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RESUMEN 

El género Chlamydomonas es un miembro de la clase Chlorophyceae y contiene mtls de 

600 especies; la gran mayorla de ellas son fotosintéticas, pero también existen algunas algas 

incoloras incapaces de crecer autotróficamente. Se supone que las algas incoloras, como los 

miembros de los géneros Polytoma y Polytome//a, han perdido totalmente el aparato fotosintético 

que alguna vez tuvieron. Otras posibles causas de la pérdida de la fotoslntesis son el estrés 

selectivo del ambiente y/o la interacción con otros organismos, con los cuales se pudo haber 

establecido una transferencia lateral de genes. 

El alga verde Chlamydomonas reinhardtii ha sido utilizada como un modelo biológico 

para el estudio de la fotoslntesis; en ella, el cloroplasto, como el asiento principal del fenómeno 

fotosintético, ha sido extensamente estudiado. Por el contrario, las mitocondrias y su papel en el 

metabolismo de las células fotosintéticas en general y de C. reinhardtii en particular, han recibido 

poca atención. Ya que la luz es uno de los factores externos más importantes para los 

organismos fotosintéticos, el efecto de la luz sobre la función y la biogénesis mitocondriales es 

un tema interesante que merece estudiarse con mtls cuidado. El alga heterotrófica Polytome//a 

sp. es un organismo modelo para estudiar las consecuencias de la pérdida de la fotosíntesis en 

un marco metabólico muy semejante al de C. reinhardtii. 

Po/ytome!la sp. es un pariente cercano de C. 1-emhardti1, y comparte con ella varias 

pecularidades en sus complejos respiratorios. Sin embargo, también se han descrito diferencias 

importantes, que probablemente se deben a la pérdida de un aparato fotosintético funcional. En 

este trabajo se desc;rit:>en fes mayores complejos de la fosfori!acióri oxidc:ti·.ia analizados con un 

enfoque proteómico, utiliz,.ndo m1tocondrias aisladas de C. reinhardtii y de Po/ytornella sp. En 

ambas algas, la ATP sintasa tiene un carácter dimérico muy estable, y ade,-;;áa exhibe algunas 

subunidades atrpicas. Las subunidades de la citocromo e oxidasa de C. reinhardtii mostraron 

caracterlsticas extraordinarias (como es la presencia de un,. subunidad COXll fragmentada). 

También, sorprendentemente, en las mitocondrias de Po/ytome//a sp. se encontró la presericia 

de una enzima anaeróbica de tipo bacteriano, una aldehldo/alcohol deshidrogenasa, asl como un 

gen que codifica a la misma protelna en el genoma de C. reinhardtii. 

A diferencia de c. reinhardtii, Polytomella sp. puede crecer en un margen muy amplio de 

pH, y puede utilizar diferentes fuentes de carbono. Se ha demostrado que en Po/ytornella sp. el 

pH del medio de cultivo y la fuente de carbono tienen efectos en la acumulación del citocromo e y 
de los complejos respiratorios. Los espectros de las mitocondrias aisladas de las dos algas 

mostraron diferencias significativas en el contenido de citocrornos. Ademtls, se reportaron 

algunos resultados acerca de la regulación mitocondrial por la luz en C. reinharatii. Una revisión 

de la literatura acerca de este tema en plantas y algas verdes describe que en la luz, las 

mitocondrias suelen dirigir su metabolismo hacia la disipación de reductores que se producen 

durante la actividad fotosintética, mientras que en la obscuridad lo dirigen esencialmente hacia la 

producción de A TP. 
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Abstract 

ABSTRACT 

The genus Chlamydomonas is a member of the class Chlorophyceae, which contains 

more than 600 species, of which the vast majority is photosynthetic, although it also contains 

several colorless algae unable to perform photosynthesis. lt was proposed that the colorless 

algae, such as those of the genus Polytoma and Po/ytomel/a, have lost an active photosynthetic 

apparatus. Selectiva environmental stress ar interactions with other organisms, for example via 

lateral gene transfer, are possible causes of the loss of photosynthesis. 

The green alga Ch/amydomonas reinhardtii is extensively used as a model organism far 

photosynthesis. As the primary site of photosynthesis, the chloroplast of this alga has been well

studied. However, the mitochondria and their role in the metabolism of C. reinhardtii, and more 

generally in any photosynthetic cell, are poorly understood. Since light is one of the most 

important externa! factors far photosynthetic organisms, the effect of light on the mitochondrial 

function and biogenesis is interesting but has also received little attention.The heterotrophic 

Po/ytomella sp. constitutes a model organism for the study of the consequences of the loss of 

photosynthetic activity in the same metabolic framework as C. reinhardtii. 

Po/ytomella sp. preved its clase relationship with C. reinhardtii by the fact that it shares 

with this green alga sever"ll peculiarities in its respiratory complexes. However, major differences 

were also described that are probably caused by the loss of a functional photosynthetic 

apparatus. In this work. the majar complexes of oxidative phosphorylation in C. reinhardtii and 

Po/ytomella sp. are described using isolatcd mitochondria and a proteomic approach. In both 

algae, the ATP synthase show an unusually strong dimeric behavior, and in addition, it exhibits 

several atypical subun1ts. íhe subunits of c. reinhardtii cylochrcme e oxidase were found to 

possess several unu.;ual features (like the presence of a fragmented COXll subunit). The 

surprising and unexplained presence of a bacteria! enzyme involved in anaerobic metabolism, an 

aldehyde/alcohol dehydrogenase, was reported in the mitochondria of Polytome/la sp., whereas a 

gene that encades the same enzyme was identified in the genome of its photosynthetic relative 

C. reinhardtii. 

In contras! to C. reinhardtii, Polytomella sp. can grow under a wide pH range and can use 

different carbon sources. lt wm; shown the1t the pH and the carbon source influence the 

accumulation ot !he respiratory complexes and cytochrome c. In addition, spectra of isolated 

mitochondria showed differ.,nces in the cytochrome content between the two algae. Furthermore, 

sorne results on the light regulation of mitochondria are presented. A literature review on this 

!heme in plants and green algae describes that in light, the mitochondrial metabolism is usually 

directed towards !he dissipation of excess reductants resulting from photosynthetic activity, 

whereas in the dark, it is mainly directed to ATP production. 
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Introducción 

INTRODUCCIÓN 

L• mltocondrla: I• fAbrlca de energi• 

La función principal de las mitocondrias en las células eucariontes es la producción de 

energla en forma de ATP a partir de glucosa y ácidos grasos. Sin mitocondrias, todo el ATP 

deberla obtenerse de los procesos anaeróbicos, y no serla posible la vida de la mayoria de los 

organismos, incluyendo la humana. Además de la producción de ATP, otras funciones 

mitocondriales incluyen el mantenimiento del estado de reducción/oxidación (redox) en la célula, 

la detoxificación y la producción de calor (Zorov y cols., 1997). Las mitocondrias también tienen 

un papel importante en la apoptosis; es decir, la muerte celular programada (Kroemer y cols., 

1995). La mitocondria está compuesta por dos membranas, el espacio intermembranal y la 

matriz (Figura 1 ). El plegamiento en crestas provee una superficie muy amplia a la membrana 

interna, aumentando así la capacidad de síntesis de A TP: la presencia de más crestas indica 

mayores requerimientos de energía. 

Figura 1. Estructura de la mitocondria e imágen de microscopia electrónica. 

El ciclo Krebs es un conjunto cíclico de reacciones que se llevan a cabo en la matriz 

mitocondrial, que oxida metabolitos celulares generando co,, NADH, FADH2 y ATP. La 

fosforilacón oxidativa es el proceso en el cual las mitocondrias producen grandes cantidades de 

ATP, utilizando los electrones provenientes del NADH, del FADH 2 y del oxigeno: 

NADH + 3ADP + 3P; + 4H+ + 02-+ NAO++ 3ATP + H20 
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Introducción 

Este proceso lo lleva a cabo un conjunto de componentes proteicos oligoméricos que se 

encuentran en la membrana interna, que forman la cadena respiratoria (Figura 2). Básicamente, 

la respiración es una cadena de transporte de electrones (CTE) que produce un gradiente de 

protones y un potencial electroqufmico a través de la membrana interna. El gradiente 

electroqufmico de protones es disipado por la ATP sintetasa (Figura 2), la cual produce ATP a 

partir de ADP y fosfato inorgánico (P,). Esta teorfa quimiosmótica, propuesta por Mitchell (1961, 

1966), ha sido aceptada por toda la comunidad cientffica. La hipótesis quimiosmótica también 

explica la sfntesis de A TP en las membranas de las bacterias y en los tilacoides de los 

cloroplastos de plantas (Gautheron, 1984). 

CI CII e 111 CIV ATP synthetase 

w w w ,..... .---------------·-----.. ---------·------.--------·---------~ 
• • É 

FVAº:.~-····~·-
FueJ 
oxidation 

Figura 2. Los complejos de la cadena respiratoria mitochondríal. ':: 1 a C IV, complejo respiratorio 1 a IV. 
IMS, espacio intermembranal; O, ubiquinona; Cyt e, citocromo c. La línea punteada indica el flujo de 
pr-otone~ (H.), las lineas contJnuas indica el flujo de electrones (e). 

Aparte de la protefnas del ciclo Krebs y la CTE, se necesitan otras protefnas para la 

fosforilación oxidativa, Los transportadores o acarreadores transportan muchas moléculas a 

través de la membrana interna mitocondrial. Por ejemplo, el transportador de ADP/ATP 

transporta ADP hacic;. :a matriz mitocondrial y al ATP hacia el citosol celular. También existen 

transportadores para P, y pjruvato (Palmieri, 1994). 
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Introducción 

Los componentes de la cadena respiratoria 

Para comprender mejor la estructura y función de la cadena respiratoria mitocondrial, se 

describe a continuación con más detalle cada uno de sus componentes. Se toma como ejemplo 

la cadena respiratoria de los mamlferos, la cual es la que mejor se ha caracterizado. 

Complejol 

NAOH:ubiquinona óxidorreductasa. Este complejo es 

el componente proteico más grande de la cadena y 

está con1puesto por 45 subunidades (Carroll y cols., 

2002); tiene la forma de una 'L', constituida por una 

parte membrana! y una parte periférica que es 

hidrofflica. El brazo periférico de la L, que destaca 

hacia la matriz, es el sitio de la oxidación del NADH. 

Los electrones del NADH son enviados hasta la 

ubiquinona por varias subunidades que contienen un 

mononucleótido de flavina (FMN), y varios centros 

fierro-azufre (FeS). En este complejo, por cada dos 

electrones, se translocan cuatro protones a través de 

la meml.Jrana interna mitocondrial (Brand!, 1997). 

__ ..... _,.. 
-----.-....... . Complejo 11 

Figura 3. Estructura del complejo l. 
Los grupos redox. involucrados en el 
transporte de los electrones están 
localizados en el brazo soluble. 
La forma del complejo es según 
Grigorieff (1998). 

~-;; •• ~.·~.-:.'',,.··.·.·.·.''·.;:,.ª .... 
(:~:y;t~· 99999~<~Ji~~~'.9999· 

...... -z..,. ~·Y . 
Sucdnate ~ 

Fumar•te . 
Comple>c'IJ 

Figura 4. Flujo de electrones por 
el complejo 11 a la CoQ. Nótese 
que este complejo no bombea 
electrones. La interacción de la 
coa con el complejo 111 produce 
una translocación de protones. 

Succinato:ubiquinona óxidorreductasa. Este complej_<;> 

enzimático es también parte del ciclo Krebs, siendo la 

única enzima de este ciclo asociada a la membrana 

interna mitocondrial. Con tres o cuatro subunidades, el 

complejo 11 es el más pequeno de la cadena 

respiratoria. La función del complejo 11 es donar 

electrones del ciclo Krebs a la ubiquinona (Hagerhal!, 

1997). Este complejo no bombea protones. 
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Ubiguinona 

La ubiquinona es una molécula muy hidrofóbica que está presente 

en la membrana interna, y que recibe electrones del complejo 1 o 11 y 

los transfiere al complejo 111. La ubiquinona no solo funciona como 

un transportador de electrones en la cadena respiratoria, sino 

también como un antioxidante en muchas membranas celulares 

(Pobezhimova y Voinikov, 2000). 

Complejo 111 

Introducción 

~:Me 
............. 

Flguno 5. Estructura quimica de 
la ubiquinona. Los átomos de 
oxígeno son los sitios de la 
reducción (0-H) y oxidación· 
(=O). Me=grupo metileno (CH>). 

Cc-mplex 111 

Ubiquinona:citocromo e óxidorreductasa. Esta enzima 

está compuesta por 11 subunidades, y oxida la 

ubiquinona para reducir al citocromo c. Esta reacción está 

acoplada al movimiento de cuatro protones a través de la 

membrana interna, mediante el llamado cic!o O. El 

citocromo b del complejo 111 contiene dos grupos heme 

que tienen distintos potenciales redox (b56o y b 56s). En 

cada ciclo, de los dos electrones del ubiquinol, un electrón 

es trarn:;portado por Ja proteina Riesl<e {FeS) al citocromo 

C1 para reducir el citocromo e; mientras que el otro 

electrón es transportado por Jos dos hemos b para formar 

ubisemiquinona {Q") a partir de. ubiquinona en el otro lado 

de la membrana interna. La repetición de este cido Q 

produce otro ubiquinol. y resulta en el transporte neto de 

Figura 6. Flujo de electrones por el 
complejo 111 de la ubiquinona al citocromo 
c. Los dos eiectron~s de la CoQ están 
separados, urio pasa directamente al 
citccromo c. mientras el otro pasa por el 
cicln Q, bombeando protones. 

cuatro protones por la membrana interna (Trumpower, 1990). El complejo 111 también contienP. 

dos proteínas estructurales (core proteins), que son homólogas a las peptidasas mitocondriales 

(MPP), involucradas en la maduración de las preproteinas importadas desde el citoplasma. En 

las plantas, se ha establecido que las proteinas estructurales efectivamente tienen función de 

MPP (Braun y Schmitz, 1995a). 

Citocromo c 

Es una proteína soluble de 12 kDR, que c'lntiene un grupo heme de 

tipo e como grupo redox, ligado covalentamente por dos residuos de 

cisterna. El citocromo e transporta los electrones del complejo 111 al 

complejo !V y está situado en el espacio intermembranal (Pettigrew y 

Moore, 1987). 

9 

Figura 7. Estructura 
cristalográfica del 
citocramo c. El grupo 
heme tipo e está 
presente ~n el centro. 
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Complejo IV 

Citocromo c oxidasa. Es el componente terminal de 

la cadena de transporte de electrones. Este 

complejo enzimático contiene 13 subunidades. Tres 

subunidades constituyen el centro de la protelna, 

numeradas 1, 11 y 111. La subunidad 1 contiene el sitio 

activo, con dos hemos tipo A y un átomo de cobre 

(CuA). La subunidad 11 tiene un centro de dos 

átomos de cobre (Cu8 ), y recibe los electrones del 

citocromo e soluble. Los electrones son 

transportados al citocromo a y luego al centro 

binuclear formado por un cobre Cu0 y un hemo, el 

Introducción 

Figur8 8. El transporte de electrones 
en el complejo IV, del citocromo e al 
oxigeno para formar agua. 

sitio de la reducción de oxigeno. La función de la subunidad 111 no ha sido aclarada. El transporte 

de electrones causa la translocación de cuatro protones por la membrana interna, sin embargo 

todavla no se ha establecido el mecanismo preciso de la translocación (Saraste, 1999). La 

citocromo e oxidasa es responsable de más del 90% del consumo de oxigeno de todos los 

organismos en el biósfera. 

Complejo V 

FoF,-ATPsintasa. Este complejo tiene una 

masa molecular de mits de 500 kDa, y 

está constituido por 16 subunidades 

distintas. La fuerza protón-motriz 

generada por los complejos 1, 111 y IV es 

utilizada por la ATP sintasa para producir 

A TP. Por cada ATP sintetizado, se 

translocan tres o cuatro protones (Boyer, 

1997). La sección membrana! (F0 ) 

contiene un canal para los protones, y 

está conectada con la parte catalftica 

soluble (F1 ) que está expuesta hacia la 

matriz. La Fo está compuesta por lo 

H'" !1• H': H'" 

,,-----.,. "'"" ........... 
I '----... '\ 

ATP 

Figura 9. Estructura de la FoF1-ATPsintasa. La 
cxidación de reductores por la CTE resulta 
finalmente en la producción de ATP. 

menos de 9 subunidades, de las cuales sólo las subunidades a, by e (estoquiometrla 1:1:12) 

tienen homólogos en E. coli. La F, (371 kDa en bovino) está compuesta por 5 subunidades a, p, 

y, ó y e en una estoqu;..:;metrla 3:3: 1:1:1. La subunidad y interactúa con las subunidades e y e 

(ATP9) para formar la parte conocida como el rotor, mientras que la parte llamada estabilizador 

está compuesta por las subunidades a, p, ó, a (ATP6) y b, formando un segundo lazo entre la Fo 
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y la F 1 • La subunidad JJ posee el sitio catalítico, por lo que la F, tiene tres sitios cataliticos. El 

paso de los protones por la Fo causa el giro del rotor, que genera tres distintos estados 

conformacionales: un estado sin sustrato (descargado de ATP), un estado con ADP y P1 

enlazado, y un estado con ATP enlazado. La rotación impone la transición entre estos estados. 

La subunidad y funciona como el eje de rotación de la F 1 • La ATP sintasa también puede 

funcionar como ATPasa. en este caso la hidrólisis de ATP provee la energía para translocar 

protones y generar un gradiente electroquímico (Abrahams y cols., 1994; Pedersen y cols., 

2000). 

La mltocondria en las células fotosintéticas 

En la célula fotosintética, la presencia de dos organelos que producen ATP, el 

cloroplasto y la mitocondria, trae complicaciones en el· metabolismo redox. En la luz, la CTE del 

cloroplasto, que tiene mucho en común con la de la mitocondria, transporta electrones y lleva a 

cabo la producción de ATP (fotofosforilación) con principios semejantes a lo que ocurre en la 

mitocondria: 

2H2 0 + 2 N/\DP*+ nADP + nP1 + hv _. 0 2 + 2NADPH + 2H* + nATP 

s;n embargo, aún cuando el cloropiasto funcione en presencia de iuz, la mitocondria 

sigue produciendo ATP para procesos como la sinte.sis de sacáridos y la fijación de nitrógeno. 

En la obscuridad, ia m1tocondria es el único sitio de la slntesis de ATP. 

La mitocondr'"' es necesaria para optimizar el metabolismo fotosintético bajo una 

variedad de condiciones ambientales (Kromer 1995; Gardestrom y Lernmark 1995; Hoefnagel y 

cols., 1998; Padmasree y cols.. 2002). La fosforilación oxidativa parece balancear el estado 

celular redox y energético. Por ejemplo, la inhibición selectiva de la ATPasa mitocondrial por la 

oligomicina da lugar a una inhibición parcial de la fotosíntesis en las hojas ae chícharo 

illuminadas (Kromer y cols., 1988). También existe evidencia de que la función mitocondrial 

disipa el exceso de reductores producidos en el cioroplasto (Raghavendra y cols., 1994; Kromer 

1995; Padmasree y Raghavendrc: 1999; lgamberdiev y cols., 2001a, b). 

Para los organismos fotosintéticos, la luz es una fuente de energía pero también 

constituye una fuente de información sobre el ambiente. El estado de reducción en el cloroplasto 

aumenta drásticamente con la exposición a la luz (Scheibe, 1991), la cual también tiene un papel 

importante en la regulación de la expresión de genes y de la actividad de varias enzimas (Danon 

y Mayfield 1994; Allen y cols., 1995b; Pfannschmidt y cols., 1999a y 1999b). La luz también tiene 

efectos sobre la ª"presión de genes y sobre la actividad enzimática de varias proteínas 
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mitocondriales. Los mecanismos involucrados en esta regulación no se conocen, pero una 

posibilidad es que la mitocondria responda a mensajes redox provenientes del cloroplasto 

(artículo VI). 

L• c•den• reaplr•tori• de I•• mltocondri•• de I•• c61ul•• fotoalnt6tlc•• 

La Figura 1 O muestra una imagen esquemática de la CTE mitocondrial de una célula 

fotosintética como C. reinhardtii. Comparadas con las CTE de mamíferos, las CTE en las 

mitocondrias de las plantas y de las algas verdes poseen componentes proteicos adicionales. 

lntermembrane space 
4H+ NADH NADPH 

Ca 2 +. 

o, o,-

o, 

+co 2 +NH 3 

Figura 10. Representar¿ón esquemática de la cadena respiratoria mitochondrial de C. minhardtiiy otros 
organismos fotosintélicos (tomado de M0ller, 2002). CI - CIV, complejos respiratorios 1 - IV; UQ, 
ubiquinona: cyt. e, citocromo c. Los componentes adicionales típicos de la cadena respiratoria de Jos 
organismos fotosintéticos se muestran en gris obscuro. GDC, glicina descarboxilasa; NDin/NDex, NAD(P}H 
deshidrogenasa insensible a rotenona, interior y exterior, respectivamente, y AOX, oxidasa alterna. Las 
lineas negras dobles indican la inhibición del complejo por la sustancia indicada. KCN, cianuro de potasio, 
SHAM, acido salicil-hidroxámico. 

NADCPlH deshidrogenasas alternas CNDin/NDexl 

Las cuatro NADH deshidrogenasas insensibles a rotenona presentes en las mitocondrias de las 

plantas forman parte de una ruta respiratoria no-fosforilante. Dos de estas enzimas están 

presentes en la superficie de la membrana interna expuestas hacia el espacio intermembranal 

(externas, NDex), y las otras dos están expuestas hacia a la matriz mitocondrial (internas, NDin). 
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.Junto con la AOX, es~as NAD(P)H deshidrogenasas permiten la respiraciOn sin generaciOn de 

gradiente electroquímico y sin producciOn de ATP. Las enzimas externas pueden utilizar 

reductores provenientes del citoplasma, mientras que las enzimas internas pueden oxidar al 

NAD(P)H producido en la matriz mitocondrial (M121ller, 2002). 

Oxidasa alterna CAOX) 

La enzima se encuentra principalmente en plantas, 

protistas (como las algas verdes) y algunos hongos 

(Umbach y Siedow, 2000). La AOX es una oxidasa 

terminal (Figura 11 ), que desvla a la CTE ortodoxa a 

nivel de la ubiquinona. La AOX es una proteína 

homodimérica con monómeros de 36 kDa, que pueden 

estar enlazados covalentamente por un puente disulfuro 

(Figura 11 ). La forma oxidada es menos activa que la 

forma reducida, una característica que está relacionada 

con la regulación de la actividad de esta enzima. El 

monómero está codificado por el gen nuclear Aox1. Ya 

que la AOX no transloca protones, no participa en la 

producción de ATP. Se piensa que su papel principal es 

la disipación del exceso de reductores (Vanlerberghe y 

Mclntosh, Hl97). 

DJ;~:1·,:·'.'~((·;::::·~·(:::r~~cmw(í~"
9

:-r~m -
.. 11 ;·,-,·,-~·:·.· --.--,,-_-·_·_ ,. ·:J!ii, ...... ,·:·_,:"'·'--Y¡;·r·n_ "· . :. ,:.,- .. .-. . . ; .· . . . . . : . .'. ~ .:. .· . . . . ... .r .f. f -

.. 
Figura 11. Jnterconversión entre el 
estado oxidado y reducido del dímero 
de laAOX 

La oxidaciOro del NAD(P)H y del succinato f"Or la CTE mitoconc.Jrial es importante para 

optimizar la fotosfntesis. El exceso de reductores que se origina por la fotosintesis puede ser 

exportado del cloroplasto y ser utilizado por la CTE mitocondrial (Hoefnagel y cols., 1998; 

Mackenzie y Mcl ntosh, 1999; Padmasree y cols., 2002). Los componentes adicionales 

intrfnsecos de las CTEs de plantas no bombean protones, asf que estos componentes 

meramente funcionan como una poza redox (del inglés "redox sink"). De esta manera, la cadena 

respiratoria mitocondrial puede balancear el estado redox celular (NAD(P)H, FAOH,¡ y el estado 

energético (ADP/ATP) usando adecuadamente los componentes clásicos y los caminos 

alternativos no-fosforilantes. En P.I articulo VI se analiza en detalle el conocimiento actual acerca 

del papel de las motocondrias en la fotosfntesis y la manera como la fotosíntesis regula la 

expresión de proteínas mitocondriales. 

El complejo de glicina descarboxilasa (GDC), en combinación con la serina hidroximetil 

transferasa (SHMT), se encuentran en muchos organismos. Estas enzimas convierten glicina en 

serina (Douce y cols., 2001 ). En los organismos fotosintéticos, las enzimas están localizadas en 
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la matriz mitocondrial y están relacionadas con la fotoslntesis (Mackenzie y Mclntosh, 1999). En 

la luz, y bajo condiciones de C02 limitantes para la fijación de carbono, esta enzima puede 

producir grandes cantidades de NADH, lo cual estimula la respiración. En estas condiciones, las 

enzimas respiratorias que no bombean protones (el camino AOX) están activadas (lgamberdiev y 

cols., 1997; Svensson y Rasmusson, 2001), con el fin de evitar la sobremeducción de la CTE y 

para balancear la demanda de ATP y el metabolismo de carbono en el ciclo Krebs (Vanlerberghe 

y Mclntosh, 1997). 

Aislamiento y caracterización de las mitocondrfas 

El primer paso para estudiar los procesos mitocondriales es el aislamiento de las 

mitocondrias de los tejidos o células del organismo de interés. El método básico de todos los 

protocolos para aislar mitocondrias es el mismo y consiste en la ruptura del tejido y las células, 

seguida de centrifugaciones diferenciales. Pueden requerirse pasos adicionales, como una 

centrifugación en gradiente de densidad, para eliminar restos de material contaminante, como las 

membranas tilacoides de plantas o algas verdes (Neuburger y cols., 1982). Las mitocondrias 

pueden SF!r estudiadas y caracterizadas por diferentes tipos de aná!is1s, como la medición del 

consumo de oxigeno, la importación de protelnas, el aislamiento del DNA mitocondrial, la 

espectrofotometrla y la electroforesis en geles de poliacrilamida (Figura 12). 

Para medir ci" consumo de oxigeno. se colocan las mitocondrias en una celda con un 

electrodo de Ciark. La adición de sustratos para la respiración, como succinato o malato, inicia eJ 

consumo de oxigeno; e! uso de inhibidores de los distint::;::; componentes de la CTE puede dar 

información sobre la función y capacidad de la respiración mitoccndrial. Estos estudios también 

se pueden llevar a cabo con células enteras, para investigar el papel de las mitocondrias en el 

metabolismo celular. .· 
Para caracterizar los componentes de la CTE. en particular los citocromos presentes en 

los complejos 111 y IV y el citocromo e, se pueden registrar los espectros de las mitocondrias o de 

las membranas mitocondriales. La electroforesis en geles de poliacrilamida (PAGE) también es 

un método poderoso para estudiar la bioslntesis mitocondrial. Aparte de la clásica SDS-PAGE, 

existen métodos más vers'3tiles de PAGE qu.:; permiten analizar el proteoma mitocondrial en su 

conjunto. 
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20º/o, centrifugar 40 
min a 15.000 rpm 
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drias puras, diluir en 
amortiguador par~ lavar. 
centrifugar a 10.000 ipm 

Transferir pastiila a un 
tubo Eppendoñ, lavar 

Introducción 

Cosechar células. suspender en amortiguador 

.

de rupt~r;:,::;::,º~';.~~¡~':,ª! ~~dio de 

•·r;s;::,~:das 
•-. SOS-PAGEi 

· Par-las de V\estem blot 
vidrio ~ 

BN-PAGE 

\ 

// -- Medición del 
consumo de oxígeno 

.· 

Figura 12. Protocolo para el aislamiento de mitocondrias de C. reinhardtii y los posibles análisis que se 
pueden hacer a las mitocondrias puras. Para la medición del consumo de oxígeno, se pueden utifizar 
mitocondrias crudas. Ya que Po/ytomel/a sp. no tiene cloroplastos. para el aislamiento de mitocondrias de 
esta alga incolora. se oniite el gradiente de Per"coll. 

La ?roteómica: electroforesis nativa en geles azules (BN-PAGE) 

Una herramienta para estudiar los complejos respiratorios mitocondriales es la 

electroforesis en geles de poliacrilamida en dos dimensiones (20-PAGE). Se ha usado mucho !a 

electroforesis de isoeiectroenfoque (IEF). para separar proteínas de acuerdo con su punto iso

eléctrico (pi), aplicando un gradiente de pH en el gel. Sin embargo, la aplicación, del IEF a 
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protelnas membranales es difícil, ya que se pierden ras interacciones de las subunidades de las 

protelnas oligoméricas. Para superar estos problemas, se ha usado electroforesis en geles 

nativos azules de poliacrilamida (BN-PAGE). Pueden solubilizarse membranas u organelos 

enteros con detergentes no-iónicos (como lauril-maltósido o Tritón X-100), que no destruyen tas 

interacciones de tas subunidades. Posteriormente, la adición de azul de Coomassie a la muestra 

y su unión a las protelnas, genera una carga negativa que le da movilidad a las protelnas en un 

campo electroforético (Schagger y van Jagow, 1991). De esta manera, se conserva la integridad 

de los complejos proteicos, pero se promueve su separación por tamano en un campo 

electroforético. Los complejos separados en geles azules (primera dimensión) pueden ser 

desnaturalizados con la adición de SOS y mercaptoetanol, para después ser analizados en geles 

SDS-PAGE (segunda dimensión) para conocer su composición polipeptfdica. Se han analizado 

los complejos respiratorios de varios organismos utilizando BN-PAGE, entre otros los complejos 

de bovino (Schagger y van Jagow, 1991), de papa, de Arabidopsis (Jansch y cols., 1996), de 

levadura (Schagger y Pfeiffer, 2000), y de las algas unicelulares Chlamydomonas reinhardtii 

(artículo 1) y Polytomel/a sp. (artleulo V). Como se muestra en fa Figura 13, los complejos más 

abundante<: ae las mitocondrias de papa fueron separados en un gel nativo azul, y después 

desnaturalizados en 20-SDS-PAGE. Las bandas de proteína se identificaron por medio de su 

secuencia de aminoácidos por degradación de Edman, o por espectometrfa de masas. Estas 

aplicaciones hacen de1 BN-PAGE un buen método para llevar a cabo un enfoque proteómico, y 

permiten la descripción parcial de los proteomas de traer.iones celulares (como mitocondrias y 

cloroplastos) de diferentes tipos de organismos. 
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Figura 13. Gel de::onaturalizante de dos 
dimensione~ de BN-PAGE. Los complejos 
proteicos mayores de papa (tomado de 
.Jllnsch y cois., 1996). Números: 1,31,32:. 
subunidades de 18. 12 y 8 kDa del complejo 
I; 2,4,3: subunidades de 27 y 6 kDa y 
subunidad ATP9 del complejo V (Fo); 
20,2'1,22,23,5,24,25,26,27,28: subunidades 
del complejo 111, beta-MPP, alfa-MPP, 
citocromo b. citocromo e,. Rieske, 14 kDa, 
Hinge, 8.2 kDa, 8.0 kDa, 6.7 kDa; 6,7: 
subunidaú delta e inhibidora del complejo V 
(F1); 9,10,11: subunidades coxll, coxVb y 
coxVc del complejo IV: 13: HSPGO; 14: 
formato deshidrogenasa: 30: porina; 16: 
glicina descarboxilasa. subunidad L; 29: 
NAO-malato deshidrogenasa; 12: porina. 
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Regulación de la respiración mltocondrial y la fosforllación oxidativa 

En los mamíferos, la respiración mitocondrial está regulada por distintos factores, que 

incluyen el estado redox y el estado energético en la celúla. Las relaciones ATP/ADP y 

NADH/NAD, así como el tipo de sustratos que sostienen la respiración son muy importantes en 

la regulación mitocondrial (Brown, 1992). La disponibilidad de ATP y ADP tiene un efecto 

importante en la función mitocondrial, ya que los niveles de estas moléculas representan la 

demanda energética de la célula. Por ejemplo, se ha reportado que el ADP inhibe al complejo V, 

disminuyendo la producción de ATP (Martins y cols., 1988). Además, el ATP inhibe 

alostéricamente al complejo IV al unirse a la subunidad IV. Esto ocurre en eucariontes, pero no 

así en bacterias (Arnold y Kadenbach, 1997; Follmann y cols., 1998). Los cambios en el tipo y 

concentración de los sustratos respriratorios, como el piruvato y los ácidos grasos, también 

tienen un efecto notable sobre la respiración, cambiando la relación NADH/NAD en la 

mitocondria. Un aumento en el nivel de NADH causa un aumento del transporte de electrones 

por la CTE y de la síntesis de ATP (Brown, 1992; Wilson, 1994). El calcio también puede 

funcionar como mensajero para ajustar los niveles de NADH en la mitocondria, cuando un 

incremento en la demanda de ATP en el citoplasma (de células musculares) causa un aumento 

de la cantidad da calcio. El transporte del calcio a la mitocondria activa las d<!shidrogenélsas que 

producen NADH, lo cual a su vez estimula la fosforilación oxidativa (McMillin y Madden, 1989). 

En fas mitocondrias de plantas y algas verdes, los mecanismos de regulación 

mencionados anteriormente se apfican sólo h'1sta cierto punto. ya que la r"'gulación de la función 

mitocondrial se complica por ia presencia del cforcplasto, que produce tan1bién ATP, reductores 

y sustratos. Los organismos fotosintéticos dependen de fa luz; en especial fas algas unicelulares 

están en contacto directo con el ambiente y no pueden controlar la temperatura de sus células, 

por lo que el metabolismo celular está profundamente influenciado por los factores ambientales, 

como la luz. la temperatura, los metales, los nutrientes, y el pH. A pesar del interés .que 

representa estudiar los mecanismos de regulación en las algas unicelulares, las mitocondrias de 

plantas y algas verdes han sido poco estudiadas debido a la dificultad que representa aislar 

mitocondrias libres de contaminación de membranas/proteínas del cloroplasto. Se ha reportado 

ejemplos de regulación por la luz de la funció'1 y la biogénesis mitocondrial en organismos 

fotosintéticos. mientras se conocen algunos efectos de la temperatura en las mitocondrias. La 

adaptación mitocondrial a bajas temperaturas involucra la activación de la AOX para generar 

calor (Atkin y cols .• 2002), mientras que la respuesta a las condiciones de luz también involucra a 

los componentes adicionales mitocondriales, mencionados en la Figura 10. La AOX, las NADH 

deshidrogenasas alternas y la GDC se inducen en la luz (Walker y Oliver, 1986; Finnegan y cols., 

1997; Svensson y Raamusson. 2001), lo cual indica la participación de esas enzimas en el 

metabolismo fotosintético. También otros componentes miloco'1dria!es están regulados por luz 
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(Landschutze y cols .• 1995; Long y .Berry, 1996). En el articulo VI se analiza con más detalle la 

regulación mitocondrial por la luz en plantas y algas verdes. 

El •lg• verde Ch/a,,.ydomonas relnhardtil 

Aunque los protistas unicelulares parecen ser organismos eucariontes muy simples, a 

nivel celular presentan una gran complejidad. Una sola célula debe cumplir con todas las 

funciones básicas, las cuales son llevadas a cabo por varias células o tejidos especializados en 

plantas y animales. 

Chlamydomonas reinhardtii es un alga unicelular biflagelada que es capaz de realizar 

fotosíntesis (Figura 14). Ya que esta alga realiza todas las funciones necesarias en una célula, 

es un modelo biológico excelente para estudiar varios fenómenos. De hecho, C. reinhardtii fue 

adoptada como modelo para estudiar la fotosíntesis y por eso se le ha llamado 'la levadura 

fotosintética' (Rochaix, 1995). Hasta la fecha, la gran mayoría de los estudios realizados con C. 

reinhardtii se han dedicado al ensamblaje flagelar y a la biogénesis y función del cloroplasto en el 

alga (Rochaix, 1995; Harris, 2001) . 

. -. 
T •, .. .. f 

-~-~! 

Figura 14. A) Imagen de microscopia de luz de C. 
reinhardtii. B) Foto de microscopia electrónica cie 
transmisión (x 5000) de una célula de C. reinl1arr::ltii. 
C) Mitocondrias de C. reinhardtii. imagen de 
microscopia electrónica de transmisión (x 20000). 
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C. reinhardtii se considera como un organismo muy útil para estudiar procesos 

fotosintéticos y procesos relacionados por sus herramientas genéticas y bioquímicas, que son 

muy versátiles; sin embargo, se han hecho relativamente pocos estudios sobre sus mitocondrias. 

Esto se debe a la dificultad de obtener mitocondrias puras en cantidades suficientes. El método 

desarrollado por Ericksson y cols. (1995) permitió el aislamiento de mitocondrias de esta alga, 

esencialmente libres de contaminación por membranas tilacoidales (Figura 14). A pesar de la 

disponibilidad de est~ protocolo, la mayorla de los grupos de investigación han optado por 

trabajar con mitocondrias de organismos de los cuales se puede obtener material con más 

facilidad, como el tubérculo de la papa. La pregunta es, ya que el tejido mismo del tubérculo de 

la papa no es fotosintético, hasta que punto las mitocondrias de papa son representativas de los 

tejidos fotosintéticos. Las mitocondrias de los organismos fotosintéticos son de interés, ya que 

estos organelos no sólo producen energla, si no también tienen un papel importante en la 

optimización del P,roceso de la fotoslntesis (Padmasree y cols .. 2002). Como ya se mencionó, 

esto se refleja por la presencia de varios componentes proteicos adicionaies en las m1tocondrias 

de plantas y algas, comparado con, por ejemplo, las mitocondrias animales. La mayorla de 

estos componentes adicionales se encuentran como parte de la cadena respiratoria o 

directamente asociados con ella. Es probable que la investigación de las mitocondrias de 

organismos o tejidos fotosintéticos contribuya a una mejor compcensión de I¡;, fotoslntesis, la cual 

después de todo es la base de toda la vida. 

Otra razón por la que es intere:;ante estudiar las mitocondrias de C. reinhardtii, es el 

caráctar original de su genoma y de su proteoma mitocondri"I. En comparación con :a:; plantas, 

el genoma mitccondria! del éliga es mucho más pequeño (15.1'1 kbp) y no es circular, sino lineal 

(Michaelis y cols., r:390). Además, este DNA mitocondrial carece de varios genes que 

normalmente se encuentran en los !,!enemas mitocondriales, como nad3 (complejo 1), cox2, cox3, 

(complejo IV), atP6 v atpB (complejo V). 

