s test).

Activity % Inhibition
0 uM malate 500 uM malate
-Fe 4.57+£0.56 a 272+ 033 a 405a
+Fe 0.21£0.03 b 0.09+0.02b 58.4b

Other factors could further enhance PEPC activity in root cells. For
instance, a cytoplasmic pH increases could boost PEPC activity, since the
- optimum pH for the enzyme is quite high. Espen ef al. (2000) have recently
shown with *'P-NMR techniques, however, than in Fe-deficient cucumber
roots cytosolic pH may increase only by approximately 0.02-0.06 units with
respect to the controls, whereas the vacuolar pH increased by 0.03-0.20
units. This may be the consequence of a very efficient PEPC-mediated
cytosolic pH regulation. The PEPC increase in Fe-deficient sugar beet root
tips does not appear to depend on bicarbonate since root tips of plants grown
without Fe in the absence of CaCOs also had PEPC activities 40-fold higher
(on a FW basis and at pH 8.5) than the controls (not shown in the present
work; Lopez-Millan ef al., 2000a). -

The possible functions of the increase in PEPC with Fe deficiency are
still unclear. A metabolic model for C assimilation has been proposed
recently to be triggered by Fe deficiency in sugar beet roots (Lopez-Millan et
al., 2000a). In this model, PEPC catalyzes the carboxylation of PEP to
oxalacetate, which could be then reduced to malate via cytosolic MDH.
Malate could be transported to the mitochondria via the malate-oxalacetate
shuttle and converted to citrate by CS. Part of this C could be used, through
an increase in mitochondrial activity in transfer cells, to increase the capacity
to produce reducing power (Bienfait, 1996), whereas another part would ‘be
exported to the shoot via xylem (Bialzyck and Lechowski, 1992; Loépez-
Millan et al., 2000b). A possible function of the export of organic acids to
the leaves is the use of these C compounds for the maintenance of basic
processes such as respiration. PEP needed to maintain PEPC activity could
possibly come via glycolysis from compounds previously synthesized and/or
stored within the plant. Both phloem (de Vos et al., 1986; Maas et al., 1988),
and root sugar concentrations (Thoiron and Briat, 1999) have been reported
to increase with Fe-deficiency. The activities of some enzymes involved in
the glycolytic pathway have also been shown to increase in Fe-deficient
roots (Espen et al., 2000; see Abadia et al., 2002, for a review).
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Root extracts

-Fe -Fe +Fe
YZ WZ
' Total
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—~=—54.6 KDa

Figure 4-2. Protein immunoblot of root tip extracts. Extracts were made from the yellow (-Fe, -
YZ) and white parts (-Fe, WZ) of Fe-deficient root tips and from Fe-sufficient root tips (+Fe)
Phosphoserine residues were labelled using phosphoserine antibody from Sigma.

Also, increased biosynthesis of carboxylates (particularly of citrate) and
of phenolics (derived from organic acid metabolism) under Fe deficiency
may be important for increased root exudation of these compounds,
mediating Fe(III) mobilization in the rizhosphere, its transfer to the root
surface and the subsequent reduction to Fe (II) and uptake. Exudation is
further promoted by proton extrusion (Rémheld and Marschner, 1983), and
protons may be provided by enhanced biosynthesis of organic acids.
Increased PEPC activity may be related to Fe-deficiency inhibition of NO3
uptake, resulting in excess uptake of cations over anions which could be
balanced by proton extrusion (Cakmak and Marschner, 1990).

In summary, PEPC is a key enzyme in root responses to Fe deﬁmency
that could enhance C fixation in roots and contribute to organic acid export
from the roots to the leaves via xylem. The increase in PEPC activity
measured in yellow root tip extracts is mainly due to an increase in the
amount of the enzyme induced by Fe deficiency. Other factors like post-
translational regulation by phosphorylation do not seem to control PEPC
activity.
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PEPC REGULATION IN Beta vulgaris ROOTS

Abstract: Root tips from sugar beet plants grown in hydroponics have been used to study
the effects of iron deficiency on the activity and regulation of the PEPC
enzyme. Western-blots indicate that the amount of PEPC was increased in Fe-
deficient root tip extracts as compared to the controls and decreased after 24
and 72 h of Fe-resupply. PEPC was very low in gels from both roots of Fe-
sufficient plants and the new white root tip parts of Fe-deficient plants
resupplied with Fe for 72 h. PEPC transcription was found to be up-regulated
by Fe deficiency. PEPC phosphorylation was studied by different strategies,
including biochemical methods for the estimation of phosphorylation state as
well as phosphorylation assays with 32p_ATP, both in vitro and in gel. The
ratios obtained with the biochemical assay phosphorylation test in Fe-deficient
roots were very similar to those obtained in Fe-sufficient roots, and PEPC
phosphorylation was not detected by in vitro phosphorylation assays. These
data suggest that PEPC phosphorylation does not take place in Fe deficient
sugar beet roots. The possibility that some other regulatory mechanism might
take place in Fe-deficient roots should be envisaged.

Key words: iron deficiency, PEPC, regulation, roots

1. INTRODUCTION

The metabolism of plant roots is highly affected by Fe deficiency. The
response of dicotyledonous and non-grass monocotyledonous plant species
to Fe deficiency (known as Strategy I), includes various mechanisms for
increasing Fe availability as well as root uptake of rhizospheric Fe (reviewed
in Schmidt, 1999). In addition to an enhanced Fe uptake system, several
changes at the metabolic level have been reported to occur in roots in order
to improve Fe acquisition, transport and utilization in an Fe-deficient
environment. These changes include the accumulation of organic acids,
mainly malate and citrate (reviewed in Abadia et al., 2002), shifts in the
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redox state of the cytoplasm (Schmidt, 1999; Lopez-Millan et al., 2000a)
and increases in the activity of the cytosolic enzyme phosphoenolpyruvate
carboxylase (PEPC) and several other enzymes of the Krebs cycle, including
citrate synthase, isocitrate dehydrogenase, fumarase, malate dehydrogenase,
and aconitase (Landsberg, 1986; Rabotti et al., 1995; Loépez-Millan et al.,
2000a), and other enzymes of the glycolytic pathway, such as
glyceraldehyde 3-phosphate dehydrogenase (Sijmons and Bienfait, 1983;
Rabotti et al., 1995; Espen et al., 2000), piruvate kinase and fructose 6-
phosphate kinase (Espen et al., 2000).

An increase in PEPC activity in root extracts of Fe-deficient plants was
first described by Huffaker et al. (1959). Further studies reported on
increases induced by Fe deficiency in PEPC activity in root extracts of
pepper (Landsberg, 1986), kiwifruit (Rombola, 1998), cucumber (De Nisi
and Zocchi, 2000; Rabotti et al., 1995) and sugar beet (Lopez-Millan ef al.,
2000a; Andaluz et al., 2002). The increase in PEPC activity correlates with
the accumulation of organic acids in Fe deficient roots (Lopez-Millan ef al.,
2000a; Abadia et al., 2002) and it is mainly localized to the external layers’
of the cortical cells of Fe-deprived root apical sections, which are very active
in proton extrusion (De Nisi et al., 2002).

In Fe-deprived plants, the increase measured in root PEPC activity can be
the result of different regulation systems, including transcriptional,
translational and post-translational mechanisms. An increase in the amount
of protein in Fe deficient conditions has been measured by immuno-blotting
detection in root extracts of cucumber (De Nisi and Zocchi, 2000) and sugar
beet (Andaluz et al., 2002). Only very recently, studies have demonstrated
that PEPC transcripts are up-regulated by Fe deficiency in Cucumis sativus
(abstract by De Nisi et al., 2004) and Medicago truncatula roots (Andaluz et
al., 2005), and also that increases in transcript abundance occurred in
parallel to increases in roet extract PEPC activity. Also, a common post-
translational regulation mechanism for PEPC regulation consists on the
phosphorylation of serine residues in the N-terminal of PEPC, which leads to
increases in enzyme activity (Chollet et al., 1996). This regulatory
mechanism has been described in soybean nodules (Schuller and Werner,
1993; Zhang et al., 1995), seeds (wheat, Osuna et al., 1996; barley, Osuna et
al., 1999; sorghum, Nhiri et al., 2000) and leaves of C4 (see for review
Vidal and Chollet, 1997) and C3 plant species (tobacco, Wang and Chollet,
1993; wheat, Duff and Chollet, 1995). However, studies in sugar beet by
immunoblotting detection of phosphorylated residues (Andaluz et al., 2002)
and in cucumber by incorporation of y-">ATP (De Nisi and Zocchi, 2000),
have been unsuccessful in detecting changes in phosphorylation of root
PEPC in Fe- deﬁment plants.
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The aim of this study was to investigate the possible ways of regulation
of PEPC activity in Fe-deficient plants. The regulation of protein amount by
Fe status was determined by PEPC immunoblotting in root tip extracts from
Fe-sufficient, Fe-deficient and Fe-resupplied plants. Transcriptional
regulation was evaluated by semi-quantitative RT-PCR in root tips from Fe-
sufficient, Fe-deficient and Fe-resupplied plants. Finally, the possibility that
a post-translational regulation by phosphorylation may occur was assessed
by estimating the apparent phosphorylation state of root PEPC and by in
vitro and in gel phosphorylation assays with Fe-sufficient and Fe-deficient
root tip extracts. '

2. MATERIALS AND METHODS
2.1 Plant material

Sugar beet (Beta vulgaris L. Monohil hybrid from Hilleshog,
Landskrona, Sweden) was grown in a growth chamber with a photosynthetic
photon flux density of 350 pmol m~ s photosynthetically active radiation
and a 16 h, 23°C / 8 h, 18°C, day/night regime. Seeds were germinated and
grown in vermiculite for two weeks. Seedlings were grown for an additional
two weeks in one-half-strength Hoagland nutrient solution (Terry, 1980)
with 45 uM Fe(III)-EDTA, and then transplanted to 20 L plastic buckets
(four plants per bucket) containing one-half-strength Hoagland nutrient
solution with either 0 or 45 pM Fe(III)-EDTA. The pH of the Fe-free
nutrient solutions was buffered at approximately 7.7 by adding 1 mM NaOH
and 1 g L' of CaCOs. This treatment simulates conditions usually found in
the field leading to Fe deficiency (Susin et al., 1994). In the Fe-resupply
experiment, plants grown for 10 days in absence of Fe were transferred to
one-half-strength Hoagland nutrient solution, pH 5.5, with 45 uM Fe(I1I)-
EDTA. Root tips were sampled at 0 (before adding Fe), 24 and 72 h after Fe
resupply. After 72 h of resupply, root length had increased approximately by
4 mm, and therefore two types of samples were taken, one from the newly
developed 4-mm white root tip zone and a second one from the still swollen
yellow zone (see figures in Lopez-Millan et al., 2001b). :

2.2 Preparation of root extracts

Root tips (100 mg) were homogenised thoroughly at 4°C in a mortar with
1 mL of 0.1 M Tris-HCI buffer (pH 7.5) containing 20% (v/v) glycerol, 1
mM EDTA, 10 mM MgCl,, 14 mM 2-mercaptoethanol, 1mM
phenylmethylsulphonyl fluoride (PMSF), 10 pg mL" chymostatin, 10 pg
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mL™" leupeptin, 2 pg mL™' pepstatin, and 10 mM KF. Homogenates were
then centrifuged at 15000 g for 3 min, and supernatants were immediately
used. Protein quantification was performed by the method of Bradford
(1976) using BSA as a standard.

23 Immunoblotting

Root tip homogenates were electrophoresed on 8% acrylamide gels
(Laemmli, 1970) and blotted onto nitrocellulose membranes (Protan,
- Schleiber & Schuell, Dassel, Germany) using a Semiphor TE70 apparatus
(Hoefer Scientific Instruments, San Francisco, CA, USA). Blots were
blocked for 45 min with 20 mM Tris-HCI pH 7.5, 150 mM NaCl and 5%
BSA and then washed with 20 mM Tris-HCI pH 7.5, 150 mM NaCl and
0.1% BSA.

For PEPC identification, blots were incubated for 2 h in a 1:1000 dilution
of rabbit IgG against whole PEPC (provided by Prof. C. Echevarria, from
the Department of Plant Biology, University of Seville), and washed as
indicated above. A second incubation with a 1:2000 dilution of goat anti-
rabbit IgG (H+L) horseradish peroxidase conjugate (Bio-Rad, Hercules, CA,
USA) was performed for 45 min. After thorough washing with 20 mM Tris-
HCI pH 7.5, 150 mM NaCl, PEPC bands were detected by the peroxidase
assay (Ngo and Lenhoff, 1980).

24 PEPC gene expression anzilysis

Database searches were performed with TBLASTX (Altschul and
Lipman, 1990) using previously identified PEPC sequences from 4.
thaliana, Lycopersicon esculentum, Pisum sativum, Medicago sativa,
Lupinus albus, Saccharum sp., Nicotiana tabacum, and Spinacia oleracea.
One TC (TC1867) encoding a possible ortholog for PEPC was identified in
the TIGR Beta vulgaris Gene Index (BvGI). Sequences were aligned using
the ClustalW program (Higgins ef al., 1994). Based on these alignments,
specific primers were designed to amplify a fragment of 166 bp from Beta
vulgaris PEPC c¢cDNA sequence. Primers used were f-~GTCCTTTGGGGA
ACACTTCA and -CAGCGTATATGCTTGGCAGA.

Total RNA was isolated from roots with the Rneasy Plant Mini kit
(Qiagen, Maryland, USA) according to the manufacturer’s instructions. One
plant per treatment was used to extract RNA, and two different batches of
plants were analyzed. A sample aliquot containing 3 pg of total RNA was
subjected to reverse transcription with 25 pug/mL oligo (dT) primer, 0.05
mM dNTP mix and 1 unit of Superscript II Reverse Transcriptase
(Invitrogen, Carlsbad, USA) in a final volume of 20 pL, according to the
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manufacture’s instructions. PCR reactions were carried out with 2 puL of
resulting cDNA solution, using 0.5 uM of the specific primers. Additional
reaction components were standard buffer (75 mM Tris HC1 pH 9.0, 1.5 mM
MgCl,, 50 mM KCI, 20 mM (NH4),SO,), 0.2 mM dNTP's and 0.5 units
DNA polymerase (Biotools, Madrid, Spain). PCR reactions were carried out
with the following conditions: 95 °C for 5 min, 26 cycles consisting of 95 °C
for 45 s, 55 °C for 45 s and 70 °C for 45 s, and a final period of 10 min at 70
°C. RT-PCR reactions were carried twice for each sample. Actin was used as
housekeeping gene.

2.5 Determination of activity and apparént
phosphorylation state of PEPC

PEPC activity was measured spectrophotometrically at 30°C at optimal
(8.0) and suboptimal (7.3 and 7.1) pH values, using the NAD-malate
dehydrogenase coupled assay described by Echevarria et al. (1994). The
assay mixture contained in a total volume of 1 mL, 50 mM Hepes-KOH (pH
8.0, 7.3 or 7.1), 2.5 mM PEP, 5 mM MgCl,, 1 mM NaHCO;, 0.2 mM
‘NADH and 10 units of malate dehydrogenase. Assays were initiated by
addition of 75 pL of crude root extract.

The PEPC apparent phosphorylation state was estimated by 3 different
biochemical tests, referred to as velocity test, APS-IgG test and malate
sensitivity test. The velocity test consists on estimating the ratio between
maximal PEPC activity at pH 8.0 and sub-optimal PEPC activity at pH 7.1
(Echevarria et al., 1994, Osuna et al., 1996). For the APS-IgG-binding
assay, 40 pL of crude extract were incubated for 10 min at 0°C with 10 pL
of affinity-purified APS-IgG, and then the activity at pH 7.1 was recorded.
The apparent phosphorylation state according to the APS-IgG test was then
calculated by estimating the ratio between PEPC activity at pH 7.1 in the
extract containing a saturating amount of the APS-IgG and the PEPC
activity at pH 7.1 in absence of APS-IgG (Pacquit et al., 1995, Osuna et al.,
1996). In the malate sensitivity test, the ICsy (50 % inhibition of initial PEPC
activity by L-malate) was calculated by measuring PEPC activity at pH 7.3
in presence of different concentrations (0-300 pM) of L-malate (Jiao ef al.,
1991).

2.6 In vitro phosphorylation assays

In vitro phosphorylation was determined by **P incorporation from [y-
*2P] ATP into PEPC. Homogenates from Fe-sufficient and Fe-deficient root
tips with PEPC activity of 0.01 and 0.1 U, respectively, were incubated at
30°C for 45 min with 0.25 mM APsA (to inhibit endogenous adenylate
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kinase activity), a phosphocreatine (4 mM)-creatine phosphokinase (10 U)
ADP-scavenging system, 25 pM ATP and 1 pCi [y-*P] ATP (Amersham,
Uppsala, USA) in a final volume of 150 pL. The assay was stopped by
addition of 37.5 pL of buffer containing 100 mM Tris-HCI, pH 8.8, 25%
glycerol, 1% SDS and 10% 2-mercaptoethanol. Controls were carried out by
adding 0.1 U of exogenous, non-phosphorylated PEPC from sugar beet
leaves. A negative control was used by adding non-phosphorylated PEPC
and a saturating amount of the APS-IgG (20 pg) to the extract of Fe-
deficient roots and pre-incubating the mixture for 30 min at 0°C before the
. phosphorylation assay. The Ca-dependence of the PEPC kinase was studied
by adding 5 mM EGTA to the phosphorylation mixture. After the assay,
homogenates were boiled for 2 min at 90°C, and then subjected to SDS-
PAGE in a 10% acrylamide gel. Gels were Coomasie-stained and
autoradiographed to analiyze PEPC phosphorylation with a phosphor imager
(Fujix BAS 1000, Fuji, Japan).

2.7 In gel phosphorylation assay.

Fe-sufficient and Fe-deficient root extracts containing 500 pg of protein
were mixed with SDS-sample buffer containing 100 mM Tris-HCI, pH 8.8,
25% glycerol, 1% SDS and 10% 2-mercaptoethanol, and boiled for 2 min.
Electrophoresis was performed in 15% acrylamide gels polymerized in
presence of immuno-purified PEPC (0.3 mg mL™"), at 18 mAmp for 1.5 h at
room temperature. After electrophoresis, the gel was subjected to a
denaturation/renaturation treatment as described in Wang and Chollet
(1993). The in gel kinase assay was performed in 3.5 mL 40 mM Hepes-
NaOH, pH 8.0, 2 mM DTT, 5 mM Mg(CH;COO),, 0.1 mM EGTA and 0.1
uM [y-*P] ATP (50 nCi). After the assay, the activity gel was extensively
washed at room temperature with 5 % (w/v) trichloroacetic acid and 1 %
(w/v) Na pyrophosphate until 32p radioactivity was no longer measured in
the washing solutions. The gel was then vacuum dried and autoradiographed
onto a Kodak X- Omat AR film at —70.

2.8 | Glucose 6-phosphate concentration

Glucose 6-phosphate concentration in root tip extracts was measured in
an enzymatic assay. Extracts were made by grinding 100 mg fresh weight of
root tips in a mortar with 2 mL of 100 mM HEPES (pH 8.0) containing 30
mM sorbitol, 10 mM CaCl,, 1% (w/v) BSA and 1% PVP. The slurry was
centrifuged for 15 min at 10000 g and 4°C, and the supernatant was collected
and analyzed immediately. Glucose 6-phosphate dehydrogenase (EC
1.1.1.49) activity was determined by measuring the increase in Assp due to
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the enzymatic reduction of NADP" (Bergmeyer ef al., 1974) with increasing
concentrations of glucose 6-phosphate as a substrate (0 to 1 mM). Glucose
6-phosphate concentration in the extract was determined by using a standard
addition curve.

3. RESULTS

3.1 Western blotting

A Coomasie blue-stained, 1-D gel of root tip extracts from Fe-sufficient,
Fe-deficient and Fe-deficient sugar beet plants resupplied with Fe for 24 and
72 h is shown in Fig. 5-1A. The antibody against the whole PEPC protein
detects a single polypeptide of apparent molecular mass of 110 kDa in sugar
beet extracts from yellow root tips of Fe-deficient and Fe-deficient plants
resupplied with Fe for 24 and 72 h plants (Fig. 5-1B). No signal was
detected in control root tip extracts from Fe-sufficient plants (Fig. 5-1B).
The amount of PEPC was maximal in Fe-deficient root tip extracts and was
lower after Fe-resupply (24 and 72 h). Also, in 72 h Fe-resupplied plants
PEPC was not detected in extracts of the root tip new white part, similarly to
what occurs in Fe-sufficient plants.

A _ B
Fe-resupply Fe-resupply
+Fe -Fe 24h 72h 72h PEPC +Fe -Fe 24h 72h 72h PEPC
yellow white purified yellow white purified
kDa
150 - .
100
75

50 s

37

Figure 5-1. Coomasie-stained 1-D SDS-PAGE (Fig.1A) and PEPC immunoblot (Fig. 1B) of
sugar beet root tip extracts and 4 pg partially purified maize PEPC (from SIGMA). Extracts
were made from the Fe-sufficient (+Fe), Fe-deficient (-Fe) and Fe-resupplied (24 and 72 h)
root tips. In 72 h Fe-resupplied root tips, yellow (72 h yellow) and new white (72 h white)
zones were studied.
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3.2 PEPC gene expression analysis

To identify potential PEPC open reading frames in Beta vulgaris, we
performed database searches looking for ESTs and TCs with sequence
similarity to previously reported genes from different species, including A.
thaliana, L. esculentum, P. sativum, M. sativa, L. albus, Saccharum sp., N.
tabacum and S. oleracea. One TC, TC1867, was identified in the TIGR B.
vulgaris gene index (BvGI) as a probable ortholog of the PEPC gene.
TC1867 contains a fragment of PEPC (485 pb) corresponding to the 3’ end
that covers 46% of complete PEPC protein sequence with ca. 70% identity
with previously known PEPC sequences from other species. The
corresponding gene was named BvPEPC.

As estimated by semi quantitative RT-PCR, BvPEPC transcript
abundance was much higher in the yellow root tip from Fe-deficient plants
as compared to root tips from control plants. In the yellow root zones of Fe-
resupplied plants (24 and 72 h after Fe addition) the expression of BvPEPC
gene was similar to that observed in Fe-deficient yellow root tips, whereas in
the new white root tip 72 h after Fe resupply expression was intermediate
between that of Fe-sufficient root tips and that of Fe-deficient ones (Fig. 5-
2).

+Fe -Fe 24h 72h 72h
yellow white

Figure 5-2. Semi-quantitative RT-PCR analysis of the BvPEPC transcript in roots from B.
vulgaris plants grown at Fe-sufficient (+Fe), Fe-deficient (-Fe) and Fe resupplied (24 and 72
h) root tips. In 72 h Fe-resupplied root tips, yellow (72 h yellow) and new white (72 h white)
zones were studied.

33 PEPC activity

The activity of the PEPC enzyme in root extracts, expressed on FW
basis, was 52.4- and 59.0-fold higher in Fe-deficient as compared to Fe-
sufficient plants, at optimal (pH 8.0) and suboptimal (pH 7.3) assay
conditions, respectively. These data are in good agreement with data
previously reported in this species, showing increases between 60- and 30-
fold (Lépez-Millén et al., 2000a and Andaluz et al., 2002, respectively).
When data were expressed on a protein basis, increases in PEPC activity in
root extracts with Fe-deficiency were approximately 12- and 14-fold at pH
- 8.0 and pH 7.3, respectively (Table 5-1). Increases reported previously were
7-fold at pH 7.3 (Andaluz et al., 2002).
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Table 5-1.-PEPC activity in root tip extracts from Fe-sufficient and Fe-deficient sugar beet
plants. Data are means = SD of 3 replicates.

pH 8.0 pH 7.3
pmol g' FW min”  pmol mg' prot min”  pmol g' FWmin"  pmol mg™ prot min
+Fe 0.14+£0.02 0.10+0.01 0.07+0.03 0.05+0.02
-Fe 7.49+1.33 1.22+0.28 4.25+1.01 0.69+0.20
“Fel+Fe 52.4 118 59.0 13.6

34 Phosphorylation experiments
34.1 Biochemical phosphorylation assays

The apparent phosphorylation state of PEPC in sugar beet root tip
extracts was estimated by using three different methods. Ratios of
approximately 3.0 for Fe-sufficient and 3.4 for Fe-deficient root tips were
obtained by using the velocity test (Table 5-2). When using the APS-IgG test
rations obtained were 2.3 and 1.5 for Fe-sufficient and Fe-deficient root
extracts, respectively. The ICso calculated with the malate test was 0.21 for
Fe-sufficient and 0.22 for Fe-deficient root tips. No statistically significant
differences were found in any case. These data indicate that the
phosphorylation state of PEPC was quite similar in both treatments.

Table 5-2. Apparent phosphorylation state of PEPC estimated by the velocity test, the APS-
IgG test and the malate sensitivity test. Data are means = SD of 3 replicates. Values in the
same column followed by the same letter are statistically not significant at p < 0.05 (¢
Student’s test).

Velocity test (ratio)  APS-IgG test (ratio) IC 50 (mM)
+Fe 2.98+0.67a 2.33+0.05a 0.21+0.04a

-Fe 3.37+0.93a 1.53+0.32a 0.22+0.03a
34.2. In vitro phosphorylation assay

In vitro phosphorylation of PEPC was studied in root extracts from Fe-
sufficient and Fe-deficient plants (Figs. 5-3A and 5-3B). The
autoradlographlc pattern revealed the presence of various proteln bands that
mcorporated ’P during incubation in the presence of [y-*P] ATP (Fig. 5-
3A). Two of them, with apparent molecular masses of 110 and 60 kDa,

coincide with the electrophoretic mobility of two polypeptides increasing
when exogenous PEPC was added to the extracts, which would correspond
to PEPC and a fragment of this protein. APS- IgGs was used to assess the
presence of phosphorylated PEPC among these radiolabeled polypeptides,
since this ‘antibody blocks specifically the PEPC phosphorylation site used
by the PEPC kinase (Pacquit ef al., 1995). Addition of APS-IgGs to the in
vitro phosphorylation assay impaired the phosphorylation of the
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polypeptides at 110 and 60 kDa (Fig 5-3A, lane 5). When exogenous non-
phosphorylated PEPC from sugar beet leaves was supplemented to the
phosphorylation assay, PEPC kinase activity increased in both Fe-sufficient
and Fe-deficient root extracts (Fig. 5-3A, lanes 2 and 4, respectively). These
results and the fact that the intensity of the PEPC phosphorylated band was
similar in Fe sufficient and Fe-deficient roots (Fig 5-3A, lanes 1 and 3,
respectively) would suggest that PEPC kinase activity does not change in Fe
deficient roots. The Ca-dependence of the PEPC kinase was studied by the
addition of 0.5 mM EGTA to the phosphorylation assay. The intensity of the
PEPC band was similar in both assays, with and without EGTA (Fig 5-3A,
lanes 6 and 4, respectively), suggesting that the sugar beet root PEPC kinase
is not a Ca-dependent enzyme.