-· -ned5 cox 1 n..:12 n.ct6 nad 1 

J W O M 

._I _ __,IL:J O 1 1 LJ L:J 1 
DDD O D O 00 - 1 1 •• 
L6 L5 L7 L3 L8 L4 L1L:! 

S1 S2 S3 S4 

Figura 15. El genoma mitocondrial lineal de C. reinhardlii(15.8 kbp). En blanco, los genes que codifican 
para proteínas: en gris y en negro los genes que codifican para los rRNAs grandes y pequenos, 
respectivamente: W, a y M indican los genes de los tRNAs para los aminoácidos corespondientes (Figura 
de Michaelis y cols., 1990) 

19 

TESIS~CON 
FALLA DE ORIGEN 



Introducción 

Se ha demostrado que los genes que codifican para las subunidades 11 y 111 de la 

citocromo oxidasa en C. reinhardtii han sido transferidos al genoma nuclear (Pérez-Martlnez y 

cols., 2000, 2001 ). La subunidad COXll está fragmentada en dos porciones polipeptldicas 

COXlla, y COXllb, codificadas por los genes nucleares cox2a y cox2b respectivamente (Pérez

Martinez y cols .• 2001). En el articulo 1, se identificaron los productos proteicos codificados por 

los genes cox2a, cox2b y cox3. También, se ha clonado el gen nuclear atp6 que codifica a la 

subunidad ATP6 en C. reinhardtii y también se ha identificado su producto proteico (Articulo 111). 

Se ha demostrado que la transferencia de los genes cox2, cox3 y atp6 al genoma nuclear se 

acompatló por la adquisición de una secuencia que codifica para una presecuencia mitocondrial, 

necesaria para la importación de estas proteínas a la mitocondria. Las subunidades COXlla, 

COXllb, COXlll y ATP6 presentan una hidrofobicidad disminuida, lo cual podría facilitar la 

importación de estas r.roternas a la mitocondria (Pérez-Martrnez y cols., 2000, 2001; Articulo 111). 

Las subunidades ex y 13 de la F 1-ATP sintasa en el alga verde tienen extensiones atípicas 

en sus extremos amino terminal y carboxilo terminal, respectivamente (Fránzen y Falk, 1992; 

Nurani y Fránzen. 1996). No se ha investigado el papel functional de estas extensiones. 

La familia no-fotosintética de C. rcinhardtH: Polytomella sp. 

El otro organismo que se ha usado para estudios de las mitocondrias es el alga 

cuadriflageiar no fotosintfltica Pofytomella sp. (Figura 16). un pariente cercano de C. reint1ardtii. 

El aislamiento de las· mitocondrias es mucho más fácil, porque Po/ytome/la sp. carece de un 

aparato fotosintético funcional y de una pared celular. Los remanentes de un ~iu.-oplasto 

ancestral se manifiestan en forma de amiloplastos. A pesar de las diferencias, las mitocondrias 

de esta alga incolora tienen aspectos muy similares a las de su homólogo verde C. reinhardtii 

(véase más adelante). Po/ytomeffa sp. ha demostrado ser un organismo muy útil para la 

descripción de los componentes de la cadena respiratoria de C. reinhardtii y probablemente 

mostrará su utilidad para estudiar la adaptación de las algas a las condiciones ambientales 

(Artículo 11). Considerando que Po/ytomeffa sp. carece de cloroplastos funcionales, puede 

también servir para estudiar el papel de las mitocondrias en la fotosintesis. La comparación de la 

función y biosintesis de las mitocondrias de las dos algas podría revelar nuevos aspectos del 

metabolismo de las células fotosintéticas. 
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Figura 16. A) Imagen de microscopia de luz de 
Polytomella sp. B) Foto de microscopia 
elF.tctrónica de transmisión (x 5000) de una cé:ula 
de Po/ytomel!a :;p., crecida en etanol a pH 3.7. C) 
Mitocondrias de Polytomella sp., imagen de 
mic;oscopía electrónica de tr::tnsmisión (x20000). 

Comparación filogenética y hioquímica de C. reinhardtii y Polytomella (sp.) 

Las algas de ·1os géneros Chlamydomanas y Polytamella son parte del phylum de-"las 

Chlorophyta, la clase de las Chlorophyceae, del orden de las Chlamydomonadales, familia de 

Chlarnydomonadacea;,, (Melkonian, 1990). Sin embargo, recientemente el análisis de de las 

secuencias del 1 SS rRNA de las algas cloroficeas ha resultado en una clasificación distinta de 

estas algas, detallado abajo (Preschold y cols., 2001 ). Las algas clorofíceas están ubicadas 

dentro del lineaje v .. rde. Este grupo incluye todas las a•::¡as verdes (algunas incoloras) que a su 

vez son parientes más lejanos de las plantas (Figura 17). Los eucariontes están divididos en 

varios grupos que surgieron en relativamente poco tiempo (desde el punto de vista evolutivo). 

Los primeros eucariontes fotosintéticos se encontraban presentes antes de la radiación ('crown 

group radiation', Figura 17) en una gran cantidad de organismos diversos. 
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Figura 17. La filogenia de los tres dominios de la v:da, basada en la comparación de las secuencias de la 

subunidad pequeña del rHNA (Tomado de Bhattacharya y Medlin, 1998). 

Las algas r.loroficeas se pueden dividir en distintos grupos (ciados), según las 

secuencias de la subunidad pequeña del RNA ribosomai nuclear (18S) o de la región traducida 

interna (ITS). PrOschold y cols. (2001) reportaron un análi$is filogenético muy extenso del género 

Chlamydomonas basado en la comparación de las secuencias del rRNA 18S. En este análisis, 

Polytome/!a parva se encuentra como grupo cercano al grupo de C. reinhardtii. Tomando la 

secuencia del ITS de Po/ytomel/a sp. (S.AG 198.80), el alga está aún más cercana a C. reinhardtii 

que a Po/ytomella parva (comunicación personal T. PrOschold). Se supone qu .. Ja ITS es un 

marcador que puede distinguir mejor que la 18S a nivel de las especies. Estos datos indican la 

gran cercania entre C. reinhardtii y Polytomella sp. a nivel del rRNA. .· 
Las dos algas son homólogas no sólo a nivel de las secuencias del rRNA nuclear; 

también muestran muchas similitudes entre sus genomas mitocondriales, asf como muchas 

semejanzas bioqufmicas entre sus protefnas mitocondriales. El tamano y el contenido de genes 

del genoma mitocondrial de Polytomella parva parece ser similar al genoma de C. reinhardtii, 

aparte del hecho que el gen nac/6 (complejo J). está codificado por un fragmento separado de 

DNA de 3.5 kbp (Fan y Lee, 2002). En Polytomella sp. también existe un fragmento pequeno de 

DNA de 3.5 kbp (observación personal). Una indicación fuerte de la similitud de C. reinhardtii y 

Po/ytome//a se encuentra en la subunidad COXll del complejo IV: como en el alga verde, también 

en Polytomel/a sp., esta protefna está codificada por dos genes nucleares, cox2a y cox2b 

(Pérez-Martfnez y cols .• 2001 ). 
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Figurni 18. Filogenia molecular del grupo 'C\N' (sensu Próschold y cols., 2001; Cloroficeas), que contiene 
Chlamydomonas y Polytomel/a (subrayado; notar que Polytomella patva no es igual que Polytomel/a sp.), 
basado en las comparaciones de •as secuencias del 18S rRNA, codificado cor un gen nuclear. El árbol 
filogenético se óedujo del método de máxima verosimilitud y calculado con el mode!o de Tamura y Nei 
(TrN+l+G: Tamura y Nei, 1993), usando 1717 posiciones alineadas. Los números indican los valores de 
boatstrap (>50%) para cada rama (cursivas. método del vecino más cercana: negritas. método de la 
máxima parsimonia no sopesada). El árbol es una contribución de T. Pr()schold (Universidad de Colonia, 
Alemania). 

En la sección de los resultados adicionales se encuentran algunos resultados de 

estudios sobre las mitocondrias de las dos algas, que revelan que hay algunas diferencias 

importantes, en particuiar en al contenido de citocromos. 
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Antecedentes 

ANTECEDENTES 

Los complejos respiratorios de C. reinhardtii fueron parcialmente caracterizados por 

SDS-PAGE y espectrofotometrla (Atteia y cols., 1992; Atteia, 1994). Después se aisló el 

complejo V y se caracterizaron las subunidades alfa y beta (Nurani y Franzén, 1996). Hasta la 

fecha, no se habla llevado a cabo una caracterización profunda de los otros complejos 

respiratorios, debido a la dificultad de aislar mitocondrias puras del alga verde. Hace algunos 

anos, se describió un protocolo para aislar mitocondrias de C. reinhardtii libres de contaminantes 

del cloroplasto (Eriksson y cols., 1995), lo cual abrió el camino a estudios más detallados de la 

biogénesis y la regulación de las mitocondrias. 

El estudio de la regulación mitocondrial en relación con la fotoslntesis es de gran interés, 

especialmente en diferentes condiciones de luz, ya que la luz es la fuente de energla de la 

fotosíntesis, pero también una fuente de información sobre el ambiente. Tanto en C. reinhardtii 

como en las plantas existen pocos datos disponibles acerca de la regulación mitocondrial por luz. 

Las algas fotosintéticas tienen una caracterlstica adicional: son organismos unicelulares y están 

sometidos directamente a las condiciones ambientales. Probablemente, esto tiene efectos sobre 

la regulación celular, y también sobre la propia mitocondria. 

Se ha propuesto que el alga incolora Po/ytomel/a sp_ divergió del linaje de C. reinhardtii 

por la pérdida de un cloroplaslo funcional (Round, 1980). Es asl que supuestamente Po/ytomel/a 

sp. representa la adaptación de C. reinhardtii a condiciones no fotosintéticas. A diferencia del 

a!ga verde. Potytomel/;; sp_ puede cre-:er en un margen muy amplio de pH y puede utilizar 

diferentes fuentes de carbono (Wise, 1955). Sin ambargo, ambas algas comparten algunas 

caré1cterlst1cas en las mitocondrias, como el hecho de que la subunidad COXll del complejo IV 

está codificada en dos genes nucleares, cuyos productos proteicos se asocian paré< formar una 

subunidad madura. También se ha reportado que la subunidad 13 del complejo V en ambas algas 

es más grande que la o, debido a la presencia de una extensión en el extremo carboxilo-terminal 

(Franzén y Falk, 1992; Atteia y cols., 1997). Estas similitudes indican la cercanla evolutiva que 

tienen estas algas. 

El estudio de la biogénesis, la composición mitocondrial, y la regulación en las dos algas 

debe contribuir al conocimiento de la ascendencia, evolución y función de las mitocondrias en 

relación con 1) la fotosíntesis, 2) la pérdida de la fotoslntesis, y 3) los organismos unicelulares. 
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OBJETIVOS 

1. El primer objetivo de este trabajo consistió en comprender mejor la composición y la 

biogénesis de la mitocondrias del alga verde C. reinhardtii y del alga incolora Polytomella 

sp. Esto permite la comparación de las mitocondrias de las algas con las de plantas y 

animales, asl como la comparación de las mitocondrias entre dos algas relacionadas 

evolutivamente. El cumplimiento de este objetivo es la base para estudios posteriores de 

regulación y evolución. 

2. El segundo objetivo fue estudiar el papel que juegan las mitocondrias en las algas C. 

reinhardtii y Po/ytome//a sp. durante su adaptación al medio ambiente. Quisimos estudiar 

la regulación mitocondrial por luz en C. reinhardtii y saber si las respuestas 

mitocondriales a la luz son comparables con las respuestas que presentan las plantas. 

En Po/ytomel/a sp., se puede estudiar la regulación mitocondrial en distintos medios de 

cultivo, variando el pH o la fuente de carbono. 
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TRABA.JO PRINCIPAL : ARTICULO 1 
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Articulo 1 

ARTfCULOI 

ldentlflc•tlon of Novel Mltochondri•I Proteln Componenta of Chlarnydomonas re/nhanltll: 
A Proteomlc Appro•ch 

van Lis, R., Atteia, A., Mendoza-Hemandez, G. and González-Halphen, D. (2003) 

Plant Physio/ 132, 318-330 

RESUMEN 

El proteoma mitocondrial del alga fotosintética Chlarnydornonas reinhardtii fue analizado 

por electroforesis en geles azules nativos de poliacrilamida (BN-PAGE). Aplicando mitocondrias 

puras, se separaron los principales complejos de la fosforilación oxidativa (OXPHOS): la F 1F 0 -

ATP sintasa, la NADH-ubiquinona óxidorreductasa, la ubiquinol-citocromo e reductasa, y la 

citocromo e oxidasa. La F 1 F 0 -ATP sintasa siempre migró como un dímero, a dif'9rencia de la 

CF1CF0 -ATP sintasa dei cloroplasto de C. reinhardtii. Se reportó la presencia de una nueva 

proteína que se asocia a la ATP sintasa y que podría estar involucrada en la dimerización de 

este r.omplejo en C. reinhardtii. Los complejos de la OXPHOS separados por BN-PAGE fueron 

después separados en sus correspondientes subunidades por medio de geles desnaturalizanles 

de segunda dimensión (SDS-PAGE). Algunos polipéptidos fueron identificados por su secuencia 

amino terminal. Se analizaron las proteínas estructurales 1 y 11 del complejo 111 y se predijo sus 

actividades proteolfticas. Además, se demostró el carácter heterodimérico de la subunidad 11 de 

la citocromo e oxidasa·. Se identificaron otras proteínas mitocondriales como la chaperonina 

HSP60, la oxidasa alterna. la aconitasa y el transportador de ADP/ATP. 
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Identification of Novel Mitochondrial Protein 
Cotn.ponents of Chlamydomonas reinhardt:ii. 
A Proteotn.ic Approach1 

Robert van Lis, Ariane Atteia, Guillermo Mendoza-Hernández, and Diego González-Halphen1.• 

Departamento de Genética Molecular, Instituto de Fisiología Celular (R.v.L., A.A., D.G.-H.) and 
Departamento de BioquímiC'<"', Facultad de Medicina (G.M.-H.), Universidad Nacional Autónoma de México, 
04510 Mexico D.F., Mexico 

Purc mitochondria of thc photosynthetic alga Cl1lamydomonas reinlzardtii wcrc analyzcd using bluc nativc-polyacrylamidc gel 
clcctrophorcsis (BN-PAGE). Thc majar oxidativc phosphorylation complcxcs ""rcrc resolved: F 1 F 0 -ATP synthasc, NADH
ubiquinonc oxidorcductasc, ubiquinol-cytochromc e rcductasc, and cytochromc e oxidase. Thc oligomcric statcs of thcsc 
complcxcs 'vcrc dctcrmincd. TI1e F 1 F0 -ATP synthasc runs cxclusivcly as a din1cr, in contrast to thc C. reinhardtii chloroplast 
cnzymc, which is prescnt as a· monomcr and subcomplcxcs. Thc scqucnce of a 60-kD protein, associatcd with the 
mitochondrial ATP synthase and with no known countcrpart in any othcr organism, is rcportcd. This protcin may be relatcd 
to thc stror1g dimcric: charactcr of the algal F 1 F 0 -ATP synthase. The oxidativc phosphorylation complcxcs resolved by 
BN-PAGE wcrc scparatcd into thcir subunits by second dimcnsion sndium dodccyl sulfate-PACE. A number of. polypep-· 
tidcs were identificd mninly on thc basis of their N··tcnn.inal scqucncc. Core 1 and 11 subunits of complcx 111 -werc 
charnctcrizcd, anU thcir protcolyti..: activitics werc prcdicted. Also, the hctcrodllncric nature of COXIIA and COXIIB 
subunits in cytochromc e oxidase was dcmonstratc.?d. Othcr mitochondrial protcins likc thc chapcronc HSP60, thc altcrnéltivc . 
ox!dasc, thc aconitasc, and thc ADP/ATP carricr wcrc idC'ntificd. BN-PAGE·was also u~cd to approo:ach thc analysis of thc 
major chloroplast protcin complcxcs of C. rcinhardtii. 

The unicellular green algn Cl1Ianzydo11zonas rei11-
í1a1·dtii is a JT1odel organis1n for the study of certain 
aspects of planl physiolc>gy, like chlcroplast biogen
esis (H.:1rris, 2001). Nevertheles~, C. reinltnrdtii mito
chondria hil"\."C not becn ""ell charactcrized because cf 
difficulties in obtaining thc~e organelles free of thy
lakoid cont¿imination. Thc isolation of C. rcinllardtii 
oxidati\•e phosphorylation (O?<PHOS) complexes, in
cluding the spcctrnscopical characterization of cyto
chrome bc1 complex (complex 111) and cytochrome e 
oxidase (complex IV), vv·as described earlier (Atteia et 
al., 1992; Atteia, 1994j. Hoi.·vever, thc subunit compo
sition of the OXPHOS con1plexes in the alga has not 
bcen studied in detail. 

The mitochondrial genome of C. reinlznrdtii encodes 
fivc subunits of complex 1, cyióchrome b of coni.plex 
lll, and subunit 1 of cornplex IV (Michaelis et al., 
1990). Until nov •• ~, none of these subunits have been 
lecatcd on SDS-PAGE. Arno.ng the mitochondrial 

1 This work was supportcd by Cons~jo Nacional de Ciencia y 
Tc'-.--nologí.1 (hrant no. 27754N). by Dirección General de Asuntos 
para el P~rsonal Académico (M~xico; grant no. IN'204595), by 
Dirección General de Estudios de Posgrado-Universidad Nacional 
Autúnom~"\ d~ f\.féxico (PhD studcnt fellowship to R.v.L.), oinct by 
thc Nzation."\l Scicnce Fou~dation (grant no. MCB--9975765 to •he 
Cl1lnmydomonns g:cnome projcct). 

• Corrcsronding .luthor; ._ .. man dhalphen@ifisiol.unam.mx; fax 
5255-56-22-56-11. 

Articl&?, publication date, and cit."ltion infor:nation can be found 
;,t \"""-'\v.plantphysiol.org/cgi/doi/ JO; 1104/pp.102.018325. 

proteins of nuclear origin, few llave becn identified 
and their genes sequenced: subunits alpha, beta, and 
ATP6 of complex V (F1 F0-ATP synthase; Franzén and 
Falk, 1992; Nur~ni and Franzl!n, 1996, Funes et aJ., 
2002), and l:\vo subunits of compl"x In, the Rieske
type iron-sulfur protei11 (Atteia and Franzén, 1996) 
and cytochrcrne c 1 (Attt!ia ei: a!., 2002). The gene 
sequences of subunits COXIIA, COXJIB, and COXIU 
of the C. reiuhardtii con1plex IV have been determined 
(Pércz-Mart!nez et al., 2000, 2001), but their protein 
products were not identified biochemically. Also, 
hvo genes encoding C. reinl1nrdtii alternative oxidase 
(AOX). Aox1 and Aox2, ha ve been sequenc:cd (Dinant 
et al., 2001). Aox1, the more e:<pressed of the nvo 
genes, encades a protein similar to plant AOXs, but 
lacks a conserved Cys residue at its N tcrminus. This 
Cys is thought to participate in the regulatory dimer
ization of the plant enzymes (Urnbach and Siedo"\v, 
1993, 2000). Thc biochcmical charactcrization of C. 
reinlznrdtii AOX reni.ains to be étddrcssed. Until novv, 
validation of the information of the gene sequences 
by the an;ilysis on the protein level has bcen largely 
missing for the mitochondrial proteins of this photo
synthetic alga. 

Blue nativc (BN)-PAGE is a powcrful too! for pro
teomics. This technique uses the charge shift induced 
by the binding of Coomassie Blue to solubilized pro
teins to separate and visu;ilize membrane complexes 
under native conditions (Schagger, 1995). BN-PAGE 
was devcloped to study protein complexes of bovine 
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Figure 1. BN-PAGE of lota! mitocho.ndrial protcins from C. rein
hardtii and bcef. A. Coomassie Bluc-staincd BN-PAGE gel fones 
loaded with 800 IC. n~inhardtii strain 84C\Vl 51 ."lnci 500 lbeefl µ.q of 
total mitod1ondrial protc.•ins. B. Gt_•: l.i.nes !>1ained \'l.·ith Cooma:.sie 
Blue and wlth speciii<; ac..tivity .;,tainings Jsed fur the detect1on .:1f 

complcxes V, l. and 11 (sc>c .. i\1,"lh~rial<> ólnd /\.1ethods"). Riack arrows 
m<"rk the majar staincd bands in <."ach C.il~P. ATP.Hc, ATP."lsc activitr·; 
NDH. NADH dchydrogenao;c Jcti•:ity; SDH. !'ouccinate dchydroJ;e
nasc actiuiry. 

mitochondria (Schag:gcr and ·von Jago"·, 1991) and 
later extended to study thc n'litochondrial complexcs 
of ycast (Saccharomyct.~s Ct!rc.:r.,isim_~; Arnold et al., 1998t 
plants Qiinsch et al., 1996), and trypanosomatid kin
ctoplasts (Maslo'• et ai., 1999). BN-PAGE has also 
bccn uscd to resolve chloroplast complcxes of spin
ach (Spinncia olcrncea; Küglcr et al., 1997), mitochon
drial complexes of Arabidopsis (Kruft et al., 2001), 
and simultaneously mitochondrial and chloroplast 
protein complexcs of potatO (Sola11un1 tuberosu.1nr 
!caves (Singh et ill.. 2000). . 

By applying pure mitochcindria of C. rei111zardtii 
(Eriksson et al., 1995) to BN-PAGE, '\VC idcntified and 
charactcrized the OXPJ-105 con1plexcs and their sub
unit composition. Thc oligon~cric statcs of the con1-
plcxcs lll to V ;:md thc AOX wcre o:malyzed. Finally, 
'\Ve used BN-PAGE to dcscr1oc subcellular fractions 
c~ntaining both chloroplast and ni.itochondrial pro
te1n complcxes from C. 1"ei11hardtii '"~ild-type cells and 
fron, a photosynthctic mutant. 

RESULTS 

BN-PAGE of Mitochondria.l PrOtcin Complcxes 

To separa te thc major OXPHOS complexes, pure C. 
reinhardlii n1itochondria (Eriksson et al., 1995) from 
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the 84CW15 strain were solubilized and applied to 
BN-PAGE. The protein profile exhibited four major 
bands and severa) wcaker bands (Fig. lA) that dif
fered from that of bovine heart rnitochondria in the 
position, amount,. and intensity of the bands. The 
apparent molecular masses of C. reinlmrdtii OXPHOS 

. complexes were esti.mated from the known molecu;-
lar masses of the bovine complexes and are summa
rized in Table l. The BN-PAGE profile of C. reinlzardtii 
mitochondria exhibited two main characteristics: a 
band 'vith considerably Jower e1ectrophoretic mobil
ity than bovine complcx I, and the absence of bands 
that correspond to thc bovine complex V and com
plex II (Fig. lA). To establish the identities of the C. 
reinhardtii major complexes, specific activity stain
ings were performed. 

To localize the active C. rein/1nrdtii cornplex V on 
BN-PAGE, a blue gel Jane was incubated in the pres
ence of ATP and CaC12 • Figure 1 B shows that the 
uppermost band of 1,600 kD was able to hydrolyze 
ATP, as indicated bv the formation of a calcium 
phosphatc precipitate. The high apparent molecular 
mass of complcx V on BN-PAGE suggests that this 
protein complex runs as a dimcr. 

NADH dehydrogenase activity was detected after 
incubation of a blue gel ldne in the presence of 
NADH and nitrobluc tetrazoHum (NBT), i.vhich 
forms a purple prccipilate upun .ccduction. \"Jith C. 
rei11/uzrdtii mitochondriü, threc bands of approxi
mately 1,500, 800, and 200 kD were dr.te.:tcd (Fig. lB). 
The Lhin ban<i of 1,500 kD detectcd by the NADH/ 
NBT staining was identificd üS a dimer of complex l. 
The 800-kD bal,d, exhibiting .:::.n t!leclrophoretic nlo
bility similar to th;:,t of bovin" comple;.: 1 (Fig. lA), 
'\Vas identified as a complex l n1onon1er. Previously, 
complcx l 0f C. rt!inhardtii was estimatcd !u Ue 350 kD 
on BN-PAGt:: (Duby et ill., 2001). The diffuse band of 
200 kD (Fig. 1 B) "'ªS also observcd in the bovine 
protein pattcrn (not sho'\vn) and considered to be a 
complcx I subconi.plex. 

Succinate dehydrogcnase dctivity in the .. gel was 
visualized by thc precipitation of reduced NBT in the 
prcscnce of succinate and phenazinc methosulphate. 

Table l. Estim.11ed ma!ecufar m.u.">c.-s or" the respir.'Jtoty comple.'l(.CS 
in C. rcinhardlii .:ind bo .. ·ine mitochonc/ri.'1 

Tht".. molcculai- mas~es uf thc- rt.--spiratory complc.•"cs of C. n•in .. 
hardtii wcrc cstim;..11t:"d in comp.uison with the bccf hcarl rcspii-alory 
complcxes i-cportcd earlicr <Schiiggcr ilnd von Jagow. 19Yl ). 

Complc;c 
. No. 

V 
1 
111 
IV 
11 

E!<tim.-.1cd Molcculai- /rl.1ass 

C. rcinh.1rdt;; Ooef 

1.600 
800 
500 
240 
140 .. 

•o 
600 
750 
sao 
200 
130 

" Based on complex 11 specific sli'ining. shoyvn in Fig. 18. 
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Unlike bovine con1plex .11, C. reí11hardtii compJex 11 
did not appear as a defined band on the Coomassie 
Blue-stained gel, but as a diffuse band around 140 kD 
(Fig. lB}. 

On the basis of their ni.igrations and subunit com
position (see below), which are comparable with the 
corresponding bovine complexes, the C. rei11hardtii 

·protein bands of 500 and 240 kD on BN-PAGE (Fig. 
1A} were identified as complexes III and IV, 
respectively. · 

Resolution of C. reinhardtii OXPHOS 
Complexes into their ConsUtutive Subunits 

C. reiultardtii mitochondrial con1plcxes ·v, I, 111, and 
IV, separated by BN-PAGE, were resolved into their 
individual constituents on second dimension (20)
SDS-PAGE (Fig. 2). Thc cstimated molecular masses 
of the subunits are given in Table 11. 

C. reinlzardtii complex V was resolved into 13 
polypcptides, threc of which havc been previously 
identified: the beta- (60 kD} and alpha- (52 kD} sub
units of the F 1 sector (Atteia et al., 1992; Franzén and 
Falk, 1992; Nurani and Fran,.:n, 1996) and the ATP6 
subunit (21 kD} of the F 0 region (Funes et al., 2002). 
We determined thc N-terrninal sequenc~ of the sn1all
cst polypeptide of 7 kD (Fig. 2; Table III, b.:md 4). This 
N-terminal seqt1encc '\vas found to be encodcd in the 
C. rei11/mrdtii EST done AW676361. The prcdich•d 
protein corresponded to ATP9, « structural c0mpo
nent of t:0 -A TP synthase. SimiJ¡:;,rly, th~ N-tcrminal 
sequence of the 32-kD polypepticie (Table III, band 2) 
'\V.:lS found in the dcdu~ed an1.ino n-::id se4ucncc of 
EST clones BE337293 and A'l.'390953 and allowed its 
idcr.tifi&.:ation as thc gilmn1a subunit (predictcd mo
lecular mass of 30.8 kD). Also, the N-tcrminal se
qucnce of the 24-kD polypeptide of complex V (Table 
II(, b.:tnd 3) '\.VaS found in the dcduced protein SC

quence of EST clones AW661069 and BG848206. iden
tified as the delta subunit (predictcd Jnolecular n1ass 
of 22.6 kD). Finally, the EST clones 81532011 and 
BG860760 'vere found to encode the previously de
terni.ined N terminus of thc 45-kD subunit of com
plex V (Funes et al.. 2002), but the deduced partial 
amino acid sequence (165 an1ino acids) did not sho,,• 
similarity to ¿iny ATP synthase subunit. 

\Vhen performing 20-SDS-PAGE in the presence of 
8 ¡,turca, an additional 60-kD pn.,tcin \Vas resolved in 
thc coni.plex V polypctidc pn¡h-.rn. As shO'\Vl'\ in rig
ure 3, thc 60-kD protein is not recognizcd by an 
anti-beta antibody. We detern1incd the N-terminal 
scqucnce and an internal protein scqucnce of this 
polypcptide, here named MASAP (Table III, band 1). 
Subscqucntly, deoxyoligonucleotides werc designed, 
a PCR product '\.Vas obtained .. and a corresponding 
cDNAwas isolatl.!d from a AZAPcDNA library. From 
the deduced amino acid sequcncc, it was inferrt?d 
that the MASAP is rnost likely soluble. exhibiting an 
apparent molecular mass of 60.5 kD and a pl of 5.66. 

3'.?0 

30 
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No similarity to any mitochondrial protein in the 
databases was found. The protein presequence de
duced from the cDNA w-as predicted to be mitochon
drial using the TargetP VI.O program (Emanuclsson 
et al., 2000). The function of this novel component 
remains to be established. 

C. rcinhardtii complex 1 (800-kD band on BN-PAGE} 
was resolved into at least 25 subunits on 20-SDS
PAGE (Fig. 2). The N-terminal sequences of three of 
its constituents are reported in Table 111 (bands 5-7). 

Blue Native-PAGE -----

V 111 IV 

ILl $f . 
¡;;;:;¡· 

...., 
e 
~ ¡¡· 
en 
g 
~ 
C> m 

1 ~ 
+1 

--- ... 

... 
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61 

47 

61 

26 
... 20 
' ... --15 
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Figure 2. Two-dimcnsional resolution of th1;.> mitochor.drial protein 
complexes from C. rc.>inh.1rc/tii. The main OXPHOS complexes are 
indicatt...>d on the first dimcnsion BN-PAGE. A BN gel lane was cut out 
and placed horizontally far Sl1bscqucm rt...""Solution of the protein 
complcxcs into thcir respective components on 20-Tricine-SDS· 
PAGE. In the schcmatic rcprcscntation of thc subunits {bottorn). thc 
numbered black. spots depict those polypeptidcs thilt werc subjcctcd 
ro Edman cfogr.lditliOn. Thc corrcspondin¡.:, ~uences are shown in 
Table 111. White spots rcprcsent the olhcr purnrh .. e -;ubunits of each 
complcx. 



~tih:•chondrial Complexcs of Chlam.11,frmumas rcinluudtii 

Table 11. App.uent numbL-.r oí subunits anti the estim.uion nf thc mo/acular mass of the individual 
subunits of C. rcinhardtii complcxeos \.~ l. 111. Jnd IV 

Complew. 
No. 

Apparenl No, 
of Subunits• Estlma1ed Molecular M.iss of Subunlts 

kD 

V 
1 
111 
IV 

14 
25 

9 
10 

60,60,52.45.38,35.31.24.21.19 .• 13.9.8,7 
75.52,45,41.37,29,28.26.25,22,20, 16, 15, 14.13, 12. 11.10,9.8,8,7,7,6,5 
53,48,32.30.25, 13.B,7.6 
40,25, 18, 1G.14, 14, 12, 10,8.5 

•As detected by Coomassie Blue stainins of Tricine SDS-pol>•acrylamide gel. 

The 52-kD protein (band 5) of complex 1 cxhibited an 
N-terminal sequence with an unusual high content of 
Pro. The EST clone AV386989 contained a sequence 
encoding the N terrninus of tl~is 52-kD protein, iden
tified as a member of the 51~kD subunit family of 
complex l. Also. the EST clone BE212104 encoded the 
N-terminal sequence of the 28-kD subunit (band 7). a 
men,ber of the 24-kD subunit family of complex l. 
Both the 51- and 24-kD subunit families are compo
ncnts of the fli'voprotein frc:u.:cion. Thc N-terminal 
scqucnce of the 29-kD subunit (band 6) was also 
found to be encoded in a clone of the Chlan,yEST 
database (BMOOl 979). but the deduced amino acid 
sequence did not allo\.v its idcntification. 

C. rciuhardtii conipl-.?x 111 was rcsulved on 20-SDS
PAGE into nine subunits. Thc ~3-kD subunit (Table 

III. band 8) was identified as the core I subunit by 
immunoblot analysis, using an antiserum against 
Neurospora crassa core I {see below). However, the 
N-terminal sequence of this band did not show any 
similarity 'With core 1 subunits from either plant or 
manimalian complex IIL A clone from the EST data
base encod_ed the N-terminal sequence of this C. reiu
lwrdtii core I protein (BG846882). The whole sequence 
of core T was obtained frorn the overlapping EST 
ciar.es BGF!46882. Bl726156. A V633102, BG850841, and 
BG847806. The predicted maturc core I protein (53.9 
kD) contained 487 residues. The 48-kD protcin of 
complex III (Fig. 2, band 9) is assumed to be the core 
11 subunit, \.Vhich probably CO'Tligrates '\.Vith one or 
mo:-e proleins because a mixture of N-terminal se
qucn..:e5 was obtained (not shown). In pJants, cores l 

Table 111. P.:Jrtia/ dcscription uf the mitochond~i.al proteoame of C. reinh.ardtii 

Amino a•:id sequence~ ofthP protein b;-ancfs subjected to Edmi"An degracfation (see Fig. :?). CenBnnk accession nos.·are provided. Al¡c-rnat{vcl)'. 
t: 1e .acc!.->sslon nos. of thP Ch!amyF.ST d.at11b..isc clono-: .. ; that •.ve.·e used tn iden!if·7 tiít' p;otein~ (e...:presst.>d scqucnce IESTI in :;upe:-5cript) :ar~~ given. 
NI·. Not found in tht-!' Chlamyl:.ST datab."lSP. 