A Autoradiography B cCoomasie blue stained gel
+Fe -Fe +Fe -Fe
+PEPC" +PEPC PEPC +PEPC  +PEPC
exog exog Immuno exog exog
precipit
APS APS-
119G EGTA I9G EGTA
1 2 3 4 5 6 1 2 3 4 5 6

PEPC® |

PEPC»
fragment

Figure 5-3. In vitro phosphorylation of PEPC in root tip extracts from Fe-sufficient (lanes 1
and 2) and Fe-deficient (lanes 3-6) plants. A) Autoradiographed gel, B) Coomasie blue
stained gel. Lanes 1 and 3: Fe-sufficient and Fe-deficient root tip protein -extracts,
respectively. Lanes 2 and 4: Fe-sufficient and Fe-deficient root tip protein extracts plus
exogenous PEPC. Lane 5: Fe-deficient root tip protein extract plus exogenous PEPC and
APS-IgG. Lane 6: Fe-deficient root tip protein extract plus exogenous PEPC and EGTA.

3.5 In gel phosphorylation assay.

In gel phosphorylation experiments showed three protein kinase bands
with apparent molecular masses of 45, 37 and 30 kDa (Fig. 5-4) in root tips
of Fe-sufficient sugar beet plants and a single band of 45 kDa in root tips
from Fe-deficient plants. The intensity of the 45 kDa band was much lower
in gels from Fe-deficient root extracts as compared to those from extracts of
Fe-sufficient root tips. _ - o
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~+Fe -Fe

-200 kDa

135
82
45 kDa ~p» 53
37 kDa —p»
30 kDa —p» 20
23
2% 13

Figure 5-4. In gel assay of PEPC kinase activity from Fe-sufficient and F e-deficient roots of
sugar beet plants. The gel was polymerized with 0.3 U mL™! of exogenous PEPC and the total
protein per lane was 0.5 mg.

3.6 Glucose 6-phosphate concentration

Glucose 6-phosphate concentrations in the root tips were estimated to be
0.15 and 0.56 pmol ¢! FW in Fe-sufficient and Fe-deficient root tips,
respectively. These values would result in final glucose 6-phosphate
concentrations of approximately 0.8 and 1.1 pM in assays from in Fe-
sufficient and Fe-deficient root tips.

4. DISCUSSION

In the present work we have studied the changes in PEPC activity in
extracts from root tips of sugar beet as affected by Fe deficiency. The PEPC
activity increases with Fe deficiency tound in this study (52 to 5Y-told on a
FW basis) are similar to those reported previously for this species (Lopez-
Millan et al., 2000a; Andaluz et al., 2002). The increase found in PEPC
activity in sugar beet is much higher than those found in other species such
as pepper (Landsberg, 1986), kiwifruit (Rombola, 1998), Medicago
truncatula (Andaluz et al., 2005) and cucumber (Rabotti et al., 1995; De
Nisi and Zocchi, 2000), where the increases, measured on a FW basis, were
approximately 1.9-, 2.3-, 3.0- and 4.0 to 6.0-fold, respectively.

The BvPEPC gene was found by RT-PCR to be over-expressed in sugar
beet roots with Fe deficiency. A similar increase in the transcripts of the
MtPEPC with Fe deficiency has been found in the model plant M. fruncatula
(Andaluz et al., 2005). Also, a report indicating an up-regulation of PEPC in
Fe-deficient Cucumis sativus was recently presented in a Symposium (De
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Nisi et al., 2004). The transcript intensity of BvPEPC, however, did not fully
match the changes in PEPC enzyme activity (see below). After 72 h of Fe-
resupply, the expression of BvPEPC in the yellow root parts was maintained,
whereas the expression in newly-grown white root tips was quite low,
similar to that found in Fe-sufficient root tips.

Upon Fe resupply, PEPC was rapidly switched off, since both the amount
and activity of PEPC decreased markedly. The amount of the PEPC protein
decreased significantly 24 h after Fe resupply (Fig. 5-1), and it was no
longer detected in the newly-grown white root tips sampled 72 h after Fe
resupply. These data are in good agreement with previous reports indicating
that the enzymatic activity of PEPC in root extracts of Fe-deficient plants
decrease approximately by 50% 24 h after Fe resupply, to reach values
similar to those found in controls after 96 h (Lopez-Millan et al., 2001b).
The transcript intensity of BvPEPC, however, did not change in the yellow
part of Fe-deficient root tips 72 after Fe resupply, whereas the PEPC enzyme
activity was considerably decreased (Lopez-Millan et al., 2001b), suggesting
that some kind of post- transcrlptlonal regulation could be taking place in this
- area of the root tip.

Data presented here support that PEPC phosphorylation does not take
place in Fe deficient sugar beet roots, confirming previous reports with
cucumber (De Nisi and Zocchi, 2000) and sugar beet (Andaluz et al., 2002).
The ratios obtained with the apparent phosphorylation test in extracts from
Fe-deficient roots were very similar to those found in extracts from Fe-
sufficient roots, and PEPC phosphorylation was not detected by in vitro
phosphorylation assays. Furthermore, in ge! phosphorylation experiments
indicate that PEPC kinase concentrations in Fe-deficient root extracts were
much lower than in those from Fe-sufficient roots. This indicates that the
widespread mechanism of PEPC post-translational regulation, consisting in
the reversible phosphorylation of the N-terminal domain found in leaves
from C4 and CAM species (see Vidal and Chollet, 1997 for a review), does
not occur in Fe-deficient sugar beet roots. In this mechanism, light-dark (C4
species) or night-day (CAM species) regimes induce the phosphorylation-
dephosphorylation of photosynthetic PEPC by a Ca-independent PEPC
kinase and a type-2A protein phosphatase, respectively. Phosphorylated
PEPC is more active, less sensitive to the negative effector malate and more
sensitive to the positive effector glucose-6-phosphate (Chollet et al., 1996).
A similar regulation has also been found in non-photosynthetic tissues such
as nodules and seeds (Zhang et al., 1995; Osuna et al., 1996; Osuna ef al.,
1999, Nhiri et al., 2000).

When expressed on a protein basis, the increase in PEPC activity in root
extracts with Fe deficiency was approximately 12 to 14-fold, much lower
than that expected from the measured increase in PEPC protein amount
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(approximately 35-fold, also on a protein basis, in Andaluz ef al., 2002).
These data suggest the existence of some factors influencing PEPC activities
in root extracts, possibly linked to changes ocurring in the assay medium due
to the different composition of the root extracts from Fe-deficient and
control roots. This issue could be important, because any effect found in root
extracts could be even more important in intact roots. A positive allosteric
regulation of PEPC occurs with glucose 6-P and triose-P in algae (Schuller
et al., 1990a) and soybean nodules (Schuller et al., 1990b). Iron deficiency
“causes a 5-fold increase in glucose 6-P, as it could be expected from the
enhancement of the glycolytic pathway with Fe deficiency (Sijmons y
Bienfait, 1983; Rabotti et al., 1995; Espen et al., 2000). However, the
resulting increase in glucose 6-P in the PEPC assays would be lower than 2
uM, a value unlikely to affect significantly the root extract results .(for
instance, a 500 uM glucose 6-P concentration would lead to an approximate
15% increase in PEPC activity). A possible explanation for a PEPC activity
decrease in Fe-deficient root extracts is an increase in malate concentrations,
since this compound is known to be a strong inhibitor of PEPC (Vidal and
Chollet, 1997). However, the increase in root malate with Fe deficiency
(from 0.4 to 6.0 mM; Lépez-Millan et al., 2000a) would result in increases
in malate concentrations in the PEPC assays only up to 45 uM, which could
decrease measured PEPC by a moderate 10%. Also, fumarate root
concentrations, which increase with Fe deficiency up to approximately 0.9
mM (Loépez-Millan et al., 2000a), would result in increases in fumarate
concentrations in the PEPC assays only up to 6 pM. Again, this could
decrease slightly measured PEPC (by less than 5%, results not shown).
Preliminary experiments in our lab indicated that extracts from Fe-deficient
and Fe-sufficient root tips cause a marked decrease in the activity of purified
PEPC enzyme (34 and 25% respectively), supporting the existence of a
strong PEPC repressor in roots. However, this would not explain why the
large Fe-deficiency induced amount of PEPC protein could result in only a
moderate increase in PEPC activity. Another possibility could be the
occurrence of different active PEPC forms in Fe-deficient and control roots.
The presence of a single PEPC band in Western blotting experiments with
Fe-deficient roots does not support the presence of forms with different
gross molecular mass, but does not exclude the presence of other protein:
modifications.

In summary, the increase in sugar beet root PEPC activity induced by Fe
deficiency is mediated through increases in both the amount of PEPC
transcripts and the amount of protein. In addition our data suggest that some
kind of post-transcriptional regulation, different from PEPC
phosphorylation, could modulate PEPC activity in Fe-deficient yellow root
tips and in their extracts.
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PROTEOMIC PROFILES OF Beta vulgaris ROOT
TIPS AND CHANGES INDUCED IN RESPONSE
TO IRON DEFICIENCY

Abstract: The proteomic profile of root tips and the changes induced in that proteome by
iron deficiency have been studied by using root tip extracts from Befa vulgaris
plants grown in hydroponics. Two-dimensional electrophoresis, IEF-SDS
PAGE, has been employed to obtain proteome maps. Approximately 150 spots
were detected in 2-D gels form root tips of iron deficient and control plants.
Iron deficiency induced significant changes in intensity in a large number of
these polypeptides, mainly associated to the carbohydrate catabolism. A
protein not present in Fe-sufficient roots, DMRL synthase, was in high
amounts in root tips from Fe-deficient sugar beet plants and was also found to
be transcriptionally regulated by Fe status.

Key words: DMRL synthase, iron deficiency, root proteome

1. INTRODUCTION

Iron is an essential micronutrient for plants, and plays a key role in plant
metabolism processes as important as photosynthesis, N fixation and
respiration (Marschner, 1995). Iron in calcareous soils, although abundant, is
often not soluble and therefore is unavailable for the roots (Lindsay and
Schwab, 1982). Plants can be classified in two groups depending on the
mechanisms of Fe uptake and on the physiological responses to Fe
deficiency: Strategy I plants, which inelude dicotyledonous and non-
Graminaceae monocotyledonous species, and Strategy II plants, which
include Graminaceae species. When grown under a limited Fe supply,
Strategy II plants excrete phytosiderophores, which solubilize Fe and make
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ferric ions available for root absorption (Marschner et al., 1986; Marschner
and Rombheld, 1994).

Plants classified as Strategy I plants develop a series of biochemical and
morphological changes in roots that lead to an increased capacity for Fe
uptake when plants are Fe-deprived (see Schmidt, 1999, for a review); these
responses at the uptake level are accompanied by several metabolic changes
that support this adaptation mechanism to Fe deficiency (Rabotti et al,,
1995; Espen et al., 2000; Lopez-Millan et al., 2000a). Morphological
changes include root tip swelling, development of transfer cells and an
increase in the number of lateral roots (Kramer et al., 1980; Landsberg,
1982). These changes. allow for an increase in the root surface in contact
with the external medium, as a strategy for a maximization of Fe uptake
from the soil (Kramer et al., 1980; Landsberg, 1982). Among the
biochemical changes found, there is an induction of the two-step, Fe-uptake
system that consists on a plasma membrane ferric reductase that reduces
extracellular Fe(III) (Moog and Briiggemann, 1994; Susin et al., 1996;
Robinson ef al., 1999; Schmidt, 1999) and a plasma membrane Fe (II)
transporter that translocates the reduced iron to the root cell (Eide et al.,
1996; Fox and Guerinot, 1998). Biochemical responses also include a higher
proton extrusion activity, probably associated to an induction of a plasma
membrane H'-ATPase in rhizodermal cells (Schmidt et al., 2003, Santi et
al., 2005); this activity causes an acidification of the rhizosfere pH that
enhances the solubility of Fe in the soil. Some Strategy I plants are also able
to accumulate and release reducing and/or chelating substances, such as
phenolics and flavins, which may have some role in Fe acquisition (Welkie
and Miller, 1960; Susin ef al., 1994). Most of these changes are localized to
root tips (Lopez-Millan ef al., 2000a).

At the general metabolic level, increases in activity of PEPC (Rabotti et
al., 1995; Lépez-Millan et al., 2000a), several enzymes of glycolytic
pathway such as pyruvate kinase, phosphofructokinase, fructose 1,6-
bisphosphate aldolase and glyceraldehyde 3-phosphate dehydrogenase,
(Rabotti et al., 1995; Espen et al., 2000) and of the citric acid cycle such as
aconitase, fumarase, malate dehydrogenase and citrate synthase (Landsberg,
1986; Rabotti et al., 1995; Lopez-Millan et al., 2000a) have been found to
increase in different plant species under Fe deficiency. Also, Fe deficiency
induces an accumulation of organic acids, mainly malate and citrate, in roots
and leaves (Abadia et al., 2002). The induction of the carbon metabolism
(glycolysis and citric acid cycle) in Fe-déficient roots not only would
provide a source of reducing power, protons and ATP for the ferric reductase
and the H'-ATPase enzymes, but also suggests the existence of a non-
autotrophic, anaplerotic carbon fixation by roots (Lopez-Millan et al.,
2000a). Carbon fixed anaplerotically in roots of Fe-deficient plants could be
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exported via xylem (Bialzyk and Lechowski, 1992; Lépez-Millan et al.,
2000b) and then used for basic maintenance processes in leaves with
drastically reduced photosynthetic rates (Terry, 1980).

Whereas biochemical activities of all the enzymes involved in this
adaptation mechanism in roots of Fe-deficient plants have been widely
studied, the knowledge on the changes of the proteomic profile of roots with
Fe deficiency is, as far as we know, quite scarce. This type of studies would
provide a holistic view of most of the metabolic processes involved in the
adaptation of Strategy I plants to Fe deficiency. The most used method to
obtain proteomic profiles, IEF-SDS PAGE, has already been used to study
the proteome of Medicago truncatula roots (Mathesius et al., 2001; Watson
et al., 2003) but to our knowledge no data are still available the changes in
the M. truncatula root proteome induced by Fe deficiency.

The aim of this work was to characterize the proteomic profile of root
tips and the changes induced in root proteome in response to Fe deficiency.
" The study of the root proteome has been carried out using root tips from
sugar beet plants grown in Fe-sufficient and Fe-deficient conditions in
hidroponics by 2-D IEF-SDS PAGE.

2. MATERIALS AND METHODS
2.1 Plant Material |

Sugar beet (Befa vulgaris L. Monohil hybrid from Hilleshéog,
Landskrona, Sweden) was grown in a growth chamber with a photosynthetic
photon flux density of 350 pmol m™ s photosynthetlcally active radiation
and a 16 h, 23°C / 8 h, 18°C, day/night regime. Seeds were germinated and
grown in vermiculite for two weeks. Seedlings were grown for an additional
two weeks in one-half-strength Hoagland nutrient solution (Terry, 1980)
with 45 uM Fe(IlI)-EDTA and then transplanted to 20 L plastic buckets
(four plants per bucket) containing one-half-strength Hoagland nutrient
solution with either 0 or 45 pM Fe(IlI)-EDTA. The pH of the Fe-free
nutrient solutlons was buffered at approximately 7.7 by adding 1 mM NaOH
and 1 g L' of CaCOs. This treatment simulates conditions usually found in
the field leading to Fe deficiency (Susin et al., 1994). In the Fe- -resupply
experiment, plants grown for 10 days in absence of Fe were transferred to
one-half-strength Hoagland nutrient solution, pH 5.5, with 45 pM Fe(II)-
EDTA. Control and Fe-deficient root tips were excised ten days after the
onset of the treatment. Fe-resupplied root tips were sampled at 0 (before
adding Fe), 24 and 72 h after the Fe addition. After 72 h of resupply, root
length increased approximately by 4 mm, leading to the development of a
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new white root tip, while the swollen root zone was left behind (Lopez-
Millan et al., 2001b). Therefore, samples at 72 h were taken from the newly
developed white root tip zone and the swollen yellow zone (L6pez-Millan et
al., 2001b).

2.2 Protein extraction

Protein extracts were obtained according to Meyer et al. (1988). Root tips
(300 mg) were ground in a mortar with liquid nitrogen, and homogenized in
- 5 mL of solution A (50% (v/v) phenol in Tris HC1 0.1 M pH 8.0, 5 mM 8-
mercaptoethanol) stirring for 30 min at 4°C. The homogenate was filtered
(PVDF, 0.45 pm) and centrifuged for 15 min at 5000 g. The phenol phase
was re-extracted for 30 min with one volume of solution B (Tris 0.1 M pH
8.0 saturated with phenol, 5 mM B-mercaptoethanol) and centrifuged as
described before. The phenol phase was collected and proteins precipitated
by adding four volumes of 0.1 M ammonium acetate in cold methanol
following an incubation for at least 4 h at —20°C. Samples were then
centrifuged at 5000 g for 15 min and pellets were washed three times in cold
methanol, dried with N, gas and resuspended in sample rehydration buffer
containing 8 M urea, 2% (w/v) CHAPS, 50 mM DTT, 2 mM PMSF and
0.2% (v/v) 3-10 ampholytes (Amersham, Uppsala, Sweden). After
rehydration, samples were incubated at 28°C for 1 h and then centrifuged at
15000 g for 10 min at 20°C. Protein concentration was measured with RC
DC Protein Assay Bio-Rad based on Lowry et al. (1951) method.

23 Two-Dimensional Separation

A first dimension isoelectric focusing separation was carried out on 7 cm
ReadyStrip IPG Strips (BioRad), with a linear pH gradient pH 5-8. Gels
were loaded with equal amounts of protein. Strips were rehydrated for 16 h
in 125 pL of rehydration buffer containing 100 pg of root extract proteins
and supplemented with a trace of bromophenol blue. After this time, strips
were loaded in a PROTEAN IEF Cell (BioRad, Hercules, CA, USA) and
focused at 20°C, for a total of 14000 Vh. After IEF, strips were equilibrated
for 10 min in equilibration solution I (6 M urea, 0.375 M Tris, pH 8.8, 2%
(w/v) SDS, 20% (v/v) glycerol, 2% (w/v) DTT) and for another 10 min in
equilibration solution II (6 M urea, 0.375 M Tris pH 8.8, 2% (w/v) SDS,
20% (v/v) glycerol, 2.5% (w/v) iodoacetamide). '

For the second dimension, polyacrylamide gel electrophoresis (SDS-
PAGE), IPG strips were placed onto 12% SDS-polyacrylamide gels (8 x 10
x 0.1 cm) and sealed with melted 0.5 % agarose. SDS-PAGE was carried out
at 20 mA per gel for 1.5 h hour, and gels were subsequently stained with
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Commassie-blue and analysed with the PDQuest 7.1 program (BioRad). 2-D
gels were made from 1ndependent root tip preparations from different
batches of plants.

24 In gel digestion of proteins and sample preparation
for mass spectrometric analysis

Protein spots were excised manually and then digested automatically
using a Proteineer DP protein digestion station (Bruker-Daltonics, Bremen,
Germany). The digestion protocol used was that of Schevchenko ef al.
(1996) with minor- variations. For peptide mass fingerprinting and LIFT
TOF-TOF (Suckau et al, 2003) spectra acquisition, an aliquot of a-cyano-4-
hydroxycinnamic acid in 33% aqueous acetonitrile and 0.1% trifluoroacetic
acid was mixed with an aliquot of the above digestion solution and the
mixture was deposited onto AnchorChip MALDI probes (Bruker-Daltonics).

2.5 MALDI peptide mass fingerprinting, LIFT TOF-
' TOF acquisition and database searching

Peptide mass fingerprint spectra were measured on a Bruker Ultraflex
MALDI TOF-TOF mass spectrometer (Bruker-Daltonics) (Suckau ef al,
2003) in positive ion reflector mode. Mass measurements were performed
either automatically through fuzzy logic-based software or manually. Each
spectrum was internally calibrated with mass signals of trypsin autolysis
ions, and the typical mass measurement accuracy was +25 ppm. The
measured tryptic peptide masses were transferred (through the MS BioTools
program from Bruker-Daltonics) as inputs to search the NCBInr database,
using Mascot software (Matrix Science, London, UK). When available, MS-
MS data from LIFT TOF-TOF spectra were combined with MS peptlde
mass fingerprint data for database searching. '

2.6 DMRL synthase gene expression analysis

Database searches were performed with TBLASTX (Altschul and
Lipman, 1990) using previously identified DMRL synthase sequences from
A. thaliana, (NM129967), Nicotiana tabacum (AF148648) and Spinacia
oleracea (AF147203). No DMRL synthase sequence from Beta vulgaris
were obtained, thus primers were designed based on DMRL synthase
sequence from Spinacia oleracea (AF147203), the closest phylogenetically
related specie to Beta vulgaris. Primers used to amplify the complete cDNA
sequence of DMRL synthase were f-ATGGCTTCATTTGCAGCTTCT and
r-TTAGGCCTTCAAATGATGTTC.
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Total RNA was isolated from roots with the Rneasy Plant Mini kit
(Qiagen, Maryland, USA). One plant per treatment was used to extract
RNA, and two batches of plants were analysed. A sample aliquot containing
3 ug of total RNA was subjected to reverse transcription with 25 pg/mL
oligo (dT) primer, 0.05 mM dNTP mix and 1 unit of Superscript II Reverse
Transcriptase (Invitrogen, Carlsbad, USA) in a final volume of 20 pL,
according to the manufacture’s instructions. PCR reactions were carried out
with 2 pL of resulting cDNA solution, using 0.5 pM of the specific primers.
Additional reaction components were standard buffer (75 mM Tris HCI pH -
. 9.0, 1.5 mM MgCl,, 50 mM KCI, 20 mM (NH;),SO,4), 0.2 mM dNTP's and
0.5 units DNA polymerase (Biotools, Madrid, Spain). PCR reactions were
carried out with the following conditions: 95 °C for 5 min, 30 cycles
consisting of 95 °C for 45 s, 55 °C for 45 s and 70 °C for 1 min, and a final
period of 10 min at 70 °C. RT-PCR reactions were carried twice for each
sample set. Actin was used as housekeeping gene.

2.7 Flavin concentrations

Root material (ca. 100 mg FW) was frozen in liquid N, and ground in a
mortar with 0.1 M ammonium acetate, pH 6.1. Extracts were centrifuged for
5 min at 14000 g and the supernatant stored at —80 °C until analysis. Flavin

compounds including FMN and riboflavin were analysed by HPLC using a
100 x 8 mm Waters Radial-Pak C18 radial compression column (Waters
Corp., Milford, MA, USA). Samples were injected with a Rheodyne injector
(50 pL loop). Mobile phase (water:methanol 70:30, v:v) was pumped at a
flow rate of 1 mL/min (Susin et al., 1993). Flavins were detected at 445 nm.
Peaks corresponding to FMN and FAD were identified by comparison of
their retention times with those of standards from SIGMA (Saint Louis,
Missouri, USA). Quantification was made with known amounts of each -
compound using peak areas. '

3. RESULTS

3.1 IEF-PAGE electrophoresis

Root tip extracts from sugar beet plants grown in Fe-sufficient and Fe-
deficient conditions were separated by 2-D IEF-SDS PAGE electrophoresis
and gels were analysed to study the changes induced by Fe deficiency in the
polypeptidic pattern. Real scans of typical 2-D gels obtained with extracts
from Fe-sufficient and Fe-deficient plants are shown in Figs. 6-1A and 6-1B,
‘respectively. Gels obtained with different root tip extract preparations
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isolated from different batches of plants were very similar. The number of
polypeptides detected in gels of root tip extracts from Fe-sufficient and Fe-
deficient plans was 141 and 148, respectively (Figs. 6-1A and 6-1B).
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Figure 6-1. 2-D IEF-SDS PAGE root tip proteome maps of root tips from Fe-sufficient and
Fe-deficient Beta vulgaris plants. Proteins were separated in the first dimension in linear (pH
5-8) IPG gel strips and in the second dimension in 12% acrylamide vertical gels. Scans of real
typical gels of root tips from.Fe-sufficient and Fe-deficient plants are shown in A and B,
respectively. To facilitate visualization of the spots studied, a virtual composite image (C and
D) was created containing all spots present in the real gels A and B. Then, spots whose
intensities decrease or disappear completely with Fe deficiency were labelled with blue and
green marks, respectively (C), and those increasing with Fe deficiency or only present in Fe-
deficient gels were labelled with orange and red marks, respectively (D).

Averaged 2-D polypeptide maps of root tip extracts from Fe sufficient
and Fe-deficient plants were made from three independent preparations, each
from a different batch of plants. To better describe the changes in
polypeptide composition we built a eomposite averaged virtual map
containing all spots present in both Fe-deficient and control root tip extracts
(Figs. 6-1C and 6-1D). The comparison of averaged maps indicated that Fe
deficiency caused increases and decreases in signal intensity in 29 (orange
marks in Fig. 6-1D) and 13 spots (blue marks in Fig 6-1C), respectively.
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Furthermore, 6 and 13 spots were only detected in Fe-sufficient (green
marks in Fig. 6-1C) and Fe-deficient plants (red marks in Fig. 6-1D),
respectively. All polypeptides in the composite averaged map are depicted
again in Fig. 6-2A, to permit annotation of those polypeptides where
homologies were found by using MALDI TOF (marked by squares in Fig. 6-
2A). These polypeptides were numbered from 1 to 29 as described in Fig. 6-
2B, and the homologies are described in detail in Table 6-1.
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Figure 6-2. Virtual composite image, showing all polypeptides present in root tips from Fe-
deficient and Fe-sufficient plants. In A, polypeptides which had significant homologies with
proteins in the databases (using MALDI MS and MASCOT) are annotated by squares. The
same polypeptides are numbered in B, and homologies are described in detail in Table 6-1.

From the 29 spots that increased in signal in root tip extracts of Fe-
‘deficient as compared to Fe-sufficient controls, 20 were excised and
analysed by MALDI MS. Since the sugar beet genome has not been
sequenced yet and very few sequences are available in the databases,
identification was performed by homology searches with proteins from other
plant species. From the 20 spots analyzed, 14 proteins were identified
(proteins labelled 1 to 14 in Fig. 6-2B and Table 6-1). These include proteins
related to glycolysis such as fructose 1,6-bisphosphate aldolase from
Arabidopsis thaliana (spot 1), triose-phosphate isomerase from Coptis
japonica (spot 2), 3-phosphoglycerate kinase from Triticum aestivum (spot
3) and enolase from Mesenbryanthenum crystallinum and Lactuca sativa
(spots 4 and 5, respectively). Three spots gave significant matches to malate
dehydrogenase from Beta vulgaris and Nicotiana tabacum (spots 6-8), and
two more polypeptides presented homology with o and B subunits from F1
ATP synthase from B. vulgaris and Sorghum bicolour, respectively (spots 9
and 10). Other proteins that were found to increase in root tip extracts from
Fe-deficient sugar beet plants as compared to the Fe-sufficient controls were
fructokinase from B. vulgaris (spot 11) and formate dehydrogenase from
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Quercus robur (spot 12). Also, one spot gave significant matches to a
cytosolic peptidase Atlg79210/YUP8HI2R 1 from A. thaliana (spots 13).
Spot 14 gave significant match to a glycine rich protein from A. thaliana,
that possibly has a role in RNA transcription or processing during stress
conditions.

Table 6-1. Proteins identified by MALDI-MS in 2-D IEF-SDS PAGE gels. 'MS1 data:
Protein score is —10*Log (P), where P is the probability that the observed match is a random
event. Protein scores >76 are significant (p<0.05). 2MS2 data: Ion score is —~10*Log (P),
where P is the probability that the observed match is a randem event. Individual ion scores
>40 indicate identity or extensive homology (p<0.05). In both cases, protein scores are
derived from ion scores as a non-probabilistic basis for ranking protein hits.

3 S = : = :

8 g & B ¥ S accesionn homology species
Increased proteins in Fe-deficiency

1 39 7.6 42 59 76' T48396 fructose 1,6-bisphosphate aldolase A. thaliana

2 27 55 35 54 143" gil556171 triose-phosphate isomerase C. japonica

3 31 49 45 54 103" gil28172909  cytosolic 3-phosphoglycerate kinase  T. aestivum

4 49 56 59 55 188" gill087071 enolase M. crystallinum
5 49 56 58 54 123' Ti2341 enolase L. sativa

6 36 59 40 6.2 140 CAB61618 malate dehydrogenase B. vulgaris

7 36 59 40 58 77" CAB61618 malaté dehydrogenase B. vulgaris

8 22 7.6 40 6.0 124" gi|48375044 malate dehydrogenase N. tabacum

9 55 6.0 60 6.0 185" 078692 F1 ATPase a subunit B. vulgaris

10 49 5.1 58 53 170" gil4388533 F1 ATPase 8 subunit S. bicolor

11 36 52 49 5.5 299 £i|1052973 fructokinase B. vulgaris

12 41 6.5 44 6.3 102" gi|38636526 formate dehydrbgenase Q. robur

13 26 55 35 54 113" £i[21689609 At1g79210/YUi’8H12R_l A. thaliana

14 17 5.9 17 5.5 116° gill6301 glycine rich protein A. thaliana
New spots in Fe-deficiency .

15 37 7.1 36 6.6 101" gi|19566 glyceraldehyde 3-phosphate DH M. quinquepeta
16 23 87 16 6.6 65 Q9XH32 DMRL synthase S. oleracea

Decreased proteins in Fe-deficiency

17 16 63 15 6.4 166' gi|3309053 nucleoside diphosphate kinase I M. crystallinum
18 23 64 30 6.8 217 gi]l 1496133  oxalate oxiciase—like germin 171 B. vulgaris

19 22 6.1 32 5.7 188" gi|34365651 At4g27270 A. thaliana
Disappeared spots in Fe deficiency » |

20 23 64 34 5.7 217" gi|11496133 ‘_ox‘alate oxidase-like germin 171 B. vulgaris

21 9 6.0 49 57 49" gi2956703 . peroxidase S. oleracea

22 29 5.1 38 53 69 gi|5101868 caffeoyl CoA O-methyltransferase - Z. mays
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Spots that did not change in intensity

23 31 49 49 5.7 186" gi|28172909  cytosolic 3-phosphoglycerate kinase  T. aestivum
24 39 5.1 44 5.3 127' gil13173419  cytosolic glutamine synthetase B. vulgaris
25 28 54 36 5.4 125' gil310587 ascorbate peroxidase ' S. oleracea
26 59 6.6 62 6.0 62° gil12802327 mitochondrial peptidase B subunit C. melo

© 27 27 54 36 60 143’_ 221386959  endopeptidase complex o subunit - A. thaliana
28 30 63 36 6.8 113 mgi|3914430 proteasome € chain S. oleracea
29 95 59 100 6.0 186' gi[2369714 elongation factor 2 B. vulgaris

From the 13 new spots detected de novo in proteome maps from root tip
extracts of Fe-deficient plants (Fig. 6-1D), the 6 more abundant were
_ analysed by MALDI MS, resulting in only 2 positive matches (spots 15 and

16 in Fig. 6-2B and Table' 6-1). Significant matches were found for
glyceraldehyde 3-phosphate dehydrogenase from Magnolia quinquepeta
(spot 15) and 6,7-dimethyl-8-ribityllumazine synthase (DMRL) from
Spinacia oleracea (spot 16). The intensities of the remaining 7 spots
detected only in Fe-deficient root tip extracts were so low that it was not
possible to study them by MALDI MS.

From the 13 spots showing a decrease in signal intensity in root tip
“extracts from Fe-deficient plants as compared to controls (Fig. 6-1C), 3 were
identified by MALDI MS. Spots 17 and 18 (Fig. 6-2B, Table 6-1) gave a
significant match to nucleoside diphophate kinase I from
Mesembryanthemum crystallinum and to oxalate oxidase-like germin from
B. vulgaris, respectively. Spot 19 presented homology with At4g27270
protein from A. thaliana (Fig 6-2B and Table 6-1) whose molecular function
is to interact selectively with FMN, and also presents oxidoreductase
activity.

From the 6 spots that were not detected in root tip extracts from Fe-
deficient plants as compared to the controls (Fig. 6-1C), 3 were identified by
MALDI MS (spots 20-22 in Fig. 2B and Table 6-1). Proteins matched were
oxalate oxidase from B. vulgaris (spot 20), peroxidase from S. oleracea (spot
21) and caffeoyl CoA O-metyltransferase from Zea mays (spot 22).

Twelve spots that did not change in intensity when the Fe deficient
proteome map was compared to the Fe sufficient map (Figs. 6-1A and 6-1B)
were analysed by MALDI MS, and 7 of them (spots 23-29 in Fig. 6-2B and
Table 6-1) gave significant matches to already known proteins. Identified
proteins were 3-phosphoglycerate kinase from Triticum aestivum (spot 23),
glutamine synthetase from B. vulgaris (spot 24), and ascorbate peroxidase
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from S. oleracea (spot 25). Three more spots gave significant matches with
different peptidases, a mitochondrial processing peptidase 8 subunit from
Cucumis melo, o subunit from multicatalytic endopeptidase complex from
A. thaliana and € chain from proteasome from S. oleracea (spots 26-28).
Spot 29 presented homology to the elongation factor 2 from B. vulgaris.

3.2 DMRL synthase protein amount analysis

To further analyse the changes induced by Fe status in the amount of
DMRL synthase, root tip extracts from sugar beet plants grown in Fe-
sufficient, Fe-deficient and Fe-resupplied condition were separated by 2-D
IEF-SDS PAGE electrophoresis and gels were analysed. Real scans of the 2-
D gel zone where DMRL synthase protein is located (16 kDa, p/ 6.6) are
shown in Fig. 6-3. As previously shown in Fig. 6-1, the DMRL synthase
protein was detected de novo in Fe-deficient root tip extracts (-Fe, Fig. 6-3).
The spot corresponding to DMRL synthase was also detected with a similar
signal intensity in 2-D gels obtained from extracts of the yellow zone of the
root tip from plants 24 and 72 h after Fe was resupplied to the nutrient
solution (24 h and 72 h yellow, Fig. 6-3). However, the spot corresponding
to DMRL synthase was not detected in 2-D gels from extracts of the new
white zone of root tips from plants 72 h after Fe resupply (72 h white, Fig. 6-
3), as occurs in Fe-sufficient root tip extracts (+Fe, Fig. 6-3).

+Fe - -Fe 24 h
e B

72 h yellow 79 h white

B

Figure 6-3. Zoom scans of real typical gels of root tips from Fe-sufficient (+Fe), Fe-deficient
(-Fe) and 24 h, 72 h yellow and 72 h white Fe-resupplied plants. '

3.3 DMRL synthase gene expression analysis

To identify a putative DMRL synthase cDNA in Beta vulgaris, primers
based on DMRL synthase sequence from Spinacia oleracea (AF147203)
were designed. A PCR product of approximately 675 bp was amplified and
then sequenced (Fig. 6-4).

af
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ATGGCTICATTYGCAGCTICTCAATCTTGTTTCCTTACTACTAATTCCAAT
M A § F A A S 0 8 C F L T TN S N

CTTTTACCTCTTAAACCCTCTTTTCTTCAACAATCTTCTACCTTTCTTCGC
L L P L K P 858 F L 0 Q0 8§ 8§ T P L R

TPTTCTGCCCCTCTTTCTTCCTCATCTTCEGTCCCAGETTGTGGGTTAGTT
F 8 A P L 8 8 8 8 8 VvV P 6 C G L V

CATGTTGCGACAGAAAAGARAAATCGTGCCTCATTTGCAGTGACAAATGCA
H vV A T E K K N R A 8§ F A V 7 N A

GTGAGGGAGTTGCAAGGATATGTCACTARAGCCCAGAATTTTCGATTTIGCC
vV R E L. E 6 ¥ VvV * K A ¢ N F R F A

ATTGTTGTCCCTAGGTTTAATGAATTTGTGACAAGGCGGCTAATGGAAGGA
I vV vV AR F N E ¥ vV T R R L M E G

GCTCTTGACACTTTCAAGAAATATTCCGTCACTGAAGATATTIGATGTTGTT
A L b T FF XK XK ¥ 8§ vT E D I D V V

TGEETICCTCETCCTYATGAGCTTCGCCTTACTGCACACGCACTGGGAAAA
W VvV P G A Y E L ¢ VvV T A Q A L G K

TCAGGAAAATATCATGCTATTGCTGTGTCTITGGAGCTGTGGTARAAGGGGAT
§ 6 K ¥ H A I VvV ¢C L ¢ A V V¥V K G D

ACTTCACACTACGATCCTGTCGTTAACTCCECCTCCTCTGGAATACTAACA
T § H ¥ D A V vV N 8 A 8§ 8 6 I L 7

GCTECACTGAATTCAGGAGTACCTTIGTATCTTTGGCTGTCCTTACTTGTGAT
A ¢ L ¥ 8 G Vv P C I P ¢ V L T C Db

GACATGGATCAGGCCATTAATCGCGCTGGTGGAAAAGTAGGCAATAAGGGT
b M b Q A I N R A 6 G K V 6 N K G

PCTCAGGCAGCGCTAACAGCTATTIGAGATCGCTTCGCTCTTIGAACATCATY
$ E A A L T A I E M A S L F E H H

TPGAAGGCCTAAR
L X &a «x

Figure 6-4. DMRL synthase sequence in Beta vulgaris.

The translated amino acid sequence for the DMRL synthase open reading
frame displayed 89%, 57% and 54% identity at the amino acid level to the
Spinacia oleracea, Arabidopsis thaliana and Nicotiana tabacum DMRL
synthase proteins (Fig. 6-5). We have assigned the name BvDMRLs to the
corresponding DMRL gene of B. vulgaris.
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BLDMRLE
ALDHMRLE
ByBMR L
BobMRLe

P BRI
ACDHRLS
BvDHRLe
ScbHRLe

BEDERLS
HLDHRLy
BeDHNRLe
ZoDiRLe

Bebiile
AULDHRLSE
ByDMRLa
SobHRIe

Figure 6-5. Alignment of DMRL synthase protein from Nicotiana tabacum (Nt), Arabidopsis
thaliana (At), Beta vulgaris (Bv) and Spinacia oleracea (S0).

Transcriptional regulation by Fe status of BvDMRLs gene was estimated
by semi-quantitative RT-PCR. BvDMRLs transcript abundances were
significantly higher in root tips from Fe-deficient as compared to control
plants. The expression of BvDMRLs gene was drastically reduced 24 h after
Fe-resupply to Fe-deficient plants. Transcript abundance in root tips, both
white and yellow zones, sampled 72 h after Fe-resupply showed the same
very low expression level as in Fe-sufficient plants (Fig. 6-6).

+Fe  -Fe 24h 72h - 72h
yellow  whit

Figure 6-6. Semi-quantitative RT-PCR analysis of the BvDMRLs transcript in tip roots from
Sugar beet plants. Extracts were made from the Fe-sufficient (+Fe), Fe-deficient (-Fe) and Fe-
resupplied (24 and 72 h) root tips. In 72 h Fe-resupplied root tips, yellow (72 h yellow) and
new white (72 h white) zones were studied.

3.4 Flavin concentrations

Flavin compounds in root tip extracts from Fe-sufficient, Fe-deficient
and Fe-resupplied plants were quantified by HPLC. Peaks corresponding to
FAD, riboflavin sulfates and riboflavin were found in Fe-deficient and Fe-
resupplied root tip extracts, whereas only traces of these compounds were
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detected in extracts of both Fe-sufficient roots and of the new white zone of
72 h Fe-resupplied root tips.

Riboflavin sulfates account for 98% of the total flavin concentration,
with riboflavin accounting for the remaining 2% (the concentration of FAD
was below the detection limit). Riboflavin sulfate concentration increased
from 318 nmol g’ FW in Fe-deficient yellow root tips to 488 nmol g! FW in
the yellow zone of 72 h Fe-resupplied root tips (Fig. 6-7A). Riboflavin
concentration was maximal in yellow root tips sampled 24 h after Fe-
resupply (2.25 nmol g! FW) and decreased to 1.10 nmol g FW in yellow

root tips sampled 72 h after Fe resupply (Fig. 6-7B). Both in Fe-sufficient
" root tips and 72 Fe-resupplied white root tip parts the concentrations of
flavins were below the detection limit. The concentration data of flavins in
B. vulgaris roots are in the range reported previously in this species (Susin et
al., 1993). ’

riboflavin - ribofiavin sulfate ra0
3.
& 50
o
o
B 300
E o
[
190
72h Fe = 24h 2R
veBow yellow

Figure 6-7. Flavin concentration (nmol g FW) of riboflavin and riboflavin sulfates in root
tips from Beta vulgaris plants. Extracts were made from the Fe-deficient (-Fe) and Fe-
resupplied 24 (24 h) and 72 h yellow (72 h) root tips. Both in Fe-sufficient root tips and 72
Fe-resupplied white root tip parts the concentrations of flavins were below the detection limit.

4. DISCUSSION

Root tip extracts from sugar beet plants grown in hydroponics have been
used to study the changes induced by Fe deficiency in the root proteome.
The most widely used technique in proteomic studies, IEF-SDS PAGE, has
been employed to resolve proteins from root tip extracts, obtaining proteome
maps with approximately 150 spots (Fig. 6-1). Data obtained show that Fe
deficiency results in relative intensity changes in a large number of these
polypeptides. The study has focused in proteins in the p/ range 5-8 and the
apparent molecular mass range 10-100 kDa, and therefore changes in
proteins outside these ranges have not been investigated.

Most of the proteins found to be up-regulated in sugar beet root tips by
Fe deficiency were identified by MALDI MS as carbohydrate catabolism
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enzymes, including 5 of the 10 enzymes of the glycolytic pathway: fructose
1,6-bisphosphate aldolase, triosephosphate isomerase, glyceraldehyde 3-
phosphate dehydrogenase, 3-phosphoglycerate kinase and enolase; one of
the citric acid cycle, malate dehydrogenase; and fructokinase. Increases in
the activities of several glycolytic enzymes in root extracts with Fe
deficiency have been previously found, including fructose 1,6-bisphosphate
aldolase (Sijmons and Bienfait, 1983) and glyceraldehyde 3-phosphate
dehydrogenase (Sijmons and Bienfait, 1983; Rabotti e al., 1995; Espen et
al., 2000). Also, increases in the activities of several enzymes of the citric
acid cycle in root extracts with Fe deficiency have been previously reported,
including malate dehydrogenase in cucumber and sugar beet plants (Rabotti
et al., 1995; Lépez-Millan et al., 2000a). Results are also in agreement with
microarray gene analysis in Fe-deficient 4. thaliana roots (Thimm et al.,
2001). However, increased levels of protein have not been reported, as far as
we know, with the onmly exception of glyceraldehyde 3-phosphate
dehydrogenase (Herbik ef al., 1996). Increases in the amount of PEPC
(phosphoenolpyruvate carboxilase; De Nisi and Zocchi, 2000; Andaluz et
al., 2002) have been found, but this enzyme, with a molecular mass of 110
kDa, was not in the range used in our 2-D gels. Up-regulation of
carbohydrate catabolism in roots of plants grown in Fe deficient conditions
is probably a result of an increased demand of energy and reducing power in
roots needed to sustain the increased activity of H'-ATPase and Fe-reductase
(Schmidt, 1999; Thimm et al., 2002). Also, two spots corresponding to
different subunits of F1 ATP synthase were found to increase in 2-D gels
from Fe deficient root tips, further supporting the higher energy requirement
in these roots. Moreover, our results show an increase in the amount of
formate dehydrogenase, an enzyme related to the anaerobic respiration, in
Fe-deficient roots. Anaerobic respiration is an alternative pathway for energy
production, when oxidative phosphorylation is impaired (as occurs in Fe
deficient conditions), and it has been described to occur in Fe-deficient roots
based both on enzyme activities (Lopez-Millan et al., 2000a) and on
transcriptional up-regulation (Thimm ef al., 2001).

The largest change found in the proteome map of root tip extracts from
sugar beet plants grown in Fe deficiency corresponds to appearance of spot
number 16 (Fig. 6-3), identified by MALDI MS as DMRL synthase. This
spot was detected de novo in Fe deficient sugar beet root tips and
represented the protein with the highest concentration in these gels. This spot
was already detected, but not identified, in-previous studies in our laboratory
(Gonzalez-Vallejo, 2000). DMRL synthase belongs to the five-step
riboflavin biosynthesis pathway, and catalyses the last step of riboflavin
biosynthesis. Ribloflavin is the precursor of riboflavin sulphates, flavin
mononucletotide (FMN), flavin adenin dinucleotide (FAD), the last one
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being a cofactor for the ferric reductase from roots. Fe-resupply assays
showed that DMRL synthase concentration in yellow parts of root tips
before and after Fe-resupply did not change. Accordingly, flavin compounds
such as riboflavin and riboflavin sulphates were found to be accumulated in
Fe-resupplied yellow root tips. However, BvDMRLs expression drastically
decreased 24 h after the addition of Fe to Fe-deficient plants, suggesting that
the turnover of this protein is slow. Accumulation in Fe-deficient roots of
flavin compounds, including riboflavin and riboflavin 3’- and 5’ sulfate is a
‘characteristic response of sugar beet plants. This accumulation has already
. been described previously in different plant species including N. tabacum,
Licopersicum esculentum, L. sativa and B. vulgaris (Welkie and Miller,
1988, 1992; Susin et al., 1993, 1994). The exact role of these flavins in Fe
deficiency is unknown. However, it has been hypothesised, based on the
similar location of flavin accumulation and iron reduction and on the fact
that the iron reductase is an flavin-containing protein, that flavin
accumulation may be an integral part of the Fe-reducing system in roots
from Strategy I plants (Cakmak et al., 1987; Lépez-Millan ef al., 2000a). In
M. truncatula plants, in addition to MtDMRLs, MtribA, the first gene in the
riboflavin biosynthesis pathway, is also transcriptionally regulated by Fe
‘status and both MtDMRL and MitribA expression patterns over time are
parallel to the MtFRO expression pattern, suggesting that these compounds
‘play a role in the mechanism for Fe reduction which still needs to be
elucidated (Andaluz et al., 2005). On the other hand, an mRNA (MtSULTI)
encoding for a sulfotransferase in M. truncatula roots was also found to be
up-regulated by Fe deficiency (Andaluz et al., 2005). This enzyme,
belonging to the secondary metabolism, might participate in the sulfation of
riboflavin yielding riboflavin sulfates. No candidates for this role have been
detected so far in the proteome map of sugar beet roots.

In summary, Fe deficiency induced significant changes in the root tip
sugar beet proteome, mainly associated to the carbohydrate catabolism. A
protein not present in Fe-sufficient roots, DMRL synthase, was in high
amounts in root tip extracts from Fe-deficient sugar beet plants and was also
found to be transcriptionally regulated by Fe status.
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PROTEOMIC PROFILES OF THYLAKOID
MEMBRANE PROTEINS AND CHANGES IN
RESPONSE TO IRON DEFICIENCY

Abstract:

Key words

The proteomic profile of thylakoid membranes and the changes induced in that
proteome by iron deficiency have been studied by using thylakoid preparations
from Beta vulgaris plants grown in hydroponics. Two different 2-D
electrophoresis approaches have been used to study these proteomes:
isoelectrical focusing followed by SDS PAGE (IEF-SDS PAGE) and blue-

" native polyacrylamide gel electrophoresis followed by SDS PAGE (BN-SDS

PAGE). Iron deficiency induced significant changes in the thylakoid sugar
beet proteome profiles: the relative amounts of electron transfer protein
complexes were reduced, whereas those of proteins participating in leaf carbon
fixation-linked reactions were increased. A set of polypeptides, which includes
several enzymes related to metabolism, was only detected in thylakoid
preparations from Fe deficient Beta vulgaris leaves by using BN-SDS PAGE,
suggesting that they may be associated in these thylakoids in vivo. The BN-
SDS PAGE technique has been proven to be a better method than IEF/SDS-
PAGE to resolve highly hydrophobic integral membrane proteins from
thylakoid preparations, allowing for the identification of complexes and
determination of their polypeptidic components.

Blue Native gel, IEF-PAGE, iron deficiency, MALDI mass
spectrometry, thylakoid

1. INTRODUCTION

Iron deficiency is one of the major abiotic stresses affecting many crop
species, especially when they are grown in alkaline and calcareous soils
(Lindsay and Schwab, 1982). Iron, although abundant, is often not soluble
and therefore unavailable for plant roots in these soils, thus causing a
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decrease in shoot growth rates and crop yield (Chen and Barak, 1982). When
plants are grown under Fe-deficient conditions their youngest leaves develop
a characteristic greenish-yellow colour, often referred to as Fe deficiency
chlorosis. This yellow colour is due to decreases in the leaf concentrations of
the light harvesting pigments chlorophylls and carotenoids, along with a
relative enrichment in carotenoids (Terry, 1980; Morales et al., 1990, 1994).
Leaves of Fe-deficient plants show a marked decrease in photosynthetic
rates (Terry, 1980) and decreases in photosynthetic efficiency and electron
transport rates (Spiller and Terry, 1980). In addition to these changes, Fe
. deficiency is known to cause a reduction in the number of granal and stromal
lamellae per chloroplast (Spiller and Terry, 1980; Platt-Aloia et al., 1983),
and decreases in the amounts of many thylakoid membrane components,
including proteins, electron carriers and lipids (Terry and Abadia, 1986).

Thylakoid membranes contain the multiprotein photosynthetic complexes
photosystems I and II, which include the reaction centres responsible for
converting light energy into chemical bond energy, as well as a cytochrome
be/f complex and an ATPase. Effects of Fe deficiency on these thylakoid
proteins have been studied previously in sugar beet plants by 1-D SDS
PAGE (Nishio et al., 1985). These studies showed that Fe deficiency reduces
drastically both the light harvesting and core complexes of photosystem II
and photosystem I (Terry and Abadia, 1986). Photosystem I was the
‘complex most diminished, followed by cytochrome bs/f and photosystem I,
whereas the ATPase complex was least affected (Nishio et al., 1985).

The effects of Fe deficiency in the structure of antenna complexes and
supercomplexes are better known in cyanobacteria (Guikema and Sherman,
1983; Pakrasi et al., 1985). These studies showed that the amounts of high
molecular weight complexes and supercomplexes are decreased in Fe-
deficient conditions, indicating that aggregation of low molecular weight
complexes into higher order structures is also affected by this nutritional
stress. Moseley et al. (2002) suggested that responses to Fe deficiency in
Chlamydomonas involve remodelling of the antenna complexes,
disconnection of the LHCI antenna from photosystem I and establishment of
a new steady state, with decreased stoichiometries of electron transfer
complexes. Another change induced by Fe deficiency in the arrangement of
the PSI antenna in cyanobacteria is the induction of the CP43 like protein
CP43’ (Riethman and Sherman, 1988; Burnap ef al., 1993). This protein
associates with photosystem I to form a complex that consists in a ring of 18
CP43’ molecules around a photosystem I trimer (Bibby et al., 2001;
Boekema ef al., 2001). The function of this protein has not been completely
elucidated yet, although this new harvesting complex would increase the size
of the PSI antenna and compensate for the decrease in phycobilisome and
PSI levels in response to Fe deficiency (Bibby et al., 2001).
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The effect of Fe deficiency on leaf growth is relatively small when
compared to the marked reduction in photosynthetic rates (Terry, 1979;
Terry, 1980; Rombola ez al,, 2005). This fact agrees with the smaller
decrease observed in the activities of the Calvin cycle proteins when
- compared to thylakoid proteins. Total activities of the enzymes
glyceraldehyde-3-phosphate dehydrogenase, fructose 1,6-bisphophatase, 3-
phosphoglycerate kinase and sedoheptulose 1,7-bisphosphatase were
decreased by Fe deficiency by less than 15 % (Taylor et al., 1982;
Arulanantham et al., 1990), whereas the total activity of ribulose-5-
phosphate kinase decreased by 29% and that of ribulose 1,5- biphosphate
carboxylase/oxygenase (Rubisco) decreased by 40%, the latter being the
most affected Calvin cycle enzyme with Fe deficiency (Taylor et al., 1982;
Arulanantham et al., 1990).

To date, isoelectric focusing followed by SDS PAGE i1s the most used
technique to obtain proteome maps (Whitelegge, 2003). In fact, IEF-SDS
PAGE has been used to separate peripheral thylakoid proteins, lumenal and
stromal soluble proteins and integral membrane proteins (Kieselbach ef al.,
2000; Peltier. et al., 2000, 2002; Hippler et al., 2001). However, membrane
proteins are poorly soluble in the solvents commonly used for IEF due to
their high hydrophobicity, and they are therefore underrepresented in IEF-
SDS PAGE gels. To solve this limitation, a second 2-D technique (BN-
PAGE) employs the anionic dye Coomassie Brilliant Blue G-250 to transfer
negative charges to membrane protein complexes while keeping them in a
structurally intact form, thus making them more soluble for 2-D analysis.
This technique has been previously used to characterize chloroplast protein
complexes in algae (Synechocystis, Herranen et al., 2004; Chlamydomonas,
Rexroth et al., 2003) and also in higher plants (Spinacea oleracea, Kiigler et
al., 1997; Nicotiana tabacum, Suorsa et al., 2004; Pisum sativum, Thidholm
et al., 2002; Hordeum vulgaris, Ciambella et al., 2005; Arabidopsis,
Heinemeyer et al., 2004). ) '

- The aim of this work was to characterize the proteomic profile of
thylakoids and the changes induced in the thylakoid proteome in response to
Fe deficiency. The study of the photosynthetic apparatus proteome has been
carried out using thylakoids from sugar beet plants grown in Fe-sufficient
and Fe-deficient conditions by two different 2-D electrophoresis approaches:
isoelectrical focusing followed by SDS PAGE (IEF-SDS PAGE) and blue-
native polyacrylamide gel electrophoresis followed by SDS PAGE (BN-SDS
PAGE) (Schigger and von Jagow, 1991). -
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2. MATERIALS AND METHODS
2.1 Plant Material

Sugar beet (Beta vulgaris L. Monohil hybrid from Hilleshog,
Landskréna, Sweden) was grown in a growth chamber with a photosynthetic
photon flux density of 350 pmol m™ s photosynthetically active radiation
and a 16 h, 23°C /.8 h, 18°C, day/night regime. Seeds were germinated and
grown in vermiculite for two weeks. Seedlings were grown for an additional
. two weeks in one-half-strength Hoagland nutrient solution (Terry, 1980)
with 45 uM Fe(III)-EDTA, and then transplanted to 20 L plastic buckets
(four plants per bucket) containing one-half-strength Hoagland nutrient
solution with either 0 or 45 uM Fe(lII)-EDTA. The pH of the Fe-free
nutrient solutions was buffered at approximately 7.7 by adding 1 mM NaOH
and 1 g L' of CaCO;. This treatment simulates conditions usually found in
the field leading to Fe deficiency (Susin ef al., 1994). Young and recently
expanded leaves were sampled 10 days after treatment initiation.