OJ.;111d No. Amino .'\cid Scqucnc:c" Prolcin ldcntily 
~~~--~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

Complc' V 
1 
2 
3 .. 

Coniplüx 1 
5 

7 
Cornplex 111 

8 
9 
10 

Comple'C IV 
11 
12 
13 
14 
15 
16 

Other protcins 
17 
18 
19 
20 

YVTALKVEFS/ELAt\RSAEFRAEQEA (int) 
ASNQAVKQW.l/Fun .... r! .-.t. • .lC.••.ll . 

AKTAPKAEM''"u"'"'"' r! .. 1 20021 

SVLAASXMVGA 

ST AAPAAGAf?PPPPPPPAKT 
VSSQFFDAPNGPSVKQVLIED 
ATNSTDIFNIH9'DTPENNAA 

QSAAKDVVATDANPFLRFSN 
More than onc sequcnce 
Block.<.od 

GSHAAGHQTAKEFYM 
DAEVVEEEHAPPPPPPPPKK 
MDAVPX(G/R)LNQ 
GAPAEAKPSALSAEPGR 
DSPQPWQLLF 
ASTTAGETIDKY 

AAKDVRFGIEHRDLMl.AGVNXLA 
SXIAGAEKV{P/G)MSQFGP 
AAPSFGATRFXA 
GIGECFVR Untl 

MASAP (60 kDl 
Gamma subunit {31 kD) 
D<.•lta subunit (24 kDI 
ATP9. subunit (7 kDl 

51 ·kD subunit family (53 kD) 
29-kD subunit (29 kD) 
24-kD subunil family (.:?8 kO) 

Cor<" 1 (53 kD) 
Probable core 2 + other protein(s) (48 kDJ 
Probable subunit IV Cl 3 k.D) 

COXIH subunit t25 k.Dl 
COXVlb s.ubunit (18 kD) 
COXllB subunit (16 kDJ 
COXVb subunit (14 J.;O) 
COXllA subunit (14·kO) 
COXVfa subunit (12 kO) 

Mitochondrial HSP60 (60 kO) 
Mitochondrial aconitate hydraiase (90 kD) 
38-kD protein 
Mltochondrial ATP/ADP carrier (31 '-.Dl 

·• Sequences .:sre amino terminal unless mentioned othent,,.ise (lnt.. interna!>. 
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ACC(!SSÍDn No. 

AJ441255 
BE337293EST 
A\'\1881069EST 
AW67B361f!>T 

AV386989l.ST 
B~1001979t.ST 

8E2121Q4l.!>T 

BC846BB:?ºT 

AAG17279 
BE1:!221Bu;.T· 
A.AK32114 
BC85112QlST 

·AAK30367 
BG857268tsr 

NF 
AV397582UT 
NF 
530259 
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Figure 3. High-molecular mass subunits of C. reinhardtii co.mplex V 
r<.•solv<.•d on 20-urea-SDS-PAGE. Complex V bands recovered from 
BN-PAGE wcre loaded onto a 20-Tricine-SDS gel in the presence of 
8 M urea. On(y the largest subunits are shown. left Jane. Coomassie 
Blue staining; right lanc. immunoblot analysis with an antibody 
against thc bcta-subunit. The immunoblot revcalcd that mitochon
drial ATP syntha!ie-associated protein (MASAP) is dearly distinct 
from the beta-subunit. 

and 11 are kno'\vn to represcnt thc beta- and alpha
subunits of the mitochondrial processing peptidase 
(MPP), respectively. The alpha-MPP subunit does not 
possess MPP activity itself, but it is necessary far the 
beta-MPP .:-tctivity. In most other organisms, the core 
proteins do not possess MPP activity, which is in
stcnd conferrcd by soluble .. rnatrix-located alpha- and 
beta-MPP subunits (6raun nnd Schmitz, 1995a). The 
complete scquence of the ccrc I of C. rein!znrd_lii \vas 
analyzed for the prescncc of the conscnsus sequence 
for bcta-MPP activlty (Braun iind Schmitz, 1995b). A 
multiple sequence alignrncnt using core I and beta
MPP scquenccs (Fig. 4A) revealcd that C. 1·einl1nrcltii 
ccrc I cxhibits lh~ conscnsus sc:quence, except for an 
Arg to Lys sub!:ttitution at po~ition 175. The Chlan~y
EST database also allovved us to construct the se
qu-=-nr::: .;:,f C. l"!'i111iardtii corc II, based on EST clones 
BM000676, AV6:31099. 61727574, and 13M001151. This 
scqucncc exhibits similarily to core 11 and alpha-MPP 
subunits from oth~r organisn~s, but lacks thc consen
sus scquencc for alpha-MPP activity (Fig. 48). 

In the 30-kD n1olecular rnass range, C. rei11hardtii 
contplcx III exhibits two subunits. Heme-specific 
3,3' ,5,5'-tctrarncthylbcnzidine staining allowed the 
identiflcc.tion of the 30-kD protein as cytochrome c 1 
(not sho"\vn). Thus, the 32-kD protein above the cy
tochromc c 1 is likcly to be cytochromc b. The subunit 
of 25 kD was icientified prcviously as thc Rieske-type 
protcin CAttcia anU Franzén, 1996). Thc N terminus of 
the 13-kD subunit of complex 111 (Fig. 2, band 10) was 
not susceptible to Edman dt.=>gradation. 

Complex IV of the photosynthetic alga wa:; re
solved into 10 subunits. On the basis of its apparent 
n"lolecuJ.ar rnass, the larger polypeptide (40 kD) "\Vas 
assigned as subunit l. The N-terminal sequences de
tcrmined for the protein bands 11 (25 kD), 13 (16 kD), 
and 15 (14 kD) .>llowed their identification as sub
units COXIll, COXII6, and COXllA, rcspectively 
(Pércz-Martínez et al., 2000, 2001). The N-terminal 
sequences of the proteins in bands 12 (18 kD), 14 (14 
kD), and 16 (12 kD) .vere foi.. .. ..I to be encoded in the 
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EST clones 6E122218, 6G851120, and 6G857268, re
spectively. Homology searches led to the identifica
tion of band 12 as COXV!b (18 kD), band 13 as COXVb 
(14 kD), and band 14 as COXVla (12 kD). In Figure 2, 

· bands 14 and 15 were not resolved; however, the 
SDS-polyacrylamide gels used for N-terminal se
quencing did aUow the complete separation of these 
subunits. 

ldentification of Other Mitochondrial Proteins 

The N-terminal sequences of other dominant pro
teins in C. rei11hardtii mitochondria wcre also deter
mined. The 38-kD protein (Fig. 2, band 19) could not 
be identified by its N-terminal sequence (Table 111). 
The 31-kD protein (Fig. 2, band 20) was blocked at its 
N terminus. Nevertheless, the sequence of a tryptic 
fragment (Table 111, band 20) matched a region from 
residues 54 to 61 of the C. reinhardtii ADP/ ATP car
rier (Sharpe and Day, 1993). The ADP/ATP translo
cator-as detected by Coomassic Blue stalning-ap
pcared to smear on 6N-PAGE (Fig. 2). 

The identity of the 60-kD protein (Table III, band 
17} was established based on the similarity of its 
N-terminal sequence with that of rnitochondrial 
chaperonin HSP60 (heat shock protein 60) of plants. 
On 6N-PAGE, C. rcinhardtii HSP60 was found to run 
as a fnint band of a¡:>proximately 650 kD (Fig. 2), 
indicating its mulUmeric nature. The I-151'60 particle 
in the photosynthetic alga is probably a 14 rner, as in 
patato Uansch et al., 1996). 

The N-terminnl scquence et the 90-kD protein. (Ta
ble III .. b4lnd 18) "VilS found to be encuded by an EST 
cione (A V3ry7582) and corresponds to mitochondrial 
aconitate hydratnse (aconitnse). This soluble Krebs 
cycle cnzyrnc that catalyzt!s the formation of isocit
rate from citrate in the mitoi.:hondridl matrix appcars 
to be a majar constituent of the C. reinlznrdtii mito
chondrial proteomc.· The cntirc an1ino acid sequcncc 
uf the mature protein (776 rcsidues, 83.2 kD) ?=>uld be 
constructed on thc basis of EST clones A V397582, 
AV631772, 61873612. 61873370, 6F859712, and 
6F863471. 

Oligomeric States of the OXPHOS Complexes 

The oligomeric states of C. rcinhardtii OXPHOS 
complc.xes vvcre nn.:-tlyzed by im:rnunoblot analysis of 
"-D-SDS-polyacrylamidc gcls subscquent to thc appli
cation of pure mitochondria to 6N-PAGE (Fig. 5). An 
antiserum against thc beta-subunit of Polyto111ella sp. 
complex V recognized only the most upper band of 
6N-PAGE, p1eviously identified as complcx V (see 
above). 

As revealed by immunoblot analysis "\Vith an anti
body against N. crassa core 1 subunit, thc major form 
of C. re;n/zardtii complex lll was a dimcr of 500 kD 
(Fig. 5). The antibody also recognizcd a minar form 
of 1,000 kD. 
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Figure 4. fv\uhiple scqucncc_• .,Jignmcnts oi thc cure 1 and 11 prolcins and tht! /\.1PP ~uhunib frum v.uious sourccs. Thc 
accession nun1ber for- each !ocqucncc is shown on the righ1-h,"lnd sidc. The C. rein/J~"Jrdlii ~cqucnces werc derived frorn thc 
EST Llaneo;. indicated in thc tel<t. A, Comparison of C. reinhoudtii core 1 with other corc 1 .Jnd beta-MPP amino acid sequenccs. 
C. rcinhaultii core 1 c"'hibits the consc>nsus sequcncc usu.illy found for heti1-i\..1PP protease activity, inch . .:ding thc zinc
blr.ding molif <H-X-X-E-Hl thilt is .:1h~ent in the man1malian core 1 sequ~nces. O, Alígnment of core 11 and alphoi-MPP amlrio. 
oicid sequenccs. The core 11 sequence ot C. rein/lardtii lacks 1he cor.sensu<> scquence <G-G-G-G-5-F-S-A G-~-P-G-K-G-i\.V 
S-R-L-Y) believC"d to b(.• required for alpha-MPP activity. 

C. reinlinrdtii con1p1cx JV was detected immuno
chemically "\Vith an anlibody againsl thc COXI!B sub
unit of Polyton1ella sp. <.tnd appcarcd to be pre~ent in 
BN-PAGE in scvcrill oligomcr~c statcs, \·vith apparcnt 
molecular masses of 530, 240, and 160 kD (Fig. 5). The 
240-kO form ,v,1s thc most aoundant. 

In the absence oí a spccific antibody fur complex I, 
it rould nonethelcss be infcrred from Figure lB that é' 

minor fraction of compl~x 1 runs as a dimer. A BN
PAGE b'1nd of 1,500 kD W'1S reproducibly detected by 
the spc-=ific staininb for KADJ-f dehydrogenase activ
ity. Furthermore, or. 20 SDS-PAGE, the polypeptide 
pilttcrn of lhis high-molccular mass complcx seen1ed 
to be idcntical to that of coni.plex l, although this 
cannot be clearly disccrned in Figure 2 duc to its lo'\-V 
abundance and proximity to complex V. 

C. rci11/1artltii AOX 

ADX is a mitochondrial key enzyme in photosyn
thctic organisms (Vanlerbt:"rghe and Mclntosh, 1997). 
In the BN-PAGE analyses of plant mitochondria·re
portcd so far, no 111cntion of the AOX has bccn rnad·e. 
In this study, antibodics wcrc raiscd against the ovcr
cxprcssed C tcrminus of C. reinlznrdtii AOXl and 
uscd to localizc thc corresponding protcin. Jnununo
blots of 2D-SDS-p~~lyacrylamide gels revealed thc 
presence of the. 36-kD AOX ali over the width of the 
gel (Fig. 5). In contrast to the othcr respiratory com
plexcs, C rdnlzardtii AOX '\-Vas not resolved as a dis
crcte b.and undcr the cc;.-ditions uscd (2 mg 
1z-dodccyl m.altosidc mg- 1 mitochondrial protein). 
Thc.> beh•n•ior of thc AOX on BN-PAGE is likely due 
to its propensity to form aggrcgates (Berthold and 
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Siedow, 1993). At this stage, it is not known whether. 
BJ\:-PAGE is suitable to obtain a good resolution of 
the AOX protein or of other Jnembrane-bound pro
tcins such as·the ADP/ATP carrier. 

A Proteomk A"pproach to the Analysis of Subcellular 
F1artions, Different Crowth Conditions, and Mutants 

We havc explored different uses of BN-PAGE for 
the comprehensive characte:-iLcttion of C. rei11hardtii 
mitochondrial protein con"lpOnents. The purification 
procedure of C. rei11hardtii mitochondria consists of 
cell rupture, n.vo differcntial centrifugations,_ and a 
Percoll gradient ccntrifugation step that removes 
remnant chloroplast proteins (Eriksson et al: .. 1995). 
To follo"'" the enrichn1ent oi mitochondria during this 
procedurt!, the pellets of the hvo differential centrif
ugations (Pl '1nd P2) were analyzed on BN-PAGE 
(Fig. 6). In pellct Pl, resulting from the centrifugation 
of the cell homogenate at 2,000g, the photosynthctic 
complexes "\.vere dom.inantly pre!-'cnt (Fig. 6A). The 
distribution of thesc complexes on · BN-PAGE Í!-> 
roughly comparctblc ,vith that of spinach (Kiigler et 
al., 1997) and pota.to chloroplast con1piexes (Singh et 
al., 2000). PSII (300 kD) w;;¡s identified by immuno
blotting '"~ith an antibody .against the Dl protein (not 
shown). The chloroplast ATP synthase (CF0 CF1 -ATP 
synthase) was identifled by its typical subunit com
position. Apart from the monomer of 500 kD (Fiedler 
et al., 1995), at least three subcomplcxes of CF0 CF1 -

ATP synthase could be separatcd on BN-PAGE (Fig. 
6), including thc CF1 <>ntity of approximately 350 kD. 
In pellet PI, n"litochondriai complexes V, l, and IV 
could be dctcctcd by Coomassie Blue staining. Figure 
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Figure S. Oligomcric statt;..~ of mitochondrial protcin complcxcs as 
detcclcd by immunoblotting. Protcins resolved by 20-Tricinc-SDS
PAGE gcls 'verc transícrrcd onto nitroccllutose membranes and im
munobloncd with the indicatcd Jntibodics Cfrom top to bottom. 
anti-beta subunit of Po/yton"Je//a sp. ATP S)-•nthasc, anticore 1 of N. 
crass.'1, anti-COXllB of Pof.~"tonw//01 sp., and antl-AOX of C. rein
hardtit). Thc arrow indicates thc position of the wcll on thc first 
dimension BN-PAGE, ~vhcre a small rortion of total prot~ins precip
it.Jtcs befare cntcri'lg thc :>tackinc gcL 

6A revedls thc grcilt contras.t in the clcctrophoretic 
behavior benveen chloroplast and mitochondrial 
ATP synthascs in the green algo::.. Allhough severa! 
chloroplast A TP synthase oligo1neric forni.s and sub
complexe~ i.vere visiblt!-1 only a single1 high rnoiecular 
form of the mitochondrial enzyrne '\Vas observed. 
r'cHet P2 rcpresents the crude mitochondrial fraction 
that results from the sccon<l Ct!ntrifu&c.ttiun step at 
5 1 000g and sho\VS a pronounced enrichment in mito
chondrial protein complexes:Complexes VI l 1 nnd IV 
'\Vcre clcarly visible1 whcreas complcx 111 was ob
scured by the chloroplast ATP synthasc and PSI (Fig. 
6B). Pure mitochondria '\vere obtained after Percoll 
dcnsity gradient centrifugation and are typified by 
the virtual absence of chiare~ !.::.st protein complexes 
(Fig. 6C). 

We also analyzcd the crude mitochondria of the 
photosy1,thetic mutant strain BF4.F:>4.F14 (Fig. 60, 
comparable ,, .. ith fraction P2 in Fig. 6B). This mutant 
is Llevoid of PSI. CF0 CF1-ATP synthasc (Chua et '11., 
1975; Piccioni et al., 1981 ). and rnost of thc light
harvesting con1plcxes (Olive et aL, 1981). To obtain 
mitochondria frorn this ceU ,, .... ~all-containing strain, 
the cells werc pretreated with CTAB. As expected, 
the only photosynthetic complexes found in thc 
crude mitochondria were the bJ con1plex ¿ind PS JI. 
No diffcrences in the n,itochondrial protcin patterns 
'\'\'ere obscrved between the mutant strain and the 
"'"ild-type strain. Nevertheless1 in the mutant, the 
rnitochondrial complex !JI subunits appeared clearly 
on thc 2D gels (Fig. 6C, arrow). 

324 

34 

Articulo 1 

DISCUSSION 

The Electron Transfer Complexes and Their 
Oligomeric States 

Previous works have analyzed the mitochondrial 
proteorne of the rnodel plant Arabidopsis (Kruft et 
al.. 2001; Millar et al., 2001). Besides land plants 
(Streptophyta), green algae (Ch/orophyta) are the other 
rnain constituent of CIJlorobionta. In this 'W"ork1 we 
addressed the study of mitochondria froni. C. rein
l1nrdtii1 a unicellular modcl systern for photosynthetic 
cells. To characterize the mitochondria of C. rein
hardtii, we used BN-PAGE, a powerful analytical 
technique for both mernbrane and soluble proteins. A 
critical paramcter to study the mitochondrial pro
teome is the purity of the sampJe to be analyzed. C. 
reinlznrdtii intact rnitochondria were prepared accord
ing to Eriksson et al. (1995). These mitochondria were 
assessed to be basically free of chloroplast contami
nation by comparing the 20-505-PAGE polypeptide 
pattern of the different fractions obtained during L'"1e 
purification procedure (Fig. 6). 

The estirnation of the molecular mass of proteins 
from their nl.igration on BN-PAGE is approximate 
because this technique separates according to size 
but also according to ch¡:irge (Schligger and von 
Jagov.r, 1991). It was inferred that the bchavior of 
OXPHOS comp!exes on BN-PAGE resembles their 
physiological state in the mitochondrial inner mem
brane at the time of solubilization. For yeast and 
rnnmmalian n1itochondria1 ''rhen lo'\V detergent to 
protein ratios '\Vere uscd for solubilization1 the asso
ciation of different protein complexes in superconi.
plexes was revealcd (Schl'.gger a11d Pfoiffer, 2000). 
Thcse complex-complex interaction~ scen1 to retlect 
functionnl association~ th;;.t exist ir. vh•o1 the so
called respiroson1c. 

The resolution of thc rnitochondrial protein com
plexcs of C. reinhardtii in BN-PAGE \.'\tas clearlv dis
tinct from the pattern obtained "'•ith ArabidQpsis mi
tochondria (Kruft et al .• ::!001). In ali BN-PAGE 
experiments1 C. reiulzardtii complex I , .. ,tas found to 
run .mainly as a monorner. T'\'\ro other forms could be 
detected by activity staining: a minor form of high 
molecular mass (1,500 kD) that probably corresponds 
to a dimer anda subcomplcx of 200 kD. In agreen1ent 
with the results of Cardo! et al. (2002), the 200-kD 
biJ.nd represcnts a soluble fraction that contains the 
hydrophilic 49- and 76-kD subunits of thc complcx I · 
periphcral arrn. It is likcly that thc con1plcx I n1ono
rncr represents the physiological state of this protein 
in rn.itochondria because even in the most mild sol
ubilization conditions1 it '\Vas ah .... ·ays found as a 
monomer (Schagger and Pfeiffer, 2000). In addition, 
con1plex I has bccn shown to associoilte with com
plcxes III and IV (Schagger and Pfciffer, 2000). Nev
ertheless1 the 11500-kD band in C. reinhardtii is 
thought to represent only dimeric complcx 1 because 
immunoblot analysis of 20-SDS-l'AG.E with antibod-
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Figure 6. 2D-GJ~, SDS-pnlyacryl.1midc gcls cornp.uing di1hÚl•nt fr-"lc
¡ionc; of thc isol,1tion prot:cdurc lor mitucho11dri.:J fron1 the C. n•in
hJrdtii H4C\Vl .'i str01in and thC' photosynthctic nunaot BF4.F.'i4.F14. 
The indic.:ttcd S.lmplc 050 µg tot.11 proteinl wo'ls suhjccted to BN
PAGE and to s.ubscqucnl dcnilturing 20. The main mitochondrial 
.-.nd photosynthelic complcxeos are indic;ited by arrows. LHC 1 and 11. 
Light-h.'lrv<"sting complc:i.; 1 and 11; CF 1 CF0 ATP synthasc, chloroplast 
ATft synthase. Tht.~ first thrt.."e panc.>ls cdrrespond to fractions ot the C. 
u..•inh.1rdtii 84C\V1 5 strain. A, Pl. thc first pcllet aftcr c<.~ll disru1:ition 
and cenlrifuga!ion al 2.000Jl. B. P2, Péllct ohtaincd aftcr centrifuga
tion al 5,000J: cf thc supcrnatant rt..~suh~r.g from thc first Ct.."ntrifugation 
th.it constitutcs thc crudc mitochondrial fraction. C. Mitochr:indria. 
purificd by Pcrcoll dcnsity gradicnt cchtrifugalion. D. Pcllet P2 from 
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~1ih-~hondrkil Comph..~xcs of Chlamy,fomouas reinllardtii 

ies against subunits of complexes lll and IV (Fig. 5) 
never indicated the presence of supercomplexes. The 
possible physiological role of dimcric con1plex 1 re-
mains to be established. · 

Jnununoblot analysis allowed the identification of 
oligomeric fonn.s of the respiratory complexes 111 and 
IV (Fig. 5). The major form of complex lll is a dimer 
of 500 kD coexisting with a minar form of 1,000 kD . 
In other organisms, complex 111 is mainly present as 
a dimer as well. It was found that the beef complex JU 
dimer is more active than the rnonomer (NaJecz and 
Azzi, 1985). In addition, cytochrome e binds to only 
one recognition sitc of the dimeric yeast bc1 complex 
(Lange and Huntc, 2002), and the dimeric yeast bc1 
complex oxidizes ubiquinol by an altemating, half
of-the-sites mechanism (Gutiérrez-Cirlos and Trum
powcr, 2002). 

Antibodies against the COXllB subunit of the col
orlcss C. reinhardtii rclative Polytonielln sp. sho\-ved 
that C. reinlznrdtii complcx IV is prcsent mainly in a 
240-kD fonn. In potato, the 160-kD monomeric form. 
""ªS predominant, but a portian of 230 kD was also. 
present Oansch et al., 1996). The 240-kD form in C. 
rei11hardtii is smaller than thc theuretical dini.er (300 
kO} and may reprcsent a dirneric cytochrome e oxi
dase exhibiting anomalous migration in BN-PAGE. 
The crysta.l structure of beef complex IV is clearly 
dimeric (Tsukihara et al., 1995), although solubilized 
dimers are difficuit to n1aintain and easily dissociate 
into n.lonomers (lVIusatov et al., 2000). Also, mono
n1ers have been reportcd to be morr active than 
dimcrs (Nalecz et al., 1983). 

Although Bl"'.J-P.1\.GE allovved the high resoh:tion of 
severill C. rciuhardtii OXPl-fOS co1nplexes, othcr pro
tcins, such as con-1pl\!x 11, the AOX, and the A.DP / 
ATP carrier, ranas diff:.;,:,c- b:ind5 01· smeared along 
the gel. The pattem on 20-SDS-PAGE far the ADP/ 
ATP carrier suggestcd that it WLIS present on the first 
dimension· either in 1nultiplc 01igo1ncric forms, as 
partial aggrcgates, or both (Fig. 2). The AOX, a 
membrane-bound protein, also aggregates uhder the 
electrophoretic conditions applicd. Surprisingly, the 
samc is true for the aconitase, "\Vhich is clearly a 
soluble protein. Thc high resolution of sorne com
plexes, along 'vith the aggrcgation of sorne other 
proteins under the same conditions, might be an 
inherent property of BN-PAGE. 1-Vith this technique, 
it \vas claimeod that scvc-ral rnitochondrial dchvdr0-
gcnascs in yeast form supramolccular com¡::)lcxcs 
(Grandier-Vazeillc et al., 2001). I loweverr care n1ust 
be taken to distinguish supercomplexes · from con
tamination that originates fronl srneared proteins. 
The comigration of proteins in discrete regions of 
BN-PAGE may reflect a contribution of aggregates 

thc rriplc photosymhctic murant BF4.F54.F14. This mutant was 
treated with N-cctyltrimcthylammonium bromidc CCTAB) to cnablc 
ccll rupturc by glass bcads. as indicafcd in "'Materials ar1d Mcrhods ... 
The black bold arrow indicares rhe position of s=omplcx 111. 
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and not necessarily indica te in vivo associations. The 
associations should cxhibit a certain stoichiometry, 
and the conclusions should be corroborated using an 
independent method, i.e. cross-linking, gradient cen
trifugation, or gel filtration cxperiments. 

c. reinliardtii Mitochondrial Complex V Is Atypical 

C. rcinlUlrdtii complex V l.:. resolved on 20-SDS
PAGE into at least 13 distinct subunits (Funes et al., 
2002; this work), comparable '\Vith 13 subunits in beef 
(Schagger and von Jagow, 1991), in potato Oansch et 
al., 1996), in Arabidopsis (Kruft et al., 2001), and in 
Polytomella sp. (Atteia et al., 1997; A. Atteia and R. 
van Lis, unpublished da.ta). This work allo\-ved the 
identification of subunits gamma (31 kD), delta (24 
kD), and ATP9 (7 kD). These subunits do not exhibit 
amino acid extcnsions as do the alpha- and beta
subunits (Atteia et al., 1992; Franzén and Falk, 1992; 
Nurani and Franzén, 1996). In contrast to mitochon
drlal ATP synthases frcm plant or mammalian 
sources, thc gamma-subunit in C. rei111zardtii (31 kD) 
is not the third largest protcin of the complex bccause 
three unidentified proteins of 45, 38, and 35 kD were 
present in the polypeptide pattern of complex V. 

When using 20-SDS-PAGE supplemented with 8 M 
urca, an additional GO-kD polypcptide was resolved 
from C. rci11hardtii complcx· V separatcd on BN
PAGE. This polypeptidc, named MASAP, was previ
ously found to be ao;sociiltcd '\Vith C. rci11l1ardtii com
plcx V isolatcd by Suc dcnsity gradicnts (Atteia, 
1994). Decause soh:biHz .. 1tinn \-Vets pc1forn1ed with 5°/.-. 
(1.v/v) Tdton X-100 and thc gradients contained 0.5 1'-1 

potassiun"t phosph..itc and 0.2°(n (w/v) Triton X-100, it 
"-..:in be ~oncluded the MASAP tightly interacts \-Vith 
con1plcx V. Thc previousiy reportt>d t..J-terminül 
an1ino acid sequencc of MASAP (Atteia, 1994) '\Vi'.ls 
confirmcd in this \Vork, and thc con1pletc sequence of 
thc corrcsponding cDNA was obtained. The deduccd 
an1ino acid sequcncc did not sho'\i\.~ similarity to other 
mitochondrial proteins in thc databases. Yet, its pre
sequcnce has ali thc characteristics of a mitochon
drial targeting scqucnce. A· 66-kD protein, identified 
as the I-:ISP66 ch.:tperonin, has becn found associated 
to ycast ATP synthasc (Gray et al., 1990). Ho'\vever, 
fv'IASAP docs not sho'\'\-· any similarity to heat shock 
proteins, making it unlikely to be a chapcronin. 

Assun1ing that thc 14 protcins in C. reinlzardtii are 
gcnuine constituent~ of complex V, thc expccted 
mononi.cr of this complex '\Vould be 740 kD. Never
thcless, this complex cxhibited thc lowest elcctro
phorctic mobility on BN-PAGE ".'1'ith an cstimated 
n"tolecular mass of 1,600 kD. In contrast, monomeric 
con1plcx V fron1 yeast, plants, and mammals has a 
molecular mass of 550 to 580 kD on BN-PAGE 
(Schaggcr, 1995; Jiinsch et al., 1996; Arnold et al., 
1998; Kruft et al., 2001 ). Also; the C. reinhardtii chlo
roplast ATP synthasc exhibitcd a molecular mass of 
500 kD (Fig. 6). On the same gels, the 1nitochondrial 

3::?.6 

36 

Articulo 1 

and chloroplast ATP synthases of the green alga 
clearly behaved differently. In addition, both spccific 
staining and immunolabeling could not revea[ the 
presence of a mitochondrial F 1-ATP synthase rnoiety. 
This also contrasts with BN-PAGE analysis of plant, 
trypanosomatid, and mammalian rnitochondria, 
W'hich invariably revealed the presence of dissociated 
F¡-ATP synthase particles (Schligger and von Jagow, 
1991; Jansch et al., 1996; Kügler et al., 1997; Maslov et 
al., 1999; Singh et al., 2000; Kruft et al., 2001). Clearly, 
the behavior of C. reinhardtii complcx V on BN-PAGE 
differs from the oncs observcd in other organisms. 

Complex V dimcrs have been observed on BN
PAGE with mammalian and yeast mitochondria but 
only as a sn'lall fraction of the total amount. In the 
case of yeast complex V, dimeric forlll.S were ob
served when mitochondrial membranes were solubi
lizcd "VV"ith low detcrgent to protein ratios. Three ad
ditional smalJ subunits-g, h, and Tin"l 11-arc 
believed to be involvcd in the dimcrization of the 
yeast complex (Arnold et al., 1998). Altogether, our 
data strongly suggest an unprecedented strong 
dimerization of C. rei11hardtii mitochondrial complex · 
V and an uncommon rcsistance to dissociation of the 
F 1 sector. We hypothL>size that MASAP, by itself or in 
conjunction with the three unidentified proteins of 
45, 38, and 35 kD. participate in the formation of 
highly ~table complex ·v dimers in C. reinhardtii. Al~o, 
the unique amino acid cxtensions identified in the 
alpha- and bct.LJ-subunits (Franzén and Falk, 1992; 
Nurani and Franzé1l, 1996) could play a role in the 
dimerization of complcx V. 

The Core Proteins in C. rei11'1ardtii Complcx 111 

In eukaryotcs, complex 111 has core l and core JI 
subunits, L""Wo mitochor.drial matrix-exposed proleins 
not involved in clectron transfer. In plants, these 
proteins function as a MPP, and rnay have originated 
frorn a protease that was integrated into thc h"c1 coni.
plex during early stages of the endosymbiotic event 
that gave rise to mitochondria (Braun and Schmitz, 
1995b). In contrast to plants. the MPP activity in the 
photosynthetic alga C. rei11hardtii was sho"vn to be 
soluble (Nurani et al., 1997). Also, complex 111 of 
Pc1lytonzcl/a sp., a non-photosynthetic relative of C. 
rein/zardtii, is proteolytica!ly inactivc (Brun1n"tc et al., 
1998). In this \Vork, we identified C. reiulmrdtii .corc I 
subunit :tnd detcrmined its co1nplete sequence wsing 
the ChlamyEST database. The deduced protein cx
hibits sin'lilarity to beta-MPP and core 1 subunits 
frorn diffcrent organisms. Core 1 exhibits the com
plete inverse zinc-binding motif (HXXEH), which 
i.vas sho\-vn to be essential for the proteolytic activity 
of MPP in rat mitochondria (Kitada et al., 1995). The 
cure I of C. reinhardtii has thc beta-MPP consensus 
sequence (Braun and &hmitz, 1995b), except for a 
single Arg tn Lys substitution at position 175. How
ever, this substitution is unlikely to be responsible of 
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the lack a bcta-MPP activity. In addition, the pro
posed corc Il sequ~ncc derivcd fron-. the ChJamyEST 
database did not exhibit the consensus scquences for 
alpha-MPP. This raises the possibility that the MPP 
activity in C. reinl1ardtii could be organized as in N. 
crassa (Hawlitschek et al., 1988), with the core 1 pro
tein exhibiting beta-MPP acti·:ity and the alpha-MPP 
being a soluble protein in the mitochondrial matrix. 
In the study of Nurani et al. (1997), the soluble frac
tion of C. rcinha,-dtii was sho"Wn to exhibit proteolytic 
activity. Jt is likely that the preparation of this soluble 
fraction by sonication might havc caused a certain 
level of dissociation of the core I subunit from corn
plex 111, giving rise to the observed soluble MPP 
activity. 

C. rcinhardtii Complex IV 

This work provides ne"v insights into the subunit 
composition of con'lplex IV of the photosynthetic 
alga. The identification of COXIIA and COXIIB as 
distinct subunits of 14 and 16 kD indicates that the C. 
reinhardtii subunit COXII is a heterodimer, as previ
ously sho\.Vll for Polyton1clla sp. (Plerez-Martfnez et al., 
2001). In contrast to Polytomclla sp., C. rcinlznrdtii 
COXIIA and COXlJB subunits are 1-·vell s~parated on 
15% ("· /v) Tricinc-SDS polyacryk:midc ¡;els. Tlic 
N-terminal sequcncc of C. rt~inharcllii COXIII and 
COXIIA detcrmincd in this stu~y confirmed thc pre
diction of thc cJc¡:¡vag-c sitc in the preprotcins. How
e-..... er, the scqucncc dctcnninc·-J for COXIIB does not 
coincide v .. ·ith thc N tcrminus prcdictcd fron1 thc 
gene (Pércz-Martíncz et al., 2001). This sequence i .. ·v.:is 
found lo corrcspond to an intCrnal sequence starting 
at r~siduc 96 of thc dcduccd mnture protein. Thc 
samc interna} scqucncc i.vas dctermined fOr COXIIB 
from Polytomclla sp. (Pérez-Martínez et al., 2001). 1t 
i.vc:Js suggcsted that the COXIIB N terminus is 
blocked and that thc obscrvcd sequence represents a 
i-cgion of thc protcin that is cleaved during Edn"tan 
degrildation. Threc additional subunits of C. rein
hardlii complcx IV (COXVIb, COXV!a, and COXVb) 
wcrc also idcntified. COXVb sequence is atypical 
beca.use its first 4-0 rcsidues and the last 40 residues 
sho\.V Vl..'ry poor similarity '\Vith is n"lamn1alian coun
tcrpilrts. Also, thc first 60 rcsidues of C. reinh"!rdtii 
maturc COXVlb did not show any sirnil..trity to othcr 
COXVIb subunits; this extension accounts for the fact 
lhat the green algal COXVlb has a molecul,"\r n"tass at 
lcast n.,dcc th.:tt of typical COXVIb subunits- Thc 
N'-tcrminal scqucncc of COXVIb is charactcrizcd by a 
high content of Pro and chargcd residues, with a 
highly acidic thcorctical pi of 4.39. Thc atypical sc
quenccs of sorne constituents of C. reinhardtii com
plcx IV rai5c questions on th~ assembly and interac
tions of thc con1plcx IV subunits in the inner 
mitochondrial 111embranc. 
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Toward Functional Proteomics 

The application of different subcellular fractions to 
BN-PAGE, either membranous, soluble, or whole or
ganelles, enables a con1prehcnsive study of the effect 
of gro\.vth conditions, mutations, and other factors 
that can i.n.fluence biogenesis and metabolistn. This is 
exemplified by the resolution of the chloroplast com
plexes togcther 'vith their mitochondrial counter
parts and by the analysis of the BF4.F54.F14 mutant 
strain. Among the many mutant strains available in 
C. rein/znrdtii, only few have becn characterized at thc 
biochemical leve! (de Vitry and Vallon, 1999; Duby et 
al., 2001). The impact of n1utations in nuclear and 
organellar genes is likely to be better understood 
using a proteomic approach. The method developed 
in this ·""tork to isolate intact mitochondria from 
strains that have cell '""~alls using CTAB makes BN
PAGE studics amenable for any C. reinliardtii n"lutant 
or wild-type strain. 

We presented a partial catalog of the C. reinhardtii 
mitochondrial protcomc bascd on BN-PAGE. With 
this approach, the behavior and composition of pro
tein complexcs "ras revealed, novel proteins were de
scribed (MASAP), son"le unusual structural features 
of proteins encoded by previously characterized 
genes were demonstrated (COXIIA and COXIIB), and 
novel predictions \.'\-"'~re made based 011 new1y ob
tained sequcnccs (cores T and ll). With the genome 
projcct of C. rei11hn1·dtii n.pproaching finalization, a 
1nore complete picturc of the mitochondrial pro
tcomc n1ay be obtained. 

MATER!ALS AND METllODS 

Cel1 Growth and lsolation of Mitocltondria 

.1\!l i:ht.,n11.1,to11m11n:.< r<"iuhardtir !->h.'lins •Vl."TC J.."TO""'" at :?.."i"C to :ui"C in 
Tris-a.,· .. •t:uc ph~phat .. • m .. -diun, (Hatri!--. 1989) in continuous light and agi
tatior. For thc ccll wal!-1__...s .-train 84CV\.'l5, th1..- medium wa~ supplemented 
with 1% (w/'-'} S..'lrbitol. !\.1itndionJria lrom 84C\'Vl5 cells were lsol.11ti..-d in 
thdr Llte e:..ponenti,¡s) growth phot~ as Jo....cribt..-d py Eriks..-.on et aj. (1995). To 
i~J.a.te mitochondria lron' :otrains conl.'lining cell walls, the .:ellS"were n."SUS
pended in washin,; buffer (:?O tnM HEPES (pH 7.21) to a conco.-ntraUon o( 50 
mg wet \.'1..•ight m1.- 1 • SubscquC"ntly. SO µM CTAB --as added from a lOmM 
stock ~lutil,n, and thc> Cl•ll .. wo.•re incu~atl;.'d at room tempcr<1ture with 
.agitalion for S min. Tkforl? o:dl disru~tic>n with gla.ss bead!>, the cells were 
dUut~ 5--fold and wa!'hc...-J twicc in w.ishin~ t-uff.,•r. Thc majcir ponicin of thc 
urange pr .. ..._-ipitato.• that (~.,rmo.-d on top c.,( the pellL"t of the ~-cond C'entrlfu
gat'ion C1f tht.• n.1i1~~hundrial purili.:-.Hinn proc~-dure (Erilo ... 'l.~n et al., 1995) 
wa~ rt.-rnov•!J by )'iro•tting .lnJ db.carJcJ; thl:. en.abkd tJ,e application of the 
s..>¡mplo.• tn Bl\."-PAGF.. 

BN-PAGE 

Solmple prep.aration 01nd ur-:--1,ACE were carrit..'"Ci out .as d~bcd by 
Sch.:tsgcr and van Jagow 0991) with thc following. modifkations: lsolatcd 
mitochonJ.ria or other cc-11 fractions were first washL'"Ci With 0.25 M sorbitol 
and 15 mM Bis-Tri!l (pH 7.0) and then resuspend'--d in s..,mple buffer (50 mM 
01»-Tri:oo and 0.75 M amino caproic acid JpH 7.0J). Pure muoc:hondria (final 
protcin conc&."ntration of 5 mg 1nL-') wa:. solubllized in the pres-...~ce- o( Jo/ .. 
(w/v) n.Jodccyl 1naltp,¡iJe. Oth&."r fraction!' W&."re 50}ubill:t..ed in the prl.~ce 
of :?.~ (w/v) 11-dodecyl rnaltoslde .at the t>..lme proccin concentration. From 
ntltochondri.al fr.,ctions of cell wall-containing strain... .. that wereo pretreated 
'"dth CTAB, .any A-sldu<1l o .. .argC" precipitah.-s '"-'ere_ removed during the 
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""'ashing stl."ps and also aftl."r soJubilization. Thc solubiUzalion was carricd 
out with samplCN prepared the same da.y. Once solubillzed, the proteins 
could be fitored on ia: at 4ºC up to a '\Vt..-ek. Linear polyacrylan-iide gradicnts 
variL.J from 5% to 10% to So/a to 15% (w/v). To minint.Jze protein aggrega• 
tion in the sample wells or In the gel, lhe stacking gel was poured im.-ne
diately onto the rt.."S<>h."ing gel bc;?fore lt poiymerized. For elt..-ctrophoresis, 
either the Vertical Gel EJectrophoresls System VI6 (4-5--h run at 20-25 in.A; 
Gibco-DRL,. Cleveland) or the Bio-Rad Pl.tin..i Protean 11 sysh!m (1 h run at 15 
mA; Bio-R.ad Laboratories, Hercules, CA) was used. l':o prerun was 
pcrform.ed. 

Specific Staining of the OXPHOS Complexes 

Cov&alently linkcd hem~ were dctcctOO on SOS.polyncrylarnide gels by 
their pcroxida...c;c activity in the pl"C!ICnce of 3,Y .S ... 'i'-tetramethylbenzidine 
('n1omas et al., 1976). Other spectfic stainings were carricd out directly on 
the blue gel Janes. NADH dehydrogt.'1'\ase activHy was deh .. >cto..~ in 100 mM 
Trifi·HCI (pH 7.4) containinE; 1 mg mL- 1 NDT and 100 mM NADH (Kuonen 
l!t al., 1986). Succinate dehydri,_ .. gtmasc a.:tivity was assa)·ed in a buffo=r 
containing 50 mM ph05phah: buffer (pH 7.4), 100 mM fiOdium succinate, 200 
µM phenazine methosulphate, nnd 2 mg mL -i NBT Qung et al.. 2000.l. 
ATrase acth-ity was located 1n situ by the tnethod of Horilk ólnd HUI (1972). 
incubating the laneofDN-PACEoverni&~: ~n 10 mM ATr<lnd 30 mM CaCl2 
in 50 mM HEPES (pH 8.0). 

20-Trjcine-SDS-PAGE 

EntJre lanL~ from BN-PAGE were uscJ lo resoh•._. the f!Ubunits 1n the 
20-TrJ.:int..-SDS-PACE (15~ .. (w¡,..¡ <1crylamtde) as dt..~ribcd by Scluigger 
ílhd von Jagow (1991). Altcmatjvel}'• Gly-SDS-PAGE (15''" .. {w/v] acryl· 
.l.mide) was uscd (l.At..•mmli. l97iJ). Whc-re indícatcd. 20-Tri.:ine-SDS-PACE 
'\'\.'as run in the presei1ce or 8 M urL'a. Apparent moh.-cul.ar :rna.!i.s.cs "-.,.ere 
t..~tim.-:ott..od u~in~ U..-nchfl.1ark prot1.•in f>tandard~ Un\"itTogt.-n. Carbbad. CA). 

Protein Analysis 

Protcin canccntratic;n."i Vl."-.:re d..:tt.•nnint..•d a!> dt.."!'Cribt...J by !Vlarkwell et al. 
(1976). S..mpk"ti cont.:s.ininJ; chlon,ph~ 11 wcr.._.. prc...-ipiratt.•J usi11g methanol 
and t:hlorofor:n (\-VcM=cl and FJu~~e. 1'184) ~forc p:-ot .... in deterrninatioTO.. 
..-\.fier e11..-ctroph"'resís. protel.ns w.._..r._. elo..'C'trotranfifo..-no..od conto nHroccllulose 
(Bio-Radl or ProBlnt 1oit.-:nb,an1..•s (Amer:;.ham-l'hannacfa Eiotech, Upps.lla) 
u:;;ing 50 mM H 3 B0:1 and 50 11lM Tris (no pH .;u!ju"'tn,cnt} a!> transft..~ buffer 
(tank transter systcm). !Jnmunorfctcctmn """as o.JrricJ out usinb tht..• ECL kit 
(AmC't"Sham-Pharm.ida Oiotl.oeh) or the l'ico kit (Pk•rce Chemk.al, P.ockf ..... rd, 
Il.). Tht..• nnthR•r.a UM~ wcre roliSt.~ again<>t C. rei11h.JrJtii AOX (~· bdow), 
N~U'P!'f'O'" cras!!-n corc 1 sutiunit. and lho..• C-OXllU .1nd b~ta-ATP synth.asc 
subunits of l'ol_11tom~lln sp. For N-tcrmi1'4ll sequcncing. tho..• banüs etl thc 
prott.>in complc;io;t..-S r'-"501\•o.od by 81'-PACE , .... ._•re c:i..ciM.od írom pr~parativc 
f;cls. The :-1ic1..-s wt.•rc incubated in c .... thod..- buffer containin,.; l % (v /\') 
11-mcr::-aplt..'l'thanol for 20 ruin. rin:.1..•d with ca.thode buffer. :tnd loaded as a 
stacL: on top of n Trkine-SC>S-PAGE. N·tl!nninal an • .,J:rsis ._.,, clectroblotted 
proteins onto polyvinylidcnc dlOuoridc rncmtiranc:;; ""•as performt..-.d by au• 
lOOl..l.tcd Edman degradation at the fa...-uliv of 11.fcdidnc. Unh·crsidad Na
c101l..1I Autónoma de Z...1é'<.ico (LF 300t1 Bt.·c~n4111 ~qucnco..•r. Bcckm."ln lnstru~ 
1ncnts, Fulkrton, CA) or at the lnstitut Pa-;;tc11r. Paris (Procis...• 494 etr 473A 
St.."qUt..•nccrs, rE-Appli ... d DietS}"Slt..•11u-. F(•!'oto..•r C11y. CA), .111 t..-quipp<:"d '\Vith 
on-hno..• HPLC o;ppar"1tus. hotcn'lal S4."C)Uo..•ncing .dter tryp!<inolysis \vas carríed 
out ;t!i prc,•iously d~ribo..•d CAttd,1 o..•I .11 .• J9Q7). 

Cloning of the cDNA Encoding the f\.tASAP 

Usin~ the degcnerate oligod'-•o:i..ynudu>tid<.-s 5'-TAC GT(G/C) l\.C(G/CJ 
GC(C/C) CTCG/C) A/\G G·3' and 5'-CTC CTC CTC (C/C) CC (G/C) C 
GCA /\C•3', dt.."$ib"ll.l.-d on thl.." N'-tcnnin.-:il and intemal am1no acid So.-"C)Ut.."11.Cl."S 
nf ?l.fASAP • .: PCR product of 1,173 bp was obtaint..-d u5.ing as templat .... a 
m.-:iss t.."xdslon plnsmid preparatio:i from a AZAP ll cDNA libury o( C. 
n:inlwrJtii. Samplt.$ ""-'ere dL-natured for 5 min at 95ªC and subjt.."Ctt..--d ta thrl.-e 
cydt..~ of 30-~ den.'ltUration at 9SºC • .;o:. of annealing at 62ºC, and 2-tnin 
~xtensicm at 72-C .. followcd by 32. cycl<:"S of 30-s denaturation at 95'"C. 40 s of 
anneOlling at 6-l"'C, 2-min e,,..t ... n.or.ion .oJt 72QC .. and .il last 10-min extenslon at 
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T.?'"C. The fragmcnt was doncd 1.nto the pGEM· T easy vcl."tOr (Promcs;a, 
~fadison, WJ) and 51.-quenct..~ using the 17 and SP6 primers. The ampliffod. 
DNA ha.gment was u.sed to M:n!i.."11. the c;DNA library of C. reiuhardtii. A 
cDNA of 2.4 kb was obtained and sequenced. 'Jñe complete sequence is 
available .at the GenBank/EBI Data Bank (acceuion no. AJ441255). 

.AOX C•rboxy Tenninus Overexpression and 
Antibody Production 

Prirncrs were designed based on the sequence of the C. rrinharJtii Aox1 
gene (ac:cesslon no. AF352435): 5'-GAC GAG CTC CTG CTG TCG CCG CGC 
AC-3' and s·-crc ~ GGG CAC ere GCT GGC GC-3'. Underlined. 
are thc added SacI and Hiudlll restrlcUon silt.."S. PCR amplificaUon with Taq 
polymerase was done using as· a templa.te a plasmid preparation obtalned 
by ma..or.s cxdsion from a A ZAPII C. uinl1ardtii cONA Jibrary. Samplcs werc 
dcnaturcd for 5 min at 95°C and subjccted to threc cycleos of 30-s denatur~ 
ation at 95-C. 40 s of annealing at 62ªC, and 1-:rnin e1Ch!.nsion at 72ºC, 
followed by 32 cycles of 30-s denaturation at 95ºC. 40 s of annealing at 64-C, 
and. 1-:rnin e:.;tension at 72°C anda la!ol 10-min e11Cten.o0ion at 72ºC. The .J60-bp 
product was cloned into thl.." restriction sites Sad and Hi11dlll of the pQE30 
vector {Qiagen USA, Valencia. CA). and the C-terrninal resion of the AOX 
protein o( 11 kD containing a six-residue His lag was ovcrexpressed and 
puriffod using a nickel-nitrilotriacchc add agarose res.in according to th(" 
manulacturer's instructions. Thc purifit..-d ovcrcxprt..-ssed C-tenninal AOX 
fragtnent was U:Sed to r.i.iS<:" antibodies in a rabbit. 

Sequence Analysis in Silico 

rroteln sequcnct?S ,.,•ere:" obt.l.incd from I!1'.'TREZ at the NCBI server 
(www.ncbi.nlm.nih.gov). and ¡¡Jignmcnts "''ere made with the FASTA pro
gram (vega.ig:h.c:nrs.fr/hin/fost.l.-gUC"5s.c,:;i). EST dones of C. rr:inlurrdtii 
were obtained from th~· Ch1arnyF-5T d<1taba~ {http:/WW'-"'·biology.dul.;e. 
edu./chalmy) usin~ the \".'U-TBLASTN pro1,;..,..am. ~'fuhipk ali~nil"nts wero.'! 
done with Clusto;,.lW (lhomrS4.">n et al .• l'ilW; s.•archlaunchc-r.bcrn.tmc.eduJ. 
Mo1ecul.ar masSt..~ Olnd pi C<>kulatJons w ... ~re done '\'l.0 ith the compute pi/ 
moleadar mass. tuol (Bjellqvist et al., 199~). and the predktion of intr.tcel• 
tu lar M>rting was done "''ith thc T&arge:P Vl .O progr;un {Ernanuell'<~n et al •• 
2000). boUl from the El"'PASy Molt.."<"'Ulolr B!ology Server ("'"'""''·expasy.ch). 

Note added in proofs 

Re-cent data on th..::: bó·.-lnt.• h1..~arl compl ... ,. 1 indi...dho• ¡' molecular ma. .. s o( 

over 900 l:Oa i.nst~ad of 750 kDa. as mentioned ir. thh• '\'l.•ork (Ci"'rroll et al., 
2002). This would moc!if)• the estimated molceul.:lr ma~~ oí the ban.Js on 
BN·PAGE.. con-esponding ta thc c. rriulrarJtii cornpl<:"oe;cs 1 artd V, to around 
1000 lo.Da and 2000 k0.1. rt..-specth·cly. 
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ARTJCULQll 

Polytomella ap. growth on eth•nol. 
Extracellul•r pH •ffecta the •ccumul•tlon of mltochondñ•I cytochrome Csso-

Atteia, A., van Lis, R., Ramlrez, J. and González-Halphen, D. (2000) 

Eur J Biochem 267, 2850-2858 

RESUMEN 

El alga incolora Po/ytome//a sp. crece en etanol como única fuente de carbono a pH 

ácido; obteniéndose mayores densidades celulares a un pH cercano a 3.7. El análisis 

espectrofotométrico de las células crecidas en etanol indicó que Ja intensidad del pico de 

absorbencia a 552 nm (citocromos de tipo c) es mayor en las células crecidas a pH 3.7 que en 

las crecidas a pH 6.0. En contraste, no se observaron cambios en la intensidad de las bandas 

a. de los citocromos tipo b (567nm) y a (606nm). En geles de poliacrilamida-SDS tel\idos con 

TMBZ, se observó una mayor acumulación de un citocromo e de bajo peso molecular (12kDa) en 

las células crecidas a pH 3.7. Tomando en cuenta que: 1) este citocromo presenta una reacción 

cruzad., con un anticuerpo dirigido contra el citocromo c soluble de C. reir.hardtii; 2) Ja secuencia 

de un fragmento interno del citocromo <le Po/ytamel/a ~p. se encuentra en los citocromos e 

mitocondnales; 3) !os -.spectros absolutos (oxidado, reducido con ascorbato) de este citocromo 

purificado son típicos de Jos citocromos c solubles. se concluyó que el pH extracelular afecta el 

nivel de acumulación del citocromo e mitocondrial en el alga incolora Polytome//a sp. Un 

experimento de hibridización tipo Northern utilizando como sonda el DNA que codifica al 

citocromo e mitocondrial de C. reinhardtii (cyc), reveló una mayor acumulación del mRNA-cyc en 

las células crecidas a pH 3. 7 que en las células crecidas a pH 6.0. Se aislaron mitocondrias de 

las células de cada cultivo y se hicieron estudios del consumo de oxígeno en presencia o en 

ausencia de inhibid::res de transportadores de electrones de Ja cadena respiratoria clásica. 

Nuestros datos indicaron que el consumo de oxigeno de las mitocondrias aisladas de células 

crecidas a pH 3. 7 es 20% más alto que el consumo de oxígeno de las mitocondrias aisladas de 

células crecidas a pH 6.0, independientemente del substrato utilizado. 
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Artículo 111 

ARTICULO 111 

The typlc•llY mltochondrl•I DNA-encoded ATP& aubunlt of th• F,Fo ATP••• I• encoded by 
• nucle•r gene In Chlamydomonas relnhanltil 

Funes S, Oavidson E, Claros MG, van Lis R, Pérez-Martlnez X, Vázquez-Acevedo M, King MP 
and González-Halphen O (2002) 

J Biol Chem 277, 6051-6058 

RESUMEN 

El gen atp6, que codifica por la subunidad ATP6 del compl .. jo F,F0 ATP sintasa, se 

encuentra en el genoma mitocondrial de la gran mayoría de los eucariontes. Sin embargo, el gen 

atp6 está ausente en el mtDNA de algunos protistas, como el alga verde Ch/amydomonas 

reinhardtii. Se obtuvieron las secuencias genómica y de traducción del gen atp6 de C. reinhardtii, 

utilizando PCR, 5'-RACE y 3'-RACE. El gen atp6 de C. reinhardtii se encuentra en el genoma 

nuclear y presenta características típicas de los genes nucleares: presencia de intrones, un uso 

de codones nuclear, y una sel\al de poliadenilación. Se confirmó que el producto del gen atp6 

forma parte ael comp:ejo F 1 F0 ATP si.,tasa. La protefna codificada pcr e! gen atp6 presenta una 

presecuencia de 107 aminoácidos. La hidrofobicidad promedio de Ja proteína es más baja en las 

regiones transmembranales de la proteína que no partir.ipan en el transporte da protones y que 

no son criticas en Jos contactos subunidad-subunidad. Nuestro trabajo reporta por primera vez 

una proteína mitocondrial de más de dos cruces transmembranales que participa directamente 

en Ja translocación de protones y que es codificada por un gen nuclear. 
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ARTICULO IV 

Structure, organlzatlon and expreaalon of th• a•n- encodlng 
mltochondrlal cytochrome e, and th• Rleake lron•ulfur 

proteln In Chl•mydomon•• rwlnh•rdtll 

Artfculo IV 

Atteia, A., van Lis, R., Wetterskog, D., Gutierrez-Cirlos, E.-B., Ongay-Larios, Fránzen, L.-G. and 
González-Halphen, D. (2003) 

Mol Gen Genomics 268, 637-644 

RESUMEN 

Se determinó la secuencia y organización de los genes nucleares que codifican para dos 

subunidades del complejo respiratorio be, del alga fotosintética Chlamydomonas reinhardtii, la 

protefna de Rieske (lsp) y el citocromo e, (Cyc1). Las réplicas tipo Southern indicaron que los 

genes Cyc1 y lsp se enc<Jentran como copias únicas en el genoma de C. reinhardtii. En el gen 

Cyct se encuentran seis intrones con un tamano que va de 178 a 1134 pares de bases (pb). El 

gen lsp (1238 bp) contiene cuatro intrones pequonos de 83 haeta 167 pb. En ambos genes, los 

sitios de corte de los intrones coinciden con las secuencias consenso del sitio de: corte en los 

organismos eucariontes: 5'-GT/AG-3'. También se ancontraron secuencias internas 

conservadas en uno de los intrones del gen Cyr1. :...os niveles de expresión de los genes lsp y 

Cyc1 son comparables entre la sepa silvestre y la sepa mutante dum-1. la cual presenta una 

deleción en el gen cob que codifica al citocromo b mitocondrial. Sin embargo, ni el citocromo e,, 

ni las proteínas estructurales 1 and 11, se acumulan en las membranas de la cepa mutante. Estos· 

datos muestran que en el alga verde C. reinhardtii, las subunidades del complejo de citocromos 

bc1 no se pueden ensamblar en las membranas mitocondriales en ausencia del citocromo b. 
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ARTICULO V 

Blfunctlonal •ldehyde/alcohol dehydrogen••• (ADHE) In chlorophyte alg•I mltochondrla 

Ariane Atteia, Robert van Lis, Guillermo Mendoza-Hemández, Katrin Henze, William Martín, 
Hector Riveras-Rosas and Diego González-Halphen 

RESUMEN 

Los perfiles proteicos de mitocondrias aisladas del alga heterotrófica Polytomella crecida en 

etanol a pH 6.0 y 3.7 fueron analizados en geles azules nativos y en geles desnaturalizantes de 

poliacrilamida con SOS. El pH del medio de cultivo afectó los niveles de acumulación de les 

complejos mitocondriales que participan en la fosforilación oxidativa. Los niveles de una proteína 

abundante y soluble, de 85 kDa y de su correspondiente RNA mensajero, fueron más altos a pH 

6.0 que a pH 3.7. La obtención de secuencias del extremo N-terminal y de péptidos internos de 

la protelna mitocondrial de 85 kDa, permitieron obtener y secuenciar el cDNA correspondiente. 

La secuencia deducida permitió identificar a la proteína como una aldehído/alcohol 

deshidrogenasa bifuncional (ADHE). Esta ADHE presenta altas similitudes con las ADHEs de 

eubacteri:=ts y de prcitistos que carecen de mitocondrias. La proteína e!=;ta codificada como un 

precursor que contiene una presecuenc1a de 27 aminoácidos que presenta características típicas 

ele las presecuencias mitocondriales. Un gen que codifica para un homólogo de la ADHE también 

fue identificado en el genoma de,J alga Chlamydomonas reinhardtii, una alga fotosintética cercana 

a Po/ytomel/a. La ausencia de genes ADHE en arqueobacterias sugiere un origen eubacteriano 

para ia enzima de las algas cloroffceas. La ADHE has sido hasta Ja fecha, una proteína 

característica de bacterias y de eucariotes anaeróbicos. La ADHE es una proteína esencial del 

metabolismo energético en los protistas sin mitocondrias como Giardia intestina/is y Entamoeba 

histo/ytica. Su abundancia y su alta expresión sugieren que la ADHE juega un papel importante 

en el metabolismo mitocondrial del alga Po/ytomella, al menos en fas condiciones estudiadas. La 

presencia de una ADHE en un organismo aeróbico y su expresión paralela a la de los principales 

complejos respiratorios es inesperada e inconsistente con la idea de que los eucariontes 

adquirieron el gen adhE como una adaptación a fa vida anaeróbica. 

Sometido a .Journal of Blologlcal Chemlstry 

44 

TESIS CON 
FALLA DE ORIGEN 



Articulo VI 

ARTICULO VI : REVISIÓN 

Redox-medleted light reguletlon of mltochondrlel functlon •nd blog•n-1• In plente end 
green •le•• 

Robert van Lis and Ariane Attcia 

RESUMEN 

En las celúlas fotosinteticas, la respiración mitocondrial juega un papel importante no 

solamente en la oscuridad, sino también en la luz. Recientemente, se han logrado avances 

importantes en el entendimiento del papel de las mitocondrias en la luz. Es probable que los 

efectos de la luz lleguen a los distintos compartimentos celulares, como la mitocondria o el 

núcleo, por medio de· varios mensajes redox originados en el cloroplasto. En esta revisión, de 

acuerdo con los datos experimentales disponibles, analizamos la posibilidad de que la actividad y 

la biogénesis mitocondrial estén reguladas por dichos mensajes redox. 

Sometido a Photosynthesls Research 

45 

.· 

TESIS CON 
FALLA DE ORIGEN 



Flgur11A: 

Flgur11B: 

Figura C: 

Figura D: 

Figura E: 

Figura F: 

Figura G: 

Figura H: 

Figura 1: 

Figura J: 

Figura K: 

Resultados adicionales 

RESULTADOS ADICIONALES (NO PUBLICADOS) 

SDS-PAGE de segunda dimensión donde se comparan los complejos V de las 
algas. Las mitocondrias puras de C. reinhardtii y de Polytomel/a sp. se extrajeron 
con cloroformo. 

Alineamiento múltiple de secuencias de COXVlb de varios organismos. 

Alineamiento múltiple de las secuencias de COXVb de varios organismos. 

Alineamientos múltiples de la secuencia de COXVla de C. reinhardtii con las 
secuencias de COXVa o COXVla de varios organismos. 

Geles de glicina-SDS-PAGE de dos dimensiones de las proteínas mitocondriales 
de C. reinhardtii, obtenidos de células crecidas en medio de cultivo en presencia 
y en ausencia de cobre. 

Gel de glicina-SDS-PAGE de sos dimensiones comparando los complejos 111 de 
c. reinhardtii y Polytomella sp. 

Comparación de los complejos respiratorios y especialmente del compejo IV de 
C. rein!iardtii y Polytomella sp. Se muestra también la separación de las 
subunidades COXlla y COXllb de Polytome/la sp. 

Análisis del contenido en citocromos en las mitocondrias de C. reinhardtii y 
Polytornel/a sp. 

Curvas de crecimiento de células de C. reinhardtii, cepa CW1 5, en la luz y en la 
obscuridad. 

Fotos de microscopía electrónica de transmisión de células de la cepa CW15 de 
C. reinhardtii, crecidas en la luz y en la obscuridad en los medios TAP y H3 . 

. · Análisis de BN-PAGE en segunda dimensión de mitocondrias puras de C. 
reinhardtii, aisladas a partir de células crecidas en el medio H3 en la luz y en la 
obscuridad. 
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Figura A1 . . Gel de glicina-SDS-PAGE (15% de acrilamida) de segunda dimensión de los 
complejos V de C. roinhardtii (Cr) y de Polytomel/a sp (Ps). Mitocondrias aisladas y solubilizadas 
fueron aplicadas en o.in gel BN-PAGE con un gradiente de poliacrilamida del 5 al 12º/o. Las 
bandas del complejo V de la primera dimensión fueron cortadas y utilizadas pdra la segunda 
dimensión. Se observa que la MASAP de Polytomel/a sp. se separa de la subunidad beta, 
mientras en C. reinhardtii este no es el caso. Parece que la MASAP de Polytomel/a sp. tiene una 
masa molecular mas :grande que la de C. reinhardtii. En el alga verde, para poder separar la 
MASAP de la subunid3d beta se requirió agregar 8 M de urea en el gel. Las protelnas por abajo 
de la subunidad alfa y arriba o alrededor de la subunidad gama son las protelnas adicionales del 
complejo V todavla no identificadas. En C. reinhardtii, hasta 16 subunidades/protelnas pueden 
ser detectadas, en Polytomella sp. pueden observarse hasta 17 subunidades. 
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Resultados adicionales 
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Figura A2. SDS-PAGE de segunda dimensión en presencia de urea 8 M de las proteínas 
extraídos cnn cloroformo a partir de mitocondrias puras de C. reinhardtii y mitoconurias de 
Po/ytomel/a sp. La extracción con cloroformo libera la fracción soluble de l'31s mitocondrias, y 
también la parte soluble F, del complejo V. A la fase acuosa de la extracción se le adicionó n
dodecil-maltósido al 1 %, azul de Coomassie Serva Blue G 0.25 o/o, y se cargó en un gel azul 
nativo BN-PAGE. Se usó un gradiente de poliacrilamida del gel azul nativo del 5 al 12 %. La 
segunda dimensión se llevó a cabo en presencia de 8 M de urea para poder separar la MASAP 
de la subunidad beta del complejo V de C. reinhardtii. La MASAP y las otras proteínas no 
identificadas no forman parte integral de la F 1 del complejo V en las dos algas. 
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Figura B. Alineamiento múltiple de secuencias de COXVlb de varios organismos. Está 
subrayada la extensión que se encuentra en plantas y en C. reinhardtii. S. cerevisiae, levadura 
(001519); S. pombe, Schizosaccharomyces pombe (CAA21442); H. sapiens, humano (P14854); 
B. taurus, bovino (P00429); T. aestivum, trigo (AAM92706); O. sativa, arroz (BAB12338 ) A. 
thaliana, Arabidopsis thaliana (BAA87883); C. reinhardtii, Chlamydomonas reinhardtii 
(BE122218, ChlamyEST). 
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Figura C1. Alineamiento múltiple de las secuencias de COXVb de varios organismos (COXIV en 
levaduras). Las cisteirjas que están involucradas en el enlace del átomo de zinc están indicadas 
con triángulos. En la secuencia de C. reinhardtii. ninguna de las tres cisteinas conservadas está 
presente. El porcentaje de similitud que guardan las secuencias entre si se indican en los 
triángulos. S. cerevi!fiae. levadura (NP _011328); S. pombe, Schizosaccharomyces pombe 
(P79010); H. sapiens, humano (P10606); B. taurus. bovino (P00428); O. saliva, arroz 
(BAA12797); A. thaliana, Arabidopsis thaliana (AAM64879); C. reinhardtii, Chlamydomonas 
reinhardtii (BG851120, ChlamyEST). 
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Figura C2. Alineamiento múltiple de las secuencias de COXVb de vario~ organismos (COXIV en 
levaduras) mostrando únicamente la región central, que es la conservada. La similitud de esta 
parte en la secuencia de C. reinhardtii con las de animales es más alta que con las secuencias 
de plantas (vea el recuadro). El porcentaje de similitud que guardan las secuencias entre si está 
indicado con triángulos. S. cerevisiae, levadura (NP _011328); S. pombe, Schizosaccharomyces 
pombe (P79010); H. sapiens, humano (P10606); B. taun.1s, bovino (P00426); O. sativa, arroz 
(BAA12797); A. thaliana, Arabidopsis thaliana (AAM64879); C. reinhardtii, Chlamydomonas 
reinhardtii (BG851120, ChlamyEST). 
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Figura O. 1 ¡ Alineamiento múltiple de la secuencia de COXVla de C. reinhardtii con las 
secuancias de COXVa de animales. La región N-terminal de COXVla de C. reinhardtii (42 aa) 
tiene una similitud mayor con !as secuencias de COXVa de animales (31 %) que con la parte C
terminal (18% sobre 66 aa). 3) Alineamiento multiple de la secuencia de COXVla de C. reinhardtii 
y las secuencias de COXVla de animales. En este caso, la parte e-terminal de COXVla de C. 
reinhardtii tiene una similitud mayor con las secuencias de COXVla de animales (25 º/o en los 
ultimes 49 aa) que con la parte N-terminal (9% en los primeros 55 aa). B. taurus, bovino 
(COXVa, P00426; COXVla, P07471); H. sapiens, humano (COXVa, P20674; COXVla, 002221); 
C. reinhardtii, Chlamydomonas reinhardtii (COXVla; BG857268, ChlamyEST). 
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Figura D. 3) Alineamiento múltiple de la secuencia de COXVla de varios organismos. La 
secuencia de la COXVla parece no estar no muy conservada entre animales, plantas y 
levaduras. 4) Alineami.ento de COXVla de C. reinhardtii con la protelna homóloga a COX!Va de 
A. thaliana. La similitud entre las dos secuencias es de 32 o/o en los aminoácidos 18-88 de la 
secuencia de C. reinhardtii. S.cerevisiae, levad•Jra (CAA51479); S.pombe, Schyzosacharomyces 
pombe (CAA20783); H. sapiens, humano (002221); B. taurus, bovino (P07471}; A. thaliana, 
Arabidopsis tha/iana (AAK00391 ); C. reinl1ardtiii, Chlamydomonas reinhardtii (BG857268, 
ChlamyEST). 
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Figura E. Geles de glicina-SDS-PAGE (15 º/o de acrilamida) da segunda dimensión con 
protelnas mitocondriales de C. rein • ..,ardtii, obtenidas a partir de células crecidas en medio de 
cultivo (TAP) en fa presencia y ausencia de cobre. La posición original de los complejos en fa 
primera dimensión está indicada por los números romanos correspondientes. Los triángulos 
abajo del gel también indican la posición del complejo IV. A: Protelnas mitocondriafes (350 µg) 
de células de C. reinl1drdtii crecidas en presencia de cobre en el medio de cultivo. B: Protelnas 
mitocondriales (350 µg) de células de C. reinhardtii crecidas en ausencia de cobre en el medio 
de cultivo. La disminución en fa acumulación del complejo IV en el proteoma mitocondriaf es 
notable cuando fas céfuf;;;s crecen sin cobre. 
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Figura F. Gel de glicina-SDS-PAGE (12% de acrilamida) de segunda dimensión con los 
complejos 111 de C. re!nhardtii (Cr) y Polytomel/a sp. (Ps). Mitocondrias aisladas de ambas algas 
fueron aplicadas en geles de BN-PAGE con un gradiente de poliacrilamida del 5 al 12%. Las 
bandas del complejo 111 de la primera dimensión fueron cortadas y utilizadas para la segunda 
dimensión. Los subunidades del complejo 111 de las dos algas se separaron en el mismo gel, por 
lo que ambos perfiles electroforéticos son comparables. En geles de tricina-SDS-PAGE, 
normalmente no se observan las bandas adicionales del complejo 111 de C. reinhardtii, o 
solamente se observa una banda adicional que no se separa adecuadamente de la banda que 
coresponde a la subunidad 11. Los geles de glicina-SDS-PAGE separan mejor a las subunidades 
con masas moleculares superiores a los 25 kDa. El gel fue tenido con plata. 
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Figura G- Comparación de los complejos respiratorios y especialmente del complejo IV de C. 
reinhardtii (Cr} y Polytomella sp. (Ps)_ También se muestra la separación de las subunidades 
COXlla y COXllb de Polytomella sp_ 1) Mitocondrias puras y solubilizadas fueron aplicadas en 
BN-PAGE (gradiente de 5-12°/o de acrilamida). para mostrar las diferencias entre los complejos. 
La banda en Po/ytomella sp. que parece corresponder a la banda de complejo IV en C. 
reinhardtii es en realidad la aldehldo/alcohol deshidrogenasa de til'.'o bacteriana (ADHE}. 
mientras el complejo '1v en este alga verde forma dos o más bandas delgadas de una masa 
molecular más pequel'\a que el complejo IV del alga verde (no visible en la figura}. 2) Separación 
de las subunidades COX2a y COX2b del complejo IV de Polytome//a. Las dos protelnas fueron 
detectadas por hibridación tipo Western usando anticuerpos convencionales dirigidos contra 
péptidos sintéticos basados en las secuencias de las dos subunidades de Polytome/la sp. Las 
dos subunidades se separaron en geles de tricina-SDS-PAGE (15º/o de acrilamida} en la 
presencia de SM urea: 3) Perfiles de las subunidades de los complejos IV de las dos algas en la 
segunda dimensión de BN-PAGE en geles de tricina-SDS-PAGE (15% de acrilamida}. Se puede 
ver que en el alga incolora, las bandas forman un baríido que indica la difusión del complejo IV 
en la primera dimensión. Dicho barrido puede indicar múltiples formas del complejo. 
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Figura H. Análisis del contenido en citocromos en las mitocondrias de C. reinhardtii y 
Polytomella sp. por espectrofotometrla y por geles de tricina-SDS-PAGE (15% de acrilamida). 1) 
Espectros diferenciales (reducidos con ditionita- menos oxidados por aire) de mitocondrias 
aisladas de C. reinhardtii y Polytome//a sp. Las mitocodrias fueron aisladas de células de C. 
reinhardti crecidas en el medio TAP (C.r.) y de células de Polytomel/a sp. crecidas en acetato a 
pH 6.0 (P.s.). Las mitcicondrias se resuspendieron en fosfato de potasio 50 mM (pH 7.4) a una 
concentración de proteínas de 3.0 mg/ml para C. reinhardtii y de 6.0 mg/ml para Polytome//a sp. 
La reducción de los citocromos se logró con la adición de un poco de ditionita sólida. La barra 
representa 0.02 unidades de absorbencia. 2) Geles de tricina-SDS-PAGE (15% de acrilamida) de 
células enteras (100 µg de proteínas) de C. reinhardtii (C.r.) y Po/ytomella sp. (P.s.). Los geles 
fueron tenidos con azul de Coomassie (C.B.) o con tetrametilbenzidina (Thomas y cots., 1978) 
para visualizar la actividad de peroxidasa de los grupos heme. Los asteriscos (") indican la 
posición de los dos grupos hemo que pertencen al cloroplasto en c. reinhardtii, el citocromo f 
(38kDa) y el citocromo b 6 (20kDa). 
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Figura l. Curvas de crecimiento de células de C. reinhardtii, cepa CW15 en luz y en la 
obscuridad en el medio TAP y H3. Para medir la concentración de las células, el cultivo fue 
diluldo 5-20x en una solución de Lugol en 0.85 % NaCI o en una solución de 0.85 % NaCI, pH 
3.0 (utilizandc 10 mM acido tartárico como amortiguador). De esta dilución de células, se 
aplicaron 1 O µI a un contador de células de Neubauer, haciéndose tres conteos independientes. 
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Figura J. Micrografías electrónicas de transmisión de células de la cepa CW15 de C. roinhardtii, 
crecidas en la luz y en la obscuridad en los medios TAP y H3. Las células fueron fijadas durante 
la noche en 4% de' paraformaldehído, y las imágenes fueron tom,.das de cortes a una 
amplificación de 5000x. El desarollo del cloroplasto, la acumulación del almidón y la cantidad y 
tamaño de las mitocondrias dependen de la luz y la concentración de acetato. Las imágenes 
fueron obtenidas por el Sr. Jorge Sepúlveda en la Unidad de Microscopía Electrónica del IFC. 
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Figura K. Separación de los complejos respiratorios en geles azules nativos BN-PAGE y la 
resolución de las subunidades de los complejos y de otras proteínas en geles de tricina-SDS
PAGE (15 % de acrilamida) de segunda dimensión. Se cargaron en los geles mitocondrias puras 
solubilizadas aisladas, de células crecidas en ia luz y la obscuridad, en el medio H3 (50 mM 
acetato). Las flechas· indican algunas diferencias en la biogénesis mitocondrial entre las dos 
condiciones experimentales. ADP/ATP, transportador de ADP/ATP: PDC, complejo de la piruvato 
deshidrogenasa. 
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DISCUSIÓN 

Alsl•mlento de I•• mltocondrlas de l•s •lgas C. relnhardtil y Polytomella sp. y su •nlillsls 

en BN-PAGE 

En el pasado, se han realizado pocos estudios bioqulmicos de las mitocondrias de algas 

cloroflceas, debido a que entre otras cosas, es difícil aislar organeros intactos en cantidades 

suficientes. El protocolo para aislar las mitocondrias de las algas C. reinhardtii y Po/ytomel/a sp. 

que se utilizó en este 'trabajo consiste en la ruptura de las células con perlas de vidrio. seguida 

por dos centrifugaciones y para el caso del alga fotosintética. un gradiente de densidad en 

Percoll (Figura 12, Introducción) (Ericksson y cols., 1995). Los intentos de purificar las 

mitocondrias del alga incolora en gradientes de Percoll dieron resultados negativos: las 

mitocondrias se quedaron arriba del gradiente. Esa diferencia en el comportamiento de las 

mitocondrias de las dos algas en gradientes de Percoll sugiere diferencias en la composición de 

los organelos, qulzá en el contenido de ácidos grasos y/o de proteínas. 

Las mitocondrias de C. reinhardtii analizadas en este trabajo fueron aisladas 

principalmente de una cepa mutante que carece de pared celular (cepa 84CW15). Varios 

factores mostraron ser importantes en el protocolo de aisiamiento. Uno de los más importantes 

es la ruptura con pe.rlas de vidrio. La ruptura de las células sacudiendo manualmente la 

suspensión cAlular en presencia de las perlas. resu!tó siempre más eficiente que agitando con un 

vortex. Sin embargo, resulta más difícil controlar la ruptura de las células sacu<liendo la 

suspensión con In n-•ano: se corre el riesgo de romperlas damasindo y de aumentar asl la 

contaminación por materral fotosintético, ya que las membranas de Jos tilacoides se pegan a las 

mitocondrias y/o form'.:'!1 una red que atrapa a las mitocondrias. Si esto sucede, la mayoría de las 

mitocondrias contaminadas no entran al gradiente, perdié,..dose hasta un 90 % del material total. 

De un litro de medio de cultivo mixotrófico (células crecidas en Juz y en presencia de acetato).se 

obtuvó en promedio de 2 a 3 mg de proteínas mitocondriales. Obviamente, Jos bajos 

rendimientos en las .preparaciones mitocondriales de C. reinhardtii afectan la investigación 

bioquímica de este organelo. 

La pared celular de las células silvestres de C. reinhardtii es demasiado resistente como 

p<>ra romperse con las perlas de vidrio. Para debilitar la pared celular, se uti11zó un tratamiento 

con el detergente bromuro de N-cetil-trimetil amonio (CTAB) (Articulo 1). Antes de romper las 

células con las perlas de vidrio, se lavaron las células para eliminar el detergente. 

Otro método para romper las células de C. reinharc:ltii (sin o con pared celular) implica un 

aparato llamado BioNeb nebulizador (Glas-Col, Terre-Haute. IN) que somete a las células a un 

flujo de nitrógeno y las rompe al impact,.rlas contra una superficie. La presión del gas determina 

la fuerza aplicada para romper las células, y dependiendo del organismo y probablemente de la 
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cepa, esa presión tiene que ajustarse por ensayo y error. Con el nebulizador, la pared celular se 

desintegra pero el contenido intracelular se mantiene intacto, por lo que se puede utilizar para 

aislar diversos organelos. 

Las mitocondrias aisladas de C. reinhardtii y Polytome//a sp. fueron solubilizadas con el 

detergente n-dodecil-maltósido y después analizadas en geles azules nativos. Como controles y 

marcadores de masa molecular, se corrieron mitocondrias de bovino y de papa. Las mitocondrias 

de estos organismos han sido previamente caracterizadas en BN-PAGE, sin embargo, las del 

alga verde fueron más diflciles de resolver en la primera dimensión nativa. Los problemas con 

las mitocondrias del alga posiblemente se deben a su distinto contenido en ácidos grasos y/o 

protelnas (revisado por Daum, 1985), pero también a la cantidad importante de protelnas que se 

deben aplicar a dichos geles para poder ver las bandas que corresponden a los complejos 

respiratorios. En general, las mitocondrias en los organismos fotosintéticos contienen un mayor 

número de componentes (véase la Introducción), de tal manera que para ver con la misma 

intensidad las bandas correspondientes a los complejos respiratorios, es necesario cargar en 

estos geles el doble de proteína mitocondrial de C. reinhardtii que de bovino o de papa. 

Una buena resolución de los complejos mitocondriales del alga verde sigue siendo un 

asunto 'lUe muestra una gran variabilidad experimental, y que también parece depender de las 

condiciones de crecimiento de las células. 

Hallazgos novedosos de los complejos OXPHOS do C. relnharclt/i 

Utilizando principalmente el método de BN-PAGE y SDS-PAGE de dos dimensiones, 

logramos una descripción bioquímica general de los principales complejos respiratorios y de 

varias otras proteínas mitocondriales de C. reinhardtii. Gracias a la disponibilidad de la secuencia 

del genoma nuclear del alga y la base de las secuencias etiquetadas y expresadas (del inglés, 

'Expressed Sequence Tags') (ChlamyEST), se logró identificar un número substancial de 

subunidades de los c~mplejos proteicos mitocondriales. 

El carácter atípico del complejo V 

Las inmunorréplicas tipo Western y ensayos de actividad enzimática revelaron que el 

complejo V de C. reinhardtii migra en BN-PAGE como una sola forma oligomérica, que exhibe 

una masa molecular aparente de al menos 1600-kDa (Articulo 1). Ese dato contrasta 

significamente con lo que se ha observado para el complejo V de diferentes organismos, como 
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mamíferos, levaduras o plantas, solubilizado con el mismo detergente (n-dodecil-maltósido) 