2.2 Isolation of thylakoid membranes

Thylakoid membranes were obtained as described by Berthold et al.
(1981) and Dunahay et al. (1984) with some modifications. Leaves
(approximately 100 g FW) were homogenized in an Osterizer blender in 200
mL 400 mM NaCl, 20 mM Tricine, 2 mM MgCl,, 0.2% BSA, pH 8.0. The
brei was filtered through two Miracloth layers, and the filtrate centrifuged at
300 g for 2 min. The supernatant was then centrifuged at 10000 g for 10
min, and the obtained pellet was washed in 40 mL 150 mM NaCl, 20 mM
Tricine, 5 mM MgCl,, 0.2% BSA, pH 8.0, and subsequently centrifuged at
9000 g for 10 min. The resulting peliet, consisting in crude thylakoids, was
resuspended in 10 mM NaCl, 5 mM MgClz, 50 mM MES, 400 mM sucrose,
pH 6.0, frozen in liquid N, and stored at -80 °C until use. Chlorophyll was
extracted in 80% acetone and quantified as described in Arnon (1949).
Protein concentration was measured using the DC Protein Assay kit of
BioRad (BioRad, Hercules, CA, USA) according to the manufacturer’s
instructions. Leaves used to obtain thylakoids had chlorophyll
concentrations of approximately 375 and 50 umol m” in Fe-sufficient and
Fe-deficient leaves, respectively.

“r
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2.3 Two-dimensional electrophoresis. IEF-SDS PAGE)

2.3.1 Protein extraction from thylakoids and solubilization

Thylakoid proteins were precipitated with 80% acetone and 0.07% 8-
mercaptoethanol at -20 °C for 30 min. After centrifugation at 10000 g for 10
min, the supernatant was discarded and the pellet was washed with 80%
acetone and 0.07% B-mercaptoethanol. These two steps were repeated and
the final pellet was dried with N,. The sample rehydration buffer used to
resuspend the proteins consisted in 2 M thiourea, 8 M urea, 20 mM Tris, 4%
(w/v) CHAPS, 50 mM DTT, 0.05% (w/v) n-dodecyl B-D-maltoside, 2 mM
PMSF and 0.5% (v/v) 3-10 ampholytes (Amersham, Uppsala, Sweden).
After rehydration, samples were incubated at 28°C for 1 h and then
centrifuged at 15000 g for 10 min at 20°C. Protein concentration was
measured as indicated above. '

2.3.2 . IEF focusing

A first dimension isoelectric focusing separation was carried out on 7 cm
ReadyStrip IPG Strips (BioRad), with linear pH gradients from pH 4-7 or 5-
8. Gels were loaded with equal amounts of protein. Strips were rehydrated
for 16 h in 125 pL of rehydration buffer containing 170 pg of thylakoid
- proteins and supplemented with a trace of bromophenol blue. After this time,
strips were loaded in a PROTEAN IEF Cell (BioRad, Hercules, CA, USA)
and focused at 20°C, for a total of 14000 Vh. After IEF, strips were
equilibrated for 10 min in equilibration solution I (6 M urea, 0.375 M Tris,
pH 8.8, 2% (w/v) SDS, 20% (v/v) glycerol, 2% (w/v) DTT) and for another
10 min in equilibration solution II (6 M urea, 0.375 M Tris pH 8.8, 2% (w/v)
SDS, 20% (v/v) glycerol, 2.5% (w/v) iodoacetamide).

233 SDS PAGE electrophoresis

For the second dimension polyacrylamide gel electrophoresis (SDS
PAGE), IPG strips were placed onto 12% SDS-polyacrylamide gels
(dimensions 8 x 10 x 0.1 cm) and sealed with melted 0.5 % agarose. SDS
PAGE was carried out at 20 mA per gel for 1.5 h hour and gels were
subsequently stained with Commassie-blue and analysed with the PDQuest
7.1 program (BioRad). 2-D gels were made from independent thylakoid
preparations from different batches of plants.
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24 Blue-native gel electrophoresis (BN PAGE) and SDS
PAGE

BN PAGE was performed as described in Kiigler ez al. (1997) with slight
modifications. Thylakoid membranes (0.5 mg chlorophyll mL™) were
solubilized with 1% (w/v) n-dodecyl B-D-maltoside, incubated on ice for 2
min and centrifuged at 18000 g, 4 °C for 15 min. 0.1 volumes of a solution
containing 100 mM BisTris/HCI, pH 7 0, 0.5 M g-amino-n-caproic acid,
30% (w/v) sucrose, and 50 mg mL™"' Serva Blue G was added to the
- supernatant and the mixture was loaded into a 4-10% acrylamide gradient
gel. Gels were loaded with equal amounts of protein (27.5 pg of protein per
lane). Electrophoresis was carried out at 2 °C, with a progressive increase in
voltage from 75 to 200 V for approximately 4 h. After the run, BN PAGE
lines were excised and proteins were solubilized for 30 min with a sample
buffer containing 5% B-mercaptoethanol (Laemmli, 1970).

The second dimension SDS PAGE was carried out in 15% acrylamide
gels with 6 M urea. After electrophoresis, gels were silver-stained (Blum et
al., 1987) and analysed using the PDQuest 7.1 program (BioRad).

2.5 In gel digestion of proteins and sample preparation
for mass spectrometric analysis

Protein spots were excised manually and then digested automatically
using a Proteineer DP protein digestion station (Bruker-Daltonics, Bremen,
Germany). The digestion protocol used was that of Schevchenko et al.
(1996) with minor variations. For peptide mass fingerprinting and LIFT
TOF-TOF (Suckau et al., 2003) spectra acquisition, an aliquot of a-cyano-4-
hydroxycinnamic acid in 33% aqueous acetonitrile and 0.1% trifluoroacetic
acid was mixed with an aliquot of the above digestion solution and the
mixture was deposited onto AnchorChip MALDI probes (Bruker-Daltonics). -

2.6 MALDI peptide mass fingerprinting, LIFT TOF-
TOF acquisition and database searching

Peptide mass fingerprint spectra were measured on a Bruker Ultraflex
TOF-TOF MALDI mass spectrometer (Bruker-Daltonics) (Suckau ef al.,
2003) in positive ion reflector mode. Mass measurements were performed
either automatically through fuzzy logic-based software or manually. Each
spectrum was internally calibrated with mass signals of trypsin autolysis
ions, and the typical mass measurement accuracy was +25 ppm. The
measured tryptic peptide masses were transferred (through the MS BioTools
program from Bruker-Daltonics) as inputs to search the NCBInr database,
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using Mascot software (Matrix Science, London, UK). When available, MS-
MS data from LIFT TOF-TOF spectra were combined with MS peptide
mass fingerprint data for database searching.

3. RESULTS

3.1 IEF-PAGE electrophoresis.

Thylakoid proteins from sugar beet plants grown in Fe-sufficient and Fe-
deficient conditions. were separated by 2-D IEF-PAGE and gels were
analysed to study the changes induced by Fe deficiency in the polypeptidic
pattern. Real scans of typical 2-D gels obtained with thylakoids from Fe-
sufficient and Fe-deficient plants are shown in Figs. 7-1A and 7-1B,
respectively. Gels obtained with different thylakoid preparations isolated
from different batches of plants were very similar. The number of
polypeptides detected in gels of thylakoids from Fe-sufficient and Fe-
deficient plants was 110 and 138, respectively (Figs. 7-1A and 7-1B).
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Figure 7-1. 2-D IEF-SDS PAGE thylakoid proteome maps of thylakoid preparations from Fe-
sufficient and Fe-deficient Beta vulgaris plants. Proteins were separated in the first dimension
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in linear (pH 4-7) [PG gel strips and in the second dimension in 12% acrylamide vertical gels.
Scans of real typical gels of thylakoids from Fe-sufficient and Fe-deficient plants are shown
in A and B, respectively. To facilitate visualization of the spots studied, a virtual composite
image (C and D) was created containing all spots present in the real gels A and B. Then, spots
whose intensities decrease or disappear completely with Fe deficiency were labelled with blue
and green marks, respectively (C), and those increasing with Fe deficiency or only present in
Fe-deficient thylakoids were labelled with orange and red marks, respectively (D).

Averaged 2-D polypeptide maps of thylakoids from Fe sufficient and Fe-
deficient plants were made from three independent thylakoid preparations,
each from a different batch of plants. To better describe the changes in
polypeptide composition we have built a composite, averaged virtual map
containing all spots present in both Fe-deficient and control thylakoids (Figs.
7-1C and 7-1D). The comparison of averaged maps indicated that Fe
deficiency caused decreases and increases in signal intensity in 18 (blue
spots in Fig. 7-1C) and 37 spots (orange spots in Fig. 7-1D), respectively.
Furthermore, 5 and 33 spots were only detected in Fe-sufficient (green spots
in Fig. 7-1C) and Fe-deficient plants (red spots in Fig. 7-1D), respectively,
whereas 18 spots did not change in signal intensity. All polypeptides in the
composite, averaged map are depicted again in Fig. 7-2A, to permit
annotation of those polypeptides where homologies were found by using
MALDI-TOF (marked by squares in Fig. 7-2A). These polypeptides were
numbered from 1 to 50 as described in Fig. 7-2B, and the hits are described
in detail in Table 7-1.

pr o . EF_
4.5 50 3.5 6.0 45 30 3.5 60 EE
I 1 A i 1 i 1 i o
kDa &
«l9 %
75 B s+ &
s g 2, e ls
TR= 16* L) *g .
50 4%’4 ’.-
g . Tl *9 45 -
S 13 L2828 -0 Ty
.i‘ P
. 0wl 31 B % %
3 », .
3. 35 Y §=‘> 0owb
25.] 2% s_ " W36 . w22
) ]
2%
w2 *23 W3R
w40
154 ¥
w8

Figure 7-2. Virtual composite image, showing all polypeptides present in thylakoids from Fe-
deficient and Fe-sufficient plants. In A, polypeptides which had significant homologies with
proteins in the databases (using MALDI-MS and MASCOT) are annotated by squares. The
same polypeptides are numbered in B, and homologies are described in detail in Table 1.

From the 37 spots that increased in signal in thylakoids of Fe-deficient as
compared to Fe-sufficient controls, 27 were excised and analysed by
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MALDI-MS. Since the sugar beet genome has not been sequenced yet and
very few sequences are available in the databases, identification was
performed by homology searches with proteins from other plant species.
From the 27 spots analyzed, 25 proteins were identified (proteins labelled 1
to 25 in Fig. 7-2B and Table 7-1). These include proteins related to
regulation of protein biosynthesis pathways such as GTP binding protein
(spot 1), ribosomal protein L12 and Hsp70 from spinach (spots 2 and 3) and
o and B subunits of the 60 kDa chaperonin (spots 4 and 5). Ten spots gave
significant matches to Calvin cycle proteins, i.e. carbonic anhydrase (spot 6),
large and small subunits of Rubisco (spots 7 and 8, respectively), Rubisco
activase from two different species (spots 9 and 10), phosphoglycerate
kinase (spot 11), plastidic aldolase (spot 12), phosphoribulokinase from Beta
vulgaris (spot 13), and two transketolases from Spinacea oleracea (spots 14
and 15). Other proteins that were found to increase in thylakoid preparations
from Fe-deficient sugar beet plants as compared to the Fe-sufficient controls
were different ATPase subunits (spots 16 and 17), a calteticulin (spot 18), a
P-protein precursor (spot 19), malate dehydrogenase (spot 20), a
peroxiredoxin (spot 21), superoxide dismutase (spot 22), a B-type cyclin
protein (spot 23), mRNA binding protein CSP41 fragment (spot 24), and an
unnamed protein product from Spinacia oleracea with the conserved domain
- for ferredoxin-NADP oxidoreductases (spot 25).

From the 33 new spots detected de novo in proteome maps from
thylakoids of Fe-deficient plants (Fig. 7-1D), the 6 more abundant were
analysed by MALDI-MS, resulting in 3 positive matches (spots 26-28 in Fig.
7-2B and Table 7-1). Significant matches were found for cysteine synthase
and sedoheptulose-1,7-bisphosphatase from Spinacia oleracea (spots 26 and
27, respectively) and RNA-binding protein from Arabidopsis thaliana (spot
28). Since the intensities of the remaining 27 spots detected only in Fe-
deficient thylakoids and the S polypeptides detected only in Fe-sufficient
thylakoids were very low, it was not possible to study them by MALDI-MS.

Among the 18 spots showing a decrease in signal intensity in thylakoids
from Fe-deficient plants as compared to the controls (Fig. 7-1C), 11 were
identified by MALDI-MS. Three of them gave significant matches to
proteins from the water-oxidizing complex of PSII (spots 29-31 in Fig. 7-2B
and Table 7-1). The spot 29 presented homology with the polypeptide of 23
kDa from Arabidopsis thaliana, and the spots 30 and 31 presented homology
with the polypeptide of 33 kDa from Nicotiana tabacum. Six more
polypeptides (spots 32-37) gave significant matches with different
chlorophyll a/b binding proteins from diferent species and 2 more spots
showed homology to the Fe-S Rieske protein from the cytochrome by/f (spot
38) and to the ATP synthase subunit 9 of CF, (spot 39).
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Eighteen spots did not change in intensity when the Fe deficient
proteome map was compared to the Fe sufficient map (Figs. 7-1A and 7-1B),
and 11 of them (spots 40-50 in Fig. 7-2B and Table 7-1) gave significant
matches in MALDI-MS. One of them (spot 40) was a protein kinase, 4
(spots 41-44) matched hypothetical proteins with unknown function, 2 of
them (spots 43 and 44) containing a conserved domain of ferredoxin-NADP
oxidoreductases. Five more spots (spots 45-49) gave significant matches
with different subunits of ATPase synthase and one protein (spot 50) gave a
significant match to the putative PSII stability/assembly factor HCF136.

Table 7-1. Proteins identified by MALDI-MS in 2-D IEF-SDS PAGE gels. 'MS1 data:
Protein score is —~10*¥Log (P), where P is the probability that the observed match is a random
event. Protein scores >65 are significant (p<0.05). 2MS2 .data: Ion score is ~10*Log (P),
where P is the probability that the observed match is a random event. Individual ion scores
>40 indicate identity or extensive homology (p<0.05). In both cases, protein scores are
derived from ion scores as a non-probabilistic basis for ranking protein hits.

Mascot score

ex MW

B —
= A o . :
5 g % accesion n homologies specie

lspot

Increased proteins in Fe-deficiency

1 73 61 16 45 77" Q682V3 puté.tive GTP-binding protein A. thaliana

2 20 55 20 45 69" R7SPI2 ribosomal protein L12 chl S. oleracea

3 76 52 73 4.6 333" gi|2654208  heat shock 70 protein S. oleracea

4 62 48 58 53 142' gi|21554572 60 kDa chaperonin a subunit. A. thaliana

5 63 58 66 52 171' gi806808 60 kDa chaperonin 8 subunit P. sativum

6 36 57 29 60 114' gi214169 carbonic anhydrase : F. brownii

7 52 62 51 6.0 130° gil6689241  Rubisco large subunit S. bandeirae

8 14 58 14 4.8 80 8RUBS Rubisco small subunit S. oleracea

9 41 60 42 54 121' 082428 Rubisco activase D. glomerata

10 51 86 48 5.1 149' gi2707330  Rubisco activase L. pennellii

11 50 85 47 5.3 108" T03660 phosphoglycerate kinase chl N. tabacum

12 43 69 37 55 74" Q95XX4 plastidic aldolase " N. tabacum

13 31 51 42 52 71" Q9SPH7 phosphoribulokinase fragment B. vulgaris
14 80 62 70 5.4 270" gi|2529342  transketolase. S. oleracea

15 80 62 66 5.6 126' gi2529342  transketolase S. oleracea

16 54 51 55 49 322' gi2493132 ~ V-ATPase subunit B isoform 2 H. vulgaris

17 69 49 66 52 289" gill418409  V-type ATPase B. vulgaris

18 48 44 56 4.4 186' gi3288109  calreticulin : B. vulgaris

19 113 65 92 58 177% gi2894362  P-Protein precursor S. tuberosum

20 36 89 38 57 65 gi|52139816 malate dehydrogenase L. esculentum

21 29 52 26 48 197" gi|l1558244 peroxiredoxin P. vulgaris

22 25 88 26 6.0 146' gi|3108345  superoxide dismutase R sativus

23 20 95 21 5.1 71' QIDN57 B-type cyclin ' C. roseus
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g E & § T 3 ,
B = &= ¥ ¥ S accesionn homologies specie
24 45 6.1 38 6.0 65 gil7484674 mRNA-bindig protein CSP41, chl  §. oleracea
25 41 8.7 35 5.6 145 gij21247 unnamed protein product S. oleracea
-New sopts in Fe-deficiency
26 39 8.7 36 5.6 133" gill066153  cysteine synthase S. oleracea
27 42 59 42 48 157" gi[2529376  sedoheptulose-1,7-bisphosphatase . oleracea
28 36 4.6 32 44 114" gi475720 RNA-binding protein 3 A. thaliana
Decreased proteins in Fe-deficiency ,
29 28 6.9 27 53 112* gil21592906 23 kDa OEC of PSII A. thaliana
30 35 .59 33 49 215" gil505482 33 kDa OEC of PSII N. tabacum
31 35 59 34 50 89' TO02066 33 kDa OEC of PSII N. tabacum
32 .16 5.1 25 5.1 83 gi|33772151 Lhcl type [ CAB protein M. domestica
33 22 4.8 27 4.6 127" gi48375048 Lhcll type Il CAB protein N. tabacum
34 28 56 27 50 118 gi3 126854 . Lhcll type [ CAB protein . O. sativa
35 29 56 27 4.8 85 gilll15796 LHCII type I, CP29 O. sativa
36 29 86 26 5.4 150" gil20260044 Lhcl type III A. thaliana
37 30 6.0 28 5.2 128 gi21593520 CP26 A. thaliana
38 24 76 20 5.4 99° 2i/19995 Rieske FeS N. tabacum
39 24 60 17 4.6 91> gil394755 CF, Il ATP synthase subunit 9 S. oleracea
Spots that did not change in intensity
40 76 8.6 31 57 78" QB84RT2 V protein kinase O. sativa
41 76 6.2 18 4.4 69' QTXE68 Hipotetical protein O. sativa
42 100 49 23 50 67' Q9LIW7 Hipotetical protein O. sativa
43 41 8.7 35 5.7 118 gij21247 unnamed protein product S. oleracea
44 41 8.7 34 58 104> gi]21247 unnamed protein product S. oleracea
45 52 52 51 52 147* gil4995854  H(+)-transporting ATP synthase T. hirsuta
46 60 6.0 52 5.0 176" gi|l968s5 - ATP synthase 3 subunit N. plumbaginifolia’
47 55 54 60 50 161' gi|6723751  ATP synthase o subunit O. elata
48 41 56 38 56 177" gij20654 ATP synthase y subunit P. sativum
49 56 5.1 58 5.1 168" gil67825 ATPase a chain S. oleracea
50 45 9.0 40 5.1 216" £i/54291349  PSII stab/assemb factor HCF136  O. sativa
3.2 Blue Native-SDS PAGE electrophoresis

Thylakoid proteins isolated from Fe deficient and sufficient sugar beet
plants were first submitted to BN PAGE, a technique capable to separate
intact protein complexes in the first dimension. Five green bands and one.
blue band were always detected in gels obtained with thylakoids from Fe-
deficient and Fe-sufficient plants (Figs. 7-3A and 7-3B, respectively). The 5
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green bands, with apparent molecular masses of approximately 890, 695,
475, 255 and 145 kDa (named I, II, III, V and VI in Figs. 7-3A and 7-3B),
contained pigment-protein complexes and decreased in intensity with Fe
deficiency. Conversely, the blue band, with an apparent mass of 325 kDa
(named IV in Figs. 7-3A and 7-3B), showed an increase in relative intensity
with Fe deficiency (gels were always loaded on an equal protein basis).
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Figure 7-3. 1-D Blue Native electrophoresis (BN PAGE) (A-B), and 2-D BN-SDS PAGE (C-
D) of Fe-sufficient and Fe-deficient thylakoid preparations from Beta vulgaris plants. Typical
scans of real gels obtained with thylakoids from Fe-sufficient (A and C) and Fe-deficient (B
and D) plants are shown. Some polypeptides decreasing or disappearing with Fe-deficiency
are marked with blue and green letters (in C) respectively, whereas some polypeptides that
increase and appear with Fe deficiency are marked with, orange (in C and D) and red letters
(in D), respectively. Significant homologies obtained for some of these spots with MALDI-
TOF are described in detail in Table 7-2.

For the second dimension, BN PAGE gels were excised, layered onto
PAGE gel slabs, SDS PAGE was run and gels were silver-stained. Two-D,
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BN-SDS PAGE proteome maps corresponding to thylakoids isolated from
Fe-sufficient and Fe-deficient plants are shown in Figs. 7-3C and 7-3D,
respectively. Some of the spots were excised and analysed by MALDI-MS
(these analyzed spots are marked by letters in Figs. 7-3C and 7-3D and Table

7-2).

Table 7-2. Proteins identified by MALDI-MS in 2-D BN-SDS PAGE gels. 'MS1 and >MS2

data as indicated in Table 7-1.
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g o M4 B S accesionn homology species
a 80 76 110! £i|22091504 PsaA C. laciniata
b 43 67 187" £116686965 ATP synthase $ subunit B. lanuginosa
c 56 61 112! £i|72703 PsbB CP47 S. oleracea
<’ 56 61 110" £i|11497552 - PsbB CP47 S. oleracea
d 45 53 92! £i]27435881 PsbC CP43 H. canadensis
d’ 50 55 115’ 2i|13625479 PsbC CP43 N. tabacum
e 42 47 59 £1|20654 ATP synthase y subunit P. sativum
f 25 44 138" gi|33317759 - PsbD D2 D. purpusii
f 14 44 140" £1|22858680 PsbD D2 U. adpressa
g 39 39 124! £i{16904360 PsbA D1 A. powellii
g 39 39 118 £i]16904360 PsbA D1 A. powellii
h 29 30 148" £1{20260044 Lhca type Il A. thaliana
1 13 18 149! £i]6006283 Psal A. thaliana
0 15 12 54 gi[21287 PsaH S. oleracea
q 14 7 65 £i|539055 PsaK H. vulgare
r 8 6 49? £1|3603009 ATPase CF0 subunit ITI G. theta
s 50 68 185’ £i|34576609 Rubisco large subunit B. vulgaris
s’ 50 68 191 £i|34576610 Rubisco large subunit B. vulgaris
t 20 13 50°  gi20341 Rubisco small subunit 0. sativa
t 20 13 152 gi|347451 Rubisco small subunit 0. sativa
u 25 25 100> gi]19995 Rieske FeS N. tabacum
v 12 18 64 gi|11598 PetD H. vulgare
X 58 72 121 £i|15809972  glycine hydroxymethyl transferase 4. thaliana
y 48 63 194! gi|12963877 glutamine synthetase GS2 B. vulgaris
z 39 53 160" £i|1781348 plastidic aldolase S. tuberosum
zl 36 33 178" £i|8954289 carbonic _anhydrase V. radiata
z2 81 92 115’ £1|2529342 transketolase S. oleracea
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The first two green bands in the 1-D gels, with apparent masses of
approximately 890 and 695 kDa (I and II in Figs. 7-3A and 7-3B), would
correspond to different supercomplexes of photosystems I and II (Ciambella
et al., 2005). These two bands were resolved in 5 spots each in both
treatments, which generally showed a decrease¢ in intensity with Fe
deficiency (Figs. 7-3C and 7-3D). Some of the polypeptides present in bands
I and II had similar apparent masses than other identified as PSI and PSII
components in smaller complexes (see below).

Band III, with a molecular weight of approximately 475 kDa (Figs. 7-3A-
- and 7-3B), was resolved in the second dimension in 18 and 13 spots in Fe-
sufficient and Fe-deficient thylakoid membranes (Fig. 7-3B). These
polypeptides have been marked in Figs. 7-3C and 7-3D with letters in
alphabetical order (from higher to lower apparent molecular mass). From
these, 5 polypeptides (spots d, g, n, o and p, labelled in green in Fig. 7-3C)
were not detected in Fe-deficient thylakoids, whereas 8 more polypeptides
(spots a, ¢, f, h, I, j, | and q, labelled in blue in Fig. 7-3C) decreased in
intensity in with Fe deficiency. Five of the polypeptides that decrease or
disappear with Fe deficiency were identified as the components of the PSI-
LHCI complex, i.€. PsaA, Psal, PsaH, PsaK and Lhca type III (spots a, 1, o,
q and h, respectively; Fig. 7-3C and Table 7-2). Also, four more spots in this
class were identified as PSII components, CP47, CP43, D2 and D1 (spots c,
d, f and g, respectively; Fig. 7-3C and Table 7-2). The remaining 4 spots
(spots i, j, n and p) could not be identified. Five polypeptides in band III that
did not change in signal intensity (spots b, e, k, m and r in Fig. 7-3C) were
also analysed, finding homologies in three of them with proteins from the
ATPase complex such subunits y, 8 of CF, and subunit III of CF,, (spots b, e
and r, respectively; Fig. 7-3C and Table 7-2). The results are in good
agreement with Ciambella ef al. (2005), that found band III was composed
of a PSI-LHCI complex, a dimeric form of the PSII core complex and an-
ATPase complex. Iron deficiency caused a relative decrease of the PSI and -
~ PSII components, whereas the ATPase components of this complex did not
change in intensity.

The blue band IV had a mass of approximately 325 kDa (Figs. 7-3A and
7-3B), and was resolved in the second dimension SDS PAGE
electrophoresis in two spots, with masses of 68 and 13.2 kDa, both in Fe
deficient and Fe sufficient thylakoids (Figs. 7-3C and 7-3D, respectively).
Using MALDI-TOF, we obtained similar matches for the spots of both Fe-
sufficient and Fe-deficient thylakoids, with homologies with the large and
small subunits of Rubisco from Oryza sativum and Beta vulgaris (spots s and
t in Fe-sufficient thylakoids and s’ and t’ in Fe-deficient thylakoids; Figs. 7-
3C and 7-3D and Table 7-2). Therefore, band IV contained mamly Rubisco,
_ and its relative intensity increased with Fe deficiency.
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The green band V had a mass of approximately 285 kDa (Figs. 7-3A and
7-3B) and was resolved in 6 spots in 2-D gels from both Fe deficient and Fe
sufficient plants (Figs. 7-3C and 7-3D, respectively). Homology searches
indicated that 4 of these polypeptides (spots named c’, d’, f" and g’ in Figs.
7-3C and 7-3D and Table 7-2) presented homology with proteins from the
PSII complex homologous to those identified in band III (this was the reason
to use similar letters to name the spots) including CP47, CP43, D2 and D1.
Two more spots had homologies with the cytochrome bg/f components
Rieske FeS and PetD (spots u and v, respectively in Fig. 7-3C). Therefore,
band V contained PSII and cytochrome b4/f polypeptides, with all of them
decreasing in intensity with Fe deficiency.