(Schagger y von Jagow, 1991; Jansch y cols., 1996; Schagger y Pfeiffer, 2000). De hecho, en 

prácticamente todos l'?s organismos, el complejo V migra en geles nativos en múltiples formas, 

siendo las formas mayoritarias el monómero F 1 F 0 de 500-600 kDa y el subcomplejo F 1 (350-400-

kDa). Para observar en geles azules nativos el dímero del complejo V de Saccharomyces 

cerevisiae o de bovino, la solubilización de las mitocondrias se tiene que hacer con bajas 

concentraciones de un detergente suave, como Tritón-X100 o digitonina. Esos dímeros 

representan solamente una fracción del complejo V total en geles azules (Arnold y cols., 1998; 

Schagger y Pfeiffer, 2000). Por eso, Ja asociación dfmérica del complejo V en el alga verde 

parece ser mucho más fuerte que en Jos otros organismos estudiados hasta Ja fecha. Se sabe 

que Ja asociación del complejo V en dímeros juega un papel importante en el control de la 

biogénesis de la membrana interna mitocondrial, en particular en Ja formación de las crestas 

mitocondriales (Paumard y cols., 2002). 

La banda que corrresponde al complejo V de C. rein!7ardtii en geles nativos fue 

analizada en geles desnaturalizantes de segunda dimensión (Figura A1. resultados adicionales). 

De las más de 13 protelnas separadas en esta segunda dimensión, seis fueron identificadas 

como subunidades genuinas del complejo V. Esas proteínas son las subunidades 13 (60-kDa); a 

(52-kDa); y (31-kDa);..:; (24-kDa); ATP6 (21-kDa) y ATP9 (7-kDa). Las otras protelnas presentes 

en la banda del complejo V, en particular la protelna de 60.5 kDa denominada MASAP 

C.Mitochondrial 8TP .§ynthase 8ssociated Erotcin) (Artículo 1) y las protelnas que tienen un peso 

molecular entre 50 y 30 kDa (45, 38 y 35-kDa), no pudieron ser identificadas. La determinación 

de sus secuenciéis amino-terminales permitió la búsqueda de sus genes en la base de datos 

ChlamyEST. Ninguna de las secuencias de aminoácidos obtenidas (Apéndice J) presenta 

similitudes con las subunidades de los complejos V mitocondriales o con otras protelnas en los 

bancos de datos disponibles a la fecha. 

Es interesante hacer notar que la MASAP y Ja proteína de 45-kDa fueron reportadas en 

otras preparaciones enriquecidas en el complejo V de C. reinhardtii. Por ejemplo, una 

preparación obtenida a partir de membranas totales del alga después de la separación de Jos 

complejos proteicos en gradientes de sacarosa (Atteia, 1994). En esos gradientes, el comple_io V 

sedimenta entre los complejos 1 y 111, Jo que podría significar que este complejo está presente en 

su forma monomérica. La disociación del dímero del complejo V podrla deberse a las altas 

concentraciones de detergente y de sales utilizadas para solubilizar a las proteínas membranales 

(5% Tritón X100 y 0.5 .M de fosfato de potasio). Las protelnas de 45, 38 y 35-kDa también fueron 

identificadas por su secuencia amino-terminal en una fracción de complejo V solubilizado en Ja 

presencia de dodecil-maltósido y purificadas en una columna de intercambio aniónico (Nurani y 

Franzén, 1996). Pare~e entonces que Ja MASAP y las protelnas de 45, 38 y 35 kDa están 
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estrechamente asociadas con el complejo V. Su participación en la estructura y función del 

complejo V quedan por ser explorados. 

La parte soluble del complejo V de C. reinhardtii, obtenida a partir de mitocondrias 

extraídas con cloroformo, fue analizada en BN-PAGE. El perfil de segunda dimensión mostró la 

presencia de las subunidades a, 13, y y O, que son constituyentes ti picos de la F, (Figura A2, 

resultados adicionales). Ni la MASAP ni las proteínas adicionales se encontraron asociadas con 

la F 1 • Posiblemente, estas proteínas forman parte del sector F 0 membranal, o bien, su asociación 

con el sector F 1 no es lo suficientamente fuerte. 

También es importante recordar que las subunidades a y 13 del complejo V en C. 

reinhardtii son más grandes que las subunidades correspondientes de plantas, mamíferos y 

levaduras (Franzén y Falk, 1992; Nurani y Franzén, 1996). La subunidad a presenta en su 

extremo amino-terminal una extensión de 20 aminoácidos, mientras que la subunidad 13 muestra 

a su extremo carboxilo-terminal una extensión muy hidrofílica de 60 aminoácidos. El papel de las 

extensiones en las subunidades a y 13 no ha sido investigado hasta la fecha. La MASAP parece 

estar presente en el complejo V en la misma estequiometrla que las subunidades a y 13 (Artículo 

1, Figura A1 de los resultados adicionales). Esto podría indicar que la MASAP interactúa con 

estas dos subunidades, por medio de sus extensiones; esta supuesta interacción no resistirla !a 

disociación inducida por el cloroformo. El carácter dimerico del complejo V del alga verde es 

posiblemente una consecuencia de la interacción de la MASAP entra si o con otras proteínas 

desconocidas. 

Uno se pregunta porqué una dimerización tan estable es necesaria para la complejo V 

del alga C. reinhardffi, para que sirve exactamente y cual es el papel de las subunidades_ 

adicionales asociadas con el complejo V en BN-PAGE. No se sabe si la dimerización del 

complejo·v es tan fuerte in vivo como in vitro (BN-PAGE). Se requerirán estudios bioquímicos 

más avanzados para determinar la actividad, la regulación, la estabilidad y la estructura de este 

complejo. El complejo V en las algas clorofíceas representa un reto para el futuro. Sin duda, será 

interesante tener más información sobre la función y estructura del complejo V en relación con el 

ambiente metabólico. 
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Caracterlsticas singulares de algunas de las subunidades y de la estabilidad del 

complejo IV de C. reinhardtii 

, Como se mencionó en la introducción, varios de los genes que típicamente se 

encuentran localizados en el genoma mitocondrial, no están presentes en el genoma 

mitocondrial de las algas unicelulares C. reinhardtii y Polytomel/a sp.; tal es el caso de los genes 

nad4L, cox2, cox3, atp6 y atpB. Dichos genes se encontraron en el DNA nuclear de estas algas 

(Pérez-Martfnez y cols., 2000; 2001; Funes, 2002; J\rtfculo 111). 

El hecho de que la subunidad COXll, normalmente codificada por un solo gen 

mitocondrial (el gen cox2), esté codificada en C. reinhardtii por dos genes nucleares (cox2a y 

cox2b) (Pérez-Martfnez y cols., 2001) fue un resultado inesperado. En SDS-PAGE, la subunidad 

COXll de bovino corre como una proteína de masa molecular aparente de 26 kDa (Steffens y 

Buse, 1979) mientras que en el perfil de las subunidades del complejo IV de C. reinhardtii no se 

puede distinguir una banda dentro de los mismos límites de masas moleculares (Artlculo 1). Los 

datos moleculares reportados anteriormente acerca del gen cox2 fragmentado en C. reinhardtii 

fueron completados en este trabajo con la caracterización de las proteínas COXlla (14-kDa) y 

COXllb (16-kDa), al identificar estas subunidades por sus secuencias de aminoácidos y por un 

análisis tipo Western (Anfculc !). La resolución de !;;, subunidad COXll en dos polipéptidos 

distintos en geles desnaturalizantes indica que el enlace entre las subunidades COXlla y COXllb 

es susceptible a la acción del SOS. Por lo tanto, se infiere que estas proteínas de !a membrana 

interna mitocondrial no están unidas de manera covaJente entr~ sí. La secuencia amine terminal 

de la subunidad COXlla madura de C. reinhardtii coincide con el sitio de escisión predicho con 

base en la secuencia de aminoácidos deducida a partir del gen nuclear cox2a. En car:-.bio, la 

degradación de Edman de la subunidad COXllb generó una secuencia que se encuentra a una 

distancia de 96 aminoácidos del extremo amino-terminal predicho por la secuencia del gen 

(Pérez-Martfnez y cols., 2001 ). Esto parece indicar que el extremo amino-terminal de ta 
subunidad COXllb en. el alga está bloqueada (formilada o acetilada) y que ocurre un tipo de 

degradación especifica de la proteína durante el proceso de la degradación de Edman. 

El significado de la organización del gen cox2 no se conoce en este momento, pero 

parece ser una característica de varias algas cloroffceas. Será interesante identificar que otras 

algas carecen del gen cox2 en su genoma mitocondrial. Establecer los nexos entre esos 

organismos podría ayudar en entender el significado metabólico" o evolutivo del gen cox2 

fragmentado. 

No solamente las subunidades COXll, sino otras subunidades del complejo IV de C. 

reinhardtii identificadas en ese lrabajo exhiben características singulares; tal es el caso de !as 

subunidades COXVlb, COXVa y COXVla, codificadas por genes nucleares. Estas subunidades 
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no son de membrana ·y están principalmente involucradas en la estabilidad del las subunidades 

catalíticas y en el ensamble del complejo IV (Burke y Poyton, 1998). Un átomo de zinc presente 

en la subunidad COXVb también parece tener una función en la estabilidad del complejo pero es 

dispensable para la actividad (Pan y cols., 1991). Se sabe poco acerca del origen evolutivo de 

las subunidades del complejo IV que son codificadas por genes nucleares (Grossman y Lomax, 

1997). 

Los primeros 60 aminoácidos de la protefna madura COXVlb (18-kDa), no muestran 

ninguna similitud con la subunidad correspondiente en animales. En los mamfferos, la subunidad 

COXVlb es más pequena (10.1 kDa; Tanaka y cols., 1981), por lo que los 60 aminoácidos del 

extremo amino-terminal en la protefna de C. reinhardtii parecen formar una extensión (de 

carácter bastante hidrofóbico). En la subunidad COXVlb de algunas plantas (Oryza sativa; 

Arabidopsis thaliana; Triticum aestivum) se puede también observar una extensión en el extremo 

amino terminal que prt!senta una similitud moderada con la extensión presente en la subunidad 

de C. reinhardtii (Figura B, resultados adicionales). La extensión de la COXVlb parece estar 

presente sólo en los crganismos fotosintéticos. Es posible que esta extensión juege un papel en 

el ensamble del complejo, o en ia interacción del complejo IV con otros componentes 

mitocondria!es, ya que el metabolismc y los mecanismos de regulación en aquelios organismos 

que llevan a cabo fotosfntesis son diferentes (Articluo Vl). 

La subunidad COXVb madura del alga verde (14-kDa) contiene aproximadamente 38 

aminoácidos en el extremo amino tP.rminal y otros 27 aminoácidos en el extremo carboxiio 

terl'T':n<>I que muestran poca o ninguna similitud con otras subunidades COXVb , ni siquiera cor. 

las secuencias de las proteinas de plantas. El alineamiento de las secuencias de las 

subunidades COXVb indica una baja similitud entre los extremos amino terminales o carboxi 

terminales de los organismos (Figura C~, resultados adicionales). La similitud entre las COX,Vb 

aumenta en la parte central de la protefna, en una región de alrededor de 52 aminoácidos. En 

esta región central, la COXVb de C. reinhardtii presenta una similitud moderada con las 

secuencias de animales (39% promedio) y plantas (34 %) (Figura C2, resultados adicionales). 

Como se mencionó antes, se sabe que la subunidad COXVb une un átomo de zinc. 

Dicho átomo metálico está unido a tres cistelnas muy conser\fadas (Rizzuto y cols., 1991). De 

manera sorprendente,: ninguna de las tres cistelnas está presente en la secuencia de COXVb de 

C. reinhardtii, ni siquiera cerca de las posiciones donde están las cistelnas en otras secuencias. 

Por lo anterior, se puede sugerir que la subunidad no contiene zinc. Se necesitará un análisis del 

complejo IV para ver si COXVb efectivamente no contiene zinc. Si este es el caso, el complejo IV 

de C. reinhardtii podrla serv:r para estudios comparativos encaminados a elucidar la función del 

zinc en el complejc. 
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La subunidad COXVla de C. reinhardtii (12 kOa) también presenta características 

atípicas: los primeros 42 aminoácidos presentan una similitud substancial con la coxva de 

mamíferos (31%) y no con la de plantas (Figura 01, resultados adicionales). La parte carboxilo 

terminal exhibe una similitud de 25% con la secuencia de la subunidad COXVla de aminales 

(Figura 02, resultados. adicionales). La secuencia de la COXVla parece no estar muy conservada 

entre animales, plantas y levaduras (Figura 03, resultados adicionales). Usando el programa 

FASTA3_T con la base de datos gbplnL de plantas (www2.igh.cnrs.fr/home.eng.html), solamente 

aparece una proteína desconocida de 102 aa en Arabidopsis (Figura 04, resultados adicionales) 

que tiene una similitud significativa (32%) con la COXVla• de C. reinhardtii. Sin embargo, la 

proteína de A. thaliana no exhibe similitud con la subunidad COXVa de C. reinhardtii en la 

sección amino terminal. El carácter aparentamente híbrido de la subunidad COXVla/COXVa de 

C. reinhardtii también representa una pregunta interesante sobre la organización y el ensamblaje 

del complejo IV en el alga fotosintética y en las plantas. 

La subunidad COXIV de mamíferos y levaduras es una proteína de aproximadamente 

17-kOa que es necesaria para la estabilidad y actividad del complejo IV (McEwen y cols., 1986). 

En C. reinhardtii, se determinaron las secuencias amino terminales de todas las subunidades 

mayores de 10 kOa, y ninguna presenta simHitudes con la subunicJad COXIV de animales o de 

levaduras. Una búsqueda exhaustiva en el genoma de C. reinhardtii usando fa secuencia de la 

subunidad IV de levadura y humano, tampoco indicó la preser.r.ia de un gen que codifique para 

la subur.idad COXIV. La búsqueda de un gen homólogo a la subunidad COXIV en los genomas 

de plantas (A. thalian&, O. sativa y otras) tampoco resultó positiva, por lo que se puede inferir 

que los organismos fotosintéticos no tienen una subunidad equivalente a la subunidad COXIV de 

mamífero& o de levaduras. 

Con base en las secuencias de las subunidades COX determinadas en este trabajo.·se 

puede inferir que C. reinhardtii ha seguido su propio camino evolutivo: algunas subunidades se 

parecen más a las de.los animales, otras se parecen más a las de plantas, y algunas más no se 

parecen a ninguna subunidad previamente descrita. Las subunidades desconocidas del complejo 

V constituyen otro ejemplo de esto. La variabilidad en las subunidades pequeilas de la citocromo 

oxidasa no se puede explicar en términos de la teoría del endosimbionte, ya que las subunidades 

como COXV a COXVlll no se encuentran en las enzimas de los procariontes. Sin embargo, es 

posible que el ancestro de esta alga y otras algas fue distinto del ancestro de animales y plantas. 

La diversidad entre las algas es enorme, mucho más grande que entre plantas (comunicación 

personal de Thomas Proschold). En este sentido, no es tan sorprendente que las secuencias de 

C. reinhardtii exhiban, diferencias con los animales y las plantas. La diversidad de las algas 

refleja la diversidad de sus habitats y condiciones ambientales, que las obliga a contar con una 

TESIS CON 
68 

FnLLA ut. 0.KlGl:.l~ 



gran capacidad de adaptación. Por lo tanto, no es extral\o que tengan una regulación de sus 

complejos mitocondriales distinta a la de otros tipos de organismos. A lo largo de este trabajo se 

han presentado diversos ejemplos de esto. 

c. reinhardtii es capaz de crecer fotosintéticamente en ausencia de cobre, a pesar de no 

sintetizar una proteína esencial como la plastocianina. Esto se debe a que la función de la 

plastocianina puede ser reemplazada por el citocromo Ce (Wood, 1978), una proteína de 12-kDa 

que transporta electrones del complejo b6 f al fotosistema 1 como parte de CTE fotosintética. El 

cobre !ambién es un componente redox del complejo IV (Tsukihara y cols., 1996). Se ha 

mostrado que en la ausencia de cobre, los niveles de la subunidad COXllb del complejo IV 

disminuyen, mientras que los niveles de acumulación de la proteína AOX aumentan (Nakamoto, 

2001 ). En la Figura E (resultados adicionales) se ilustra que el crecimiento de C. reinhardtii sin 

cobre causa que la acumulación del complejo IV disminuya hasta niveles prácticamente 

indetectables, mientras que los niveles de los complejos 1, 111, y V no parecen estar afectados. La 

disminución drástica del contenido en complejo IV confirma que el cobre es necesario para la 

estabilidad del complejo IV. El efecto de la ausencia de cobre constituye un ejemplo del uso de 

BN-PAGE para analizar la biogénesis mitocondrial, y el efecto de diversas condiciones en el 

medio de cultivo. 

El complejo fil }. /a actividad de la peptidasa procesadora mitocondrial (MPP) 

El cor.-.piejo 111 de C. reinhardtii también fue sujeto al análisis molecular y bioquímico. En 

el articulo IV, se reportaron las secuencias de los genes nucleams que codifican a dos 

subunidades del corr..,:ejo 111, el citocromo c 1 (cyc1 ) y la protefna fierro-azufre tipo-Rieske (lsp). 

En ese mismo artículo demostramos que en una cepa mutante de C. reinhardtii que carece·de 

citocromo b (debido a una interrupción en el gen mitocondrial cob), ninguna de las subunidades 

del complejo 111 (proteínas estructurales 1, 11, cyt c 1 , ISP) se acumula en las membranas 

mitocondriales. Sin embargo, un análisis tipo Northern, usando sondas para detectar los 

mensajeros de los genes cyc1 e lsp, indicó niveles equivalentes de expresión entre la cepa 

mutante y la cepa silvestre. Por eso se puede inferir que la falta de una subunidad clave del 

complejo, como el citocromo b, causa la instabilidad y la degradación de las otras subunidades 

del complejo. Este fenómeno es conocido como "Control por epistasis de la síntesis" CES (del 

inglés Control by Epistasy of Synthesis) y había sido reportado para los complejos del cloroplasto 

en el alga verde (Choquet y cols., 2001 ). En el párrafo anterior se mostró que la inhabilidad para 

sintetizar las subunidades funcionales COXI y COXllb por la ausencia de cobre en el medio de 

cultivo tiene un efecto similar al CES, en este caso la inestabilidad del complejo IV. 
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En este trabajo también se analizaron las dos protelnas estructurales del complejo 111 (las 

subunidades 1 y 11) del alga verde C. reinhardtii (Articulo 1). En plantas, además de sus funciones 

en el transporte de electrones, el complejo 111 exhibe una actividad de peptidasa procesara, 

cortando las presecuencias de las protelnas mitocondriales codificadas en el núcleo al momento 

de ingresar al interior de la mitocondria (MPP)(Braun y Schmidt, 1995a). La actividad de 

peptidasa ha sido localizada en las proteínas estructurales: la subunidad 1 presenta una actividad 

equivalente a la subunidad beta de la MPP, y la subunidad 11 presenta actividad de alfa-MPP. A 

partir de las secuencias en la base de datos ChlamyEST, se reconstruyeron las secuencias 

probables de estas proteínas estructurales. Las secuencias obtenidas fueron alineadas con las 

de otros organismos. El alineamiento múltiple de las secuencias de la subunidad 1 indica que C. 

reinhardtii si debe presentar actividad de MPP (MPP beta), ya que está presente el motivo de 

enlace de zinc (H-X-X-E-H), que se encuentra en todas las proteínas que poseen actividad MPP 

beta (Kitada y cols., 1995). Sin embargo, la subunidad 11 del alga verde no deberla tener una 

actividad de MPP alfa, ya que está ausente la secuencia consenso (Braun y Schmitz, 1995b). 

Anteriormente se habla reportado que en el hongo Neurospora crassa, la proteína soluble 

llamada PEP (peptidase enhancing protein, equi;ialente a la MPP alfa), presente en la matriz 

mitocondrial, es importante para la actividad MPP de la protelna estructural 1 del complejo 111 

(Hawlitschek y cols., 1988). En el alga verde Euglena aracilis. la actividad de MPP se encuentra 

también asociada a la proteína estructural 1, pero la subunidad MPP alfa es soluble (Braun y 

Schmitz, 1995b, Brumme y cols., 1998) 

Nurani y cois. (1997) reportaron que e" C. roirihardtii, la actividad de MPP es soluble. 

Esto podr!a resultar de la disociación de una parte de la subunidad 1 del complejo 111, pero es 

posible que esta actividad soluble sea comparable con una actividad de MPP soluble que se 

encontró en cotiledones de soya y en hojas de espinaca, además de la actividad integral del 

complejo 111 (Szigyarto y cols., 1998). Las proteínas estructurales y las sub unidades de la MPP 

son proteínas parecidas estructuralmente, pero su relación evolutiva no es clara todavla (Braun y 

Schmitz, 1995b). 

Las mitocondrias en las algas unicelulares del orden Chlamydomonadales 
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El alga fotosintética C. reinhardtii y el alga incolora Polytomel/a sp. pertenecen a la 

familia de las Chlamydomonaceas, o según la clasificación de PrOschold y cols. (2001) al ciado 

'Reinhardtii'. Después de la observación de que C. reinhardtii y Po/ytome//a sp. están 

estrechamente relacionadas desde el punto de vista morfológico (Pringsheim, 1955), las 

secuencias de los diferentes genes que codifican par-d las proteínas de la cadena respiratoria 
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mitocondrial y la caracterización bioqulmica de estas proteínas han confirmado la cercanía 

filogenética y evolutiva de estas dos algas (Franzén y Falk, 1992; Nurani y Franzén, 1996; Atteia 

y cols., 1997; Pérez-Martínez y cols., 2000, 2001). La secuenciación del genoma mitocondrial de 

diferentes especies de Chlamydomonas (C. reinhardtii, C. moewusii, C. eugametos) (Michaelis y 

cols., 1990; Oenovan-Wright y Lee, 1992) y de Polytome/la parva (Fan y Lee, 2002) fue 

importante para el conocimiento de las mitoci>ndrias de las Chlamydomonaceas. Lo mismo se 

aplica para el aislamiento y la caracterización de los genes nucleares que codifican para algunas 

proteínas mitocondriales. A continuación se presenta una comparación de las mitocondrias de 

las dos algas, basada en su mayor parte en datos bioquímicos. 

El complejo V 

Los estudios del complejo V aportan una indicación fuerte de la cercanía filogenética 

entre C. reinhardtii y Polytomella. Todas las características excepcionales mencionadas acerca 

del complejo V del alga verde (véanse los párrafos supericres) también se encuentran en el alga 

incolora. En BN-PAGE, el complejo V Polytome/la sp. siempre se encuentra como dímero, y su 

masa molecular apar::;:-itc es prácticamente idéntica al del complejo V de C. reinha:'dtii. El perfil 

de las subunidades del complejo V de Polytomella sp. resuelto en un gel desnaturalizante es 

similar, aunque no idéntico al de C. reinhardtii (Figura J\1, resultados adicionales). No hay datos 

disponibles de sacuericias de ni1cle6tidos para las subunidades de Polytomella sp., ya que no 

existe un proyecto genómico para dicha alga; no obstante, las secuencias amino-terminales que 

se determinaron .::le las subunidades a y 13 maduras mostraron alta similitud con las de C. 

reinhardlii (Atteia y cols, 1997). Además, un anticuerpo dirigido contra la extensión e-terminal de 

la subunidad 13 de C. reinhardtii da una reacción cruzada con su homóloga en Polytomel/a sp., lo 

cual indica también la presencia de una extensión e-terminal en esta alga incolora. 

Como en el caso de C. reinhardtii, el complejo V de Polytomella sp. presenta una 

subunidad de alta masa molecular (70-kDa) que migra arriba de las subunidades catallticas alfa 

y beta (Figura A1, resultados adicionales). Muy probablemente esa proteína es equivalente a la 

MASAP de C. reinhardtii, aúnque más grande, ya que se separa completamente de la subunidad 

beta. 
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El complejo /// 

Se ha inferido a partir de las secuencias de las proteínas estructurales del complejo 111 de 

C. reinhardtii que la subunidad 1 tiene actividad de MPP beta y la subunidad 11 carece de la 

actividad MPP alfa. Se ha reportado anteriormente que el complejo 111 de Polytomella sp. no 

posee las actividad de MPP (Brumme y cols., 1998) y en este sentido, Po/ytomella sp. se parece 

a C. reinhardtii. En ef trabajo de Brumme (1998) no se analizó la fracción soluble mitocondrial 

para detectar la actividad MPP, por lo que tanto para Polytomella sp. como para C. reinhardtii, se 

requerirán datos experimentales adicionales para establecer con más detalle la organización 

estructural de la actividad procesadora de los precursores mitocondriales en las algas 

unicelulares. 

En BN-PAGE, el complejo 111 de C. reinhardtii tiene una masa molecular aparente de -

520 kD mientras que el de Polytomella sp. tiene una masa molecular aparente menor de 

aproximadamente 470 kDa (Figura F, resultados adicionales). Para mejorar la separación de las 

subunidades de más de 25 kDa en geles desnaturalizantes de segunda dimensión, se usaron 

geles de glicina SDS-PAGE (Laemmli, 1970) en lugar de los geles tricina SDS-PAGE (Schagger 

y von Jagow. 1987). La presencia de vanas bandas adicionales en el perfil del complejo 111 del 

alga verde llama la atención. En la posición de las proteínas estructurales (alrededor de los 50-

kDa del complejo 111 de C. reinhardtii se encuentran por lo meno:; cuatro bandas an lugar de las 

dos pr.,sentes en Polytomella sp. Además, en la posición de los citocrornos, también aparecen 

tres bandas en ei alg" verde y sólo dos en el alga incolora. En el caso del c.omplejo 111 de papa 

analizado en SDS-PAGE con glicina. se observaron varias bandas cercanas en la posición de las 

proteínas estructurales 1 y 11 que representan isoformas alternas de estas dos proteínas, y que no 

eran visibles en geles de tricina SDS-PAGE (Braun y Schmitz, 1995a). Es poco probable que las 

bandas adicionales en C. reinhardtii representen productos de proteólisis, porque los complejos 

111 de las dos algas fueron corridos en el mismo gel. Además, los complejos 111 provenían de 

geles azules nativos frescos; en estos tipos de geles, hay poca degradación de proteínas, ya que 

se corren en presencia de ácido E-aminocaproico, un inhibidor de proteasas. Existe también la 

posibilidad de la contaminación con otras proteínas en la primera dimensión, pero la intensidad 

de las bandas es bastante fuerte y reproducible. En la gran mayoría de los geles de segunda 

dimensión, no habla proteínas contaminantes en cantidades importantes, por lo que es poco 

probable que las bandas adicionales en los geles de glicina SDS-PAGE sean artificios. 

Suponiendo que ése sea el caso, los complejos 111 de C. reinhardtii y Polytomella sp. exhiben 

diferencias que podrían manifestarse en la diferencia en movilidad electroforética en los geles 

azules nativos. 
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Anteriormente se reportaron resultados acerca del complejo 111 en las algas cloroflceas. 

Gutiérrez-Cirlos y cols. (1999) mostraron que el citocromo b mitocondrial de Po/ytomella sp. tiene 

una banda de absorbción a corrida hasta el rojo. En cambio, el citocromo b del alga C. reinhardtii 

tiene una banda a tlpica (Atteia, 1994; Antaramian y cols., 1998). La comparación de las 

secuencias de aminoécidos del citocromo b de Po/ytomella sp. y de C. reinhardtii reveló algunos 

cambios en ciertos residuos, que podrían explicar las diferencias espectroscópicas observadas 

(Gutiérrez-Cirlos y cols., 1998; Antaramián y cols, 1998). Estos cambios se encuentran en los 

aminoécidos cercanos a las histidinas que unen al hemo y en las glicinas altamente conservadas 

que llevan a formar una cavidad mas hidrofóbica y más estrecha para los grupos hemo. 

Juntos esos datos indican sorprendentes diferencias al nivel estructural y funcional entre 

los complejos centrales de la cadena respiratoria del alga fotosintética y de su homóloga no

fotosintética. 

El complejo IV 

En C. reinhardtii, la subunidad COXll está codificada por los genes cox2a y cox2b, cuyos 

productos forman juntos una subunidad madura. En Polytomel/a sp., se ha obervado lo mismo 

(Pérez-Mart!nez y cols., 2001 ). Ya que se conoce este fenómeno en muy pocos organismos, la 

partición de! gen c::>x2 realmente es un evento único que claramente une fologenéticamente al 

alga verde con su homóloga incolora. Como en el alga verde, t!n t='olytomel/a sp. las proteínas 

COXlla y COXm.1 fueren identificadas en SDS-PAGE de segur.da dimensión. Las proteínas 

fueron detectadas poi hibridación tipo Western, usando anticuerpos contra los péptidos 

específicos del subunldades COXlla y COXllb de Po/ytomella sp. Las dos proteínas fueron bien 

separadas y muestran una masa molecular aparente de 13 kDa para COXlla y de 16 kDa para 

COXllb. La separación· de las proteínas en geles se pudo obtener al agregar 8 M de urea al gel. 

(Figura G2, resultados adicionales). Es importante hacer notar que la adición de urea no fue 

necesaria para separar las subunidades COXlla y COXllb de C. reinhardtii (Articulo 1). Estas 

diferencias en movilidad electroforética son interesantes, ya que las secuencias de las proternas 

deducidas a partir de las secuencias nucleotidicas de los genes cox2a y cox2b son bastante 

similares en ambas algas y no predicen diferencias importantes. Por eso los· datos sugieren 

posibles diferencias en la conformación y/o la estabilidad de las subunidades COXlla y COXllb 

entre las algas. 

Otros datos experimentales indican diferencias en las propiedades del complejo IV de C. 

reinhardtii y Polytomel/a sp. en BN-PAGE. Mientras que el complejo IV del alga verde migra 

73 1 TESIS CON ] 
FALLA DE ORIGEN 



como una sola banda intensa en geles azules nativos, el complejo IV de Po/ytomella sp. migra 

reproduciblemente como varias bandas cercanas de menor intensidad (Figura G1 y G3, 

resultados adicionales). Analizando la segunda dimensión, existen por lo menos dos perfiles 

distintos de las subunidades del complejo IV en Polytomella sp. en la primera dimensión: un 

complejo de 180 kDa y un subcomplejo de 140 kDa. La diferencia mayor entre las dos formas de 

complejo IV en Polytomella se encuentra al nivel de una subunidad de - 30 kDa que podrla ser 

la subunidad COXlll. La proteólisis específica de esta subunidad del complejo IV de Po/ytomel/a 

es poco probable. Además, en todas las condiciones de crecimiento de Po/ytomel/a sp. 

analizadas hasta la fecha (acetato o etanol, pH 3. 7 o 6.0), las dos formas de complejo IV se han 

observado en aproximadamente la misma relación de 1:1 (comunicación personal, A. Atteia). 

La forma más grande del complejo IV de Pofytomella sp. migra más en BN-PAGE que el 

monómero del complejo IV de C. reinhardtii. La diferencia observada se podría explicar por una 

conformación distinta de los complejos o más probablemente por la falta de una(s) subunidade(s) 

en el complejo IV del ":'lga incolora. En el complejo IV de Pofytomella sp., sólo se han detectado 8 

subunic!ades, en lugar de las 10 presentes en C. reinhardtii. 

Las cuestiones sobre el significado de las diferencias y las consecuencias para la 

función del complejo !V de las dos algas quedan por el momento sin respuestas. Primero habrá 

que indentificar todas las subunidades del complejo IV del alga incolora, y estudiar los comrlejos 

aislados por difarentes metódos, midiendo su actividad, titulando con inhibidores y 

caracterizando su masa molecular por espectrometria de masas. En el caso particular de 

Potytomel/a sp., habrá que estimar la estabilidad del complejo baje diferentes condiciones 

(temperatura, detergentes etc.) e investigar la presencia/ausencia de la subunidad COXlll. 

Espectros de las mitocondrias aisladas 

En este trabajo se registraron los espectros de mitocondrias aisladas del alga verde 

crecida en condiciones mixotróficas (en presencia de acetato y de luz). Los espectros 

diferer-::iales de las . mitocondrias aisladas de c. reinhardtii comparados con los de las 

mitocondrias aisladas. de Po/ytomel/a sp. crecida en acetato, revelaron contenidos distintos de 

los citocromos tipo a, b y e (Figura H1, resultados adicionales). El análisis de las células enteras 

y de las mitocondrias ,aisladas en SDS-PAGE y los estudios espectroscópicos correspondientes 

mostraron una diferencia en el contenido en citocromo c 550 soluble: el alga verde contiene mucho 

más citocromo e soluble que el alga incolora (Figura H2, resultados adicionales). Los complejos 

IV de las algas también se comportan de manera distinta en BN-PAGE (migración y diferentes 
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formas del complejo). Esos datos sugieren diferencias en el transporte de electrones del 

ubiquinol hacia el oxigeno en las dos algas. 

Los análisis de las mitocondrias de las dos algas se llevaron a cabo usando células 

crecidas en un medio de cultivo que contiene acetato, para poder tener condiciones 

comparables. Sin embargo, se sabe que Polytomella sp. no crece bien en acetato cuando el pH 

del medio de cultivo está por arriba de 6.0, por lo que se creció a pH 6.0. El pH del medio 

estándar TAP para C. reinhardtii es 7.2 (Harris, 1989). Se ha mostrado que el pH de 6.0 y el 

acetato no constituyen las mejores condiciones de crecimiento para Polytomella: el crecimiento 

es menor y la acumulación de almidón en los amiloplastos es más alta que en las células 

crecidas en etanol a pH 6.0, mientras que la diferencia es aún más grande a pH 3.7 (Articulo 11). 

A pH 3. 7 y creciendo en etanol, la expresión de los complejos respiratorios es mayor mientras 

que el complejo V se expresa relativamente menos, y la respiración mitocondrial exhibe un nivel 

más alto que a pH 6.0. Estas observaciones pueden explicar en parte la diferencia en el 

contenido mitocondrial de los citocromos tipo a, b y c entre las algas: las condiciones de 

crecimiento en acetato a pH 6.0 son subóptimas para Po/ytomel/a, y causan un metabolismo 

mitocondrial que aparentamente resulta en una menor respiración y en menos crecimiento 

celular. Pareciera que hay una menor acumulación de biomasa (menor concentración de células) 

pero una mayor acumulación de almidón. Como ejF.>mplo. en C. reinhardtii la acumulación de 

almidón aumenta cuando no hay suficientes cantidades de nutrientes (Libessart y co!s .• 1995; 

Hicks y cols., 2001 ). 

Una a/dehfdo/alcohol de<.iúrogenasa de tipo bacteriano en las algas cloroflceas 

En las mitocondrias de Po/ytomel/a sp. se observó en BN-PAGE una banda de 200 kDa, 

que en la segunda dimensión se separó en una banda principéll de 85 kDa y otras dos de 60 !<Oa 

y 37 kDa. Estas dos proteínas juntas con la banda de 85 kDa pueden formar un complejo. Se 

obtuvieron las secuencias de aminoácidos del extremo amino-terminal y de algunos fragmentos 

trípticos internos de la proteína de 85 kDa. Estas secuencias permitieron diser'lar oligonucleótidos 

que a su vez permitieron obtener la secuencia completa del cDNA que codifica a esta proteína. 

La secuencia de aminoácidos deducida muestra alta similitud con las aldehído/aicohol 

deshidrogenasas de tipo bacteriano (ADHE en bacterias; Artículo V). La proteína de Po/ytomel/a 

sp. se sintetiza como una preproteína con una presecuencia de 27 aminoácidos que presenta las 

características de un péptido sena! mitocondrial (Articulo V). En todas las preparaciones 

mitocondriales de Polytomella sp., analizadas en BN-PAGE, siempre se observaron cantidades 

importantes de ADHEi. Sin embargo, la expresión de la ADHE depende del pH del medio de 
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cultivo, y varia en proporciones semejantes con el complejo V mitocondrial (Artículo V). Por eso 

se piensa que está integrada al metabolismo mitocondrial del alga. 

En bacterias como Escherichia co/i, la ADHE es una proteína bifuncional que oxida, 

bajo condiciones anaeróbicas, al NADH para catalizar la conversión de acetil-CoA en aldehído y 

luego en etanol (Goodlove y cols., 1989). La ADHE se ha descrito solamente en bacterias como 

E. coli y Clostridium acetobuty/icum y en eucariontes amitocondriados, como Entamoeba 

histolytica y Giardia /amblia. 

En la base de. datos del genoma de C. roinhardtii, hemos también detectado un gen que 

codifica para una aldehído/alcohol deshidrogenasa de tipo bacteriano (Articulo V). Posiblemente, 

la ADHE de C. reinhardtii presenta un péptido set\al que permite su importación a la matriz 

mitocondrial, inferido a partir de programas que predicen el destino de preprotelnas en una 

célula. Ya que hasta la fecha la proteína no se ha identificada bioqulmicamente, no se sabe la 

!ocalización de la ADHE en C. reinhardtii. 

La proteína ADHE en el proteoma mitocondrial del alga verde, si es que está presente, 

presenta niveles extremadamente bajos, en comparación con el proteoma mitocondrial del alga 

incolora. Sin embargo, la secuencia de ia ADHE en C. reinhardtii está presente en la base de 

datos ChlamyEST, lo ·que nos indica que la proteína se expresa. A pesar de los datos sobre la 

ADHE en Po/ytomella sp., solamente podemos especular acerca de la función y el significado de 

esta enzima de 01igen b~cterir¡no en las mitocondrias de las algas. 

Nunca antes se habla identificado una proteína de tipo ADHE en un organismo 

aeróbico, ya que la enzima funciona normalmente bajo condiciones anaeróbicas. Se puede decir 

entonces que la presencia de la ADHE en las dos algas representa un evento evolutivo muy 

particular, comparable con las características extraordinarias de los complejos IV y V. Lo más.

probable es que el gen de la ADHE se halla originado en una eubacteria, y halla sido adquirido 

por las algas en un evento de transferencia lateral de genes. Es posible que la transferencia del 

gen ADHE ocurriera en un ancestro de C. reinhardtii y Po/ytornella. 

En E. co/i, la presencia de oxigeno causa la degradación de la AUHE y la disminución 

de su expresión (Clark y Cronan, 1980; Leonardo y cols., 1983). El análisis de las secuencias de 

la ADHE y de otras deshidrogenasas dependiente de hierro, ha permitido proponer que una de 

las tres histidinas conservadas, que une a uno de los dos átomos de hierro, es la responsable de 

la alta sensibilidad de la enzima al oxigeno durante la oxidación catalizada por metales (MCO, 

Metal-Catalyzed Oxidation) (Cabisco1 y cols., 1994). La ADHE en el alga incolora no tiene estas 

tres histidinas, mientras que el alga verde si las contiene, por lo que es posible que la ADHE en 
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C. reinhardtii sea sensible al oxigeno, y no la ADHE de Polytomella sp. Las cantidades 

importantes de la protelna en Polytomella sp. bajo cualquier condición de crecimiento indican 

que en este organismo, la ADHE es estable en Ja presencia de oxigeno. Si la enzima en C. 

reinhardtii efectivamente tiene caracterlsticas similares a la de E. coli (y a la de otras bacterias) 

se puede discutir que la enzima se expresara y funcionara sólo bajo condiciones anaeróbicas, 

que podrlan ocurrir bajo ciertas circunstancias, como la oscuridad (Klock y Kreuzberg, 1991). 

Para poder analizar este punto con mayor profundidad, se necesitara la confirmación de la 

presencia de la ADHE en la mitocondria de C. reinhardtii. En este momento tampoco se puede 

excluir la presencia de la ADHE en el citoplasma de C. reinhardtii. Las diferencias entre la 

secuencia de la ADHE de Polytomella sp. y C. reinhardtii, que posiblemente indican una distinta 

sensibilidad al oxigeno, pueden sugerir la adaptación de la ADHE a su función en la mitocondria 

de Polytomella sp. Para saber mas acerca de la función de la ADHE en el alga verde, se 

requerirá de análisis tipo Northern y de mediciones de actividad de la enzima en condiciones 

aeróbicas y anaeróbicas. Anteriormente se ha detectado la activiad de una aldehldo 

deshidrogenasa depediente de la CoA (ALDH) en cloroplastos y mitocondrias (Kreuzberg y cols., 

1987). Esta ALDH normalmente no se encuentra en eucariontes; el único gen que codifica para 

una ALDH en C. reinhardtii es parte del gen que codifica para la ADHE. Esto indicarla la 

localización de Ja ADHE en los organelos en C reinhardtii. Es interesante que también se ha 

reportado la presencia de una actividad de liasa de ácido pirúvico-ácido fórmico (PFL; EC 

2.3.1.54) en los cloroplastos y las mitocondrias de C. reinhardtü, exclusivamente bajo 

condiciones anaeróbicas (Kreuzberg y cols., 1987). La PFL es una enzima, principalmente 

presente en bacterias, que cataliza la formación de acetilCcA y ácido fórmico a partir de piruvatc 

y CoA. Se ha alineado I? ::;::::cuencia deducida de aminoácidos de ia PFL de C. reinhardtii 

(Dumont y cols., 1993; contig 20021010.7098.1, ChlamyEST) por el programa FASTA. Resultó 

que la PFL del alga verde se parece nasta 62 % a las de bacterias, como Escherichia coli, 

Clostridium pasteurianum y Streptococcus mutans. En E. coli, la ADHE juega el papel de PFL-.· 

desactivasa (Kessler y cols., 1991). Experimentos futuros habrán de determinar las condiciones 

requiridas para la exp•·asión de la ADHE en C. reinhardtii, y si también es capaz de desactivar la 

PFL. 

Reflexiones acerca de las mitocondnas de C. reinhardtii y Polvtomel/a sp. 

La pérdida secundaria de la fotoslntesis constituye un fenómeno muy interesante en la 

evolución de los organismos. Se piensa que las algas incoloras del género Polytomella han 

evolucionado a partirde un ancestro fotosintético del ciado Reinhardtii (Round, 1980) lo cual 

puede explicar las múltiples similitudes entre C. reinhardtii y Polytomella sp. Las diferencias entre 
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las mitocondrias que fueron descritas en este trabajo podrían explicarse como una consecuencia 

de la pérdida de un cloroplasto funcional en Po/ytomel/a. 

En ese trabajo, los datos bioquímicos originales confirman la relación evolutiva estrecha 

entre el alga incolora y el alga fotosintética, especialmente a nivel de los complejos IV y V, y de 

la proteína AOHE. La presencia de esta enzima anaeróbica en las dos algas no era predecible y 

muestra aún más claramente la cercanía filogenética de las dos algas. 

Aparte de muchas similitudes, también existen sorprendentes diferencias en la 

composición de los complejos proteicos y en la función mitocondrial de estas dos algas. Una 

diferencia importante es el hecho de que el alga incolora no cuenta con una oxidasa alterna de 

tipo vegetal como el alga C. reinhardtii. La ausencia de una oxidasa alterna en el alga incolora 

fue demostrada inmunoquímicamente por análisis tipo Western y por mediciones de consumo de 

oxígeno en presencia de diferentes sustratos respiratorios y de diversos inhibidores (Reves

Prieto y cols., 2002). También se ha mostrado que las propiedades espactroscópicas del 

citocromo b del complejo 111 son distintas entre las dos algas (Gutiérrez-Cirlos y cols. 1994; 

1998). 

La regulación de la blogénesis mitocondrial en C. reinhardtii y Polytor.rella sp. 

Las algas clorofíceas son muy numerosas y variadas. Sólo en el género 

Chlarnydomonas (incluyenrlo Chloromonas), se encuentran más de 600 espacies (Proschold y 

cols., 2001), la mayoría fotosintéticas pero también algunas incoloras. Los miembros de la clase 

Chlorophyceae se encuentran en mucho& hábitats distintos, hasta en la nariz de los peces 

(Melkonian, 1990). En el curso de la adaptación selectiva/evolutiva, las algas han generado 

metabolismos distintos que les permite sobrevivir en una amplia variedad de condiciones 

ambientales. Se supone que las algas incoloras clorofíceas, como Polytoma y Polytomella. han 

perdido el aparato fotosintético (Round, 1980), posiblemente por el estrés selectivo del ambiente 

o bien por interaccionar con otros organismos. 

El alga incolo.ra Polytomella sp., que divergió de un ancestro fotosintético relacionado 

con Ch!amydomonas .. puede crecer en un margen muy amplio de pH ácido, y puede utilizar 

diferentes fuentes de carbono, como etanol, acetato, piruvato y succinato (Wise, 1955). En 

contraste, C. reinhardtii no crece a pH ácido (abajo de 5.5-6 O; eso se debe probablemente al pH 

óptimo del metabolismo fotosintético, vease más adelante) y puede utilizar solamente algunas 

fuentes de carbono. Se ha demostrado que ei pH del medio de cultivo y la fuente de carbono en 
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Pofytomeffa sp. tienen efectos a nivel mitocondrial (véase el inciso anterior). La expresión del 

citocromo c aumenta cuando el pH externo disminuye (Articulo 11), y los niveles relativos de los 

complejos de la OXPHOS son diferentes (Articulo V). Estos datos representan uno de los pocos 

ejemplos de la regulación de la biogénesis mitocondrial en las algas. El mecanismo de esta 

regulación no se conoce en este momento. Datos experimentales indican que la fuente de 

carbono tiene una relación con el pH externo: el crecimiento en acetato de las dos algas causa 

una alcalinización del medio de cultivo. Esto se debe al hecho que el acético que entra a la célula 

es la forma protonado, dejando fuera al acetato que se forma al ajustar el pH del medio (Thomas 

y cols., 2002). Además, la entrada de acético acidifica el interior de la célula (Thomas y cols., 

2002: Kurkdjian y Guern, 1989). El crecimiento de Pofytomeffa sp. en etanol sin amortiguador 

causa una acidificación del medio de cultivo (Articulo 11; observaciones personales). Pofytomeffa 

sp. es capaz de ajustar su metabolismo, incluyendo el metabolismo mitocondrial, dependiendo 

de la fuente de carbono, y los protones claramente tienen un papel en esta adaptación. 

Posiblemente, C. reinhardtii no crece en etanol por su inhabilidad de mantener el pH adecuado o 

de mantener el metabolismo adecuado, a pesar de que el alga verde si cuenta con una alcohol 

deshidrogenasa en el citoplasma (proteína hipotética semejante a una alcohol deshidrogenasa 

de zinc, contig 20021010.8185, ChlamyEST). Una diferencia importante entre las dos algas es 

que las mitocondrias aisladas de Polytomel/a sp. exhiben un consumo de oxigeno importante en 

presencia de etanol y N..o.o•. mientras que las mitocondrias de C. reinhardtii no respiran en 

presencia de etanol (observaciones personales). La capacidad de Po/ytomeffa sp. de crecer en 

etanol como sola fuente de carbono podrfa estar relacionada con fa presencia de la ADHE. No es 

imposible que la ADHE mitocondrial de Pa/ytome!la sp. funcione como alcohol oxidasa, 

permitiendo el consurrk: ca etanol por la mitocondria. Si la proteina homóloga en C. reinhardtii se 

encuentra también en la mitocondria, es poco probable que la ADHE del alga verde funcione 

como etanol oxidasa, ya que posiblemente sea sensible al oxigeno. Se requerirán más estudios 

sobre las ADHE de las dos algas para establecer si efectivamente la proteína está involucrada 

en la respiración mitocondrial con etanol en el alga incolora. 

La regulación mitocondrial por luz en C. re/nhardtl/ 

Uno de los objetivos de este trabajo consistió en entendAr mejor el efecto de la luz sobre 

la función de la mitocondria en las células fotosintéticas. El metabolismo de los organismos 

fotosintéticos, y en particular el cloroplasto como el primer sitio de la fotosíntesis, ha sido bien 

estudiado. Se ha reportado muchos ejemplos acerca de la regulación por luz, por medio del 

efecto que tiene sobre el estado redox, el metabolismo del cloroplasto y la expresión de los 

genes que codifican proteínas del cloroplasto (Danon y Mayfield, 1994; Allen y cols., 1995b; 
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Pfannschmidt y cols., 1999a,b). No obstante, en los al'los pasados se ha estudiado más el papel 

de las mitocondrias en la célula fotosintética. La mitocondria es vital, no sólo en la obscuridad, 

sino también en la luz, por ejemplo, en la optimización de la fotoslntesis y en el balance del · 

estado redox celular (Articulo VI). En las plantas se sabe relativamente poco acerca de la 

regulación por luz de la respiración y de la biogénesis mitocondrial. Los datos disponibles 

muestran generalmente que el camino respiratorio de la AOX, que no lleva a la produ=ión de 

ATP, aumenta en la luz, mientras que en la obscuridad es más importante el camino clásico de 

los citocromos (Finnegan y cols., 1997; Svensson y Rasmusson, 2001; Articulo VI). Además, se 

habla mostrado que un componente mitocondrial de la fotorrespiración, el complejo de la glicina 

descarboxilasa (GDC), se activa en la luz (Walker y Oliver, 1986; Srinivasan y cols., 1995). 

Las mitocondrias muestran un comportamiento diferente en distintas condiciones de luz: 

en la obscuridad las mitocondrias están más dedicadas a la producción de ATP, mientras que en 

la luz aumentan ia actividad de los caminos no fosforilantes (AOX, fotorrespiración). Ya que 

involucran reductores, estas diferencias funcionales podrían contene:r la clave para los 

mecanismos de la transducción de la ser'la! de la luz. Se propuso que el estado redox es 

importante en la regulación mitocondrial por luz, ya que este parámetro, tanto en el cloroplasto 

como en toda la célula, está afectado por los reductores que se forman durante el proceso 

fotosintético (Articulo VI). 

Hasta la fecha, existen pocos datos concluyentes sobre la regu!ación por luz de la 

función mitocondria! y de la expresión de genes que codifican para proteínas mitoccndriales en 

C. reinhardtií. SP. ha mostrado que luz y/o el acetato aumentan los niveles del RNA mensajero 

del citocromo e (Fehtti y cols., 2000) y que la expresión de los genes ca1 y ca2, que codifican 

para la anhidrasa carbónica mitocondrial, se inducen al aumentar la intensidad de luz (Villand y 

cols., 1997). También, en un régimen alternado de luz/obscuridad, los niveles del RNA 

mensajero del transpuflador de ADP/ATP mitocondrial (CRANT) se encuentran altos en la fase 

de obscuridad y bajos en la fase inicial de luz (Sharpe y Day, 1993). Recientemente, se ha 

publicado un estudio de microarreglos de ADN donde se monitoreó el efecto de varias 

condiciones de cultivo sobre la expresión de genes en C. reinhardtii, incluyendo el crecimiento en 

la obscuridad (Lilly y cols., 2002). En ese trabajo no detectaron mayores diferencias entre el 

crecimiento en la luz· y en la obscuridad para la expresión de los genes que codifican para 

componentes mitocondriales como la subunidad COXlll, la oxidasa alterna, el citocromo b y la 

proteína H del GDC. 

C. reinhardtii se ha usado extensamente como modelo para la fotosíntesis, pero desde 

ese punto de vista es un organismo un poco e:ccéntrico, porque se mantiene verde en la 
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obscuridad. Serla interesante ver si éso tiene implicaciones en la regulación mitocondrial por luz 

en C. reinhardtii y si las respuestas mitocondriales a la luz son comparables con las respuestas 

que se observan en las plantas. En este trabajo se obtuvieron algunos resultados al respecto; se 

incluyen como figuras en la sección de los resultados adicionales. Los datos adicionales de los 

análisis de hibridaciones tipo Northern y Western no fueron consistentes, y por lo tanto no fueron 

incluidos. Aparte de la recomendación de usar la cepa silvestre en lugar de la CW15, también es 

de vital importancia contar con condiciones de luz y temperatura constantes. 

Efecto de la luz y el acetato sobre el crecimiento y la ultraestructura de C. reinhardtii 

La luz tiene un efecto muy importante en el crecimiento de C. reinhardtii. En la luz, el 

alga puede alcanzar altas densidades (hasta 2.5x107 células/mi), independendientemente de la 

cantidad de acetato en el medio de cultivo. En la obscuridad, el crecimiento del alga depende de 

la concentración del acetato (Figura 1, resultados adicionales); a concentraciones menores de 50 

mM de acetato, Ja fuente de carbono se vueive limitante en la obscuridad. Con una 

concentración de 50 mM de acetato (medio H3), el crecimiento en la obscuridad fue comparable 

con ei crecimiento en la luz. A diferencia de las plantas, las células de C. reinhardtii crecidas en 

la obscuridad retienen una parte de la clorofila. Esto puede servir para mantener el cloroplasto 

listo para reiniciar la fotoslntesis rápidamente cuando regresa la luz. Se ha observado que en C. 

reinhardtii, la presencia de acAtato en el medio de cultivo disminuye la participación de la 

fotoslntesis en el metabolismo celular en condiciones de iluminación (Heifetz y cols., 2000) De 

acuerdo con "'"'ºs datos hemos observado que 1:::: intensidad del color verde de las células 

crecidas en el medio H3 (50 mM de acetato) en la luz es considerablemente menor que lo que se 

observa en e! medio TAP (17 mM de acetato). Sin embargo, la luz sf permite al alga crecer hasta 

densidades altas, aún en concentraciones altas de acetato (Figura 1, resultados adicionale.5). 

Además, en la obscuridad las células se mueren mucho más rápidamente después de llegar a la 

densidad máxima del cultivo. 

Las imágenes de microscopia electrónica de células de la cepa CW15 (que carece de 

pared celular), crecidas en la luz y en la obscuridad en el medio TAP y H3 muestran por lo 

menos dos diferencias claras. Primero, en la luz, la alta concentración de acetato y la obscuridad 

disminuyen drásticamente la acumulación de almidón en el cloroplasto igual que en las plantas, 

mientras que el cloroplasto mismo parece estar menos desarrollado. Segundo, la cantidad de 

mitocondrias parece ser más alta en células crecidas a altas concentraciones de acetato, 

especialmente en la obscuridad (Figura .J, resultados adicionales). Entonces, el acetato tiene un 

efecto sobre el tamano y el desarolio del cloroplasto y sobre la acumulación de almidón, y 
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además parece disminuir la capacidad fotosintética. También, la obscuridad aumenta la 

capacidad respiratoria, considerando que la cantidad y en algunos casos, el tamano de las 

mitocondrias es más grande el' la obscuridad, independiente de la concentración de acetato en 

el medio. Todas estas observaciones fueron reproducibles, pero la cuantificación de las 

diferencias en la acumulación de almidón, el estado de desarollo del cloroplasto, y la cantidad de 

mitocondrias en la célula, exhibieron cierta variabilidad experimental. Sin embargo, la tendencia 

observada fué como la que se mencionó anteriormente. 

Los datos obtenidos en la luz y obscuridad con acetato pueden tener que ver con el 

hecho de que se acidifica el medio interno de la célula, ya que a la entrada del ácido acético en 

el citoplasma se disocia por el pH ligeramente básico en el mismo. Esta acidificación podrla tener 

efectos adversos sobre la fotosíntesis. El pH óptimo en el estroma de los cloroplastos para la 

fotosíntesis es de 7.8, y una acidificación del estroma causa la inhibición de la fotosíntesis 

(Heber y cols., 1994). Además, la obscuridad puede causar ciertos niveles de anaerobiosis en 

las células por la falta de generación del oxigeno liberado por el fenómeno fotosintético (Klock y 

Kreuzberg, 1991 ). Condiciones anaeróbicas causan la acidificación del citoplasma (Kurkdjian y 

Guern, 1989), y podrían tener efectos aún más profundos en el metabolismo de C. reinhardtii: 

La luz y el ps. ,-:1 de protefnas mitocondriales en BN-PAGE 

Para aislar las mitocondrias de las células crecidas en la luz y en la obscuridad, se 

utilizó principalmente el medio H3, ya que la cantidad de células qu"l se obtienen con el medio 

TAP en la obscuridad es muy baja. Las mitocondrias puras obtenidas de células de la cepa que 

carece de pared celular (CW15), crecidas en medio H3 en la luz y en la oscuridad, fueron 

solubilizadas con n-dodecil maltósido al 1% y aplicadas a geles BN-PAGE. La segul\da 

dimensión desnaturalizante reveló las subunidades de los complejos, además de otras proteínas 

(Figura K, resultados adicionales). Ya se sabe que la luz influye sobre la cantidad de 

mitocondrias; en BN-PAGE, se analizaron mitocondrias puras, y no la cantidad de estos 

organelos en las células. Se utilizaron cantidades iguales de proteínas mitocondriales para el 

análisis en BN-PAGE (hasta 1000 µg), por lo que las diferencias observadas er. la Figura K 

reflejan diferencias en la composición de las mitocondrias, no en su cantidad. 

Una proteína que presenta una acumulación diferencial en la luz y en la obscuridad es el 

transportador de ADP/ATP (CRANT). En la luz, la cantidad de esta proteína hidrofóbica es mayor 

que en la obscuridad; la explicación más sencilla es que aparentamente, en la luz más ATP está 

siendo exportado de las mitocondrias. Es posible que por la alta concentración de acetato (50 
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mM), una parte importante de la demanda de ATP en el cloroplasto, por ejemplo para la sfntesis 

de aminoácidos, venga de las mitocondrias, ya que se sabe que la fotosfntesis est.a parcialmente 

inhibida en estas condiciones. Para saber el papel del acetato en est.a regulación, se tendrfa que 

analizar por BN-PAGE a las mitocondrias de células crecidas en el medio TAP, en distintas 

condiciones de luz. 

El an.alisis en BN-PAGE reveló otro ejemplo interesante de acumulación diferencial. Se 

trata de un complejo proteico que migra en geles azules arriba del complejo V, con una masa 

molecular grande difícil de estimar. En la segunda dimensión, este complejo de varios miles de 

kDa se resuelve en dos bandas de aproximadamente 80 y 45 kDa. La movilidad electroforética 

de la banda en los geles azules nativos indica que el complejo es multimérico. Por su tamano y 

su composición polipeptfdica, esta proteína probablemente coresponda al complejo de la 

piruvato deshidrogenasa (PDC), con dos de sus tres subunidades mayores, E2 y E1. En la papa, 

las subunidades principales E1, E2 y E3 tienen un peso molecular de 43, 78 y 58 kDa (Millar y 

cols., 1998). Anteriormente se había analizado el PDC en geles azules nativos, usando agarosa 

en lugiE'r de poliacrilamida, para permitir la migración de este complejo de gran tamaflo. Para 

evitar la disociación del PDC. se tuvo que usar baj"s cantidades de sales en las muestras y los 

geles azules (0.05 M en lugar de 0.5 M de ácido aminocaproico), ya que las subunidades del 

complejo PDC no están unidas covalentamente (Henderson y cols .. 2000). Es probable que por 

la concentración de sales usadas al correr los geles azules nativos en es:c trabajo (Apéndice 11), 

una parte del complejo PDC se hoya disociado, dejando unicamente a las subunidades E1 y E2 

unidas. Henderson y_ colegas (2000) reportaron que el co....-1µiejo Pt.JC no entró a ge!es de 

poliacrilamida de 3 o 4%; el complejo PDC completo parece ser demasiado grande como para 

entrar en el gel y por eso no es visible. Sin emba1·go, un subcomplejo de E1 y E2 de varios miles 

de kDa si parece entrár al gel (4% de acrilamida). 

En las mitocondrias aisladas de células de C. reinhardtii crecidas en el medio H3, la PDC 

es más abundante (Figura K. resultados adicionales) y sugiere un mayor nivel de respiración 

mitocondrial en la obscuridad que en la luz. En el medio TAP, la PDC no se detecta en la luz en 

BN-PAGE pero si se encuentra en mayor abundancia en la obscuridad (no mostrado). La 

e><presión de Ja PDC también está aumentada en la obscuridad en mitocondrias de plantas 

(Budde y Randa!, 1990). La pregunta es qué papel tiene la PDC en el metabolismo de acetato; 

en c. reinhardtii, el acetato entra el ciclo de glíoxilato y forma luego fosfato de triosa {Heifetz y 

cols .. 2000): el acetato se convierte en acetil-CoA en el glioxisoma por la acetil-CoA sintasa 

(ACS) (Eastmond y Graham, 2001). Luego, la acetíl-CoA se une con el grioxilato para formar 

malato y después su=inato, en el ciclo de glioxilato. El succinato se importa al interior de la 

mitocondria y se convierte en malato en el ciclo Krebs. 
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para finalmente formar fosfatos de triosa y sacarosa. El malato también puede ser convertido en 

piruvato por la enzima málica de la mitocondria y por la piruvato cinasa a partir de fosfoenol 

piruvato (Eastmond y Graham, 2001). Como la ACS, el PDC también produce acetil-CoA por la 

conversión de piruvato en acetil-CoA, por lo que deberá considerarse también el metabolismo de 

piruvato en relación con el del acetato. 

Los perfiles de las proteínas mitocondriales en la luz y en la obscuridad no presentan 

grandes diferencias en la acumulación de los complejos de la OXPHOS. Es posible que la 

regulación por luz consista en un recambio más veloz de las proteínas, o esté presente a nivel de 

la activación/desact.ivación de los complejos. Existen indicaciones de que en las plantas sucede 

esta segunda posibilidad (Articulo VI). La AOX probablemente esté regulada por la luz a nivel de 

la acumululación de la proteína, pero en nuestro caso, no se obtuvieron resultados consistentes 

acerca de la regulación de la AOX. Los resultados preliminares parecen indicar que la AOX se 

expresa más en la obscuridad y a altas concentraciones de acetato. En las plantas, la AOX se 

expresa más en la luz, especialmente en condiciones fotorrespiratorias (a bajos niveles de 

dióxido de carbono). Seguramente la regulación mitocondrial por luz será investigada más 

profundamente en el futuro. 

Varias proteinas mitocondnales más se expresan en forma diferente en la luz y en la 

obscuridad en C. reinhardtii, pero no han sido todavla identificadas. Lo que es cierto, es que la 

luz tiene efer.tos importantes sobre las mitocondrias del alga verde, lo que confirma la 

participación activa cie estos organelos en la fotoslntesis. En general, las condiciones 

experimentales modifican la expresión de las proteínas y que por lo tanto se convierten en una 

herramienta poderosa para entender como las células de C. reinhardtii y Po/ytomella sp. 

controlan su metabolismo. 

Perspectivas 

En el caso de C. reinhardtii, la disponibilidad de la secuencia de nucleótidos del genoma 

nuclear, asl como la base de datos de los cDNAs (ChlamyEST), permitirá eventualmente el 

análisis y la validación de las secuencias de todos los genes. El primer análisis de microarreglos, 

usando clonas de cDNA conocidas, fue publicado recientemente (Lilly y cols., 2002). Sin duda, 

esta metodologla facilitará la disección del metabolismo de C. reinhardtii y la organización y 

función del sistema genético y bioqulmico. Sin embargo, el análisis bioquímico es indispensable 

para evaluar la estructura, función e interacción de los productos de los genes. En esta tesis se 

han reportado principalmente datos bioqulmicos que proporcionan una base descriptiva para 
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continuar con los estudios de la regulación mitocondrial asl como de la biogénesis y de la 

estructura mitocondri1".' en las algas. La presencia de protelnas 'misteriosas' como la ADHE y la 

MASAP demuestra que las mitocondrias de las algas no sólo exhiben caracterlsticas 

extraordinarias, sino también hace posible que se identifiquen otras funciones no contempladas 

previamente. Se sugiere que las mitocondrias pueden evolucionar para ampliar sus funciones, 

por ejemplo por la transferencia lateral de genes de otros organismos. Un mejor conocimiento de 

la composición, función y regulación mitocondrial podrla explicar las razones bioqulmicas y 

fisiológicas por las cuales las algas pierden, adquieren, o retienen ciertas funciones en sus 

mitocondrias. Segur<!llmente, el alga verde y su 'prima cercana' heterotrófica nos dan una buena 

oportunidad de estudiar en un mismo marco metabólico los beneficios de la fotoslntesis y las 

adapciones en la ausencia de la misma. 
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Las secuencias obtenidas en este trabajo se depositaron en la ba•• de datos 
OCBJ/GenBank Tll/EBI Data Bank con los siguientes números de acceso: 

Apéndice 1 

AF411119 
AF411921 
AJ441255 
AF245393 
AJ417788 
AJ320239 
AJ495765 

- secuencia de traducción (cDNA) del gen atp6 de C. reinharcltii 
- secuencia genómica del gen atp6 de C. reinharcltii 
- secuencia de tradu=ión (cDNA) del gen masap de C. reinharcltii 
- secuencia de traducción (cDNA) del gen cyc1 de C. reinhardtii 
- secuencia genómica del gen cyc1 de C. reinharcltii 
- secuencia genómica del gen isp de C. reinharcltii 
- secuencia de traducción (cDNA) del gen bt-aad de Polytomella sp. 

Otras secuencias obtenidas a partir de la base de datos ChlamyEST: 

- Los contigs son secuencias ensambladas a partir de las secuencias de ChlamyEST, obtenidas 
en el sitio de la red con Ja dirección (www.biology.duke.edu/chlamy genome/cgp.html). 

- El aminoácido que marca el inicio de la secuencia amino terminal está en grueso y subrayado, 
el asterisco indica el codón de término. 

- Los pesos moleculares mencionados ariba de cada secuencia se refieren los mencionados en 
el artículo 1 

- Para obtener secuencias a partir de los numeras de contig, se puede ir al sitio 

http://www.biology.duke.edu/chlamy genome/search.html, 

seleccione la catego¡fa 'ACEs'. ent:-e el número de contig y oprima 'Search'. 

Complejo 1 

Subunidad de 51 kOa, contig 20021010.2731.1 

51 kDa 
MQRTGGLVSQLAGAQLTGALQELKTGVLRAFSTAAPAJ\GAPPPPPPPPAKTSFGGLKDEDRIFQNIYGRHDLSIKGAMS 
RGOWYMTKEIIGKGRDWIIDQMKKSGLRGRGGAGFPSGLKWSFMPKASDSRPIYLVVNGDESEPGTCKDREIMRHEPHK 
LVEGCLMAGVAMGARAGYIYIRGEFVQERRAVERAISEAYAKGFLGKNACGSGVOFDLMVHYGAGAYICGEETALIESL 
EGKQGKPRLKPPFPAGVGLYGCPTTVTNVETVAVSPTILRRGPEWFSSFGRKNNAGTKLFCISGHVNRPVTVEEEMSIP 
LKELIERHAGGVRGGWDNLLAIIPGGSSVPLLPKKICDGVLMOFDALKEAQSGLGTAAVIVMDKSTDVIDAIARLSYFY 
KHESCGQCTPCREGTGWLYOIMTRMKKGDARLEEIOMLWEITKQIEGHTICALGOAAAWPVQGLIRHFRGEMEERIKSA 
GGKKKLAATA* 

Subunid.ad desconocida, contig 20021010.2648.1 

.29 kDa 
MLKRVGQSLVPFARAGLTQTAESFRGVSSQFFDAPNGPSVKQVLIEOEWYNRQRSIFPLLDKEPYYPVDVFVAPNAVVC 
GDVOIYGGASVFFGAVLRGOLNKIRLGNRSAILDRAVVHAARAVPTGLNAATLIGEKVTVEPYAVLRSCRVEPKVIIGA 
RSVVCEGAVVESESILAPNSVVPPARRIPSGELWGGSPAKFIRKLTOHERDRVLDDVSTHYHNLATMFRREALEPGTGW 
RDVEAWRQKLVOQGEFQWINSREQKYLMPPAARGPRRLEKLTH* 
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Apéndice 1 

Subunidad de 24 kDa, contig 20021010.5518.3 

28 kOa 
MLSRALLLAGRLAATGQQQAASTSSRAVQPLGSLLQRCNFATNSTDIFNIHKDT?ENNAATSFEFSEATLKVVNDIIAR 
YPPNYKQSAIIPVLDVTQQENGGWLSLAAMNRVAKLLDMAPIRVYEVATFYTMFNRTKIGKYHVQICGTTPCRLQGSQK 
IEEAITKHLGIGIGQTTQDGLFTLGEMECMGACVNAPMVAIADYTKGVSGFEYIYYEDLTPKDIVNILDTil<KGGKPKP 
GSQYRLKAEPAGAVHGGEKWVPKDGETTLTGAPRAPYCROLNATA• 

Complejo 111 

Proteína estructural 1 (subunidad beta de la peptidasa procesadora mitocondrial), contig 
20021010.2906.1 

53 kOa 
MRSLKQILRIGEASSLGLRAFGSAAKDVVATDANPFLRFSNPRPSPIOHTPLLSTLPETRITTLPNGLRVATEAIPFAE 
TTTLGIWINSGSRFETDANNGVAHFLEHILFKGTKNRSVKELEVEVENMGGQLNAYTGREQTCYYAKVMGKOVGKAVNI 
LSDILLNSNLDARAIDKERDVILREMEEVNKQTSELVFDHLHATAFQYSPLGRTILGPVENIKSINRDQLVEYMKTHYR 
GPRMVLAAAGAVNHDELVKLASDAFGSVPDEDAATSVRSLLVKEPSRFTGSYVHDRFPDASECCMAVAFKGASWTDPDS 
IPLMVMQTMLGGWDKNSTVGKHSSSALVQTVATEGLADAFMAFNTNYHDTGLFGVYGVTDRDRSEDFAYAIMSNLTRMC 
FEVRDADVARAKNQLKASLMFFQDSTHHVAESIGRELLVYGRRIPKAEMFARIDAVDANAIRAVADRFIYDQDMAVASA 
GDVQFVPDYNWFRRRSYW~RY* 

Proteína estructural 11 (subunidad alfa de la peptidasa procesadora mitocondrial), contig 
20021010.3079.1 

48 kDa 
MLGS'STsQLAPAMVRnIASSAAASTAAPVLAAKSGGLLASVFGMGGGRVEVPLSEKLPAVTEPPRTSTPATKPIVQTSS 
LP.SGVK\tASINTVSPISS!..VLFVEGGAAAETPATAGASKVLBVAAFKATANRSTFRLTRZLEKIGJ;.TSFAFc.AGRDHVAF 
GVDATRLNQLEALEILADAVVNARYTYWEVRDSLOAVKEQLAAQLRNPLTAVNEVLHRTAFEGGLGHSLVVDPSVVDGF · 
TNETLKEYVHSIMAPSRVVLAASGVDHP.ELTAI.ATPLLNLHGNAHPAPQSRYVGGAMNIIAPTSSLTYVGLAFEAKGGA 
GDIKSSAAASVVKALLDEARPTMPYQRKEHEVFTSVNPFAFAYKGTGLVGVVASGAPGKAGKVVDALTAKVQSLAKGVT 
CVQLATAKNMALGELRASVAT~PGLA;AGGGLQRAGDGQVQRERGGGGAVGPDGGGRDQLRERH~*· -

Complejo IV 

Subunidad COXVlb, contig 20021010.4777.1 

16 kDa 
MGLFNYFVARADAEVVEEEHAPPPPPPPPKKSSRKPTLESLSADELEELKNEVVSEVVDKIAGEDGTKLADFLEPELIT 
APYDPRFPNRNQARHCFVRFNEYYKCLYERGEE.HPRCQFYQKAYQSLCPSEWVESWQELREKGLWTGKY• 

Subunidad COXVb, contig 20021010.5550.2 

13 kDa 
MNRLGALSGLLARJ\ARTCSRRWATAASGVPAELSAVGIVGQEFAAQARSLHTSLTTCQGAPAEAKPSALSAEPPRKYRP 
LGDKELWHEAWMYEDKFQTEEDPIIVPSLEAERIIGVTDPEDETLVVWGILKDGEPPRQFVENGEFYVLKHVEYIKKVG 
OVLEAIEGGADKAKIAK* ' 

Subuni::!ad COXVla, contig 20021010.1171.2 

12 kDa :· . _ . 
MQALRRAVSTAMPGFRRASTTAGETIDKYWAPYFPKPAVTADEAKKSVNKEMVGFMLLGPVGVAFMLYDFAVGLEEEHH 
VTIPPYPWMRIRRLPGMPWGQDGLFEGHPRVATTWPPEEGAADSHH• 
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Apéndice 1 

Subunidad COXVllc, contig 20021010.7901.1 

9 kDa 
MSSAi:RRLSQQAPRLTRr-!-RTGNVTKGGAEKYSHEEVVYGDGHHGLRKGYTYDFEHGPHYLQPEKIPNFWSKFYAGTGA 
LYAVGLGVPLFAVWWQQSKLKA• -

Complejo V 

Subunidad del complejo V desconocida, contig 20021010.1861.2 

45 kDa 
MRSAAVRVLGAQWAGVGAQEAGSRAARAFATATFVPGVSGDASGVVSAVDALMSHDSAATGKDVADAAVALAYLGTRGN 
RRVWGKVLEKAASTPLDGPSLANLSWALSAANVDHTRTLAELAGPLAASLKSLSPAQVSFAVEAVGKSGAADVELFAA 
VTELAAARTADFKAADLARLLWGFGAAGVQDGKLVKAASAGLVAKAAELGGREAAQALWGLAALRRVPDAALAGALTKA 
LKAGVEAPADAAAAAWALATLAVKADAGTVKALADKAKAGVADLSAAQAVQGGWGLAMLGDKDGAAALLGAAAAAVQKD 
PTSLSPSALALLHAGAVVSGAGLPNPVSDFAAKGFGLAVEHGRHSRRSAAAAFHAKLAEAVAYANGARHRPDVASKVAS 
FVSSGPDGSTLDVVVPADANTKLAVLGVEAEALASNGAVLGGSLAAARVREAQGFKVAVVPQTEFPTGAPLKQRAAAVL 
GAIKKAVPGLSAMADKLSREL* 

Subunidad del complejo V desconocida, contig 20021010.1014.1 

38 kDa 
MLRKGAQAVLQAERAGPQQTCAAAQTAFTRQFGAPAGSHDHPTTPLSPIMPGIVAIPRQVISTAASLTGKAVAGAATSS 
TIRDLVTSFAEKAIISESIVKVDEVDVPFWAyWLSTAGYNSPAGFKKFAEAVKPKVAGLEPQQVTDLVVAFHKVNYFDK 
DLFAAVAANISANFTKYETEQLLQVLSAFVEFGFYDATAYDDIADSITYCNHYLAPVRACPSQLASAFAAFAKYEHERG 