The green band VI of approximately 145 kDa (Figs. 7-3A and 7-3B) was
resolved after 2-D in 4 spots, in both treatments, with their relative
intensities decreasing with Fe deficiency (Fig. 7-3C-D). This band has been
deseribed as composed by LHC components (Ciambella et al., 2005).

A group of six new spots was detected in SDS PAGE gels from Fe
deficient thylakoids (Fig. 7-3D). This group of proteins (labelled with red
letters as w, X, ¥, z, z1 and z2 in Fig. 7-3D), was not detected in the 1-D BN
PAGE electrophoresis gel. Five of the proteins presented significant
homologies (Table 7-2) with glycine hydroxymethyltransferase, glutamine
synthethase GS2, plastidic aldolase, carbonic anhydrase and a transketolase
(spots X, y, z, zI and z2, respectively, in Fig. 7-3D). All these polypeptides
were not detected in Fe-sufficient thylakoids (Fig. 7-3C), and all of them are
enzymes related to amino acid metabolism. As judged by their position in
the 2-D gels (Fig. 7-3D), they may be associated in one or possibly two
multi-enzyme complexes in Fe-deficient thylakoid membranes. For three of
these proteins (plastidic aldolase, carbonic anhydrase and transketolase)
relative increases with Fe deficiency were also detected with the other 2-D
technique, IEF-SDS PAGE.

4. DISCUSSION

Thylakoid preparations from sugar beet plants grown in hydroponics
have been used to study the changes induced by Fe deficiency in the
thylakoid proteome. The most widely used technique in proteomic studies,
IEF-SDS PAGE (Whitelegge, 2003), has been employed elsewhere to
separate thylakoid proteins from the algae Chlamydomonas reinhardti
(Hippler et al., 2001) and several higher plant species, including Arabidopsis
thaliana (Kieselbach et al., 2000), Pisum sativum (Peltier et al., 2000), and
Nicotiana benthamiana (Pérez-Bueno et al., 2004). The use of this technique
has been reported to result in a significant exclusion of integral membrane
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proteins, due to their poor solubility in the neutral or zwitterionic detergents
employed in the first IEF dimension (Molloy, 2000; Santoni et al., 2000).
Results show that several LHC proteins with a short number of
transmembrane domains are detectable in 2-D IEF-SDS PAGE separations
of Beta vulgaris thylakoids, although many integral membrane proteins with
a large number of spanning domains were not detectable (Fig. 7-1). Similar
results have been reported with thylakoids from Chlamydomonas (Hippler et
al., 2001), where only a few integral membrane proteins such as LHC and
PsaA were detected, whereas most of the proteins with a high number of
transmembrane domains belonging to the PSII complex were not detected.

The 2-D IEF-SDS PAGE technique, however, is very powerful to
separate other thylakoid polypeptides, permitting to obtain proteome maps
with more than 100 spots (Fig. 7-1). Data obtained show that Fe deficiency
results in relative intensity changes in a large number of these polypeptides,
including decreases in the levels of many components of the protein
complexes that participate in photosynthetic electron transport, whereas the
level of some proteins involved in carbon fixation-related reactions is
increased. Some proteins found to be relatively up-regulated by Fe
deficiency were identified by MALDI-MS as photosynthetic enzymes,
including the small and large subunits of Rubisco, Rubisco activase,
carbonic anhydrase, phosphoglycerate kinase, plastidic aldolase,

-phosphoribulokinase, transketolase and sedoheptulose-1, 7-bisphosphatase.

To avoid some of the limitations imposed by 2-D IEF-SDS PAGE, a
second 2-D technique, called BN-SDS PAGE, has been used to investigate
mitochondrial protein complexes and supercomplexes (Schigger ef al.,
1994) and more recently thylakoid proteins (Rexroth et al., 2003; Suorsa et
al., 2004; Ciambella et al., 2005). This technique also allows for the
evaluation of polypeptide modifications, altered protein-protein interactions
and complex assembly in the first dimension (BN PAGE), and differences in
the subunit composition of these complexes in the second dimension (SDS
PAGE). Results indicate that resolving Beta vulgaris thylakoids by BN-SDS
PAGE allows for the detection of a large number of transmembrane proteins
(Table 7-2) as recently shown in Hordeum vulgare (Ciambella et al., 2005).
This technique also supports the relative decrease in the level of many
photosynthetic electron transport components, as well as the relative increase
in Rubisco and other proteins involved in other biochemical processes. The
identified spots that were shown to be down-regulated by Fe deficiency by
both 2-D techniques corresponded to proteifs belonging to the antenna and
core complex of both PSI and PSII, the oxygen evolving complex, and the
cytochrome by/f complex (Tables 7-1 and 7-2). These results are in good
agreement with the decreases observed by 1-D electrophoresis in the
amounts of the different proteins participating in electron transport (Spiller
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and Terry, 1980; Terry, 1980; Nishio et al., 1985; Terry and Abadia, 1986) |
and with the limited photosynthetic rate and efficiency reported to occur in
Fe-deficient plants.

Proteome maps obtained by 2-D BN-SDS PAGE revealed the induction
of a new protein set in Fe-deficient conditions, which is not detected in Fe-
sufficient thylakoids and includes five polypeptides with homologies to
carbonic anhydrase, plastidic aldolase, glutamine synthetase and glycine
hydroxymethyltransferase. These enzymes are involved in amino acid
metabolism, and specially in the amino keto-alcohol metabolic equilibrium.
Evidence that Calvin cycle enzymes can assemble into stable multienzyme
complexes bound to, stromal-faced thylakoid membranes has been obtained
elsewhere in Spinacia oleracea (Suss et al., 1993), Pisum sativum (Anderson
et al., 1996), Nicotiana tabacum (Jebanathirajah and Coleman, 1998) and
Chlamydomonas reinhardtii (Siss et al., 1995), and the association of these
enzymes with thylakoid membranes has been proposed to provide direct
access to required cofactors such as ATP and NADPH, and to prevent
interferences by other metabolic pathways (Siiss et al., 1993; Anderson ef
al., 1996). Proteomic data shown here suggest that the five enzymes
mentioned may be associated in vivo to thylakoid membranes, perhaps
constituting an enzymatic network associated to the chlorotic thylakoid
membranes and involved in amino acid and keto acid metabolism. This may
be related to the known fact that the plastoquinone pool in the thylakoid
membranes of Fe-deficient plants is in the reduced state under dark
conditions (Belkhodja et al., 1988). It is hypothesized that the presence of
the new set of possibly associated proteins may be related to the oxidative
equilibrium of Fe-deficient thylakoids.

In summary, Fe deficiency induced significant changes in the thylakoid
sugar beet proteome: the relative amount of electron transfer complexes was
reduced, whereas proteins participating in carbon-linked reactions showed
an increased level.” A new protein set, which includes several proteins
usually located in the chloroplast stroma, has been detected in thylakoid
preparations from Fe-deficient Beta vulgaris leaves by using the BN-SDS
PAGE 2-D technique, and increases in some of these proteins were also
detected with the IEF-SDS PAGE 2-D technique. To our knowledge, this is
the first time that both 2-D methods have been compared in a single study to
assess the effect of an environmental stress on the composition of the
thylakoid membrane proteome. Our data confirm that BN-SDS PAGE is
more adequate than IEF-SDS PAGE to resolve highly hydrophobic integral
membrane proteins from thylakoid preparations, although the very high
resolving power of the latter makes it a complementary technique that
provides useful information on the effects of Fe deficiency on many other
membrane proteins.
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PROTEOMIC ANALYSIS OF Lupinus texensis
PHLOEM: STUDY OF IRON AND ZINC
TRANSPORTER PROTEINS

Abstract:

Key words:

1.

Sieve tube exudates from Lupinus texensis plants have been used to study the
composition of the phloem sap proteome, with the particular aim to identify
putative Fe and Zn transporters in this plant compartment. The mechanisms of
long-distance transport of metals through the phloem system have not been
characterized yet. Sieve element exudates were collected from Lupinus
texensis plants after the emergence of inflorescence, using an incision method.
We used metal affinity chromatography, followed by 1-D gel electrophoresis
of the fractions obtained and 2-D gel electrophoresis, in order to identify
soluble proteins from sieve element sap involved in Fe and Zn transport.
Specific staining methods for gel blots were used to find putative Fe and Zn
transporter proteins. Further analysis by MALDI and ESI MS was carried out
to characterize proteins from sieve element exudates. Two Lupinus texensis
phloem sap proteins that could be involved in Fe transport and three more that
could be involved in Zn transport were found.

iron transporter, Lupinus texensis, phloem, zinc transporter -

INTRODUCTION

The phloem tissue is composed of an intimately associated complex of
two cell types, companion cells and sieve elements, which form a cellular
conduit throughout the plant body called sieve tube (see for review Oparka
and Santa Cruz, 2000; van Bel, 2003). Sieve elements are communicated
through perforated end walls known as sieve plates. During development,
these sieve elements suffer selective cytoplasmic degradation, losing many
of their organelles, included the nucleus. The only organelles that remain in
the sieve elements are located in a thin layer composed of smooth
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endoplasmic reticulum, mitochondria and starch-storing plastids, which is
located against the cell wall of the sieve elements. This appears to provide
the only means of membrane continuity between sieve elements and
companion cells. Sieve elements and companion cells form a structural and
molecular complex, in which the companion cell synthesizes the needed
macromolecules for maintaining the functionality of both cell types.
Connection between these cells through plasmodesmata allows for the
loading and unloading of the sieve tube.

The function of the phloem is long-distance transport of a diverse range
of compounds between source and sink tissues in the plant. Photo-
assimilates are exported from photosynthetically active leaves to sink organs
to maintain the growth of the plant (Fiehn, 2003). Low molecular weight
signaling molecules such as hormones, systemic wound signals and even
herbicides and pathogens use this pathway in théir distribution throughout
the plant (Thompson and Schulz, 1999; van Bel, 2003). Research on phloem
exudates has also demonstrated the presence of numerous proteins, which
could be synthesized in companion cells and are subsequently translocated
into the sieve elements (Oparka and Santa Cruz, 2000). Endogenous mRNAs
are also transported in phloem exudates (Ruiz-Medrano et al., 2001; Lucas
et al., 2001) and could play a role in long-distance regulation of gene-
specific expression patterns in widely separated tissues, acting, for instance,
as co-suppressors for gene silencing in plants (Palauqui ef al., 1996). The
movement of all these components through the sieve tube occurs by mass
flow and is driven by pressure gradients between source and sink regions of -
the plant (Miinch, 1930). '

The mechanisms of metal transport in the plant phloem, including the
nature of the compounds that could be associated with these metals, are
poorly known. Nevertheless, the binding of metals to transport molecules is
mandatory, due to the fact that they are are highly reactive and can damage
plant membranes and components. Iron is especially problematic, since this
element could easily induce the generation of highly reactive oxygen species
through the Fenton reaction (Guerinot and Yi, 1994). Moreover, the pH of
the sieve element sap, approximately 7.5, could cause the precipitation of Fe
with anionic compounds also found in the phloem. Recently, Kriiger et al.
(2002) have shown that Fe(IIl) is transported into the phloem sap of castor
bean seedling bounded to a protein called ITP (Iron Transport Protein). Also,
it has been suggested that Fe could be loaded and unloaded from sieve
elements complexed by the non-proteogenic-<aminoacid nicotianamine (NA) -
in the form of an Fe(II)-NA complex (Hell and Stephan, 2003). NA would
function as a shuttle, chelating Fe(II) from the complex Fe(IlI)-ITP during
these processes. Identification of a metal-nicotianamine trasporter, OsYSL2,
in phloem companion cells of Oryza sativa (Koike et al., 2004) would
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support this hypothesis. Iron(II) and Mn(II) bounded to NA have been
demonstrated to be transported by OsYSL2. However, the redox system
needed to oxidize the Fe(II) and generate the Fe(III) for binding to ITP, must
still be elucidated. ‘

Different techniques have been employed so far to resolve the proteome
of sieve tube exudates. One-D gel electrophoresis was used in studies with
exudates of Triticum aestivum (Fisher et al., 1992; Schobert et al., 1998),
Cucurbita maxima (Schobert et al., 1998; Dannenhoffer et al., 2001; Walz et
al., 2002), Cucumis sativus (Walz et al., 2002), Oryza sativa, Yucca
filamentosa, Ricinus comunis, Robinia pseudoaccia and Tilia platyphyllos
(Schobert et al., 1998). Microtrap/microbore HPLC separation was also used
in Perilla ocymoides and Lupinus albus phloem sap studies (Hoffman-
Bennig et al., 2002). In addition, the most widely used technique in
proteomic studies, [EF-SDS PAGE, has been used to study exudates of 7.
aestivum (Fisher et al., 1992), O. sativa (Hayashi et al., 1993; Ishiwatari et
al., 1995), C. maxima (Haebel and Kehr, 2001) and R. communis (Kriiger et
al., 2002; Barnes et al., 2004). The proteins identified so far could be
grouped in different classes, including sugar metabolism, signal
transduction, redox regulation, protein metabolism, macromolecular
trafficking, defence and cell structure (Hayashi et al., 2000).

In the present work, Lupinus texensis was chosen as model plant for
phloem extraction due to simplicity to obtain sieve element exudates.
Collection and analysis of phloem sap is complicated in other species due to
the fact that the sieve tube could seal itself upon wounding, with no exudate
being secreted. In some plant species, including as R. communis, Cucumis
sativus and Lupinus sp., the sealing process is slow and exudates can be
obtained readily (Sakuth et al., 1993; Schobert et al., 1995; Marentes and
Grusak, 1998; Kehr et al., 1999). In other plant species, methods involving
aphids (Fisher et al., 1992; Nakamura et al., 1995) or exudation into an’
EDTA containing solution to prevent sealing of sieve tubes (King and’
- Zeevaart, 1974) can be used. '

In this study, sieve element exudates were collected from Lupinus
texensis plants after the emergence of influorescence, using an incision
method. To separate soluble proteins from sieve element sap we used metal
affinity chromatography followed by 1-D gel electrophoresis of the fractions
obtained, as well as 2-D gel electrophoresis. Specific staining methods have
been used to find putative Fe- and Zn-transporter proteins. Further analysis
by MALDI and ESI MS were carried out-in an attempt to identify proteins
from sieve element exudates.
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2. MATERIALS AND METHODS
2.1 Plant Material

Seeds of Lupinus texensis were imbibed and germinated on wet
Whatman No. 1 paper sheets, in the dark and at room temperature. At day 5,
five germinated seeds were transferred to a 10 L container and grown in a
controlled environment chamber with a photosynthetic photon flux density
of 350 umol m? s PAR, and a 16 h- 22 °C / 8 h- 20 °C, day / night regime.
The standard solution for hydroponics contained (in mM): 0.6 K;SOs, 0.5
Ca(NO;),, 1.0 NH4NOs;, 0.3 KH,POy4, 0.2 MgSO,, and (in pM) 25 CaCl,, 25
H3;BOs, 2 MnSO,, 2 ZhSQ4, 0.5 CuSOy4, 0.5 H;M0Oy4, 0.1 NiSO4 and 45
Fe(IID)-EDTA. All hydroponics solutions were buffered by the addition of 1
mM MES, pH 5.5. Plants were maintained for one month in 10 L of standard
solution, and solutions were changed weekly. After this time, each plant was
transferred to plastic pots containing 1:1 vermiculite: potting soil (Floradur,
Oldenburg, Germany) mix, and grown there for approximately another
month until the development of the inflorescence. Plants were fertilized with
a modified Hoagland-type nutrient solution according to Marentes et al.
(1997). Two batches of plants were used in the analyses.

2.2 Sieve element exudate collection

Lupinus texensis sieve element exudates were collected from plants every
other day during 3 weeks after the emergence of the inflorescence.

Figure 8-1. Droplet of phloem exudate from Lupinus texensis.
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About 3 h after the beginning of the photoperiod, shallow incisions were
made with a medical lancet device (BD, NJ, USA), using the 6th depth
setting in the device, at the base of the attached inflorescence. Droplets of
exudate (Fig. 8-1) were collected for approximately 20 min using a plastic
micropipette. The first droplets were discarded to minimize contamination
~ with other plant fluids. Samples were kept on ice during the entire collection
period, and stored at —80 °C until further analysis was performed. pH and
sucrose concentrations in exudates were measured prior to protein analysis.

2.3 Two-dimensional electrophoresis (IEF-PAGE)

2.3.1 Protein extraction from sieve element exudates and
solubilization

Sieve element exudate was pooled from different plants. Proteins were
precipitated from 1 mL of exudates by adding 10 mL 80% acetone and
0.07% B-mercaptoethanol at -20 °C. After 2 h, the sample was centrifuged at’
10000 g for 10 min, the supernatant was discarded and the pellet was washed
with 80% acetone and 0.07% B-mercaptoethanol. These two steps were
repeated and the final pellet was dried with N,. The sample rehydration
buffer used to resuspend the proteins consisted on 2 M thiourea, 8 M urea,
20 mM Tris, 4% (w/v) CHAPS, 50 mM DTT, 0.05% B-DDM, 2 mM PMSF
and 0.5% (v/v) ampholytes of pH range 3-10 (Amersham, Uppsala,
Sweden). After rehydration, samples were incubated at 28°C for 1.5 h and
then centrifuged at 15000 g for 10 min at 20°C.

2.3.2 IEF focusing

A first dimension, isoelectric focusing (IEF) was carried out on 7 cm
ReadyStrip IPG Strips (BioRad), with linear pH gradients 3-10 and 5-8.
Strips were rehydrated for 16 h in 125 pL of the sample in rehydration
buffer containing a trace of bromophenol blue. After this time, strips were
loaded in a PROTEAN IEF Cell (BioRad, Hercules, CA, USA) and focused
at 20°C, for a total of 14000 Vh. After IEF, strips were equilibrated for 10
min in equilibration solution I (6 M urea, 0.375 M Tris, pH 8.8, 2% (w/v)
SDS, 20% (v/v) glycerol, 2% (w/v) DTT) and for another 10 min in
equilibration solution II (6 M urea, 0.375 M Tris pH 8.8, 2% (w/v) SDS,
20% (v/v) glycerol, 2.5% (w/v) iodoacetamiide). |
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2.3.3 ° SDS-PAGE electrophoresis

For the second dimension, polyacrylamide gel electrophoresis (SDS
PAGE), IPG strips were placed onto 12% SDS-polyacrylamide gels
(dimensions 8 x 10 x 0.1 cm) and sealed with melted 0.5 % agarose. SDS-
PAGE was carried out at 20 mA per gel for 1.5 h hour and gels were
‘subsequently silver-stained and analyzed with the PDQuest 7.1 program
(BioRad). 2-D gels were made from independent sieve element exudates
from two different batches of plants. A 2-D SDS PAGE standard (Bio-Rad)
_ was used for the estimation of molecular weight and pl.

2.4 Protein blotting and staining

For electroblotting to PVDF membranes (Immobilon PSQ; Millipore)
proteins were transferred from the 2-D PAGE gel using a semi-dry transfer
unit (Hoefer Scientific instruments, San Francisco, USA) with transfer
buffer 0.025 M Tris pH 8.3, 0.192 M glycine, 25% (v/v) methanol. The
Ferene S method (Kriiger et al., 2002), based on the formation of a specific
Fe colored complex, was used to detect Fe-containing proteins. The blotted
membrane was incubated overnight at room temperature in a freshly
prepared solution containing 0.75 mM Ferene (3-[2-pyridyl]-5,6-bis(2-[5-
furylsulfonic acid])-1,2,4-triazine disodium salt; Sigma), 15mM thioglycolic
acid and 2% (v/v) acetic acid. A second method based on the catalytic ability
of Fe in redox processes was also used with some modifications to detect
possible Fe-containing proteins, as described by Kriiger et al. (2002). The
blotting membrane was incubated at 35 °C for 2 h with 50 mM sodium
acetate/acetic buffer pH 5.5 containing 80 mM diaminobenzoic acid
dihydrochloride (Serva). After this period, 100 mM hydrogen peroxide was
added and the membrane was incubated at 35°C overnight. The membrane
was washed twice with water and then destained with 7% (v/v) acetic acid.
Myoglobin was used as a positive staining control in both methods.

2.5 In gel digestion of proteins and sample preparation
for mass spectrometric analysis |

Protein spots were excised manually from 2-D gels and then digested
automatically using a Proteineer DP protgin digestion station (Bruker
Daltonics, Bremen, Germany). The digestion protocol used was that of
Schevchenko et al. (1996) with minor variations. For peptide mass
fingerprinting and LIFT TOF-TOF spectra acquisition (Suckau et al., 2003),
an aliquot of a-cyano-4-hydroxycinnamic acid in 33% aqueous acetonitrile
and 0.1% trifluoroacetic acid was mixed with an aliquot of the above
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digestion solution and the mixture was deposited onto AnchorChip MALDI
probes (Bruker-Daltonics).

2.6 MALDI peptide mass fingerprinting, LIFT
TOF/TOF acquisition and database searching

Peptide mass fingerprint spectra were measured on a Bruker Ultraflex
MALDI TOF-TOF mass spectrometer (Bruker Daltonics) (Suckau et al.,
2003) in positive ion reflector mode. Mass measurements were performed
either automatically through fuzzy logic-based software or manually. Each
spectrum was internally calibrated with mass signals of trypsin autolysis
ions, and the typical mass measurement accuracy was +25 ppm. The
measured tryptic peptide masses were transferred (through the MS BioTools
program from Bruker Daltonics) as inputs to search the NCBInr database,
using Mascot software (Matrix Science, London, UK). When available, MS-
MS data from LIFT TOF-TOF spectra were combined with MS peptide
mass fingerprint data for database searching. '

2.7 ESI-MS/MS analysis

Protein spots were excised manually from 2-D gels and then digested
automatically using a Proteineer DP protein digestion station (Bruker
Daltonics, Bremen, Germany). The digestion protocol used was that of
Schevchenko et al. (1996) with minor variations. All LC-MS/MS analyses
were performed using LC Packings nanoLC system (Dionex, Amsterdam,
The Netherlands) and the HCTPlus ion-trap MS (Bruker Daltonics, Bremen,
Germany). Samples were concentrated and de-salted on a C18 trap column
(PepMap C18; Dionex) using the FAMOS autosampler and switching valve
modules (Dionex). Peptide separation was achieved on a reverse phase C13
column (C18 PepMap100 15 cm x 75 pm i.d) using a 30 min linear gradient
of 2-40% ACN vs 0.1% formic acid. An electrospray voltage of 1500 V and
a cone voltage of 30 V were used. Peptide ions detected were submitted to
high resolution scans to determine their charge state and M,. MS/MS spectra
were acquired in the information dependent acquisition mode.

2.8 Protein metal affinity purification

For affinity purification of metal (Zn and Fe) chelating proteins, a Hi-
TRAP chelating HP column (I mL bed volume; Amersham Biosciences,
Uppsala, Sweden) containing chelating sepharose was rinsed with 5 mL of -
water, and the matrix was loaded with either Fe(IlI) or Zn(Il) ions by the
application of 0.5 mL of 0.1 M FeCl; or ZnCl,, according to the
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manufacturer’s instructions. Metal excess was removed by washing with 5
mL of water followed by equilibration of the column with elution buffer
containing 2.5 mM phosphate buffer, 62.5 mM NaCl, 10 mM imidazole, pH
7.4. One mL of pooled sieve element exudate from different plants was
diluted in 2.5 mL 20 mM HEPES, pH 7.2, 0.15 mM NacCl, filtered and
loaded to the column by recirculation for 30 min using a peristaltic pump
with a 1 mL min"' rate. The column was washed with 5 mL of elution buffer
and proteins were eluted progressively with 1 mL of increasing
concentrations of imidazole in elution buffer. Imidazole concentrations
started at 50 uM, and continued at 100, 150, 200 and 250 mM. Finally, 5 mL
of 400 M imidazole- were used. Proteins in the different fractions were
precipitated overnight in a Corex tube with an excess of 80% acetone and
0.07% B-mercaptoethanol at -20 °C and after centrifugation at 10000 g for 10
min, the supernatant was discarded and the pellet was dried with N,. The
sample rehydration buffer used to resuspend the proteins consisted on 2 M
thiourea, 8 M urea, 20 mM Tris, 4% (w/v) CHAPS, 50 mM DTT, 0.05% B-
DDM, 2 mM PMSF. After rehydration, samples were incubated at 29°C for
1.5 h and centrifuged at 15000 g for 10 min at 20°C and then separated by
SDS-PAGE and silver stained. '

2.9 Organic acid analysis

Organic acid analyses were carried out by HPLC-MS. The HPLC system
(Alliance 2795, Waters Corp., Milford, MA, USA) was fitted with an
Aminex HPX-87H column (300 mm x 7.8 mm) (BioRad, Hercules, CA),
that was maintained at 30°C. Chromatographic separations were performed
isocratically, using 0.5 % (v/v) formic acid as mobile phase with a flow rate
of 0.6 mL min'. Detection and determination of organic acids were carried
out by using exact mass measurements, performed with a coaxial multipass
time of flight mass spectrometer (TOF MS). The effluent from the HPLC
was driven to the MS device through an Apollo Electrospray Ionization
Source (ESI; BioTOF II, Bruker Daltonics, Billerica, MA, USA). The
“apparatus was used in the negative ion mode and with the following
operating parameters: accelerating potential 4 kV, spray tip potential 3.5 kV;
flow rate 50 pL min", with N, as drying and nébulizing gas i the ES1
source. The mass axis was externally calibrated using a mixture of sucrose,
malic and quinic acids, that cover the 100-400 mass/charge (m/z) range. The
orifice voltage was —70 V. Spectra were acquired in the mass range from 80
to 1200 m/z at a scan rate of 1 spectrum/s.
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2.10  Sugar analysis

Sugar analyses were performed with an HPLC system (Waters, Milford,
MA) equipped with a 515 pump and a differential refractive index detector
(Waters 2410). Sugars were separated in an Aminex HPX-87C (300 x 7.8
mm) column, maintained at 85°C. Chromatographic separations were
performed isocratically at a solvent flow rate of 0.6 mL min”, using MilliQ
water as mobile phase. '

3. RESULTS
3.1 IEF-PAGE electrophoresis

Proteins from Lupinus texensis sieve element exudates were separated by
2-D IEF-PAGE and gels were analysed to study the proteome profile. A real
~ scan of a typical 2-D gel obtained with sieve element exudate is shown in
' Fig. 8-2A. Gels obtained with exudates from different sets of plants were
very similar. In each gel, approximately 250 polypeptides can be detected
after silver staining.
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Figure 8-2. IEF-SDS PAGE phloem proteome maps of exudates from Lupinus texensis
plants. Proteins were separated in the first dimension in linear (pH 5-8) IPG gel strips and in
the second dimension in 12% acrylamide vertical gels. Scans of real typical gels of phloem
exudates are shown in A and B. Spots enclosed in squares and circles in B were excised and
analysed by MALDI MS. Polypeptides which had significant homologies with proteins
included in the databases (using MALDI-MS and@MASCOT) are marked by squares and
numbered in B. Homologies are described in detail in Table 8-1.