DLFVALARGFSELSLAKLGAEERKGTVLKALRAFHRFNFWPDATEALLHAAKGLEGSLSADEAKEVEKYQKLLEDAAGG 
EFKVFKEGDDVOGVHWYGffHTQAPTGYSLYVFREALVPKQYSPASMRPIK* 

Subunidad del comple)oV desconocida, contig_20021010.8373.1 

35 kDa 
MA'"""SGLLRSLGVLSRNCAGSVQEGAVRAFATGAAPSKKDVLYNLSNPDPDAEASVKAYLTSLYKGAKLEPTTADDSLELT 
!J~IEKKYKAAP.IVEYGLQTISVPLGYSKS°DLAPVKP.YAAELP.SLAJ<QAGFEDPP..TEVSKRI.GATAATAOSVKELLSKNQ 
SLMSADLYAALSE~VQQVENATNATLTLD~ASPAYKQFAJU<VEAIAKAHGIPAKLLVDVK..~GAADEATSOALAKEYARW 

QQHAAVKDAIAELEALKAEATAVLDKHLGKTAEQVRSEQA.AVLAAAIKKA.EAAKGAPWAAAFLEOVKKVQWFOACVAEN 
PA\TGPKVTA* . . 

Subunidad gama, contig 20021010.5435.1 

31 kDa 
MALRNAASFLGKSLAGAAELGFSAAKTAGGEALTNAFVTDGVRHASNQAVKQRIRAIKNIGKITKAMKMVAASKMKNAQ 
VAVEQSRGIVNPFVRLFGDFPAIEGKQNITVAVSSDRGLCGGLNSNIAKYTRALLKMDPTTSETTKLVSIGDKGRSQLM 
RTNGEMFTHTFSF.TYKVRVTFAQASLIAEDLLKSNPEAVKILFNKFRSAISFKPTLATILTPETLEKQLTEPSGNRLDA 
YEIEASHERSDVLRDLAEFQLAATLYNAMLENNCSEHASRMSAMENSTKSAGEMLGKLTLEYNRKRQATITTELIEIIA 
GASALMDA* 

Subunidad delta o subunidad que confiere sensibilidad a la oligomicina (OSCP) (Oligomycin 
sensitivity conferral protein), contig 20021010.9342.1 

24 kDa 
MLARAACLLARSAEOAQLPQIMVRTFAAAAAAKTAPKAEMKLPVAPLQLSGTSGAIATLAWQVAAKENVLAKVQDELYQ" 
LVEVFKSHPEIRRLATOPFLPDAFRRKVVRDMFATKDVTEVTKRLVEALAEENSLSAIVQVTLAYEELMLAHKKEVHCT 
VVTAQPLDDAERAVFTKQ~QAFVDPGFKLVMKEKVDRKLLGGFVLEFEDRLVDMSQAKKLEEFNNLVPKLENDLK• 

Subunidad del complejo V desconocida, contig 20021010.2291.1 

19 kDa 
MQRST'ELVGAFQRAGAP.LASPAASRQLSTLVEKFTFGSAADGPTASLGSNVKLTVKGSGKGVDVSVSAGAGSAKVSYAP 
SDLRKVAASSLVLQDVSRISTAHSAriiNYLLTLTHERYSVLA~WPDFTKAYGKDYYYRAHPDDLRKFYSMVDEFHRMWD 
VVTEFGSLSGLASQLVPGYRVRRHNTVHPALGPATADGAVVQFLLAHA.K* 
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1. 20 ELECTROFORESIS EN GELES NATIVOS AZULES (BN-PAGE) 

Los geles nativos azules se pueden correr en casi cualquier cámara de electroforesis 
para proteínas. Las condiciones para preparar y correr la muestra dependen del tipo de 
organismo, y si se utilizan proteínas solubles u organelos enteros. Para analizar las mitocondrias 
de las algas unicelulares, se tiene que cargar una cantidad grande de material (alrededor de 1 
mg de proteínas), lo que puede a veces resultar en Ja precipitación de las proteínas en el pozo 
del gel. Para mejorar la resolución de las mitocondrias del alga fotosintética, las muestras se 
aplicaron frescas o guardadas en hielo durante unos cuantos dlas. No se recomienda congelar 
las mitocondrias intactas ni las mitocondrias ya solubilizadas, pues la resolución electroforética 
ya no es óptima. Los geles se pueden preparar un dla antes de correr las muestras, protegidos 
en papel plástico (Ega-Pack) y guardados a 4ºC. 

1.1. Gradiente para geles azul- nativos 

Para cámaras de electroforesis GibcoBRL Vertical (Vl6) (1.5 mm de espesor) 

40.5 % acrilamida* 
1.5 % bis-acrilamida 
amortiguador para el gel 3x 
glicerol 80% 
agua destilada 
TEMED 
persult::ito de amonio (10 %) 
En el formador de grac¡1ientes 

Acrilamida (H%) 
10°/o 12°/o 15% 

3.8 mi 4.6 mi 5. 7 mi 
6.2 mi 
4.73ml 

3.8 mi 3.04 mi 1.9 mi 
18 µI 
50 µI 

16.5 mi 

AcriJamida (L %) 
5% 8% 

1.9 mi 3.07 mi 
6.2ml 
1.2ml 

9.2 mi 8.1 mi 
18 µI 
50µ1 

16.5 mi 

Para cámaras de electroforesis BioRad Mini Protean 11 o Hoefer Mighty Small (1. 5 mm de 
espesor) 

48.5 % acrilamida* 
1.5 % bis-acrilamida 
amortiguador 3x 
glicerol 80% 
agua distilada 
TEMED 
APS (10 %) 
En el formador de gr,,.-:'ientes 

Acrilamida (H%) 
10% 12% 15% 

O. 72 mi 0.87 mi 1.08 mi 
1.17 mi 
1.0ml 

0.6 mi 0.44 mi 0.23 mi 
6 µI 

18 f,.!) 
3.Sml 

• La solución de acrilamida 48.5 o/o puede cristalizar a 4ºC. 

Acrilamida (L%) 
5% 8% 

0.36 mi 0.58 mi 
1.17 mi 
0.25ml 

1.7 mi 1.5 mi 
6 µJ 

18 µJ 
3.Sml 

gel con
centrador 

4% 

o.so mi 
2.0ml 

3.44ml 
9 µI 

32 µI 

gel con
centrador 

4°/o 

0.25ml 
1.0ml 

1.75ml 
6 µI 
18 f,.!) 

El gradiente de acrilamida se debe ajustar al tamal'lo de las protelnas o complejos 
proteicos que se desean estudiar. En el caso de los complejos proteicos de más de 100-kDa, se 
recomienda usar un gradiente de poliacrilamida del 5 al 12 %, mientras que un gradiente del 6 al 
18 º/o es más adecuado para proteínas en el rango de 20 a 500 kDa. Alternativamente, también 
pueden utilizarse geles de una sola concentración (12 o 15%). 
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Preferentemente, usar un formador de gradientes con dos cilindros separados. El gel 
concentrador pude ser pequeno: 0.5 cm abajo de los pozos en el caso de los geles chicos y 1.0 
cm para los geles grandes. Es preferible colocar el gel concentrador imediatamente sobre el gel 
de separación sin esperar que este último polimerice; esto asegura una corrida constante. 

PREPARACIÓN DEL GEL 

Preparar las soluciones para el gel de separación y para el gel concentrador en 
presencia del TEMED. El APS se agrega después. 
Poner el formador de gradientes sobre un agitador magnético arriba de una plataforma 
ajustable (Jiffy Jack), la salida del formador de gradientes debe estar al menos 20 cm por 
arriba de las placas de vidrio. 
Cerrar las dos válvulas del formador de gradientes antes de agregar las soluciones. Para 
facilitar el flujo de las soluciones, conectar un jeringa al tubo de salida. 
Agregar la solución de alta concentración de acrilamida (H%) en el cilindro más cercano 
a la salida y poner una mosca magnética. 
Agregar el APS a la solución de baja concentración en acrilamida (L %), mezclar, y 
agregar en el otro cilindro del formador de gradientes. De aqul en adelante debe 
trabajarse rápidamente, para preparar el gradiente del gel antes de que cualquiera de las 
soluciones polimerice en el formador de gradientes o en la tuberla. 
Agregar el APS a la solución de alta concentración de acrilamida, y mezclar fuertemente 
con la mosca 
Bajar la velocidad de la mosca (mezclar fuertemente impide el flujo de la solución de 
baja concentración en la solución de alta concentración de acrilamida). 
Abrir la válvula entre loo:; dos ciiindros. 
Remover las burbujas de aire atrapadas entre los cilindros. 
Abrir la válvula de salida y succionar el liquido con la jeringa con mucho cuidado, hasta 
que el liquido !•egue cerca de la punta de la jeringa. 
Retirar la jeringa del cilindro de salida y poner el tubo imediatamente entre los vidrios. 
Asegurarse que los nivel úe las soluciones (en los dos cilindros) bajen a la misma 
velocidad. Bajar la velocidad de la moeca si necesario. 
En caso de agreg;o:; :a solución del gel concentrador imediatamente: agregar e! APS a la 
solución y colocarla con cuidéldo sobre el gel de separación. Poner el peine. 
Nota: si no se quiere agregar el gel concentrador de inmediato, poner un poco de agua 
arriba del gel de separación. Una vez que el gel ha polimerizado, quitar el agua y 
agregar la solución para el gel concentrador y poner el peine. 

Lavar de inmediato el formador de gradientes, antes de que polimericen los residuos de las 
soluciones y tapen la tuberla. 
Remover con mucho cuidado el peine del gel sin danar los pozos. 
Quitar el agua de polimerización sacudiendo las placas. Limpiar los vidrios con papel 
absorbente. 
Si el gel no se va a usar imediatemente, dejar el peine, envolver en papel plástico (Ega
Pack) y guardar a 4ºC. 

SOLUCIONES 

Nota: En cada amortii;;uador, se puede cambiar el Bis-Tris por lmidazol (agregando solamente la 
mitad de la concentración). 
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Amortiguador de geles 3x C100 mi) 
ácido amino-caproico 
Bis-Tris (MW=209.2) / lmidazol 

Ajustar el pH a 7.0 con HCI 

Amortiguador del cátodo <superior> 1 C1 L) 

Tricina 
Bis-Tris I lmidazol 
Azul de Coomassie Serva G 

Amortiguador del cátodo (superior) 2 (1 L) 

Tricina 
Bis-Tris I lmidazol 
Azul de Coomassie Serva G 

Amortiguador del anódo (inferior) (1 Ll 

Bis-Tris/ lmidazol 

Ajustar el pH 7.0 con HCI 

1.5 
. 150/ 75 

50 
15 /7.5 

0.02 

50 
15 / 7.5 

0.002 

50/25 

M 
mM 

mM 
• mM 

% 

mM 
mM 

o/o 

mM 

19.68 g 
3.14 / 0.51 

8.96 
3.14 / 0.51 
200 

8.96 
3.14 / 0.51 

20 

10.46/ 1.7 

g 

g 
g 
mg 

g 
g 
mg 

g 

Para prevenir .la agregación del azul del Coomassie Serva G que a su vez conducirla a la 
agregación de las proteínas, es importante evitar la presencia de iones bivalentes en los 
amortiguadores. La solubilidad del azul de Coomassie es critica; no debe haber precipitados. 

Preferentemente usar el Coomassie Serva Blue G; el Coomassie Blue 250R or G de otra 
marca (como Sigma, por ejemplo¡ sóio se puede usar si ha demostrado ser completamente 
soluble en el amoriguador del cátodo. 

1.2. Preparación de la muestra 

Para BN-PAGE, las mitocondrias de las algas unicelulares se solubilizan con n-dodecil
J3-D-maltósido durantp. 30 min en hielo. Para eliminar el material no solubilizado, se 
ultracentrifugan las muestras. El azul de Coomassie se agrega después para proporcionarle una 
carga negativa a las protelnas. Eso aumenta la movilidad electroforética y permite una mejor 
separación de las proteínas en comparación con otros geles nativos. 

Las protelnas solubles se preparan para BN-PAGE agregando directamente el mismo 
detergente a una concentración final del 1%. Considerando que una relación fija (4:1} entre la 
cantidad de detergente y de Azul de Coomassie, se tendrá que agragar a la muestra de 
protelnas solubles el Azul de Coomassie correspondiente. 

1.2.1 _ Mitocondrias y fracciones membranales 

Como se mencionó anterioremente, los mejores resultados se obtuvieron con muestras 
preparadas imediatamente antes de cargarlas en el gel. 

Los pasos para preparar las mitocondrias para Gel Azul Nativo son los siguientes: 
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Centrifugar las mitocondrias at 4 ªC (durante 5 min a la máxima velocidad en una 
microcentrffuga de mesa). Resuspender la pastilla en amortiguador de lavado, volver a 
centrifugar 5 min y remover el sobrenadante. 
Resuspender las mitocondrias en el amortiguador para muestra. Por cada mg de 
protelnas mitocondriales, el volumen final será de - 200 µl. Para calcular el volumen del 
amortiguador de muestra que debe agregarse en la resuspensión, tomar en cuenta el 
volumen de la pastilla y los volúmenes de dodecil-maltósido y de amortiguador con 
Coomassie que se agregarán posteriormente. Por ejemplo: una pastilla de 1 mg de 
protelnas mitocondriales es de aproximadamente 25 µI, como el lauril-maltósido se 
agregará a una concentración final de 1% a partir de una solución al 10% (20 µI); la 
cantidad de colorante que se debe agregar representa l4 de la cantidad de detergente, 
por lo que se agregarán 10 µI de una solución de azul de Coomassie al 5°/o. Finalmente, 
se tendrán que agregar 145 µI de amortiguador de muestra {200 - (25+20+10)}. A'Sf, el 
volumen total de la muestra será de 200 µl. 
Agregar el lauril-maltósido a la muestra y solubilizar invirtiendo el tubo y agitándolo en el 
Vórtex suavemente. A menos que haya material insoluble como almidón, la muestra 
deberla volverse completamente transparente. Si esto no sucede, como se observa con 
frecuencia con pastillas de membranas mitocondriales, se tendrá que resuspender la 
solución con una pipeta, dejándola más tiempo en hielo y/o agregando más detergente. 
En general 2 g de lauril-maltósido I g proteína son suficientes para lograr una buena 
solubilización, pero en ocasiones se requiere más detergente. En el caso de las 
mitocondrias de Po/ytomel/a sp. se requieren hasta 4 g de detergente/g de proteína (ver 
la figura que se muestra más adelante). 
Ultracentrifugar a 100,000 x g a 4 ªC, 20 min (33,000 rpm en el rotor 50Ti) 
Agregar el amortiguador con Coomassie Serva Blue G al sobrenaclante y mezclar por 
inversión. Guardar en hielo. 

Nota· el volumen después de I~ ultracentrifUgaci6n puede bajar un poco debido al 
vacío. 

1.2.2. Proteínas solubles 

Para cargar fracciones solubles con un alto contenido de proteínas se pueae 
usar la solución "well mix HB" (vea abajo). Para cargar fracciones solubles con 
un cor.ienido en proteínas bajo se usará la solución "well mix LB'" (vea abajo). 
Correr con bajas cantidades de azul de Coomassie, ayudará en ver mejor las 
proteínas de baja masa molecular. 

SOLUCIONES 

Amortiguador de lavado (100 mi> 

sorbitol (MW= 182.4) 
Bis-Tris/ lmidazol 

Ajustar el pH a 7.0 con HCI 

Aamortiguador de muestra (50 mi) 

ácido amino-caproico 
Bis-Tris/ lmidazol 

Ajustar el pH a 7.0 con HCI 
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Solución de dodecil-maltósido 10% C1 mi) 

Dodecil-maltósido 10 

Disolver en 1 mi H 2 0 

Solución de Coomassie Serva Blue G 1 mi 

Azul de Coomassie Serva G 5 

Disolver en 1 mi de amortiguador de muestra 

Mezcla para los pozos 1 mi 

HB: amortiguador de muestra 
Dodecil-maltósido 10% 
solución de Coomassie Serva G 

LB: amortiguador de muestra 
Dodecil-maltósido 1 0% 
solución de Coomassie Serva G 

1.3. C•orgado y corrida del gel 

% 100 

50 

850 
100 
50 

985 
10 
5 

mg 

mg 

µI 
µI 
µI 

µI 
µI 
µI 

La electroforesis se corre en general a 4ºC. por lo cual es importante asegurarse 
de que todos los amortiguadores estén equilibraaos a esa temperatura. Armar la cámara 
y las placas y dejar enfriar (4ºC). 

Para facilitar el cargado da las muestras, agregar el amortiguador da! cátodc 
solamente en los pozos. Si se cargan muestras con el "well mix" LB, es preferible llenar 
los pozos con el amortiguador del cátodo sin azul de Coomassie, ya que con el HB no se 
puede ver la muestra entrando el pozo. Es conveniente usar puntas largas de 200 µI 
(para geles de secuencia). 

Si algunos pozos del gel se quedan sin muestra, llenarlos de "well mix", para 
tener una corrida homogénea. 

Correr el gel a amperaje constante 15 mA (gel chico) o 25 mA (gel grande). No 
es necesario precorrer el gel. 

La corrida dura approximadamente entre 1 a 1.5 horas para los sistemas chicos 
y hasta 5 horas para los sistemas grandes. Para mejorar la visibilidad de los complejos 
proteicos, es recomendable cambiar el amortiguador del cátodo después de 1 /3 de la 
corrida por el mismo amortiguador pero conteniendo únicamente 1/10 de Azul de 
Coomassie Serva G (amortiguador del cátodo 11). Correr hasta que el frente azul llegue a 
salir del gel o hasta que se halla logrado la separación deseada. 

Las protelnas o los complejos proteicos deberla verse como bandas bien 
definidas. 
Puede haber proteínas en el frente de corrida azul. 
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Ejemplo de BN-PAGE 

750k0a 
600k0a 
500k0a 

Complex IV 200 kDa 

Comple>e 11 130 kDa 

1,3,5,7: Mitocondrias enteras de Polytomella sp. (2% dodecil-maltósido) 
2,4,6,8: Mitocondrias enteras de bovino (1% dodecil-maltósido) 

1.4. Gelos de segunda dimensión SDS-PAGE 

La segunda dimensión desnatur'31liza los complejos de la primera dimensión y separa las 
subunidades de !os complejos de acuerdo con su tamaflo. Un carril entero de ia primera 
dimensión se pone horizontalmente arriba de un gel desnaturaiizante y se corre normalmente. 

Par,. los geles 20, hay dos métodos disponibles: el gel desnaturalizante tipo La .. mmli 
(Laemmli, 1970) que usa glicina, ar un gel conocido como gel de Schagger y ven Jagow (1987), 
que usa tricina en lugar de glicina. Los geles con tricina permiten una resolución de banda;; 
definidas y una mejor separación de las proteínas pequel'las, mientras que los geles tipo 
Laemmli son más adecuados para resolver proteínas de mayor masa molecular. 

Recomendaciones Prácticas: 

Cortar un carril de un gel azul nativo e incubarlo por 30 min en amortiguador del cátodo 
(1x) con SOS al 1 % y (3-mercaptoetanol al 1% en agitación constante. 
Lavar el car~il con el amortiguador del cátodo (5 x 1 min) para eliminar el (3-
mercaptoetanol residual, cuya presencia podría inhibir la polimerización de la acrilamida. 
Pon .. r el carril arriba del vidrio más pequeno y ensamblar las placas. Alternativamente, 
ensamblar el •sandwir.h' de piar.as sin apretar. insertar el gel de la primera dimensión 
er.tre !os vidrios y por fin apretar y poner el sandwich verticalmente. 
Poner la solución para el gel separador escurriéndolo a un lado del gel de la primera 
dimensión, manteniendo el sandwich de placas inclinado para no atrapar burbujas de 
aire. Usar un gel concentrador de 2 cm de alto para geles grandes y de 1 cm para geles 
chicos. 
Correr el gel ·a 50 V hasta que el frente azul haya penetrado el gel concentrador y 
después aumentar a 100 V. 
Tenir el gel con azul de Coomassie (R250) o con plata. 
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En lugar del análisis de segunda dimensión de un gel de primera dimensión entero. se 
pueden analizar complejos especificas resueltos por geles azules. Para esto. se corta el pedazo 
de gel que contiene el complejo de interés. El pedazo de gel se pone horizontalemente arriba de 
un gel desnaturalizante; si se requiere un gran cantidad de subunidad (para Eecuenciación por 
ejemplo), se pueden apilar los pedazos en el pozo. Es posible hacer pilas de hasta 2 cm, si se 
usan gel tipo Laemmli para resolver las protelnas. 

1.4.1. Geles de tricina-SOS-PAGE 

48.5 o/o acrilamida 
1.5 °/o bis-acrilamida 
Amortiguador del gel 3x 
glicerol 80% 
agua distilada 
TEMED 
APS (10 %) 

SOLUCIONES 

Geles grandes 

Acrilamida (mi) 
10% 12% 15% 
7.4 8.9 11.1 

12.0 
7.2 

9.4 7.9 5.7 
25 µI 

150 µI 
36ml 

Solución madre de acrilamida (100 mi) 

Acrilamida 48.5% 
Bis-acrilamida 1.5 % 

Amortiguador 11ara el gel 3 >< {100 mil 

Tris 3M 
sos 0.3% 

Stacking 
(mi) (4%) 

1.0 

4.0 

7.0 
25 µI 

100 µI 
12 mi 

48.5 
1.5 

36.33 
0.3 

Minigeles 

Acrilamida (mi) 
10°/o 12%, 15% 
1.9 2.2 2.8 

3.0 
1.8 

2.3 2.0 1.7 
6 µI 

40 µI 
9ml 

g 
g 

g 
g 

Stacking 
(mi) (4%) 

0.25 

1.0 

1.75 
6 µI 

20 µI 
3ml 

Oisohi:er en 95 mi de agua destilada 
Ajustar el pH a 8.45 con HCI. El HCI ayuda la disolución. 

Amortiguador del cátodo {1 O x> (500 mi) 

Tris 
Tricina 
sos 

M 
M 
% 

No es necesario ajustar el pH 
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Amortiguador del ánodo (1 O xl CSOO mi) 

Tris 1M 

Ajustar el pH a 8.9 con HCI 

1.4.2. Geles de glicina-SDS-PAGE 

Geles grandes 

Acrilamida 
10% 12% 14% 

30 % acrilamida 12.0 14.4 16.8 
0.8 % bis-acrilamida 
Tris 3 M pH 8.8 4.5 
Tris 0.5 M pH 6.8 
SDS20% 100 µI 
Agua destilada 19.5 17.1 14.7 
TEMED 25 µI 
APS (10 %) 150 µI 

36ml 

SOLUCIONES 

Solución madre de acrilamida (100 mi) 

Acrilamida 
Bis-acrilamida 

30.0% 
0.8% 

60.57 g 

Stacking 
(4%) 
1.6 

3.0 

7.4 
25 µI 

100 f.JI 
12 mi 

30.0 
0.8 

10% 
3.0 

4.8 

g 
g 

Minigeles 

Acrilamida Stacklng 
12% 14% (4%) 
3.6 4.2 0.4 

1.13 
0.75 

25 µI 
4.2 3.6 1.85 
6 µI 6 µI 

40 µI 20 HI 
9ml 3ml 

Los amortiguadores son los reportados por Laemmli (Laemmli, 1970) 
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2. SOBRE-EXPRESIÓN Y PURIFICACIÓN DE PROTEINAS CON &X HIS-TAGS 

Para la sobre-expresión de protelnas con 6x His-tags en Escherichia coli y su 
purificación, se usó el protocolo descrito en la quinta edición del QIAexpressionist de Qiagen. 

2.1. ConatrucClón de pl6amldoa y •ob-xprealon de proteln•• 

En ese trabajo, los vectores de sobre-expresión (OE) usados fueron los vectores p0E30 y 
pQE60 que tienen la extensión de histidinas 6x en el extremo N-terrninal y e-terminal, 
respectivamente. Se siguen los siguientes pasos: 

Escoger dos enzimas de restricción que no corten en el gen que se quiere clonar pero 
que corten en el MCS (multiple cloning site) del vector de OE. Esto para asegurar la 
inserción unidireccional en el plásmido. 
Disenar cebadores que incluyan los sitios de restricción requeridos (ver el ejemplo más 
adelante), amplificar el gen por PCR, cortar el gen con las enzimas escogidas, y clonar el 
DNA en el vector OE cortado con las mismas enzimas. 

Un ejemplo de diseno de los oligodesoxinucleótidos: 

Oligo forward (sentido): 

Oligo reverse (contrasentido): 

5. -GAC GAGCTC 
OH sitio Sacl 

CTG CTG TCG CCG CGC AC-3º 
cebador 

5º-CTG AAGCTT GGG CAG CTG GCT GGC GC-3º 
-OH sitio H/ndlll cebador 

OH = overhan9. secuencia adicional para asegurar el corte por las enzima de restricción. 

Transformar la:; células de E. coli competentes (en este trabajo se uso la capa XL 1 Blue 
MRF'). 

Corroborar que existan transformantes. 
Nota: con el vector pQE no se puede hacer el escrutamiento de colonias azules/blancas 
de los transfcirmantes. Sin embargo, se puede hacer una preparación del plásmido y 
después un análisis de restricción, o también se puede hacer una reacción de PCR con 
los transformantes usando Jos mismos cebadores que se usaron para amplificar el gen. 
Una reacción•de PCR con células transformadas se hace de la manera siguiente: se 
hierve una cantidad muy pequel'la de células resuspendidas en amortiguador TE (50 µl) 
por 15 min, y se toma 1 µI de la suspensión como templado para la reacción de PCR (20 
µl). 

Crecer unos cultivos de 5 mi en medio LB con ampicilina en tubos Falcan de 15 mi a 
37°C usando cada transformante positiva, agregar IPTG 1 mM cuando el cultivo llega a 
una ODsoo = 0.3-0o Guardar 0.5 mi del cultivo (t=O). y dejar crecer el sobrante por 4 
horas más. 

Después de 4 horas, tomar 0.2 mi de cultivo (t=4). Centrifugar ambas muestras t=O y t=4. 
Resuspender las pastillas en 50 µI del amortiguador de carga 1x para SDS-PAGE, hervir, 
y correr 10-25 µI de Ja muestra, dependiendo del tamal'lo del gel. 

Después de tenir el gel con azul de Coomassie, deberla haber una banda abundante del 
tamal'lo de la proteína expresada en la muestra t=4. La intensidad de Ja banda 
dependerá de' la proteína estudiada. 
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Para corroborar la presencia de la extensión de histidinas, es recomendable hacer un 
análisis de tipo Western usando un anticuerpo especifico dirigido contra dicha extensión. 

Si la proteína sobre-expresada no es visible en el gel y/o si no se obtiene una sel\al en el 
Western, lo que se puede/debe hacer es lo siguiente: 

1. Secuenciar el plásmido para asegurarse que la construcción es correcta: el 
6x His tag tiene que estar en fase con el gen que se clonó. 

2. Cambiar las condiciones de sobre-expresión, por ejemplo usar "E. coli 
starter cultures", sobre-expresar a bajas temperaturas (por ejemplo a 25ºC), 
bajar la concentración de IPTG, usar el plásmido pREP4 u otro plásmido 
supresor para reprimir la sobre-expresión de la proteína hasta que se 
agregue el IPTG. 

3. Cambiar de cepa de E. co/i. 
4. Cambiar de vector de sobre-expresión. 

2.2. Purificación de proteinas por afinidad de Ni-NTA 

Es recomendable hacer una prueba para ver si 1,. proteína sobreexpresada interactua 
con la columna de níquel. A este respecto, es util llevar a cabo un análisis de tipo Western con 
un anticuerpo contra la extensión de His, así no se pierde tiempo intentando purificar proteínas 
que no contienen la extensión de His o que tienen dicha extensión inaccesible. 

Indicaciones prácticas: 

La localización de la proteína sobreexpresada se puede hacer por análisis en geles 
desnaturalizante:s y !inción con azul de Coomassie si el ni\fel de expresién os alto, sino 
por análisis de tipo l/\/estern usando un anticuerpo anti-extensión de His. 

1. Dependiendo del nivel de expresión de la proteína. se escoge un volumen de cultivo 
para obtener léi cantidad requerida. Se cosechan las células, y se lava la pastilla en 
100 mM NaH2 P04, 10 mM Tris, 300 mM NaCI, pH 8.0. 

2. Resuspender la pastilla en amortiguador de lavado (1/10 del volumen del cultivo 
inicial) e incubar las células en presencia de 1 mg lisozima/ml, durante 1 hora en 
hielo. 

3. Sonicar 1a·s suspensión de células en presencia de 0.1 mM PMSF. Normalmente, la 
suspensión se vuelve menos turbia. Se puede mejorar el rompimiento de las células 
aumentando la concentración de lisozima (hasta 5 mg/ml) y/o diluyendo la 
suspension de células. 

4. Centrifugar a 8000 rpm en un rotor SS34; la formación de una pastilla blanca grande 
(pastilla 1 ), normalmente indica la presencia de cuerpos de inclusión. 

5. Transferir el sobrenadante a tubos de ultracentrifugación y centrifugar a 140,000 x g 
durante 1 hora; la pastilla (pastilla 2) constituye la fracción membrana! y el 
sobrenadante, la fracción soluble. 

6. Resuspender las pastillas 1 y 2 en un amortiguador con urea (amortiguaaor de 
lavado conteniendo urea 8 M). Si las pastillas no se disuelvan con urea, se puede 
utilizar clorhidrato de guanidina 6 M. En ese caso, antes de cargar la muestra en 
SDS-PAG.E, se tendrá que precipitar la muestra con TCA o metanol-cloroformo (vea 
abajo), ya que el clorhidrato de guanidina se precipita en presencia de SOS. 

7. Para determinar en qué fracción se encuentra la proteína sobre-expresada, se corre 
en geles <ie SDS-PAGE cantidades equivalentes de las proteínas de las pastillas 1, 
2 y de la fracción soluble. Se til\e el gel o se transfieren las proteínas a una 
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membrana de nitrocelulosa para después hacer un análisis de tipo Western con un 
anticuerpo anti-extensión de His o con un anticuerpo especifico contra la protelna da 
interés. 

Ya sea que la protelna se encuentre en la fracción soluble o en la fra=ión membrana!, 
se deberla poder purificar la protelna en su estado nativo. Sin embargo, si la extensión 
de His esta escondida dentro de la protelna no se podrá usar una columna NiNTA. 

Se tendrán que usar detergentes para las protelnas localizadas en las membranas. Las 
protelnas en cuerpos de inclusión se disolverán en urea o clorhidrato de guanidina, y la 
purificación se hará en condiciones desnaturalizantes. 

Para producir anticuerpos, es mejor purificar la protelna sobreexpresada en condiciones 
desnaturalizantes. En ese caso, células enteras de E. coli se pueden resuspender 
directamente en urea o en clorhidrato de guanidina, para después proceder como se 
describe más adelante. Sin embargo, si la protelna de interés esta localizada en los 
cuerpos de inclusión será más fácil empezar la purificación a partir de la pastilla 1. 

Estrategia par;.. purificar una protelna sobre-expresada en condiciones desnaturalizantes 
usando la resina de niquel (Ni-NTA): 
1. Establecer si la protelna (de los cuerpos de inclusión o de las membranas) es 

soluble en 8 M urea; sino usar clorhidrato de guanidina hasta 6 M. 
2. Equilibrar la columna con el amortiguador de lisis (vea abajo). 
3. Poner la tapa de abajo y después la de arrriba, incubar la columna con el lisado por 

una hora con agitación. También se puede incubar en por ejemplo un tubo. 
4. Abrir la columna y llevar a cabo lavados con el amortiguador da lisis ajustado a pH 

6.0, 5.7. 5.3 y 3.0. 
5. Analizar las fracciones que eluyen de la columna en un gel SDS-PAGE. 

Cuando las muestras no contienen clorhidraio de guanidina, se pueden cargar 
directamente al gel SDS-PAGE. Si no, se tendrá que precipitar las protelnas para quit<1r 
la guanídina (vea abajo). 

Para purificar en condiciones nativas una protelna sobreexpresada, seguir el manual de 
Qiagen. Para purificar la protelna en su estado nativo. se eluye con concentraciones 
crecientes de imidazol. Para purificar en condiciones desnaturalizantes, se utiliza bajo 
pH para eluir. 

2.3. Precipitación con metanol/cloroformo 

La precipitación con rr.atanollcloroformo es rápida y conveniente cuando el volumen de la 
muestra es pequei'lo o cuando la muestra contiene pigmentos (i.e. clorofila). 

Diluir la muestra en 100 µI H 20 
Agregar 1 ::;o µI de cloroformo y 400 µI de metanol 
Agitar en el Vortex 
Agregar 300 µI de H20 
Agitar en el Vortex y centrifugar a máxima velocidad (microfuga Eppendorf) durante 5 
min. 
Pipetear la fase de arriba (agua/metanol); las protelnas se deben encuentrar en la 
interfase. 
Agregar 300 µI de metanol, vortexear y centrifugar 5 min. Descartar el sobrenadante. 
Secar la pastilla; disolver la pastilla en 1 x amortiguador de carga y hervir. 
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2.4. Precipitación con TCA 

Las proteínas purificadas y desnaturalizadas se pueden concentrar por precipitación. Sin 
embargo, el cíorhidrtao de guanidina también precipita con el TCA. 

Antes de precipitar con TCA, diluir la muestra 3 veces con agua. 
Agregar 100% TCA hasta una concentración final del 1 Oo/o. Vortexear. 
Dejar la muestra en hielo por 30 min, vortexear cada 10 min. 
Centrifugar 1 O min a 14,000 en un rotor SS34 o en una microfuga. 
Agregar 6 volúmenes de agua a la pastilla, vortexear. La guanidina se disolverá 
mientras que las proteínas se mantendrán precipitadas. 
Centrifugar, agregar etanol (96º/o) frío a la pastilla, y vortexear. 
Centrifugar. Las proteínas se encuentran en la pastilla. 

2.5. Amortiguador de Hala para purificar la protelna sobre-expresada a partir de 
células enteras de E. col/ 

El amortiguador contiene urea o clorhidrato de guanidina. La urea es preferible por su fácil uso, 
pero a veces es necesario usar guanidina. 

Urea 6: 8 M 
Clorhidrato de guanidina 5.5 M 
NaH2PO• 100 mM 
Tris 10 mM 
NaCI 500 mM 
Glicerol 5 % 
Triton X-100 0.5 % 
lmidazol 20 mM 
13-mercaptoetanol 1 % 

Preparar por ejemplo 100 mi de amortiguador· de lisis. Repartir en alfcuotas de 20 mi y ajustar el 
pH a 8.0, 6.1, 5.7, 5.3, 3.0. 

Generalmente, las células enteras de E. coli se disuelven bien en este amortiguador. 
Resuspender las células en 1/10 del volumen original del cultivo, incubar 1 hora a temperatura 
ambiente, vortexeando de vez en cuando. El sobrenadante resultante de la centrifugación de la 
suspensión está listo para la purificación en columnas de níquel. 

2.6. Amortiguador de lisis para purificar protelnas sobre-expresadas presentes en 
cuerpos de Inclusión 

Cuando se tienen cuervos de inclusión, los componentes siguientes son normalmente 
suficientes: · 

Urea 6~ 
Guanidina HC.r 
NaH2PO• 
Tris 
NaCI 

8 
6 

100 
10 
500 

M 
M 
mM 
mM 
mM 

Puede ser útil emplear bajas cantidades de 13-mercaptoetanol (por ejemplo 0.1 %). Continuar 
como se indicó para el amortiguador de lisis para céluias enteras de E. co/i. 
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Polytome/1111 ap. growth on ethanol. 
Extracellular pH affecta the accumulatlon of mltochondrlal cytochrome c 580• 

Atteia, A., van Lis, R., Ramirez, .J. and González-Halphen, D. (2000) 

Eur J Biochem 267, 2850-2858 
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Polytomella spp. growth on ethanol 
Extracellular pH affects the accumulation of mitochondrial cytochrome c550 

Ariillne Attel-. • Robert v•n Us. lorgo •-lroz illncl Diego 6-M••·H•lpllon 
Departamento de Gent!tica Molecular. Instituto de Fisiología Celular. UniPt!rsidad Nacional Autónoma de Múico. Múico 

A defincd medium with cthano1 as so1e carbon sourcc was dcvised for growth of the colorless~ unicc11ular alga 
Polytomel/a spp. Cell density on this carbon sourcc was rclatcd to extracellular pH. An acidic pH was rcquired for 
ethanol utilization: best yields werc obtained at pH 3. 7. Spectroscopic analysis of the cclls showcd that the 
concentration of cytochromc e per cell was 40% higher than at pH 6.0; the concentrations of cytochrome a606 

(cytochrome e oxidase) and b 566 (cytochrome bc1 complcA) were the same. A soluble cytochrome c!550 was 
purified from cclls grown at pH 3.7 and cha.racterized by peptide sequencing as the 12-kDa cytochrome cs!So of 
the mitochondrial rcspiratory chain. lmmunoblots of total cell proteins showed higher accumulation of 
cytochrome Cs:so at pH 3. 7 than at pH 6.0. RNA blot analysis gave clear evidence of thc abundancc of c 5 !5o 
tra.nscript in cclls grown at pH 3. 7. The amount of mitochondrial proteins obtained from ce lis grown at pH 3. 7 
was twofold higher than that of cells grown at pH 6.0. Mitochondria isolated from both cell types readily 
oxidizcd succinate. malate or ethanol. The rotes of oxygen uptake wcre 20-25% higher i11 mitochondria from 
cells grown at pH 3.7. Cyatµde and antirnycin A inhibited rcspiration with succinate up to 95% in both types of 
rnitochondria. The pan.icipation of cytochrome C!§!iO in rnitochondrial electron u-ansport from succinate to oxygen 
was shown by spectral mcasurcments. 

Keywords: Polyromella spp.; Ch/amydomonas reinhardtii; cthanol metabolism; cytochrome e: extracellu1ar pH. 

Unicellular ntgac from the genus Pulytnmella are found in 
various habitats including fresh water ponds. rneadow ditches 
and gn:enhouse soils [ l]; up to now. eight distinct species ha ve 
been isolated in pure culture. The. membcrs of the genus 
PoLytomella are nonpigmenled. hctcrotrophic algae that have 
ncither cell wallc; nor ch1oroplasts. On thr basis of ccmmon 
physiologica! ar.U mcrphological fcaturcs .:;hared with the 
photosynthetic algae Chlamydomonas. the genus Polytomel/a 
has been asc¡¡igned 10 the family of" thc Chlamydumonaceae (2). 
According to Round l.:SJ. Polytomella arcse from a Chlamy. 
domonas·like anccstor by the loss ot photosynthelic pigrnems 
and cell wall. Recent molecular and biochemical data on 
several key proteins of the mitochondrial respirator; chain and 
the ATP synthase of the coiorless alga Polytomella spp. and 
thc photosynthetic alga Chlamydomonas reinhardtii have 
strcngthened the hypothcsis of Round (4-7]. 

Earlier studies on Polytomella caeca havc shown that this 
alga can grow on different carbon sources. including organic 
aC"ids and alcohols of different chain length (8.9]. Depending on 
the carbon so urce and culture media • . P. caeca growth can take 
place in a pH range of 1.4 to pH .9.6 (8.10). These studies 
illustrate the remarkable potential of this alga 10 adapt its 
metabolism to growth conditions. Hc.~ever. the metabolic 
pathways and bioencrgetics of the algae Polytomella have not 
been furthcr studied. 

ln this work. we studic::d the growth of Polytomella spp .• a 
strain isolated from green housc soils. with a panicular 
reference to the effect of pH. The data revealed prcviously 

Corn-spo11dence to A. Alleia. L>eranamento: de Genética Molcct.1lar. 
ln:itiluto .:le Fisiología Celular. Universidad Nadonnl Au16noma de México, 
Apan..ado Poslal 70-243. 04S 1 O Mé11;ico D.F.. Mé11;ico. 
Fax: + S2 56 22 56 11.E·m:iil:uucia@ifcsunl.ifisiol.unam.mx 
Abhn-viotion: TMBZ. 3,3' .5,S'·l'!tnlmethylhlcr.zidine. 
(Received 30 January 2000. TCViscd 8 Man:h 2000. accepted 9 March 2000) 

undescribed fcatures of the bioenergetics of Polytome/la that 
concern the profound effect of low extracellular pH on (a) 
thc steady-state accumulation of the mitochondrial soluble 
cytochrome c 550 and (b) thc mitochondrial respiration in cells 
grown en eth..ulol. 

MATERIALS AND METHODS 

Growth conditions 

Tht: colorless alga Polyromella spp. (198.80. E.G. Pringshcim) 
was obtained from the alga collection at the University of 
GOttingen (Gennany). The alga was grown aerobically without 
agitation at room temperature in 2·L flasks containing 1 L of 
culture medium. Ali thc.: culture media contained 1 mM 