Table 8-1. Proteins identified by MALDI-MS in 2-D IEF-SDS PAGE gels. 'MS1 data:
Protein score is —10*Log (P), where P is the probability that the observed match is a random
event. Protein scores >76 are significant (p<0.05). 2MS2 data: Ton score is —10*Log (P),
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where P is the probability that the observed match is a random event. Individual ion scores
>40 indicate identity or extensive homology (p<0.05). In both cases, protein scores are
derived from ion scores as a non-probabilistic basis for ranking protein hits.

= =)
§ 2 &
- = ~ § ~ 8 o)
§~ § _;: % g é gaccesionn homology ' species
1 135613 54 88 gil1255954 thioredoxin R. communis
2 13 5613 57 53> gi|1255954 thioredoxin R. communis
'3 13 4811 5.8 72 gill4485509 _thioredoxinh P. sativum
4 11611258 74 ‘gi|288188 cysteine proteinase inhibitor V. unguiculata
5 119112 62 78 gi|288188 cysteine proteinase inhibitor V. unguiculata
6 11 4923 62 67° gi|8099682 cysteine proteinase inhibitor M. esculenta
7 139314 7.1 139% gi[30699363 ubiquitin-conjugating enzyme A. thaliana
8 17 5.717 5.7 174" gi|2225885 eukaryotic initiation factor 5A5 S. tuberosum
9 17 5717 5.7 .145.' gi|2225885  eukaryotic initiation factor SAS S. tuberosum

10 17 53 18 5.9 134' gi|53748427 eukaryotic initiation factor SA-1  P. major
11 19 5719 5.5 100 gi|296358  probable glutathione peroxidase C. sinensis
12 20 6325 7.2 125' gi|4336905 Ran-related GTP binding protein  Z. mays

13 28 5927 58 67> - gil1523789 L-ascorbate peroxidase A. thaliana
14 36 6.0 37 6.3 152! gi|27462764 malate dehydrogenase L. albus

15 39 6239 6.4 193" gi|3021338 fructose-1,6-bisphosphate aldolase C. arietinum
16 42 5336 55 191 gil9965319. actin S. italica

Thirty-seven from these spots, chosen among those with higher signal
intensities, were excised and analysed by MALDI MS (spots enclosed in
squares and circles in Fig. 8-2B). Since the Lupinus texensis genome has not
been sequenced yet and very few sequences for this species are available in
the databases, identification was performed by carrying out homology
searches with proteins in the databases from other plant species. From the 37
spots analysed, 16 proteins were identified (spots enclosed in squares and
labelled 1-16 in Fig. 8-2B and Table 8-1). Three of those spots corresponded
to two thioredoxins from Ricinus communis and thioredoxin h from Pisum
sativum (spots 1-3) and two more spots gave significant matches to a
cysteine proteinase inhibitor from Vigna unguiculata and Manihot esculenta
(spots 4-6). Spot 7 showed homology with a putative ubiquitin-conjugating
enzyme from Arabidopsis thaliana and three more spots gave significant
matches with the eukaryotic initiation factors SAS (spots 8 and 9) and 5A1
(spot 10). Other spots with significant matches were a probable glutathione
peroxidase (CIT-SAP) from Citrus sinensis (spot 11), a Ran-related GTP
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binding protein from Zea mays (spot 12), L-ascorbate peroxidase from 4.
thaliana (spot 13), malate dehydrogenase from Lupinus albus (spot 14),
fructose-1,6-bisphosphate aldolase from Cicer arietinum (spot 15) and actin
from Setaria italica (spot 16).

3.2 Staining of iron containing proteins

Two-D gels such as those shown in Fig. 8-1 were blotted to PVDF
membranes, and possible Fe-binding proteins in sieve element exudates were
localized in the blots by using two different staining methods, Ferene S and a
second method based on the catalytic properties of Fe in redox processes.

The Ferene S staining method revealed the presence in sieve element
exudates of a single protein able to bind Fe. Comparisons of the 2-D gel
(Fig. 8-3A) and the stained membrane (Fig. 8-3B) indicated that the protein
stained with Ferene in the blot corresponded to a spot in the 2-D gel with an
unidentified protein with an apparent MW of 13 kDa and a p/ of 5.7 (spot
marked by an elipse in Fig. 8-3A). The second staining method is less
specific, because it is based in the oxidation of diaminobenzoic acid in the
presence of hydrogen peroxide, that results in a destaining of the membrane
in those places where redox-active metal-binding proteins are present. This
staining protocol revealed the presence in blots from sieve element exudates
of 9 redox-active metal-binding proteins (Fig. 8-3C). Comparisons of the
blotted membrane and the 2-D gel indicated that destained spots in the
membrane (Fig. 8-3C) corresponded to proteins in the 2D gel (spots labelled
with squares a-i in Fig. 8-3A) with experimental MW values and p/s listed in
Table 8-2. Some of them had been identified by MALDI MS, such as the
three thioredoxin spots and the two cysteine proteinase inhibitors. Spot c,
- with an apparent MW of 12.9 and a pl of 5.7, corresponded to the only
protein detected by the Ferene method.

 Table 8-2. Homologies and experimental MW and p/s of the spots revealed in the blotted
membrane method based on the redox properties of metals.

Detection in

spot homology MW (kDa) pl | Ferene
a thioredoxin 12.0 54 No

b thioredoxin 12.2 5.6 No

c Not found 12.9 5.7 Yes

d thioredoxin 11.2 5.8 No

e Cysteine proteinase inhibitor  12.5 « 6.7 No

f Cysteine proteinase inhibitor  16.6 7.4 No

g Not found 18.0 7.4 No

h Not found ' - 244 ' 6.7 'No

i Not found 38.6 7.2 No
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Figure 8-3. Comparisons of a 2-D gel (Fig. 8-3A) and membrane blots from similar gels,
stained with Ferene (Fig. 8-3B) and a second method based on redox properties (Fig. 8-3C).
Spots revealed with the method based on the redox properties are enclosed and labeled in Fig.
8-3A, and the spot detected with both methods (¢) is enclosed in an elipse. Homologies are
described in Table 8-2.

3.3 ESI MS-MS analysis of the iron-binding protein

The spot corresponding to a putative Fe-binding protein detected by both
staining methods (Figs. 8-3B and 8-3C) was further analysed by ESI MS-
MS. This protein was digested with trypsin, and the tryptic digest was
studied by MS-MS. Fourteen different peptides in the digest, with double
charged precursor ions at 510.22, 618.27, 722.66, 726.14, 778.40, 885.75,
897.55, 904.41, 926.20, 934.00, 940.32, 1013.61, 1069.46 and 1116.21 m/z
were studied by de novo sequencing. Sequences of the protein fragments are
shown in Table 8-3. The sequence deduced from these 14 peptides was
blasted to the NCBI nr database, and only four of them, with m/z 722.66,
778.40, 897.55 and 1069.46, gave significant matches. Homologies were
with an ABC transporter from Arabidopsis thaliana, a hypothetical protein
and a starch synthase fragment from Oryza sativa and a phloem specific
protein from Vicia faba (Q41666).

Table 8-3. Sequences of the protein fragments from spot c.

sequence Accn homology %id E
510.22 ND(GC)GLFHR no significant hits
61827 LRCTPYQEVK no significant hits
722.66 YSAWLRLPCNI Q7PC81 PDRI1S ABC transporter 4. thaliana 100 036
726.14 VVYEEDELEGLR no significant hits
778.40 YEENEIAGYG Q6Z0B1 Hypothetical protein OSIBN ‘ 70.0 26
885.75 ELSMNLLTDTRHS(PR) no significant hit ’
897.55 DFNDGYNTEVQR Q508U7 Starch synthase fragment O. sativa 63.6 36
904.41 SGVSG no significant hits
926.20 YYLEYQQVPVYNNR no significant hits
93400 VVYEDVVDIE no significant hits
94032 RRVYEEGGAAGNVE no significant hits
1013.61 MSGDAGNT no significant hits
1069.46 ERVQVNEYEQV Q41666  Phloem ipeciﬁc protein V. faba 72.7 31

1116.21 SETNIIGVISSSE no significant hits
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34 Metal (iron and zinc) affinity chromatography

Affinity Hi-Trap chromatography with immobilized Fe showed the
presence of only one protein that was weakly retained in the column and
eluted in the first step (50 mM imidazole) of the elution gradient (Fig. 8-4).
Silver staining revealed a very low intensity band in the 1-D SDS-PAGE gel,
with an apparent MW of 16.5 kDa. -

50 mM imidazole 400 miM
kDa ' '

25|

- a

Figure 8-4. 1-D electrophoresis of fractions from Fe-affinity Hi-Trap chromatography. a)
MW markers, b) and c) washes. 1st, first fraction eluted with 50 mM of imidazole.

~ Three proteins were retained in the Zn affinity Hi-Trap column as
revealed by 1-D SDS-PAGE analysis of the different elution fractions (Fig.
8-5). A protein with an apparent MW of 15.5 kDa eluted in the second, third
and fourth fractions, with a maximum in the second one, and was the more
abundant among the three proteins. A second protein of 19.5 kDa apparent
MW was eluted in the third, fourth and fifth fractions, with a maximum in
the fourth one. A third protein with an apparent MW of 23.3 kDa was
detected in the second, third and fourth fractions, with a maximum in the
third one. ’

kDa » 50 mM Emid.azole 400 mM
251 ’ ‘

a b c d e 2ne 3 4 B

Figure 8-5. 1-D electrophoresis of fractions from Zn-affinity Hi-Trap chrométography. a)
MW markers, b), ¢) and d) washes. 1st-5th, fractions eluted with the gradient of imidazole.
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3.5 Organic acid and sugar analysis

The major sugar in sieve sap was sucrose, with a concentration of 227
mM, whereas much lower concentrations (lower than 14 mM) of other
sugars were also present (Fig. 8-6).

Intens.
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Figure 8-6. HPLC chromatogram of sugars from Lupinus texensis sieve sap.

A number of organic acids were found in sieve element sap from Lupinus
texensis (Fig. 8-7). Succinic, malic, ascorbic and citric acids showed the
highest concentrations, and total organic acid concentration was 15.37 mM
(Table 8-4).

Table 8-4. Concentrations of organic acids in sieve element sap from Lupinus texensis.

-acid concentration (mM)
- malic 547 + 1.45
. succinic 5.38+1.03
ascorbic ‘ 1.95+0.30
citric 1.10 £ 0.28
2-oxoglutaric 0.44 = 0.07
~ dehydroascorbic v 0.31 = 0.06
oxalacetic 0.18 +0.03
‘Cis-aconitic 0.18+ 0.01
fumaric 0.18 £ 0.06
oxalic 0.10 + 0.03
gliceric 0.05 £ 0.01
-malonic ¥ 0.02 £ 0.01

citramalic 0.01 = 0.00
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Figure 8-7. Chromatogram of sieve sap of Lupinus texensis, showing peaks for major
carboxylates: malic (m/z 133), succinic (m/z. 117), ascorbic (m/z 175), citric (m/z 191), 2-
oxoglutaric (m/z 145) and fumaric (m/z 115).

4. DISCUSSION

Sieve tube exudates from Lupinus texensis plants have been used to study
the proteome profile of phloem sap, with the particular aim to identify
putative Fe and Zn transporters in this plant compartment. The long distance
transport of metals through the phloem system is not well characterized yet,
and the present work reports new data on this important issue. With the 2-D
method used, proteins that can be detected should be in the ranges 8-80 kDa
and 5-8 pl.

A possible candidate for Fe transport in mature sieve tubes has been
detected by metal-specific staining of membrane blotted 2-D gels. The 2-D
IEF-SDS PAGE technique allowed us to resolve more than 250 polypeptides
in 2-D gels from phloem exudates. From these proteins, only one, with a
molecular weight of 12.9 kDa and p/ of 5.7 wa$ revealed as an Fe-containing
protein by the Ferene S staining method and as a redox active protein by a
second staining method based on the redox properties of metal containing
proteins. This spot was analysed by MALDI MS, and no homology with
proteins present in the databases was found. This protein was further
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analysed by ESI-MS/MS, by de novo sequencing of 14 peptides found in
tryptic digests of this spot. Only four of these peptides (with the sequence
presented in Table 8-3) gave a significant match to already known proteins,
an ABC transporter from A. thaliana, a hypothetical protein and a starch
synthase fragment from O. sativa and a phloem specific protein from V. faba
(Q41666). ABC transporters have highly ABC conserved domains and an
ATP binding site formed by boxes named Walker A and Walker B. The
alignment of the sequenced peptide correspond to 10 amino acids in the N-
terminal sequence between the Walker A box and the ABC signature
sequence. A protein with an apparent molecular weight of 12.9 kDa could
have approximately 130 aminoacids, whereas the coverage of the sequenced
protein fragments in this spot would account for approximately 144
aminoacids. This would suggest that the eliptical spot could contain more
than one protein. Further experiments are needed to study this protein.

A second protein that could be involved in Fe transport has been
identified by using Fe-affinity chromatography and gradual elution with
imidazole, followed by 1-D SDS of the eluted fractions. This protein, with
an apparent MW of 16.5 kDa was weakly retained in the column that
contained immobilized Fe. This protein could be the iron transport protein
(ITP) already described by Kriiger et al., (2002) in castor bean seedlings
phloem, which had a MW of 17 kDa and binds Fe in vivo. In vztro ITP binds
preferentially Fe(III) but no Fe(II) and also complexes Cu*', Zn**, and Mn*".
The ITP gene belongs to the large family of late- embryogenesw -abundant
(LEA) proteins, called dehydrins. This protein can be difficult to detect in 2-
D gels due to its high experimental pZ, higher than 7.3 (Kriiger et al., 2002).

Three proteins possibly involved in Zn transport in phloem exudates have
been detected using Zn-affinity chromatography and 1-D SDS PAGE
analysis. These proteins, with apparent MW of 15.5, 19.5 and 23.3 kDa,
were retamed with different strength in the Zn affinity Hi-Trap column and
subsequently eluted from the chromatographic system in different fractions.
Little is known about Zn transport in the mature sieve tube sap. So far, Zn
has been reported to be associated with the low molecular weight fraction of
sieve tube exudates in experiments carried out with ®Zn (van Goor and
Wiersma, 1976; Kriiger et al., 2002), probably complexed to organic
compounds in a negatively charged complex with a MW between 1 and 1.5
kDa (van Goor and Wiersman, 1976). To our knowledge, data presented
here constitute the first report on the existence of putative Zn binding
proteins, and therefore probable Zn transporters, in the phloem sap.

The less specific, 2-D blot staining method based on the redox properties
of metal containing proteins revealed the existence of 6 additional spots,
which might be candidates for metal-associated activities (including
transport) in sieve tube exudates. Three of these spots (spots a, b and d in
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Fig. 8-3A) corresponded to thioredoxins and two (spots e and f in Fig. 8-3A)
corresponded to cysteine proteinase inhibitors. The signals detected in the
blot for these latter spots could be due to the redox properties of the cysteine
residues present in these proteins, and therefore it is possible that these
proteins are not involved in metal transport. All these 6 spots did not give
any staining with the Ferene S method. Two more spots with positive
staining in the redox-based method (spots h and i in Fig. 8-3A) were
analysed by MALDI but no homologies with known proteins were found.

The large majority of the 250 polypeptides resolved by 2-D IEF-SDS
PAGE of phloem exudates have no known relationship with metal transport.
Since mature sieve tubes lack the machinery needed for transcription and
translation of proteins, these proteins are most likely synthesized in the
companion cells and then transported to the sieve tubes (see van Bel, 2003
for a review). Polypeptides identified in 2-D gels from Lupinus texensis
sieve tube exudates included proteins related to oxidative stress and signal
trafficking, such as glutathione peroxidase, ascorbate peroxidase and three
spots corresponding to thioredoxin, which were also among the spots with
highest signal intensity. The presence of oxidative stress related elements
such as thioredoxin h (Isiwatari et al., 1995; Schobert et al., 1998),
peroxidases (Walz et al., 2002) and ascorbic acid (Franceschi and Tarlyn,
2002) in mature sieve tube elements has already been described in several
plant species. Data presented here confirmed the high concentration of
ascorbic acid in phloem sap. Elements protecting against oxidative stress
could be present in the phloem sap as a response to wounding and
pathogens, which constitute two commonly used methods for phloem sap
sampling. Also, it has also been proposed that the presence in mature sieve
elements of oxidative defense molecules could constitute a mechanism to
protect this plant compartment as well as the adjacent tissues from oxidative
damage, since the enucleated cells lack the mechanisms to trigger this
cellular response (Walz et al., 2002). On the other hand, the phloem pathway
provides a perfect conduit for long-distance signals, and proteins related to
signal trafficking, such as eukaryotic initiation factors 5A5 and 5Al,
ubiquitin, and a GTP binding protein were identified in our 2-D phloem
exudate gels. Several proteins manufactured in companion cells or in source
tissues probably exert a distant effect on cellular mechanisms through its
transport in this plant compartment. In such way, several works are
underway to study the function of phloem specific proteins in long distance
signaling (Ruiz-Medrano et al., 2001; Lucas’et al., 2001). Moreover, it has
been described that remote control by mRNA is mainly inferred by long-
distance transmission of signals through the mature sieve elements inducing
‘post-transcriptional gene silencing in the target tissue (van Bel, 2003).
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In summary, our results show the presence in phloem exudates of two
proteins possibly involved in Fe transport and three proteins possibly
involved in Zn transport in the phloem sap of Lupinus texensis. One of those
Fe transport proteins could be the ITP protein described by Kriiger et al.,
(2002), but to our knowledge, the other possible Fe and Zn transporters have
not been described until now.
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1. RESPUESTAS DE LA RAIZ A LA DEFICIENCIA
DE HIERRO

La mayoria de los estudios realizados en plantas deficientes en hierro se
han centrado en aspectos muy especificos, desde enfoques ya sea de



Capitulo 9 | 130

fisiologia o de biologia molecular. En este trabajo se ha intentado conseguir
una vision integrada de algunas de las respuestas mas importantes inducidas
por la deficiencia de hierro en dos especies modelo, Medicago truncatula'y
Beta vulgaris, ambas pertenecientes a la Estrategia 1. Befa vulgaris se ha
utilizado habitualmente como planta modelo de Estrategia I, ya que es una
de las plantas mas eficientes en la toma y utilizacion de hierro en
condiciones de deficiencia en dicho elemento, y por ello ya existen
numerosos datos sobre su fisiologia y bioquimica (Susin et al., 1993, 1994,
1996; Lopez-Millan et al., 2000a, b, 2001a, b). Los datos obtenidos en este
. trabajo demuestran que la especie M. fruncatula constituye también un buen
modelo para la Estrategia I, ya que muchas de las respuestas fisiologicas
frente a la deficiencia de Fe descritas hasta el momento se desarrollan
también en esta especie, incluyendo la acumulaciéon de flavinas y el
consiguiente amarilleamiento de las puntas de raiz.

1.1 Acumulacion de flavinas en las raices con la
deficiencia de hierro .

Una respuesta caracteristica de las plantas de M. truncatula y B. vulgaris
deficientes en Fe es la acumulacion de flavinas en raices. Esta acumulacion
de flavinas inducida por la deficiencia de Fe ha sido previamente descrita en
tabaco, tomate, lechuga y remolacha, e incluye, dependiendo de las especies,
tanto riboflavina como los sulfatos 3’ y 5° de riboflavina (Welkie y Miller,
1988, 1992; Susin ef al., 1993, 1994). En este trabajo se ha detectado la
presencia de una flavina, que ain no ha podido ser identificada, en M.
truncatula. El papel exacto de las flavinas en deficiencia de Fe no se conoce
todavia. Una primera hipétesis, basada por un lado en que la localizacién de
la acumulacién de flavinas y la reduccién de Fe es similar, y, por otro, en el
hecho de que la reductasa de Fe es una proteina que contiene flavinas,
sugiere -que la acumulacién de flavinas podria ser una parte integral del
sistema de reduccion de Fe en las plantas de Estrategia I (Cakmak ef al.,
1987; Lopez-Millan et al., 2000a). Los resultados obtenidos en plantas de M.
truncatula indican por primera vez que tanto el primero como el ultimo gen
de la ruta de biosintesis de riboflavina, Mtriba y MtDMRLs, se
sobreexpresan con la deficiencia de Fe. Ademas, los patrones de expresion
de dichos genes en el periodo estudiado son paralelos al patron de expresion
del gen que codifica la reductasa, MtFRO. Esto sugiere que las flavinas
podrian tener un papel importante, todavia desconocido, en el mecanismo de
reduccion de Fe. Por otra parte, un mRNA (MtSULTI) que codifica una
posible sulfotransferasa de raiz de M. truncatula también se sobreexpresa en
deficiencia de Fe. Esta enzima, perteneciente al metabolismo secundario,
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podria participar en la sulfatacién de riboflavina generando la flavina
desconocida que fue detectada en raices deficientes en Fe de M. truncatula.

El cambio més importante causado por la deficiencia de Fe en los geles
2-D de puntas de raiz de B. vulgaris, correspondié a un spot detectado de
novo en los geles de raices deficientes en Fe, e identificado por MALDI MS
como la DMRL sintasa. Geles bidimensionales de extractos de puntas
obtenidas 24 y 72 h después del aporte de Fe a las plantas deficientes,
mostraron que en las puntas amarillas de la raiz la concentracién de la
proteina no variaba con el aporte de Fe, mientras que en las puntas blancas
obtenidas 72 h tras dicho aporte no se detectd esta proteina. Apoyando estos
datos, en las puntas de raiz amarillas de las plantas suplementadas con Fe se
encontraron tanto riboflavina como sulfatos de riboflavina acumulados.
Dado que la expresion del gen BvDMRLs disminuy6 drasticamente s6lo 24 h
después del aporte de Fe a las plantas deficientes, la tasa de recambio de esta
proteina es posiblemente baja.

En resumen, en condiciones de deficiencia de Fe, las concentraciones de
flavinas medidas en extractos de raiz de M. truncatula y Beta vulgaris,
fueron significativante mas altas que las encontradas en condiciones control, .
y también la expresion de algunos genes relacionados con la biosintesis de
flavinas también fue mayor en las raices deficientes en Fe que en las raices
de plantas control. Estos resultados demuestran que es necesario mas trabajo
para elucidar el papel real de las flavinas en la Estrategia I frente a la
deficiencia de Fe.

1.2 Cambios en actividad y expresion de la reductasa
férrica de la raiz con la deficiencia de hierro

Una de las respuestas mas importantes de las raices de plantas de
Estrategia I frente a la deficiencia de Fe consiste en la induccién de una
reductasa de Fe (FC-R) localizada en la membrana plasmatica de las células
de la raiz. Evidencias obtenidas en trabajos con guisante sugieren que la
actividad enzimditica FC-R podria ser el factor limitante en el proceso
fisiologico de la adquisicion de Fe en raiz (Grusak et al., 1990; Connolly et
al., 2003). En este trabajo se ha encontrado, en plantas de M. truncatula, que
tanto la actividad FC-R in vivo como la abundancia de los transcritos de
MtFROI fueron mayores en las plantas crecidas en deficiencia de Fe que en
las plantas control. La actividad FC-R se detecté a lo largo de todo el
sistema radicular mediante ensayos en placa de agar (datos no mostrados).
Un aumento en la actividad de esta enzima con la deficiencia de Fe ha sido
demostrado en un amplio nimero de especies vegetales (ver revision de
Schmidt, 1999). El aumento encontrado en la actividad de la FC-R de
plantas de M. truncatula, de unas 4 veces frente al control, es similar a los
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aumentos previamente descritos en otras especies: 3 veces en tomate (Zouari
et al., 2001), 5 veces en Pisum sativum (Waters et al., 2002) y 11 veces en B.
vulgaris (Lopez-Millan et al., 2000a). En un estudio previo con M.
truncatula se obtuvo un aumento de la actividad de FC-R de 5 veces frente
al control (Lépez-Millan et al., 2005). En diversos trabajos, se han descrito
aumentos en la expresion de los genes de FC-R, incluyendo AtFRO2,
AtFRO3, LeFRO1 y PsFROI en raices de A. thaliana, L. esculentum'y P.
sativum crecidas en condiciones de deficiencia de Fe (Robinson et al., 1999;
Wintz et al., 2003; Li et al., 2004; Waters et al., 2002). Lineas de A. thaliana
_en las se ha introducido un gen A¢FRO2 inactivado tienen disminuida la
“actividad FC-R, son clordticas y crecen lentamente a no ser que se produzca
un elevado aporte de Fe (Robinson et al., 1999). En M. truncatula la
actividad FC-R y la expresion de la reductasa de Fe no se correlacionan
exactamenté, ya que en 10 dias tras el inicio de la deficiencia la expresion de
MtFROI disminuye considerablemente, mientras que la actividad FC-R es
todavia bastante alta.

En resumen, en M. truncatula cultivada en solucion nutritiva en
condiciones de deficiencia de Fe, tanto la actividad FC-R medida en raiz in
-vivo como la expresion del gen MtFROI, aumentaron frente a los controles.
Estos datos indican que la especie M. truncatula puede ser utilizada como
una especie modelo para el estudio detallado de la reduccion de Fe en la
Estrategia L.

1.3 Cambios en actividad y expresion de la ATPasa de la
raiz con la deficiencia de hierro

Las especies de Estrategia I cultivadas en deficiencia de Fe causan una
disminucién del pH del medio, debido a la extrusién de protones, mediada
por un aumento de la actividad H'-ATPasa (Dell’Orto e al., 2002; Schmidt
et al., 2003). En este trabajo, se ha encontrado en raices de M. truncatula
deficientes en Fe un aumento de la actividad y de la expresion de la ATPasa
en comparacion con las raices de plantas control, lo que estd de acuerdo con
los datos encontrados en otras especies vegetales (Dell’Orto et al., 2000,
2002; Schmidt et al., 2003; Santi et al., 2005). Los ensayos de acidificacion
en placas de agar mostraron que en M. truncatula la extrusion de H' est4
localizada en todo el sistema radicular (datos no mostrados). En M.
truncatula, a los 7 dias tras el inicio de la deficiencia de Fe el aumento en la
extrusién de H" fue mayor que el aumento encontrado en la actividad FC-R.
En otras especies, como Quercus suber, ocurre lo contrario (Gogorcena et
al., 2001). La expresion del gen Mthal en raices de M. truncatula también
- fue mayor en las raices deficientes en Fe que en las raices de plantas control,
al igual que lo que ocurre en Cucumis sativus (Santi et al., 2005).
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En resumen, tanto la actividad ATPasa medida in vivo en las raices de M.
truncatula como la expresion del gen Mthal fue mayor en las raices
deficientes en Fe que en las raices de plantas control. Esta enzima es
posiblemente uno de los puntos claves de la Estrategia I en esta especie. El
rapido desarrollo de la actividad ATPasa en las raices de M. truncatula
deficientes en Fe apoya la necesidad de un estudio del aumento de actividad
de esta enzima en estadios mas tempranos de la deficiencia de Fe.

1.4 Cambios en actividad y expresién de la PEPC en la
raiz con la deficiencia de hierro '

En extractos de raices de M. truncatula deficientes en Fe se han
encontrado incrementos de actividad de la enzima PEPC de
aproximadamente 3 veces, en base a peso fresco, en comparacién con los
controles (Andaluz et al., 2005). También se ha medido esta actividad en
extractos de puntas de raiz de remolacha, obteniendo aumentos de actividad
de aproximadamente 50 veces, en base a peso fresco, similares a los
encontrados previamente en dicha especie (Lépez-Millan et al., 2000a). Se
han descrito previamente aumentos en la actividad PEPC en extractos de raiz
con la deficiencia de Fe en pimiento (Landsberg, 1986), kiwi (Rombola,
1998), pepino (Rabotti et al., 1995; De Nisi and Zocchi, 2000) y B. vulgaris
(Lépez-Millan et al., 2000a). '

Se han realizado experimentos de Western-blot con anticuerpos tanto
frente al sitio de fosforilacion de la PEPC (Andaluz et al., 2002) como frente
a la proteina PEPC entera, detectando en ambos casos un tnico polipéptido
de aproximadamente 110 kDa en los extractos de puntas de raiz de plantas
de remolacha. La cantidad de proteina fue 35 y 7 veces mas alta en la zona
amarilla y blanca de las puntas de raiz deficientes en Fe, respectivamente, en
comparacién con las puntas control (Andaluz er al., 2002). Los datos
obtenidos indican que la cantidad de proteina PEPC estd muy regulada por el
estatus nutricional de Fe, ya que la misma disminuy¢ significativamente s6lo
24 h tras el aporte de Fe a las plantas deficientes. Ademas, esta banda ya no
se pudo detectar en las nuevas puntas de raiz blancas crecidas tras 72 h del
aporte de Fe. Estos resultados confirman los datos publicados anteriormente,
que indicaban que la actividad enzimatica de la PEPC en extractos de raices
de plantas deficientes disminuye aproximadamente un 50% tras sélo 24 h del
aporte de Fe, hasta alcanzar valores muy bajos, similares a los controles, tras
96 h (Lépez-Millén et al., 2001b).

La cantidad de proteina total por peso fresco en extractos de raiz de
remolacha aumenta con la deficiencia de Fe unas 3 veces (Andaluz et al.,
2002). Por lo tanto, cuando la actividad de la enzima PEPC se expresa en
base a proteina en vez de en base a peso fresco, el aumento encontrado fue
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de aproximadamente 12 a 14 veces. Dicho aumento es mucho menor que el
aumento medido en la cantidad de proteina con la deficiencia de Fe, que fue
de aproximadamente 35 veces. Estos datos sugieren la existencia de factores
que pueden modificar la actividad PEPC en los extractos de raiz,
posiblemente causados por los cambios que pueden tener lugar en el medio
de ensayo debido a la diferente composicion de las raices de las plantas
~deficientes en Fe y las controles. Este hecho puede ser importante, ya que
cualquier efecto que se encuentre en los extractos de raiz puede tener incluso
mayor importancia en raices intactas.

Una regulacion alostérica de la actividad PEPC por diversos efectores
positivos, como por ejemplo la glucosa 6-fosfato y la triosa fosfato, ha sido
demostrada previamente en algas (Schuller ef al., 1990a) y nodulos de soja
(Schuller et al., 1990b). En las raices de remolacha deficientes en Fe era
probable que ocurriese un aumento en la concentracion de estos efectores, ya
que la ruta glicolitica estd aumentada en dichas raices (Sijmons y Bienfait,
1983; Rabotti et al., 1995; Espen et al., 2000). De acuerdo con esta
hipdtesis, se ha obtenido un aumento de unas 5 veces en la cantidad de
glucosa 6-fosfato en extractos de puntas de raices de remolacha deficientes
en Fe en comparacion con los controles. Sin embargo, este aumento llevaria
a un pequefio aumento de la concentracion de glucosa 6-fosfato en el ensayo
de actividad de la PEPC, inferior a 2 uM. Es improbable que este hecho
afecte significativamente a las medidas de actividad en los extractos de raiz,
ya que una concentracion de 500 pM de glucosa 6-fosfato produce un
aumento en la actividad PEPC de aproximadamente un 15%. Una posible
explicacion para los relativamente bajos valores de la actividad PEPC en los
extractos de raices de remolacha deficientes en Fe seria un aumento de las
concentraciones de malato, ya que este compuesto es un fuerte inhibidor de
la PEPC (Vidal y Chollet, 1997). Sin embargo, el aumento en la
concentracion de malato en las raices de remolacha deficientes en Fe (de 0.4
a 6,0 mM; Lopez-Millan et al., 2000a) solo aumentaria la concentracion de
malato en el extracto del ensayo hasta 45 pM. Esta concentracion de malato
solamente podria producir una disminucidén de la actividad PEPC de
aproximadamente un 10%. Ademas, la concentracion de fumarato en la raiz,
que en plantas de remolacha deficientes en Fe aumenta hasta
aproximadamente 0.9 mM (Lépez-Millan et al., 2000a), podria provocar
aumentos de fumarato en el extracto del ensayo de PEPC de
aproximadamente 6 pM, lo que podria produc1r disminuciones en la
actividad de menos de un 5 %.

Por otra parte, experimentos preliminares en nuestro laboratorio
demostraron que la inhibicion de la actividad cuando se afiadi6 enzima
PEPC puirificada al extracto de puntas de raiz deficientes en Fe y controles
fue aproximadamente del 34 y 25%. Esto indica la existencia de factores que
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disminuyen la actividad PEPC en los extractos de raices de remolacha, pero
no explica que el considerable aumento de la cantidad de proteina PEPC
produzca sélo un aumento moderado en la actividad de la enzima. Otra
posibilidad seria la existencia de diferentes formas activas de la PEPC en las
raices control y deficientes, si bien la presencia de una tnica banda de PEPC
en los experimentos de Western-blot no apoya la presencia de diferentes
tipos de PEPC con distinta masa molecular. De todas formas, esto no
excluye la presencia de otras posibles modificaciones de la proteina que no
lleven a grandes modificaciones en su masa molecular.

Los datos obtenidos sugieren la existencia de varios tipos de regulacion
de la enzima PEPC. En el presente estudio se ha demostrado la regulaciéon
transcripcional de PEPC en respuesta a la deficiencia de Fe tanto en M.
truncatula como remolacha, ya que existe una sobreexpresion de esta
enzima en respuesta a la deficiencia de Fe. Recientemente, se presentd en un
Congreso la sobreexpresion de la PEPC in Cucumis sativus deficiente en Fe
(De Nisi et al., 2004). En remolacha se ha observado que tras el aporte de Fe
a plantas deficientes en este elemento, la intensidad de los transcritos de

.BvPEPC, no cambia en la parte amarilla de las puntas de raices deficientes
en Fe, lo que sugiere la existencia de algin tipo de regulacidén post-
transcripcional en este area de las puntas de raiz.

Un mecanismo ampliamente aceptado para la regulacién post-
traduccional de la enzima PEPC es la fosforilacion reversible del dominio
amino-terminal. Esta clase de regulacion ha sido ampliamente estudiada en
hojas de plantas C4 y CAM (ver la revisién de Vidal y Chollet, 1997). En
estas plantas los ciclos luz-oscuridad (en plantas C4) o noche-dia (en plantas
CAM), inducen la fosforilacion-defosforilacién de la PEPC fotosintética por
una PEPC kinasa independiente de Ca y una proteina fosfatasa de tipo 2A,
respectivamente. La PEPC fosforilada es mas activa, menos sensible al
efector negativo malato y més sensible al efector positivo glucosa 6-fostato
(Chollet et al., 1996). La regulacion por fosforilacién también se ha
encontrado en tejidos no fotosintéticos como nddulos y semillas (Zhang et
al., 1995; Osuna et al., 1996; Osuna et al., 1999; Nhiri et al., 2000).
Nuestros datos sugieren que en las raices de remolacha deficientes en Fe la
fosforilacién de la PEPC no tiene lugar, confirmando algunos resultados
preliminares obtenidos en pepino (De Nisi y Zocchi, 2000). La fosforilacién
de la PEPC fue estudiada por diferentes estrategias incluyendo deteccion
inmunolégica de residuos fosforilados de serina (Andaluz et al., 2002),
métodos rapidos de estimacion del estado de fosforilacion y ensayos de
fosforilacion in vitro ¢ in gel con **P-ATP. En la regién de la PEPC no se
detectaron residuos de. fosfoserina en ninguno de los extractos analizados
(Andaluz et al., 2002), mientras que las relaciones obtenidas en los test de
fosforilacion aparente en extractos de raiz de plantas deficientes fueron muy
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similares a los encontrados en extractos de raices control. Ademas, no se
detect6 la fosforilacion de la PEPC en los ensayos de fosforilacion in vitro, y
los ensayos de fosforilacion in gel indican que la concentracion de quinasas
en los extractos de las raices deficientes fue mas baja que la encontrada en
raices control. Estos datos sugieren que en las raices deficientes en Fe no hay
regulacion post-transcripcional por fosforilacion.

Otros factores podrian contribuir a aumentar la actividad PEPC en raiz.
Por ejemplo, el aumento del pH citoplasmético podria estimular la actividad
PEPC ya que el pH ‘6ptimo de la enzima es bastante alto. Sin embargo,
Espen et al. (2000) demostraron por técnicas de 'P-NMR que el pH
citosélico en raices deficientes en Fe de pepino aumenta solamente entre
0.02-0.06 unidades con respecto a los controles, mientras que el pH vacuolar
aument6 0.03 y 0.20 unidades. Dado que el aumento en la actividad PEPC
estd principalmente localizado en la capa externa de las células corticales de
las secciones apicales de raiz deficientes en Fe, que son muy activas en la
extrusion de protones (De Nisi ef al., 2002), se ha propuesto que la
~alcalinizacién del citoplasma asociada con la extrusiéon de protones podria
aumentar la actividad de la PEPC (teoria “pH stat”, Davies, 1973). Sin
‘embargo, tanto la sobreexpresion de los transcritos de PEPC en deficiencia
de -Fe como el hecho de que la inducciéon de la actividad PEPC y la
capacidad de acidificacién no sean paralelos en el tiempo apoyan la hipétesis
de que que el aumento en la actividad PEPC no se debe exclusivamente a
cambios del pH citoplasmatico.

La posible funcién del aumento de PEPC en la deficiencia de Fe esta
todavia sin resolver, si bien ya se ha propuesto un modelo metabélico para la
asimilacion de C en las raices de remolacha deficientes en Fe (Lopez-Millan
et al., 2000a). En este modelo, PEPC cataliza la carboxilacién de PEP a
oxalacetato, el cual podria ser reducido a malato a través de la malato
deshidrogenasa citosélica. El malato podria ser transportado a la mitocondria
a traves de la lanzadera malato-oxalacetato y convertido a citrato por la
citrato sintasa. Parte de este carbono podria ser usado, a través de un
aumento de la actividad mitocondrial en las células de transferencia, para
aumentar la capacidad de producir poder reductor, mientras que otra parte
podria ser exportado a la parte aérea via xilema (Bialzyck and Lechowski,
1992; Lépez-Millan et al. 2000b). Una posible funcién de los acidos
organicos exportados a las hojas es el uso de estos esqueletos de C para el
mantenimiento de procesos basicos como la respiracién. El PEP necesario
para mantener la actividad PEPC podria venir de la glicolisis de compuestos
previamente generados y/o almacenados dentro de la planta. En este
contexto, se han encontrado aumentos con la deficiencia de Fe en la
concentraciéon de azicares tanto en floema (de Vos et al., 1986; Maas et al.,
1988) como en raiz (Thoiron y Briat, 1999), y las actividades de algunas
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enzimas implicadas en la ruta glicolitica también aumentan en raices
deficientes en Fe (ver la revision de Abadia et al., 2002).

En resumen, en condiciones de deficiencia de Fe, el incremento en la
actividad PEPC esta mediado por una aumento en la expresion del gen
MtPEPC y por un aumento en la cantidad de proteina. Ademas, los datos
obtenidos sugieren que en las raices deficientes en Fe puede existir algin
tipo de regulacién post-traduccional, distinto de la fosforilacion de la
~enzima, que modularia a la baja la actividad de la enzima. Se podrian
plantear en un futuro inmediato estudios sobre posibles cambios en la
enzima PEPC en las raices de las plantas deficientes en hierro, mediante
técnicas de MS-MS que permitan el estudio de modificaciones post-
traduccionales.

1.5 Cambios en el proteoma de la raiz con la deficiencia
de hierro ‘

Se han estudiado los cambios inducidos por la deficiencia de Fe en el
proteoma de raiz en las raices de puntas de remolacha crecidas en medio
hidroponico. La técnica de electroforesis bidimensional, IEF-SDS PAGE,
permitié la separacion de proteinas de extractos de puntas de raiz,
obteniendo mapas con aproximadamente 150 polipéptidos. Dadas las
técnicas experimentales utilizadas, el estudio se ha centrado en proteinas
pertenecientes a un rango de p/ de 5-8 y peso molecular aparente de 10-100
kDa, rango que cubre la mayor parte de las proteinas de raiz. Los datos
obtenidos muestran que la deficiencia de Fe produce cambios en la cantidad
relativa de un gran nimero de polipéptidos.

- La mayoria de las proteinas en las que se produjo un aumento de
.intensidad fueron identificadas por MALDI MS como enzimas del
.catabolismo de carbohidratos: 5 de las 10 enzimas de la ruta glicolitica,
fructosa 1,6-bisfosfato aldolasa, triosafosfato isomerasa, gliceraldehido 3-
fosfato deshidrogenasa, 3-fosfoglicerato quinasa y enolasa; una enzima del
ciclo del acido citrico, la malato deshidrogenasa; y la fructoquinasa. Se habia
descrito previamente el aumento en la deficiencia de Fe en las actividades de
varias enzimas glicoliticas, incluyendo la fructosa 1,6-bisfosfato aldolasa
(Sijmons y Bienfait, 1983) y la gliceraldehido 3-fosfato deshidrogenasa
(Sijmons y Bienfait, 1983; Rabotti et al., 1995; Espen et al., 2000). También
se han descrito previamente aumentos en la actividad de la malato
deshidrogenasa en plantas de pepino y B. vulgaris (Rabotti et al., 1995;
Lépez-Millan et al., 2000a). Los resultados obtenidos concuerdan con los
analisis de micromatrices realizados en raices de Arabidopsis deficientes en
Fe (Thimm et al., 2001). Sin embargo, no hay datos sobre aumentos
inducidos por la deficiencia de Fe en la cantidad relativa de estas proteinas,
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con la unica excepcion de la gliceraldehido 3-fosfato deshidrogenasa
(Herbik et al., 1996). En otros trabajos también se han encontrado aumentos
en la cantidad de PEPC (De Nisi y Zocchi, 2000; Andaluz et al., 2002), pero
esta enzima, con un peso molecular de aproximadamente 110 kDa, queda
fuera del rango usado en los geles de 2-D. La activacion del catabolismo de
carbohidratos en raices de plantas crecidas en condiciones de deficiencia de
Fe se debe probablemente a un aumento en la demanda de energia y poder
reductor por parte de la raiz, necesario para mantener el aumento en las
actividades H'-ATPasa y FC-R (Schmidt, 1999; Thimm et al., 2002).
. Ademas, dos polipéptidos identificados en los geles 2-D como diferentes
subunidades de la ATPasa F1 también aumentan en las raices deficientes en
Fe, apoyando el alto requerimiento energético de estas raices. Por otra parte,
los resultados muestran un aumento en la cantidad de formato
deshidrogenasa, una enzima relacionada con la respiracién anaerobica en las
raices deficientes en Fe. La respiracion anaerobica es una ruta alternativa
para la produccion de energia cuando la fosforilacion oxidativa estd dafiada,
como ocurre en condiciones de deficiencia de Fe. Se han descrito aumentos
tanto en la actividad (Lépez-Millan et al., 2000a) como en la expresion
(Thimm et al., 2001) de este tipo de enzimas con la deficiencia de este
elemento. _

En resumen, la deficiencia de Fe induce cambios significativos en el
proteoma de las puntas de raiz de Beta vulgaris, muchos de los cuales
parecen estar asociados al catabolismo de carbohidratos. Ademads, como se
ha discutido anteriormente, el cambio mas importante en los geles 2-D se
produjo en la proteina DMRL sintasa, que fue detectada de novo (y con una
gran intensidad) en los geles de puntas de raiz deficientes en Fe, y que sigue
presente en las puntas amarillas de las plantas deficientes en Fe tras el aporte
de Fe. '

2. CAMBIOS EN EL PROTEOMA DE TILACOIDES
DE Beta vulgaris CON LA DEFICIENCIA DE
HIERRO

En este trabajo hemos estudiado los cambios inducidos por la deficiencia
de Fe en el proteoma de tilacoides aislados de plantas de remolacha crecidas
en cultivo hidropdnico. La técnica mas ampliamente usada en los estudios de
proteémica, IEF-SDS PAGE (Whitelegge, 2003), se ha utilizado hasta ahora
para separar las proteinas tilacoidales de algas Chlamydomonas reinhardtii
(Hippler et al., 2001) y de varias especies de plantas, incluyendo
Arabidopsis thaliana (Kieselbach et al., 2000), Pisum sativum (Peltier et al.,
2000) y Nicotianamina benthamiana (Pérez-Bueno ef al., 2004). Esta técnica
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tiene como inconveniente una exclusion significativa de proteinas integrales
de membrana, debido a su baja solubilidad en los detergentes neutros o
zwiterionicos empleados en la primera dimensioén de IEF (Molloy, 2000;
Santoni et al., 2000). Los resultados obtenidos en este trabajo muestran que
la separacion bidimensional IEF-SDS PAGE de tilacoides de remolacha -
permite la deteccién de varias proteinas de los complejos LHC con pocos
dominios transmembrana. Sin embargo, no fue posible detectar proteinas
con un gran namero de dominios transmembrana. Se han encontrado
resultados similares en tilacoides de Chlamydomonas (Hippler et al., 2001),
donde se detectaron pocas proteinas integrales de membrana como LHC y
PsaA, mientras que la mayoria de las proteinas con un gran nuimero de
dominios transmembrana, pertenecientes al complejo del PS I, no pudieron
ser detectadas.

Sin embargo, la técnica bidimensional IEF-SDS PAGE es una
herramienta bidimensional muy potente para la separacion de otros
‘polipéptidos tilacoidales, y en este estudio ha permitido la obtencioén de
mapas con mas de 100 polipéptidos. Los datos obtenidos muestran que la
deficiencia de Fe induce cambios en la intensidad de un gran numero de
polipéptidos, incluyendo disminuciones en la intensidad de muchos
componentes de complejos proteicos que participan en el trasporte
fotosintético de electrones, y aumentos en la intensidad de diversas proteinas
implicadas en las reacciones relacionadas con la fijacién de carbono.
Algunas proteinas inducidas en deficiencia de Fe fueron identificadas por
espectrometria de masas MALDI MS como proteinas estromaticas,
incluyendo las subunidades grande y pequefia de la Rubisco, Rubisco
activasa, anhidrasa carbdnica, fosfoglicerato quinasa, aldolasa,
fosforibuloquinasa, transcetolasa y sedoheptulosa 1,7-bisfosfatasa.

Para evitar alguna de las limitaciones de IEF-SDS PAGE, se ha
desarrollado una segunda técnica bidimensional, llamada BN-SDS PAGE,
para estudiar complejos y supercomplejos de proteinas mitocondriales
(Schigger et al., 1994). Esta técnica se ha empleado s6lo muy recientemente
para el estudio de proteinas tilacoidales (Rexroth et al., 2003; Suorsa ef al.,
2004; Ciambella et al., 2005). La técnica permite la evaluacion de
modificaciones post-traduccionales, interacciones proteina-proteina
alteradas, asi como la deteccidon de cambios en el ensamblaje de complejos
(en la primera dimension BN-PAGE), y la composicion de dichos complejos
(en la segunda dimensién SDS-PAGE). Nuestros resultados indican que la
separacion de tilacoides de remolacha mediante BN-SDS PAGE, permite la
deteccion de un gran numero de proteinas transmembrana, como
recientemente se demostrd en tilacoides de cebada (Ciambella et al., 2005).
Esta técnica corrobora los resultados encontrados por IEF-SDS PAGE, tanto
para la disminucioén en la intensidad de muchos transportadores de electrones
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fotosintéticos, como para el aumento en la intensidad de Rubisco y otras
proteinas implicadas en las reacciones de fijacion de carbono. Los
polipéptidos identificados cuya intensidad disminuy6 con la deficiencia de
Fe en las dos técnicas bidimensionales usadas, correspondieron
principalmente a proteinas pertenecientes a complejos de antena y centro de
reaccion de los complejos PSI, PSII (incluyendo el complejo productor de
oxigeno OEC) y b¢/f. Estos resultados concuerdan con las disminuciones
observadas por técnicas de electroforesis monodimensional en las cantidades
de diferentes proteinas participantes en el transporte de electrones (Spiller
and Terry, 1980; Terry, 1980; Nishio ef al., 1985; Terry and Abadia, 1986).

Los mapas proteicos obtenidos por 2-D BN-SDS PAGE muestran la
induccion por la deficiencia de Fe de un nuevo conjunto de proteinas que no
aparece en los geles de los tilacoides de plantas control. Este conjunto
incluye 5 polipéptidos con homologia con anhidrasa carbonica, aldolasa,
glutamina sintetasa y glicina hidroximetiltransferasa. Estas enzimas estan
implicadas en el metabolismo de aminoacidos, y especialmente en el
equilibrio metabolico amino ceto-alcohol. Se han encontrado evidencias del
ensamblaje de proteinas del ciclo de Calvin en complejos multienzimaticos
estables unidos a la cara estromadtica de la membrana tilacoidal en distintas
especies vegetales como Spinacia oleracea (Siiss et al., 1993), Pisum
sativum (Anderson et al., 1996), Nicotiana tabacum (Jebanathirajah and
-Coleman, 1998) y Chlamydomonas reinhardtii (Siiss et al., 1995). Se ha
propuesto que la asociacion de estas enzimas con las membranas tilacoidales
podria facilitar el acceso directo a cofactores como ATP y NADPH
producidos durante la fotosintesis, y prevenir interferencias de otras rutas
metabdlicas (Siiss ef al., 1993; Anderson et al., 1996). Los datos
proteémicos mostrados sugieren que las enzimas mencionadas podrian estar
asociadas in vivo a las membranas tilacoidales, constituyendo quizas una red
enzimatica asociada a las membranas tilacoidales cloréticas e implicada en
el metabolismo de aminoécidos y cetoacidos. Esto podria estar relacionado
con la presencia del acervo de plastoquinonas en estado reducido, en
condiciones de oscuridad, en las membranas tilacoidales de plantas
deficientes (Belkhodja et al., 1988). La presencia de este nuevo conjunto de
proteinas, posiblemente asociadas, podria estar relacionada con el equilibrio
redox de los tilacoides deficientes en Fe.

En resumen, la deficiencia de Fe induce cambios significativos en el
proteoma de tilacoides de remolacha, con una disminucion de la cantidad
relativa de complejos de transporte electréonico y un aumento relativo de
algunas proteinas implicadas en las reacciones de fijacion de carbono.
Ademas, usando la técnica 2-D BN-SDS PAGE, se ha detectado un nuevo
grupo de proteinas en las preparaciones de membranas tilacoidales de hojas
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de remolacha deficientes en Fe. Este grupo incluye varias proteinas
localizadas normalmente en el estroma del cloroplasto.

3. COMPOSICI(')N DEL PROTEOMA DE FLOEMA
DE Lupinus texensis

En este trabajo se ha estudiado el proteoma de exudados de floema de
Lupinus texensis, con el objetivo de identificar posibles transportadores de
Fe y Zn en este compartimento celular. El transporte a larga distancia de
metales a traves del floema no esta bien caracterizado todavia y el presente
trabajo aporta nuevos datos sobre este importante mecanismo.

La técnica de 2-D IEF-SDS PAGE permitio6 la separacion de mas de 250
polipéptidos en geles bidimensionales de exudados de floema. Mediante
tinciones especificas de metales en membranas en las que se habian
transferido geles 2-D se identificé un posible candidato para el transporte de .
Fe en el floema. Sélo una de las proteinas separadas en los geles 2-D, con
masa molecular de 12.9 kDa y un p/ de 5,7, se detectd tanto en la tincién
especifica de Fe como en la tincién de proteinas redox. Este polipéptido se
analizé6 por MALDI MS, y al no encontrar homologia con ninguna proteina
presente en las bases de datos, se analiz6 también por ESI-MS/MS. Se
secuenciaron de novo 14 péptidos obtenidos en la digestion triptica de este
polipéptido, de los que sélo cuatro presentaron homologia con proteinas
conocidas, un transportador ABC de Arabidopsis, una proteina hipotética y
un fragmento de almidén sintasa de arroz, y una proteina especifica de
floema de Vicia faba. Los transportadores ABC tienen dominios ABC
altamente conservados y un sitio de unién a ATP formado por cajas llamadas
Walker A y Walker B. El alineamiento del péptido secuenciado y estas
proteinas se produjo en la secuencia N-terminal entre la caja Walker A y el
dominio ABC. _

Una segunda proteina potencialmente implicada en el trasporte de Fe se
identific6 usando cromatografia de afinidad de Fe y una elucién gradual con
imidazol, seguido de electroforesis de 1-D de las fraccion eluidas. En la
columna con Fe inmovilizado se retuvo una proteina con un peso molecular
de aproximadamente 16,5 kDa. Esta proteina podria ser la proteina ITP (iron
transport protein) descrita por Kriiger ef al. (2002) en floema de plantulas de
Ricinus communis. La proteina ITP tiene un peso molecular de 17 kDa y une
Fe in vivo. In vitro, la ITP une preferentemente Fe(IIl) pero no Fe (II) y
también compleja Cu®*, Zn** y Mn*". El gen ITP pertenece a una gran
familia de proteinas abundantes después de la embriogénesis (LEA, late-
embryogenesis-abundant) llamada dehidrinas. Esta proteina podria ser de
dificil deteccion en los geles 2-D debido a su alto punto isoeléctrico (7,3).
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Mediante cromatografia de afinidad de Zn y electroforesis 1-D SDS
PAGE se detectaron en el exudado de floema tres proteinas posiblemente
implicadas en el transporte de Zn. Estas 3 proteinas, con pesos moleculares
aparentes de 15,9, 19,5 y 23,3 kDa, quedaron retenidas en una columna Hi-
Trap de afinidad de Zn, y posteriomente eluyeron en diferentes fracciones.
Se conoce muy poco sobre el transporte de Zn en el floema, pero en
experimentos realizados con 57n (van Goor and Wiersma, 1976; Kriiger et
al., 2002) se ha descrito que dicho transporte est4 asociado con la fraccién
de bajo peso molecular de los exudados de floema, probablemente unido a

. compuestos organicos en un complejo cargado negativamente con un peso
‘molecular de aproximadamente 1-1,5 kDa (van Goor and Wiersma, 1976).
Los resultados aportados en este trabajo constituyen la primera prueba de la
existencia de posibles proteinas unidas a Zn y, probablemente,
transportadoras de este elemento en el floema.

El método de tincion menos especifico basado en las propiedades redox
de los metales contenidos en las proteinas, revel6 la existencia de otros 6
polipéptidos que podrian ser candidatos para actividades asociadas a metales
(incluido el transporte) en el floema. Tres de estas proteinas presentaron
homologia con tiorredoxinas y otras dos con inhibidores de cisteina
proteinasa. Las sefiales detectadas en las membranas debidas a estos
polipéptidos podrian deberse a las propiedades redox de los residuos de
cisteina presentes en estas proteinas y no a su implicacion en el transporte de
metales. Estos 6 polipéptidos no se tifieron en la tinciéon con Ferene,
especifica de proteinas que contienen Fe. Dos polipéptidos mas fueron
detectados con el método basado en la reacciéon redox y analizados por
MALDI MS pero no se obtuvieron homologias.

La gran mayoria de los 250 polipéptidos separados por 2-D IEF-SDS
PAGE en el exudado de floema no tienen relacién con el transporte de
metales. Como los tubos cribosos carecen de la maquinaria necesaria para la
transcripcion: y traduccion de proteinas, estas proteinas probablemente se
habran sintetizado en las células de compaiiia y después transportado a los
tubos cribosos (van Bel, 2003). Los polipéptidos identificados en geles 2-D
de exudados de floema en Lupinus texensis incluyen proteinas relacionadas
con el estrés oxidativo y la circulacion de sefiales como glutation peroxidasa,
ascorbato peroxidasa y tiorredoxina. Tres polipéptidos con muy alta
intensidad presentaron homologia con esta proteina. La presencia en el
floema de elementos relacionados con el estrés oxidativo, como tiorredoxina
h (Isiwatari et al., 1995; Schobert et al., 1998), peroxidasas (Walz et al.,
2002) y acido ascorbico (Franceschi y Tarlyn, 2002) ya se han descrito en

~varias especies. Los datos presentados en este trabajo confirman la alta
concentracién de acido ascorbico y tiorredoxinas en el floema de Lupinus
texensis. Estos elementos, protectores frente al estrés oxidativo, podrian estar
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presentes en el floema como respuesta a la herida, si bien se ha propuesto
que la presencia de estas moléculas de defensa oxidativa podrian constituir
un mecanismo protector de los tubos cribosos y los tejidos adyacentes, ya
que las células sin nucleo de los tubos carecen de mecanismos capaces de
desencadenar esta respuesta celular (Walz et al., 2002). Por otra parte, el
floema proporciona un conducto perfecto para el transporte de sefiales a
larga distancia. En los geles 2-D de floema también se han identificado
proteinas relacionadas con la circulacion de sefiales, tales como factores
eucaridticos de iniciacion 5A5 y 5Al, ubiquitina, y una proteina de unién a
GTP. Varias proteinas producidas en células de compafiia o en tejidos
productores ejercen probablemente un efecto a distancia a través de su
transporte a través del floema. Algunos trabajos han abordado el estudio de
la funcién de proteinas especificas de floema en la sefializacion a larga
distancia (Ruiz-Medrano et al., 2001; Lucas et al., 2001). Ademas, se ha
descrito que el control remoto por RNA mensajero se realiza principalmente
por transporte a larga distancia de sefiales a través del floema, incluyendo el
silenciamiento post-transcripcional de genes en los tejidos diana (van Bel,
2003). ,

En resumen, los resultados muestran que el floema de Lupinus texensis
contiene al menos dos proteinas posiblemente implicadas en el transporte de
Fe y tres proteinas posiblemente implicadas en el transporte de Zn. Una de
estas proteinas transportadoras de Fe podria ser la proteina ITP descrita por
Kriiger et al. (2002), pero de los otros posibles transportadores de Fe y Zn no
existen datos hasta el momento.
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CONCLUSIONES

1. La expresion de los genes de la ATPasa (Mthal) y la reductasa de Fe de
membrana plasmatica (M¢tFROI) aumenta con la deficiencia de Fe en
plantas de Medicago truncatula.

2. La expresion de los genes relacionados con la ruta de biosintesis de
flavinas, Mtriba en Medicago truncatula, y MtDMRLs y BvDMRLs en
Medicago truncatula y Beta vulgaris, respectivamente, aumenta con la
deficiencia de Fe. |

3. El gen MtSULTI, correspondiente a una sulfotransferasa, esté
sobreexpresado en raices de plantas deficientes en Fe de Medicago
truncatula.

4. La técnica IEF-SDS PAGE se ha demostrado util para la separacién de
polipéptidos en los tejidos estudiados obteniéndose mapas proteicos con
mas de 140 polipéptidos en raiz de Beta vulgaris, mas de 110 en
tilacoides de Beta vulgaris y mas de 250 en floema de Lupinus texensis.

5. La deficiencia de hierro induce cambios significativos en el proteoma de
puntas de raiz de Beta vulgaris: 13 polipéptidos disminuyeron, 29
aumentaron, 6 desaparecieron y 13 fueron detectados de novo.

6. El cambio mas importante inducido por la deficiencia de Fe en el
proteoma de raiz de Beta vulgaris correspondié a la proteina DMRL
sintasa. Dicha proteina es mayoritaria en los geles 2-D de las puntas
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amarillas (tanto de las plantas deficientes en Fe como de las plantas que
han recibido un aporte de Fe tras la deficiencia), mientras que no aparece
en los geles de raices de plantas control.

7. En los extractos de puntas amarillas de raiz de Beta vulgaris deficientes
en Fe se ha encontrado un gran aumento en la actividad PEPC con
respecto a los controles. Dicho aumento fue de aproximadamente 30-50
(en base a peso fresco) y 7-14 veces (en base a proteina).

8. La expresion de los genes de la PEPC aumenta con la deficiencia de Fe
en Medicago truncatula (MtPEPC) y Beta vulgaris (BvPEPC).

9. El aumento de la actividad PEPC en plantas de Beta vulgaris deficientes
en Fe no parece estar mediado-por la fosforilacion de la enzima.

10. La deficiencia de hierro induce cambios significativos en el proteoma de
tilacoides de Beta vulgaris: 18 polipéptidos disminuyeron, 37
aumentaron, 5 desaparecieron y 33 fueron detectados de novo. '

11.La deficiencia de Fe induce disminuciones de la cantidad relativa de los
complejos transportadores de electrones y aumentos en la cantidad
relativa de otras proteinas.

12.Se ha detectado un nuevo grupo de proteinas en tilacoides de Beta
vulgaris deficientes en Fe que incluye varias proteinas normalmente
localizadas en el estroma del cloroplasto.

13.En los exudados de floema de Lupinus texensis se han detectado dos
proteinas que pueden estar implicadas en el transporte de Fe y tres
proteinas mas que pueden estar implicadas en el transporte de Zn.
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Increases in phosphoenolpyruvate carboxylase activity in iron-deficient
sugar beet roots: Analysis of spatial localization and post-translational
modification

Sofia Andaluz!, Ana-Flor Lépez-Milldn', Maria Luisa Peleato?, Javier Abadia' & Anunciacién
Abadia's?

Y Departamento de Nutricidn Vegetal, Estacion Experinental de Anla Dei, CSIC, Apartado 202, 50080 Zaragoza,
Spain. 2Depariamento de Bioguinica » Biologia Molecular y Celular, Facubad de Ciencias. Universidud de
Zaragoza, 30009 Zaragoza, Spain. 3Corresponding author*

Key words: tron deficiency, malate, phosphoenolpyruvate carboxylase, root tips. sugar beet

Abstract

Root iips of Fe-deficient and Fe-sufficient sugar beet plants grown in hydroponics have been used to study the
changes in the amount and activity of the eytosolic enzyme phosphoenalpyruvate carboxylase (PEPC, EC4.1.1.31).
Phosphoenolpyruvate carboxylase activity in extracts of the yellow Fe-deficient root tips was, at pH 7.3, 30-fold
higher (when expressed on a FW basis) and 7.1-fold higher {when expressed on a protein basis) than that found
in the extracts of Fe-sufficient root tips. The amount of phosphoenolpyruvate carboxylase protein determined by
fmmuno-blotting was, on a protein basis. 35-fold larger in the yellow zone of Fe-deficient root tips than in the
Fe-sufficient root fips. The inhibition of the phosphoenslpyruvate carboxylase activity by 500 um malate was 41
and 38% in the extracts Fe-deficient and Fe-sufficient roots. The possibility that post-transtational regulation of

- phosphoestofpyruvate carboxylase may occur mediated through phosphorylation. was studied by immunological
detection of phosphoserine residues in root tip extracts,

Abbreviations: BCIP — 5-bromo-4-chloro-3-indolyl phosphate: BSA — bovine serum albumin; CS - citrate
synthase; DMF — N,N-dimethylformamide; FC-R — ferric chelute reductase; Fru6P — fructose-6-phosphate;
Gle6P — glucose-6-phosphate; G3PDH — glyceraldehyde-3-phosphate dehydrogenase; I1gG — immunoglobulin
(; MDH — malate dehydrogenase; NBT — nitrotetrazolium blue; NMR - nuclear magnetic resonance; PAGE ~
polyacrytamide gel electrophoresis; PAR — photosynthetic active radiation; PEP — phospheenolpyruvate; PEPC -
phosphoenolpyruvate carboxylase; PFK — phosphofructokinase: PK — pyruvate kinase; PPFD — absorbed photosyn-
thetic photon fux density; PVP — polyvinylpirrolydone: UDP-Gle — uridine diphosphate glucose: SDS — sodium
dodecy! sulfate: TCA — trichloroacetic ucid

Introduction changes (Marschner et al,, 1986). Among the mor-

phological changes there is an increased formation of

Iron deficiency is a widespread agricoltural prob-
fem in many crops, especially in calcarcous soils.
in these soils, wial Fe is high but occurs in chem-
ical forms not available to plant roots (Lindsay and
Schwab, 19823 The adaptive response of the so-
called Strategy I plants, which include dicotyledonous
and non-graminaceous monocotyledonous piant spe-
cies, involves root morphological and physiological

* BAX Nov +976-7T10-145. B-mail mabadia@eeatd.onic.es

lateral roois, root hairs and fransfer cells. All these
changes increase the root surface available for Fe up-
take (Landsberg, 1982). The physiological responses
of Strategy I plants include higher rates of proton ex-
trusion, which decreases the pH of the rhizosphere,
release of reducing andfor chelating substances such
as phenolics and flavins and a two step mechanism for
Fe uptake, in which Fe(I1) is first reduced by a plasma
membrane-bound ferric-chelate reductase (FC-R) and
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subsequently absorbed as Fe(l) (for reviews see Moog
and Briiggemann, 1994; Welkic and Miller, 1993},

The metabolism of roots is highly affected by Fe
deficiency. Several changes at the metabolic level have
been reported to oceur in Fe-deficient roots, includ-
ing an accumulation of organic acids, mainly malate
and citrate (reviewed in Abadia et al., 2000, shifts in
the redox state of the cytoplasm (Ldpez-Milldn et al.,
2000a; Schmidt, 1999) and an increase in the activit-
ies of PEPC and several enzymes of the Krebs cycle
{Landsberg, 1986; Lopez-Millin et al., 2000a; Rabotd
et al.. 1995} and of the glycolytic pathway (Espen et
ai., 2000; Rabotti et al., 1993).

The role of the organic acids in the Fe deficiency
responses in not well established (Abadia et al.. 2000:
Lépez-Milldn et al,, 2000a; Schmidt, 1999, although
is commonly accepted that citrate could play an im-
portant role in Fe wansport via xylem to the shoot
(Tiffin, 1966). Two hypotheses have been put for-
ward so far to explain the accumulation of organic
acids in Fe-deficient roots. Landsberg (1986) reported
that the organic acid increase coincided with the en-
hanced proton extrusion found in Fe-deficient roots.
This may occur through cytosolic alkalinisation as-
saciated to proton efffux. which could activae phos-
phoenalpyruvate carboxylase (PEPC) activity (Espen
et al., 2000; Rabotti et al.. 1995}, The second hy-
pothesis (De Vos et al, 1986) suggested that Fe
deficiency may cause an alteration in the glycolytic
pathway, as reported in fungi. Under Fe deficiency.
phosphofructokinase would lose its regulation by cit-
rate and pyruvate kinase would be inhibited by citrate.
causing an accumufation of PEP, that in turn, via PEPC
activity, would cause rool organic acid concentrations
to increase. In any case, Fe deficiency could canse an
increase in root PEPC activity leading to organic acid
accumulation. This increase in PEPC activity fias been
described previously in root extracts of Fe-deficient
plants (Huffaker et al., 1959 Landsberg, 1986: Lépez-
Milldn et al., 2000a; Rabotti ot al., 1993; Rombola,
1998). '

The aim of this work was to determine whether
PEPC activity was enhanced in root tips of Fe-
deficient sugar beet plants. The amount of PEPC in
Fe-deficient and Fe-sufficient root tip extracts was de-
termined by immuno-blotting and PEPC phosphoryla-
tion was investigated by immunocchemical detection of
phospho-serine residues. Inhibition of PEPC by mal-
ate was studied to assess the regulation of the enzyme
activity under Fe deficiency conditions.
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Materials and methods

Plant material

Sugar beet (Beta vulgaris L. Monchil hybrid from
Hilleshilg, Landskrona, Sweden} was grown in a
growth chamber with a PPFD of 350 pmol m~? g
PAR at a temperature of 25 °C, 80% humidity and a
photoperiod of 16 h light/8 h dark. Seeds were germin-
ated and grown in vermiculite for 2 weeks. Seedlings
were grown for 2 more weeks in half-strength Hoag-
land nutrient solution with 45 uM Fe(lID)-EDTA and
then transplanted to 20 L plastic buckets (four plants
per bucket) containing half-strength Hoagland nutrient
solution with either 0 or 453 uM Fe(lID)-EDTA. The
pH of the Fe-free nutrient solutions was buffered at
approximately 7.7 by adding I mM NaOHand I ¢ Lt
af CaCOs. Root tips from plants grown for 10 days in
the presence or absence of Fe(IIE-EDTA were used in
all experiments.

Root sections were taken approximately 0-3 and
3-10 mm from the root apex with a surgical blade
{Lépez-Milldn et al,, 2000a). The §-5 mm section
(YZ) from the zero-Fe treatment had root hairs and
was yellow due to the presence of flavins, whereas the
5-10 mm section {WZ) in the zero-Fe treatment and
both the 0-3 mm and 3-10 mm sections in the con-
trol treatments had practically no root hairs and were

© white.

Protein quantification

Extracts for protein quantification were made accord-
ing to Granier (1988) with the solubilisation buf-
fer of Herbik et al. {1996). Samples were washed
twice with TCA to avold interferences by SDS and
2-mercaptoethanol. Aliquots of the extracts were in-
cubated with 12% TCA (! h at 4 °C) and centrifuged
for 13 min at 10 000 g at 4 °C. In the second washing
step the pellet was resuspended with 6% TCA, centri-
fuged at 10 000 g for 15 min at 4 °C and solubilised
with ultrapure water Proteins were quantified with
the Bio-Rad DC Protwin System Assay using BSA os
standard.

Enzyme assavs

Extracts for measuring enzyme activity were made
by grinding 100 mg FW of root material in a mor-
tar with 1 ml. of extraction buffer containing 30 mM
sorbitol, 1% BSA and 1% PVP in 100 mM HEPES-
KOH, pH 8.0. The slurry was centrifuged for 15 min
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at 10 000 g and 4 °C, the supernatant collected and
enzyme activity measured immediately. In vitro phos-
phoenolpyravate carboxylase (PEPC; EC 4.1.1.31)
activity was measured in a coupled enzymatic assay
with malate dehydrogenase, according to Vance et al.
(1983), with 75 uL of extract in 1 mL of 2 mM PEP,
1 mM NaHCOs, 5 mM MgCly, (.16 mM NADH,
50 mM HEPES, pH 7.3. The endogenous root mal-
ate concentration (approximately 3.95 and 0.37 umol
g~! FW in —Fe and control roots, respectively; see
Lépez-Millan et al, 2000a), will give (with a ratio
100 mg/mL extract and then 75 L extract/mL of as-
say} final malate concentrations in the assay mediam
of approximately 45 and 3 pm for Fe-deficient and
control roots, fespectiv‘ely;. These concentrations are
much fower than the inhibition assay carried out with
500 am malate. The addition of the protease inhib-
itor chymostatin (J0 ugmL” 1y did not increase PEPC
activities.

Inununoblotiing

FExtracts for inmuncbloting were made accerding to
Granier { 1988) with the solubilization buffer of Herbik
et al. {1996). Root soluble protein was boiled for 5
min at 95 °C. Electrophoresis was carried out with a
discontinuous system (Laemmbi, 1970). The resolv-
ing gel contained 8% acrylamide and the stacking
gel 7.2% acrylamide in a Tris-glycine buffer. Proteins
were electrophoresed for 2 h at 20 mA constant current
and 25 °C in a discontinuous PAGE system. Semi-
dry electroblotting onto pitrocellulose membranes was
carried out at 50 mA for 2 h, using a Semiphor
TET7Q apparatus according to the manufacturer’s in-
structions. Blots were blocked for 43 min with 20
mM Tris, 0.9% NaCl and 3% BSA and then washed
with 20 mM Tris, 0.9% NaCl and 0.1% BSA. For
the identification of PEPC, blots were incubated for
2 h with a 1:1000 dilution of rabbit IgG against the
phosphorylation site of PEPC and washed as above.
The PEPC antibody was a polyclonal antibody ob-
tained against a synthetic peptide of 23 amino-acids
from the N-terminal sequence of sorghum PEPC (from
Dr. J. Vidal, Orsay, France). A second incubation
with a 1:2000 dilution of goat anti-rabbit 12G (H+L)
horseradish peroxidase conjugate from Bio-Rad was
performed for 43 min. After thorough washing with
20 mM Tris and 0.9% NaCl, PEPC was detected with
20 mM Tris, 0.9% NaCl, 9 mg ml~! chloronaftol in
ethanol and 17 1 H203. Quantification of PEPC was
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Tuble 1. Phosphoenaipyruvate carboxylase activity in rool ex-
tracts from Fe-deficient and Fe-sufficient sugar beel. Enzynme
assays were done at pif 7.3, Data are means = SE of {0 rep-
ficates. Values in the same column followed by a different letter
are statistically significant @ p <0.05 {# Ssudent’s test)

1 H

gevmesl g" FWmin™"  pamol mg"l protein min~

~Fe 5040421
+Fe 0.17:10.02b

E770.42
0.25£0.02b

~Fe f+Fe 29.6

et

performed using a Molecalar Imager FX apparatus
{BioRad, San Francisco, USA).

Phosphoserine residues were identified by incub-
ating the blot for 3 h with a 1:50 dilution of rabbit
12G against phosphoserine residues from SIGMA, St
Louis. USA. After washing the blot a second incub-
ation was carried out for 1 h using a 1:2500 dilution
of anti-Rabbit IgG-phosphatase. After thorough wash-
ing with 20 mM Tris and (.9% NaCl, phosphoserine
residues were detected with 0.2 M Tris, pH 9.6, 1
mM MgCls, 4 mg mL'BCIP and | mg mL INBT
in DMF.

Results and discussion

The amount of soluble protein in root tips was 2.83
and 1.18 mg protein g~! FW in the yellow tip and the
white adjacent zone of Fe-deficient roots, respectively.
These values were approximately 4.2- and 2.4-fold
higher than that found in the Fe-sufficient root tips,
that was approximately 0.68 mg protein gt Fw,

The antibody agaiast the phosphorylation site
of PEPC immunodecorated a single 113-kDa poly-
peptide in sugar beet root tip extracts. The amount of
PEPC was 34.7- and 6.5-fold higher in the yellow and
white zones of Fe-deficient root tips, respectively, than
in the Fe-sutficient root tips (Figure 1). The activity
of PEPC in root extracts was much higher in the vel-
low zone of Pe-deficient root tips than in the control.
These increases were 29.6-fold when expressed on a
FW basis and 7.1-fold when expressed on a protein
basis. An increase in PEPC activity in root extracts
of Fe-deficient plants was first described by Huoffaker
et al. (19593, Later, increases in PEPC activity in
root exiracts under Fe deficiency of 1.85-. 2.3-, 4 to
6 and 7 o 14-fold were reported in pepper (Lands-
berg, 19863, kiwifruit (Rombold, 1998), cucumber (De
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Standard PEPC
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113 KD@ e
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Root extracts

14 . Total
Hg 8.7Hg *protein

Figare 1. Protein immunoblot of partially purified PEPC (from SIGMA) und sugar beet root extracis, Extracts were made from the yellow (Fe.
YZ) urd white parts (-Fe, WZ3 of Pe-deficient ront tips and from Fe-sufficiont oot tips (+Fej. PEPC was lubelied using PEPC amibody.

Tabie 2. inhibition of phosphoenelpyruvate carbosylase
aotivity in root extracts from Fe-deficient and Fe-sufficient

sugar beet by 500 am malate. Bazyme assays were done at
pH 2.3, Data din ot £ FW min™ 13 are means £ SE of §
replicates, Values m the sanse volumn followed by a different
letter are statistcally significant at p 20.03 & Siudent’s test)

Activity % Inhibition

300:M malate

0 oM malate

-fe 43750560
+Fe 0 0212003 b

2722033a S a
009 0020 3848

Nisi and Zocchi, 2000; Rabotti et al., 1995) and sugar
beet {Ldpez-Milldn et al.. 2000a), respectively. The in-
crease in PEPC activity in Fe-deficient roots coincides
spatially with areas having increased FC-R activity
{Lopez-Milldn et al, 2000a). Similar data were re-
ported for the swollen root tip area of Fe-deficient
pepper plants (Landsberg. 1986}, The white parts of
Fe-deficient roots did not have major increases neither
in the total amount of PEPC (Figure 1) nor in FC-R
activity (Lopez-Milldn et al., 2000a).

Increases in PEPC activity could be also mediated
by post-transfational regulation through phosphoryla-
tion as it occurs in the leaves of C4 and CAM specics
(see Chollet et al., 1996, for a review)} and in proteoid
roots of P-stressed plants (Gilbert et al.. 1998). The
activity of PEPC in the presence of 500 pm malate
decreased from 4.57 to 2.72 nmol g~ FW min~tin
extracts of the vellow zone of Fe-deficient roots and
from 0.21 to 0.09 nmol g~ 'FW min~lin extracts of
Fe-sufficient roots (Table 2). Inhibition by malate was
therefore 58% in Fe-sufficient roots and 41% in Fe-
deficient vellow root tips {Table 2). The relatively
smadl but significant difference in PEPC sensitivity to

Root extracts

-Fe  -Fe +Fe
YZ Wz

10 g Total

101g * protein

10 ug

e 413 kDt

54,6 kDa

Figure 2, Protein immuneblat of root tp extracts. Extmcts were
made from the yellow (Y, YZ) and white parts {-Fe, WZ) of
Fe-deficient root tips and from Fe-suffictent rool tips (+Fe). Phos-
phoserine residues were labelfed using phosphoserine anibody from
Signa.

malate could be explained by the preseace of some
endogenous malate in the assay medium of the Fe-
deficient roots {approximately 45 gpmj. This could
make the PEPC activity in Fe-deficient root extracts
apparently less sensitive o milate. Post-translational
regutation of PEPC through phosphorylation was also
studied by immuneological detection of phosphorylated
residues of serine in the 113-kDa band. previcusly
identified as PEPC. Phosphoserine residues were not
detected in the PEPC region in any of the root ex-
tracts analysed (Figure 2). These data suggest that
post-translational regulation by phosphorylation may
not occur in Fe-deficient roots. However, this does
not necessarily exclude phosphorylation because the
steric conformadon of the target protein may hinder
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the interaction of the antibody with the phosphoserine
residues. Therefore, a more detailed analysis should
be carried out with additional experiments, including
32p labelling of PEPC protein, studies with inhibitors
of protein kinases and phosphatases and PEPC-kinase
tests.

Other factors could further enhance PEPC activity
in root cells. For instance, a cytoplasmic pH increase
could boost PEPC activity. since the optimum pH
for the enzyme is quite high. Espen et al. (2000)
have recently shown with 3p_NMR techniques, how-
ever, that in Fe-deficient cucumber roots cytosolic
pH may increase only by approximately 0.02-0.06
units with respect to the controls, whereas the vacu-
olar pH increased by 0.03-0.20 units. This may be
the consequence of a very efficient PEPC-mediated
cytosolic pH regulation. The PEPC_increase in Fe-
deficient sugar beet root tips does not appear to depend
on bicarbonate since root tips of plants grown without
Fe in the absence of CaCOjy also had PEPC activities
40-fold higher (on a FW basis and at pH 3.5) than the
controls {not'shown in the present work; Lipez-Millan
et al.. 2000a).

The possible fimctions of the increase in PEPC
with Fe deficiency are still unclear. A metabolic model
for C assimilation has been proposed recently to be
triggered by Fe deficiency in sugar beet roots (Lépez-
Milldn et al., 2000a). In this model, PEPC catalyzes
the carboxylation of PEP to oxalacetate, which could
be then reduced o malate via cytosolic MDH. Mal-
ate could be transported to the mitochondria via the
malate-oxalacetate shuttle and converted to citrate by
CS. Part of this C could be used, through an increase
in mitochondrial activity in transfer cells, to increase
the capacity to produce reducing power (Bienfait et
al.. 1996), whereas another part would be exported to
the shoot via xylem (Bialzyck and Lechowski, 1992;
Lépez-Milldn et al., 20006). A possible function of the
export of organic acids to the leaves is the use of these
C compounds for the maintenance of basic processes
such as respiration. PEP needed to maintain PEPC
activity could possibly come via glycolysis from com-
pounds previously synthesized andfor stored within
the plant. Both phlecem (De Vos et al.. 1986; Maas et
al., 1988}, and root sugar concentrations (Thoiron and
Briat, 1999} have been reported to increase with Fe-
deficiency. The activities of some enzymes involved
in the glyeolytic pathway have also been shown 1o in-
crease in Fe-deficient roots (Espen ct al., 2000: sce
Abadfa et al., 2000, for a review). :
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Also, increased biosyathesis of carboxylates (par-
ticularly of citrate) and of phenolics (derived from
arganic acid metabolism) under Fe deficiency may
be important for increased root exudation of these
compounds, mediating Fe(Ill) mobilization in the
rizhosphere, its transfer to the root surface and the
subsequent reduction to Fe(IT) and uptake. Exudation
is further promoted by proton extrusion (Romheid and
Marschner, 1983), and protons may be provided by en-
hanced biosynthesis of organic acids. Increased PEPC
activity may be related to Fe-deficiency inhibition of
NQ; uptake, resulting in excess uptake of cations over
anions which could be balanced by proton extrusion
(Cakmak and Marschner, 1990).

In summary, PEPC is a key enzyme in root re-
sponses 10 Fe deficiency that could enhance C tixation
in roots and contribute to organic acid export from the
roots to the leaves via xylem. The increase in PEPC
activity measured in yellow root tip extracts appears
to be mainly due to an increase in the amount of
the enzyme induced by Fe deficiency. Other factors
like post-translational regulation by phosphorylation
do not seem to control PEPC activity.
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