potassium phosphate (pH 7.0). 7.4 mM N~CI. 0.3 mM CaC12 • 

0.5 mM MgSO.'" and the following trace elements: 1.39 µM 
Znso ... 0.8 µ.M H3BOJ. 2.65 mM MnS04. 0.74 µM FeCl3. 
0.16 mM CuS04 , 0.83 µM NaMo04 • and 0.6 µM KI. The media 
used wcre: TAP mediurn (Tris base. 20 mM; the pH was 
adju~ted to 7 .2-7 .3 by adding 1 mL of glacial acetic acid. 
17.4 mM acetate) (11]: TAPpH:§.:! medium (20 mM Tris base. 
30 rnM sodium acetate: the r>H was adjusted 10 5.2 with HCl): 
EP mediun1 (40 mM ethanol; the pH was adjustee1 to tí.O '\VÍth 
HCI): TEP medium (20 mM Tris base. 40 mM cthanol; the pH 
was adjusted to 7.8 with KOH); MEP medium (20 mM Mes 
(pK. 6.1 ). 40 mM ethanol; the pH was adjustcd to 5.2-5.3 using 
KOH]: and REP medium (20 mM tanaric acid; pK. values 2.93 
and 4.23). pH was adjusted to 3.7 with HCI]. Ali the culture 
media wcrc autoclaved and then filtered cthano1 was added to 
EP. MEP. TEP and REP media. 

Prior to cell inocuiation. thiaminc aud cyanocobalamin werc 
added to ali growth media to a fir.al concentration of 20 µ..g·L - i 

and 1 µg·L -i. rcspcctively [12]. To follow growth. culture 
media were inoculated to a cell conccntration of O.S-1 x 103 
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cells·mL - 1• During growth. samples wcre takcn to determine 
cell concentration and pH (<l>Branson pH meter). Cell numbcr 
was dctcnnined using a Neubaucr cytometer. To irnmobilizc the 
cells, Lugol's solution (5% iodine, 10% potassium iodidc) was 
added to the sample and when necessary, ceJls were diluted in 
0.3 M sorbitol. 

Cell harvesting 

Exponentially grown cells were harvested, washcd in 0.3 M 
sorbitol, 10 mM Mes, pH 6.0 (8djusted with KOH) and 
resuspcnded in thc same buffer, and uscd immcdiately for 
biochemical and spectroscopic studies. 

Spectroscopy 

Befare spectroscopic analysis, freshty harvcsted cells were 
sonicated 4 x 15 s. at 40 W (Branson Sonifier 250, Sanie 
Power Company). Visible spcctra wcn:: recorded at room 
temperature with a DW-2a UV/Vis SLM-Aminco spectro
photometer modified with the OLIS DW2 CONVERSION and 
ous software (On-tine Jnstrumcnt Systcm lnc.). Bilateral 
curvcd slits with a spectral bandpass of 3 nm were used at a 
scanning speed of 5.0 nm·s- 1

• ~avelcngth calibration was 
made with purified horse hean cytochrome e (Type JU; Sigma 
Chemical Co.}. Oxidation and reductiun of the cytochromes 
was achieved by adding. rcspectively. a few grains of 
ammonium persulfate and dithionite. The spectra shown 
below represent an average of five separate batches of cells. 
The isolated mitochondrial cytochrome e was oxidized by 
adding ferricyanide [13). Ferricyanide was removed by an 
ovemight dialysis m 4 ºC ag::tinst 50 mM Tris/HCJ. pH 8.0. 
Spectra of the cytochrome csso wt::rc recorded befare: ar.d after 
reduction with ascorbate. Rec.Juction of mitochondrial cyto
chromes was achieved by adding 10 mM of succinate. 2.5 mM 
cyanide J.nd 2.5 µ.M antimycin A to the mitochondria; oxida
tion was achieved by adding a few1 grains of pcrsulfa.te. 

Protein anaiysis 

Cclls 01" mitochondria were solubilized in 27o sns. J2% 
SUCl'"05e afrer addition of 100 mM dithiothreitol [l.iJ mtd boiled 
far 2 1nin. Polypeptides were separated on 13% acrylamide gels 
in a Laemmli buffer [14]. Hemes were detected by peroxidase 
activity of heme binding subunits using TMBZ as Jescribed by 
Thomas et al. [15). lmmunodetectíon was carried out with an 
ECL kit (Amcn.ham} using antibodies against C. reinhardrU 
cytoch:-ome e [13) and the 13 subunit of the mitochondrial 
ATPase Qf Polytomel/a spp. For N-tenninal amino-acid 
deternlination. the cytochl'"ome e; (250 pmol) was elecu-o
transferred onto poly(vinylidene diOuoride) membranes 
(lmmobilon-P transfer membrancs~ Millipore) as describcd in 
Atteia et al. [7). For internal sequencing. cytochrome e 
separ.ucd by SDS/PAGE "'ªs subjo:cted to trypsinolysis and 
HPLC separJ.tion. Protcin sequencing was canied out by J. 
d• Alayer at thc LaborJ.toire dt:: Mic,roséquew;age des Pro1einc3 
(lm=tilut Po.steur. Paris, France). Apparent molecular masses 
wcre estimated using commercial molecular mass markers 
(Protein Ladder. Phannacia. or Benchmark markcrs. Gibco
BRL). Pl'"otein concenu-ations were detennined by the method 
of Markwcll et al. [16). 

Purification of Po/ytomella spp. ~itochondrial cytochrome 
C550 

Cclls g1·own al pH 3.7 were harvestcd, re3uspended in 20 mM 
potassium phosphate. 150 mM N&?.2C03 • 150 mM dithiothreitol. 
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frozcn, thawcd and ultracentrifugcd for 30min at 160 000 gin a 
60TI rotor (Beckman). All stcps werc carried out at 4 ºC. 
Ammonium sulfate fractionation of thc soluble proteins was 
pcrfonned at 40. 65 and 90% saturation. Protcins that 
precipitatcd at 90% saturation wcre rcsuspended in 50 mM 
Tris, S mM E-arnino-caproic acid. 1 mM bcnzamidine. 1 mM 
phenylmethanesulfonyl fluoride. pH 7 .8 (buffer A} and dia
lyzed against the sarne buffer. The dialyzed sample was thcn 
subjecred to a two-step ion-cxchange chromatography; first. 
proteins were loaded onto an anion..cxchange column (DEAE
Biogel. Sigma} equilibrated with buffer A. and those that ran 
through werc then loadcd onto a cation..exchangc column 
(Bio-Rex 70. Biorad}. Cytochrome e was eluted from this 
column with 100 mM NaCI in buffer A. and concentrated by 
ultrafiltration with a Centricon-10 (Amicon). 

lsolation of mitochondria and oxygen uptake measurements 

Polytomella spp. mitochondria "'el'"e isolated from cells 
harvested in their log-phase foltowing the protocol used for 
preparing coupled mitochondria from lhe green alga C. rein
hardtU [ 17). except thal the Percoll gradient centrifugation srep 
was omitted. The yield was appl'"OXimatcly 4 mg of mito
chondrial proteins per 1 g (wet weight} of cells grown at pH 6.0 
and of 8-10 mg for cells grown at pH 3.7. Oxygen consump
tion of freshly prepared mitochondl'"ia was measured at 27 .. C 
using a Clark oxygen electrode in a rcaction vessel of 3 mL of 
air-saturated respiration buffer (10 mM potassium phosphate 
buffer. pH 7.2. 0.1% BSA. 0.25 M sorbitol. 10 mM KCl. S mM 
MgCl2 ). The respiratory substrates used were succinate (10 mM). 
rnalate ( 10 JUM mnlo::.te. 10 inM glumm:itc, l mM NAO) or ethanol 
(20 ITlM eLhanol. 1 m"'1 NAL>J. !'wfeasuremcnts were peñonned 
with 0.25-0.35 mg of pro:.eins per mi of assay buffer. 

RNA isolalion and hybridization 

Total R...'1A frcm Pulyrumellc. spp. was isolated u~ing Trizo} 
Reagent (Gibco-BRL). RNA samples wcre separatcd on 0.22 M 
fonnaldehyde agarose gels in Mops/fo1maldehyde buffer: 
20 mM ~1ops. 40 mM -.ociium acet:ite. 8 mM EDTA. pH 7.0 
and 0.22 M fonnaldehyde, and tran:;fcrred to Hybond N mem
brane (Amersham}. Approx1rnately 10 µg of total RNA was 
loaded per Jane. DNA probcs wcre labellcd using the Random 
Primers DNA labeling system (GibcoBRL} using [a.-32P]dCTP 
(DuPont). Prubes wcre Cyc cDNA from C. reinhardtii [18]. and 
TubBJ cDNA from P. agi/is (now renamed P. paMJO} [19). 
Prehybridization and hybridizations were carried out at 42 ºC 
in 6 x NaCUCit. 1 % SOS. 50% deionized fonnamidc. 

Electron microscopy 

Isolaled mitochondria Wel'"e fixed in 4% parafonnadehyde and 
2% glutaraldehyde. postfixed in 1 % osmium tetroxyde and 
embedded in Epon-.Araldite resin. 

RESULTS 

The effect of the extracellular pH on Po/yromella spp. growth 
on acetate or ethanol 

Our experiments on the characterization of different mito
chondrial protcin cornpiexes of Po/ytCHnel/a spp. [7 .20.2 t 1 werc 
caniccl out with cells grown on a rich culture medium 
containing 30 mM acetate. 0.2% bactotryptone and 0.2% 
yeest extract. In this medium. thc algae grew with a doubling 
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Table l. Polytomt!lla spp;' árowth on acetatc or c:thanol as solc carbon sourcc. Jnitial pH wlues correspond 10 the values of ext.racellular plt of a freshly 
prcpared medium after cell inoCulation; final pH values. 10 the values ar extracc:Uular pH when the cells havc reachcd stationary phase. 'J)te culcurc media 
selccted to study the ·cffect on ·cxtraccllular on metabolism and bioenergetics of ethanol-grown Polyro1n,Jk2 spp. cells are indicatcd in bold cype. 

Culture mcdium (mM) 

, Acctate 17 
-Tris 20 

TAPpHS.2 medium Aceta te 40 
Tris 20 

EP medium Ethanot 40 

TEPmedium Ethanol 40 
Tris 20 

MEPmedium Ethanol 40 
Mes 20 

REPmedium Ethanol 40 
Tartaric acld 20 

time of 10-13 h. rcaching a final cell concentration of 
1.S-1.6 x 105 cells·mL -J (not shown). For our purposcs. this 
mcdium has not been chcmica.lly dcfincd. a.nd thercforc could 
not be used to invcstigate the carbon metabolism of 
Polytome/la. As Polytomella and Chlamydomonas are rclatcd 
algae. wc nttempted to grow the colorless alga on TAP medium 
(20 mM Tris. 17 mM acctate. and 1 inM potassium phosphate. 
pH 7.2-7.3). a medium commonl)· ust!d to grow the photo
synttletic alga ft 1 ]. The cell density ot:otained on TAi' medium 
was 0.3-0.4 x to"' cells·mL -J (Table 1): this is four to five 
times lowcr than the ccll dcnsity obtained on rich mcdium. and 
less thnn 10% of Cltlamydomonas grown on TAP mcdium 
undcr illumination. The low growth of Polytome!lo on TAP 
mediurn "vas not duc to an insufficiC'!lt carbon snucC'e because 
no further gcowth wa!" obsc:rved wi¡J.'40 mM acetate. Howcver. 
thl! ce!l densities on TAP medium were significantly increased 
whcn the pH of the rncdium was lowered. ~e higho:st cell 
densitieo;; were obtained when initiaJ pH was 5.2 (TAPpHS.~ 
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time (hours) 

Cell conccntralion 
(10"5 cclls•mL - 1) lnitial pH Final pH 

0.3-0.4 7.2-7.3 7.6-7.7 

J.6-1.8 S.2-S.3 7.4-7.6 

2.9-3.2 S.9-6.0 2.2-2.S 

0.2-0.3 7.2-7.3 6.9-7.0 

2.8-3.0 S.8-6.0 S.4-S.6 

7.0-7.2 3.7-4.0 3.3-3.S 

medium); under thesc conditions. cell densitics rcached values 
similar to thosc obtained with thc rich culture medium 
('rabie !). 

In :in early'study. Wisc [8] showed that P. caeca could grow 
on various alcohols as carbon sources and that the highest cell 
dcnsities werc obtaincd with ethanol. To explore if Polytomella 
spp. coutd utilizc ethanol. wc tested its growth on TEP medium 
in wh.ich the acctate of TAP mc:dium was rcplaccd by cthanol 
(40 mM). In this medium. growth was poor (Table !). By 
lowering the pH from 7 .2 to 6.0. growth was significa.ntly 
incrcascd. indicating that acidic pH values are requircd for 
ethanol utilization hy Polytomd/a spp. The cell dcnsity 
obtained on EP mediurn (with no additional buffer) was 
npproximr.tely twkc that of on acc:tatc medium (TAPpH!i.:2 
medium) (Table l. Fig. lA). During growth. a n1arked acidifi
cation (up to 3 pH units) of lhe culture medium was obscrved 
(Fig. lB). These data on the growth of Poly:omella spp. on EP 
medium indicated that ethanot uptake and cetl d1vision could 

:e 
c. 

7 

o 

B 

40 80 120 100 200 
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Fig. l. Effcct of c:xtraccllular pH on Polyto'mel:a spp. growth on ethanoJ. Polyrom,11..i spp. cells werc grown on 40 mM ethanol at different values of pH in 
the presence or absence of bt•ffer: (0) no add;tional buffer (EP medium); <•> 20 mM Mes (MEP medium); <•> 20 mM tartaric acid (REP medium). 
(A) Growth curves: (B). pH curves. Curves shown are: rcpresentative of five indepcndcnt expcrimcnts. 
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Fig. 2. Dlffcrcnce absorption spectra of Polytom~lla spp. cells grown on 
ethanol at pH 6.0 (-) and pH J. 7 ( ... ). Cell suspensions werc rcduccd and 
oxidized wilh dithionitc and pcnulfotc. rc"spcctivcly. Maxima are indicated 
to thc ncarcst O.S nm. The ccll concen1ration uscd was approxim:itely 
2.3 x 107 cclls·mL- 1• 

take place overa wide range of pH valucs. At pH values below 
3.0~ the cclls started to lose their flag.ella and undcrgo 
sc::dimcntntion. 

To investigate the effect of pH on the growth of the colorless 
alga on ethanol. different nonmecaboli7.able buffers were added 
to the growth m~dia. Growth of thc:: alga was followed at pH 6.1 
(MEP n1edium) aud at pH 3.7 (REP mcJium). Thcsc buff::rs 
maintain.:d pH variutions below 0.6 pH units. The gro\L'th 

Fig. 3. Accum.ulation of Polytom~lla spp. 
mitocho,1drial cytochromc c.sso- (A) Wholc ccll 
polvpeptidcs wCi-c scpar.it~d ..,n SDSIPAGE ( 13% 
acrylamidc) and visunlized by Coomas.;;ic bluc 
(lcft panel. 2 x 105 cclls) or TMBZ (righl par.d. 
4 x 105 cclls~ approximatcly 200 J.LS of pro
tcins). Polytomella spp. cytochromc c 1 is indi
ca1ed as cyt c 1• Molecular mass markcrs wcre 
Bcnchmark Markcrs (Cibco-BRL). 
(8) lmmunologkal rcactions. Whole ccll 
polypcptidcs (200 µg of protcins) wcre scparalcd 
on 13% acrylamidc SDS/PAGE. blollcd on a 
nitroccllulosc m~mbranc and probcd with spcci
fic antibodics for cytochromc milochondrial c!J5., 
(lowcr Llot) and thc J3 subunit of mitochond.Jial 
ATPasc (uppcr blot). 

Apéndice 111 Articulo 11 
Polyto~lla spp. growth on cthanol (Eur. J. Biochem. 267} 2853 

curves in Fig. JA show that growth increased as the pH was 
lowered. For exarnpte. cell densities at pH 3. 7 were about three 
times higher than at pH 6.0. Under both conditions. thc cclls 
werc flagcllated and distributed homogeneously in the medium. 

In the following cxperiments. we examined cells grown on 
ethanol at pH 6.0 and pH 3. 7 in an attempt to gain insights into 
the effcct of the cxtracetlular pH on the metabolism and 
biocnergetics of Polytomella spp. 

Difference spectra of Po/ytome//a spp. cells grown on 
ethanol 
~e cytochrome contents of cells grown on ethanol at pH 6.0 
and pH 3.7 were analyzed by visible spectroscopy. The a. 
region of the dithionite-reduced minos persulfate-oxidized 
spectra of cells (2.3 x 107 cells·mL - 1

) exhibited absorption 
peaks at 551. 566 and 606 nm (Fig. 2). indicating. respcctively. 
the presence of e-. b-. and a-type cytochromes in both batches 
of cells. Thc differential speclra of purified mitochondrial 
cytochrome bc 1 cc-mplex and cytochrome e oxidase typc aa3 of 
PolytOmella spp. have been reported previously. The cyto
chromes b and a exhibit a. bands with rnaxima at 566 nm and 
606 nm. respcctively; these max.ima are 4-5 nm red-shifted in 
comparison to those of plants or mammals [21]. Assuming thal 
the absorption peaks at 566 nm and 606 nm of the speclra in 
Fig. 2 reflect the prcsence of mitochondrial cytochromes b (bc 1 
complex) anda (cytochrome e oxidase). the resuhs indicate that 
the pH of the ethanol-containing medium did not affect their 
level of accumulation i11 Polytomella spp. In contrast. the level 
of accumulation of c-ty~ cytochromes (a band al 551 nm; ~ 
band at S 19 nm) is c!early influenc~d by the extracellutar pH. 
The calculated A~66/A5 .s 1 r&:1.tios [21] for pH 6.0 &:1.nd r.ells grown 
at pH 3.7 w::.s 0.73 and 0.40. respe.:::tively. Tht." pelleted cells 
ulso indicated a differ.:nce in cytochrome content; thc color of 
cells grown at pH 3. 7 w~s pink. whereas that of ce lis grown at 
pH 6.0 was brown. 
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Fig •. 4. Polytom~lia mitochondrial CytOC'hromc r 5so· CA) P..1nfication of the mitochondrial c 5)0 from ce JI o¡ grown al PH 3. 7. Lane 1. wholc cell polypcptidcs; 
Jane 2. soluble protcm!O: l~nc 3. prot.:::ins pr-r.ci¡:iratcd with 90% satcration of arnmonit•m sulfate; l::nc 4. fr..c-tion of proteins not :-ctJÚncd on anion-exchangc 
colurr.u; l~nc 5. fraction of protcins clutcd with 100 mM NaCI frum catio=-a-cxc.hangc colu.nn. 1\.1olccular mass markcrs wcn: frc.m Pharnucia. (8) Absoq>tkm 
s;x:ctrn of cytochrome C<iso- O.itidized and n:duccd spcctra of thc purified 12-kDa cytochro:nc. The cytochrornc was oxid1zed by fc1ricyanidc. Fcrricyanidc 
was r-cmovcd by úialysis. Speccr-oa w..,r-c r-c..::or-dcJ ac room ccmperatur-c in SO mM Tris/HCI. pH 8.0. Bcfor-c (-) and after- (···) r-cduction by fcw gruins of 
a!.Cor-bace. <C> Amino-acid scquco.ct- of an iutcrnal fragmchl ot Poly1omdla spp. rr.ito..:hondrial cyt04.:hrome c 550• Thc amino-ac1d scqucncc 01 an interna! 
<r..tgmcnt of /"olywmdla spp. mit~honúri:::I c.ytoduumc c 550 obtaincd by uypsinolysis is comparcd ·Nilh thc corrcspondin¡; fragmcnts of mitochondrial 
cytochromc c,'.'lo from olhcr eukaryotcs Thc sequcnccc;. uscd for- comp.arison ar-e those of C. rr!inhardlii [ 18]: whcat [22]; S. c~"visia~ [23]: and bovine [24). 

Steady-state mitochondrial cytochrOme c550 accumulation is 
enhanced at pH 3.7 ; 

To assess the nature of the cytochrome(s) e whose accumulation 
depended on the pH of the medium, whole ce11 polypeptides 
were separnted by SDS/PAGE stainCd with TM8Z to detcct 
h1o:mes [15] or with Coomassie-Blue for total proteins. 
Coomassic-blue stained SDS/PAGE (Fig. 3A, left panel) 
revcaled sorne differences in 1he protein pattern between cells 
grown at different pH values, with apparently more high 
molecular mass proteins and less loW molecular mass proteins 
at pH 6.0 than at pH 3.7. The heme-stained polypeptide pattem 
of ce lis grown at pH 3.7 and pH 6.0 was qualitatively the same, 
exhibiting two major bands (Fig. 3A. ·nght panel). One of these 
bands wa. ... a 30-kDa polypeptide that·was prcviously identified 
as the membrane-bound cytochrome· C1 í20). The other band 
was a low molecular mass cytochrome (12 kDa). so far 
unchar ... cterized. For a :;imilar nulllber of cells (4 x 105 

cells). thc amount of heme-stainc;ci low molecular mass 
cytoch1omc was significantly highcr in cells grown at pH 3.7 

than at pH 6.0. This 12-kDa cytochrome cross-reactcd with an 
antibody raised against the mitochondriat cytochrome c~~o of 
the related photosynthetic alga C. reinhardrii. The irnmunoblot 
analysis demonstrated that the level of accumulation of this 
cytochrome was highly enhanccd in the cclls grown at pH 3.7 
(Fig. 38). In contrast. the levcl of accumulation of the 13 
subunit of the mitochondrial ATPasc was not inOuenced by the 
pH of the extemal rnedium (Fig. 38). · 

The low molecular mass cytochrome was purified from cells 
grown at pH 3. 7. The purification proccdure consisted of: (a) a 
fractionation of soluble and membrane protcins: {bJ ammonium 
sulfate precipitation steps at 40, 65 and 90% saturation: and (e) 
a combination of anion- and cation-exchangc chromatographies 
(Fig. 4A). This isolation procedurc (see Matcrials and methods) 
indicated that the 12-kDa cytochrome is a soh1ble. basic 
protein. The spectrum of the ascorbate-n:duced fonn character
izcd by absorplion pcaks at 415. 520 and 550 nm. is rypical of a 
c-type cytochrome (Fig. 48). The n:duction by a.scorbatc indi
catcd a rcdox potcntial more positive than +60 mV. Attempts 
to dctenninc the N-tcnninal scquence of this polypeptide were 
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Fig. S. RNA blot analysis of C,J1C mRNA le'\·els. Total RNA was isolated 
from Polytomdla spp. cclls grown on cth!lnol al pH 6.0 or pH 3.7 and 
hybridizcd as dcscribcd in Materiais ond mcthods. Thc samc blot was first 
probcd for Cyc mRNA and then for TubBJ mRNA. Thc TubBJ transcript 
was uscd kS un in1ernal control for loading ~quivalcnt amounts of RNA. (Aj 
agarose gel; (B) RNA blot. 

unsuccessful. suggcsting a blocked N-tcnninus. Therefor~. the 
protein wns subjccted to uypsinotysis followed by HPLC 
sep:iration of the generated frilgmcnts. The amino-acid 
sequencc obtained for one of thesc peptidcs was comparcd 
to the corresponding sequences of n1itochondrial c~50• The 
sequoence of 11 residues wa~ tdcntica! to that of the sequence of 
the corresponding fragment in thc cytochrome e from 
C. ,.,,.;,,Jin.rdrii. and homologous to the sequcm:cs of mito
chondrial cytochrome c 550 from various source~ íFig. 4C). 
Therefore. our spectroscopi~ .. biochernical. and 1mmunochernical 
data indic::ned that the pH of the · ethanol-containing mediu1n 
reguláled lhe accumulation of the mitochondrial cytochrome c550• 

Polytomella ~pp. Cyc mRNA levels are increased at pH 3.7 

Total RNA was isolated frorn Polytomel/a spp. cells grown at 
pH 6.0 and pH 3.7 and subjected to RNA blot analysis using 
specific probes for the cytochrome c 550 gene (Cyc) and the gene 
encoding 13-tubulin (TubBJ). The TubBJ gene was used asan 
interna! control for lending equivalent amounts of RNA in 
the gels. At ?H .3.7 and 6.0. we observed expression of Cyc 
gene (Fig. 5). However. Cyc mRNA stcady-state Jevels wcre 
significantly higher at pH 3. 7. 

Ultrastructure of mitochondria isolated from Polytome/la 
spp. cells grown on ethanol 

Polyto,nel/a mitochondria were isolated according to the 
protoC"OI descrihed l'-y Eriksson et al. ( 17) for the prcp::iration 
of C. reinlrardtii mitochondria. Surprfoing1y. lhe yield of the 
mitochondrial prcparation was rdated to the pH of the culture 
medium. Approximately 9 and 4- mg of mitochondrial proteins 
could be obtained per gram of cells (wet weight) grown at 
pH 3.7 and at pH 6.0. respecti~ely. Electron microscope 
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Fig. 6. Elcctror. m~crcgraphs of mltochondri3 isolatcd from Polytnmel/a 
spp. cclts.. Mi1ocho11dna werc isolaled from Pvlytomdla ~pp. cclls grown on 
cthanol at p: 1 6.0 (A.BJ: at pH 3.7 (C.D). Bars rcptescnt 0.5 µm. 

examination of ti-te preparatiom: of mitochond:ia from cells 
grown at pH 6.0 ~ne! pH 3. 7 revealed that 1he fraction~ con· 
sisted of mitochonc.lria comparable in s.ize and shape (Fig. ti). 
However. it was observed that the mitochondria frorn cells 
grown at pH 3.7 appeared :;Hgh:ly more brokcn than those 
grown at pH 6.0. 

Structural and functional studies on mitochondria isolated 
from Polytomel/a cells grown at pH 3.7 and 6.0 

The fact that the level of accumulation of the cytochrome c 550 
was influenccd by the extracellular pH prompted us to 
investigate the structure and function of the mitochondria 
isolated from Polytome/la spp. cells grown at pH 6.0 and 

Table 2. Oxygcn uptakc by isolated mhochondria. Oxygcn uptake of 
mitochondria from cdls grown al pH 6,0 and at pH 3.7 on ditrcrent 
substrates. Oxygcn uptakc rotes are givcn in nmol Oi min - 10mg- 1 protcins. 
Standard error is sho~n in rarcntheses. Values are givcn as least squares 
mc:ms oí 4-5 cxperimcnts (F = 17.040:?, P < 0.0001). 

Succinatc 
+lmMKCN 
+ 1 mM Andmycin A 

Malate 
Eth:inol 

121 

pll 6.0 

74.8 (1.977) 
4.0 (1.977) 
3.5 (1.977) 

63.0 C:?.210) 
80.0 ( 1. 977) 

pH 3.7 

93.0 (1.977) 
4.2 (1.977) 
4.0 (1.977) 

76.8 (1.977) 
107.8 (::?.210) 
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Fig. 7. Accumulation of Polytomdla spp. mitoc:hondrial cytochrome 
Csso and srnall molecular mass polypcpddcs.. Polypeptidcs from isolatcd 
mitochcndria wer-c separatcd on SDS/PAGE (14% acrylamidc) and visual
izcd by Coomassie bluc (200 µ.g of protcins. IC'ft panel) or TMBZ (300 µ.g 
of protcins. right panel). Thc small molecular mass polypcptides that nrc 
more abundant al pH 3.7 are indicatcd with arrows. Molecular mass 
marker.o wcre Bcnchmark Markcrs (Gibco-BRL). 

pH 3.7. The polypeptidc pattems of n:titochondria isolaled from 
cells grown at two different pH values werc explo:ed. 
Coornassic blue and TMBZ staincd gels rcvealed differenccs 
in the polypeptide pattem between mitochondria isolated from 
cells grown at different pH values. as shown in Fig. 7. Besides 
cytochrome c_,,0 • several Jow molecular mass polypeptides were 
found to be more ab1:1ndant at pH 3.7. 

Mitochondria prepared · from both sources readily oxidized 
succinale. malate and ethanol. With all the substrates. the rate 
of oxygen consumption was 20-25% higher in mitochondria 
isolated from cells grown ar pH 3.7 than in mitochondria from 
lhose grown at pH 6.0 (Table 2). 'Ibe respiration on elhanol 
was optimal when NAO was added. suggesting that Polytor.tella 
spp. has a mitochondrial NAD+-1ink~ alcohol dehydrogenase. 

Respiration with succinate by the two mitochondJial prepa
rations was sensitive (up to 95%) to J mM of cyanide or 1 µ.M 

500 

••t 1 

550 

... 
1 
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Flg. 8. Succlnatc reduced vs. persulfal:c o:tddizcd milochondria. Protein 
conccntr:ttion -was 8 rng·mL - 1

• To the samples reduccd wilh l O mM 
succinate. 2.5 µ.M antimycin A and 2.S mM cyanide werc added. (-) 
Mitochondria isolatcd from cells grown al pH 6.0. (-) Mitochond..ia 
isofated from cells grown at pH 3 .7. 

antimycin A (Table 2). The J_,0 for potassium cyanidc. deter-· 
mined with a Dixon plot.. was 25-30 µ.M for both preparations 
(not shown). Using spectroscopy. we explored the iuvolvement 
of thc cytochrome c_,,,0 in the electron pathway from succinate 
to oxygcn in both preparations of mitochondria. Differcnce 
spectra were rccorded after incubation of lhe mitochondria with 
10 mM succinate. 2 mM cyanide, and 2 µ.M antimycin A. lt is 
noted that clectron·transfer within Polytomella spp. cytochrome 
be1 co1nplex is fully inhibited by 1 µ.M of antimycin A [:?J]. 
The succinate-reduced vs. pcrsulfate·oxidized spcctra of mito
chondria isolated from pH 6.0 and pH 3.7 grown cells are 
shown in Fig. 8. Tne A:;66/As:5J ratios wen: of 0.85 for thc 
milochondria isolatcd from cells grown al pH 6.0 and 0.52 for 
thosc isolated from those grown at pH 3. 7. These ratios were 
similar to those obtained with whole cells. therefore indicating 
a mirochondrial Jocation of the soluble cytc::hrome c:5,o and its 
panicipation in the elcctron transpon chain. 

Dl5CU5510N 

Metabolic flexibility of Polytomella spp 

In the study of lhe growth of Polyromella spp. thc first step was 
to define a culture medium in which carbon. nitro!ien and 
phosphatc concentrations could be controllcd. Satisfactory 
growth was obtained on a medium dcrivcd from the chemically 
dcfined TAP medium used for growth of the photosynthetic 
alga C. reinliardtii. if the initial pH was bclow 7.0. We found 
that Polytomel/a spp. grcw much beuer at acidic pH on either 
ethanol and acetate which makes this alga an acidophilic 
organism. Our studies on thc physio1ogy of the t.ctcrotrophic 
alga Polytomel/a spp. rcvealed sorne marked differcnces with 
:he evolutionary-n:lated alga Chlanrydomonas: (:i) Po/ytomel/a 
spp.. unlike C. reinhardtii. grows poorly on acetate at pff 
values near neutrality. and (b) Polyromel!a spp. can utilize 
ethanol ac;;. a sole carbon sourcc. a substrate that is very poorly 
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uti1ized by C. reinhardtii (A. AUeia and R. van Lis. unpub-
1 ished data). These differences rnay be due to the absence of 
photosynthetic activity in the colorless alga. However. assum
ing that Polytomella spccies havr: evolved from a Ch/amy
domona.s-like ancestor [3]. our data suggest that in addition 
to loss of its functional photosynthctic apparatus. Polytomella 
has acquired ncw metabolic pathways. 

All the physiological studies carried out on the algae of thc 
gcnus Polytomella (see above) (8-10) indicate that these algae 
can cope with a wide variety of environmcntal conditions and 
thercfore make Polytornella uscful to investigate the mechan
isms used by eukaryotes to adapt to thcir environment. 

Ethanof metabofism of the alga 

As shown above. Polytomella spp. can derive energy for growth 
and cell rnaintenance from ethano1 under acidic conditions. In 
the absence of buffer in an ethanol-containing medium (EP 
medium). the gmwth of Polytomel/a spp. caused an acidifi
cation of the extracellular medium. This acidification is not a 
consequence of the uptake of ethanol. as this molecule can 
penneate the cells by simple diffusion without involvement of 
a.ny carrier. The extracellu1ar acidification observed is likely to 
be a consequence of the oxidation of ethanol as shown by 
Lourciro-Dias anct Santos [25} for S. cerevisiae. By meaos of 
NMR techniques. the authors showed that a product of the 
oxidation Qf ethanol. acetic acid. accounts for the decrcase of 
the intracellular pH. In order to maintain pH homeostasis in 
the cells. protons are expelled frorn the cytoplasrn to the 
extrncellular mcdiurn by a plasma mcmbrJ.ne H+ -ATPase. 

Tne significant aci<lilication ot thc: culture medium by 
Polyrome!la spp. could be prevented by additior1 of buffer 
(tartaric acid or Mes). A medicm with tartaric ncid as buffer 
(REP medium) allowed better growth than an unbuffered 
medium (EP rnedium). suggesting that growth is inhibited 
ttt very 1ow pH (pH :?.0-2.5). Ai1. e"'temal acidification of 
S. ccrevisiae cultures (from pH 6.5 to pH 3.5) has bec:n .shown 
by t_neans of 31 P NMR tn cause a ~cercase in cytoplasmic pH 
[:?6). In cells grown al low pH. the amount of the. plasma 
membrane H+ -ATPase was higher thnn in cclJc; grown at pH 6.0 
[27). Funhet· inveslign:ion on Polyzomella spp. will be needed 
to determine whether extracellular pH influences the intra· 
cel!ular pH and to charactcrize the mechanism(s) uscd by thc alga 
grown at pH 3.7 lo sustain a large transmembrane pH gradient. 

The steady-state leve Is of Cyc mRNA and cytochrome c550 are 
regulated by extracellular pH 

Analysis of SDS/PAGE stained with Coomassie blue or TMBZ 
of whole cells showcd rclatively rnore low molecular mass 
proteins nt pH 3.7 and high molecular mass proteins al pH 6.0. 
lntcrestingly. similar pnlypcptide patterns were observed with 
is..:>lated rnitochondria. suggesting a regulation of mitochondrial 
protein accumulation in Polytomel/a spp. by extracellular pH. lt 
has been reponed that for a number of bacteria. extracellutar 
pH affects the level of accumulation of distinct groups of 
proteins. In Escherichia coli. the acid shock proteins expressed 
aftcr transfer of the c!!lls from pH 0:9 to pH 4.3 represent stress 
pro1cins induced by osmolarity~ aerobiosis or low temperature 
[28]. In thc acidnphilic bacterium Thiobacil/us ferroxidans. the 
synthesis of several cellular components. such as the 36-kDa 
porin-like protein. inc.:rl:!ases in very acidic condition5 [29). 

In this work. we focu~d on one of the low molecular 
po1ypeptides of Polytomella spp .• & 12-kDa cytochrome. whose 
accumulation "aries with extracellular pH. Using spectroscopy. 

Apéndice 111 Articulo 11 
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immunoblot analysis. and amino-acid sequencing. wc identified 
this polypeptide as a soluble milochondrial cytochrome c 550• 

lmmunoblot cxperimcnts clearly indicated a higher steady-state 
accumulation of this cytochrome at pH 3. 7 with respect to 
pH 6.0. In addition. we showed that the mRNA lcvels Cor the 
cytochromc Cs!'§O are enhanced at low pH values. lt is known 
that the cxpression and/or the accumulation of soluble cyto
chromes e in cukaryotcs depend on thc growth conditions. In 
C. reir.hanltii, it has been shown that acetatc has a stronger 
cffcct on thc regulation of the exprcssion of the gene that cedes 
for cytochrome c 550 than does light intensity. In the presence of 
acetate. the alga accumulates higher levels of Cyc mRNA than 
in absence of the carbon source [ 18]. In S. cerevisiae. levcls of 
miCochondrial cytochrome c 550 isofonns are affected by oxygcn 
tension; at increasing oxygen concentrations. the expression of 
the gene Cyc7 is switched off while the expression of Cycl is 
tumed on [30). To our knowledge. this is the first time that the 
extracellular pH has been shown to influence the level of 
accumulation of cytochrome c. The molecular mechanisms 
used by Polyrome/la spp. to modulate the expression an 
accumulation of cytochrome c550 in response to ext.racellular 
pH remain to be characterized. 

Cells grown at pH 3.7 exhibit an enhanced mitochondrial 
respiration 

Fron"l our spectroscopic data. it could be inferred that the impon 
of apo-cytochrome e into the mitochondria and the heme 
attachment within the organelle takes place properly in cells 
grown at pH 3.7. The A 566 1css1 ratio measured for isolated 
mitccliondria wao;;. comporab1e te lhi..1.t fer the total cells. inrli
cnting that thc pool of mitochond.nal cytoc.h:-ome C".5so was 
locatc.-d in mitochondria of cells grown at pH 3.7. ~e fact 
that the cytochrome e could be reduced hy succinace (in the 
presence of antimycin A and KCN) inrticates that this cyto
chrome particirates in the c!assic:ll re .. piratory pathway. 

Tht: fact that thc mitcx:hondrial cytochrome c550 was the on1y 
cyt\Xhrome of the classical resp1ratory path·way that wru. 
ovcraccumulated .at pH 3. 7 is puzzling. Our data on ox.ygen 
consumption indicate that mitochondria frcm ce115 grown at 
pH 3.7 exhibit higher respir.1tory rate~ (20-25%) than mitu
chondria from cells grown at pH 6.0. ~e enhanced electron 
transport activities correlated with an enhanced presence of 
cytochrome c!i!io in the mitochondria. These data indicate that 
mitochondrial respiratory capacity in Polytomel/a spp. can be 
modulated by the concentration of cytochrome c~!\O· 
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The Typically Mitochondrial DNA-encoded ATP6 Subunit 
of the F 1 F 0 -ATPase Is Encoded by a Nuclear Gene in 
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Th-..• a.lp6 gene. encoding t.he ATPG 11ubunit. of F 1 F 0 • 

ATP synthuse, has t.bus f"ar bcen f"ound only as an 
mt.DNA-encodcd gene. Howcvcr. a.tp6 is absent. f"rom 
mt.DNAs of" somc speciea, including that of Chla'"-:)'donao
naH reinhardtii. Analysis of C. rrinhardtii expre11sed Me· 
quence tal(M revealed three overlapping •equenccs that 
encodcd a protein with shnilarity to ATP& proteins .. PCR 
and 5'· und 3'·RA.CE were used t.o obtain the complete 
cDN"A und genomic sequences of"C. reínhardtii atp6. The 
atpG gene exhibited characteri&tics of a nucleus•CD• 
coded gene: Southern hybridization signuls conaistent 
with nuclear localization. t.hc presence of" introns. .a.nd a 
codon u Muge und a polyadenylation signa) typical of" nu· 
cleur geneH. The corl-eNponding ATPfi proti?in was c..-.n .. 
lirmed aH n subunit of the mitochonJ.-iul F 1 F 0 -A'TP syn
thuec from C. rciralaardtii by N·terrninal sequencing. Th~ 
predicted ATPO polypeptide hafi a 107·amino ocad clenv· 
ublc mitochondriul turget.ing aequence .. The mean hy· 
d~ophobicity of thc protein Íti decreasc-d in thcae t:rnns· 
mcmhranc r«::gionli tbnc. ore pred&ctied not te par&.icipoto 
dircctly in ~roton translocation or in int~rtn.abunit con· 
tucts with the tnultirneric ring oC e subnnits. ni,¡,. is the 
flrst ex&.rn.ple of a mitochondriol protein 'Vilh more f".hun 
1.u·o trun!'lmcmbrane Hlretch::-r, directly involved in pro· 
ton truntdocation, thnt is nucleu&•encoded. 

.. Thi:t Vl.·ork V1..·us i-iupported by t.lu.• Fogurt.y lnt.ernnt.ionul Cenwr at. 
t.he Nut.iunnl ln>i\.ilulcs ufllenlLh (NlH) Grunt. T\V01176; NHLBI, NIH, 
Grant. J-IL59646: Con,.ejo Nncionnl de Cicncin y Tccnologia <CONACyT) 
Grant. 27754~; and Dirección Generul de E~tudioH de Penmnal Acn
demicn, Univcr:-1idud Nucionul Aut.ónumu de !\léxico tt:NAl\f), Grunt. 
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'l~ci.: 52-!i!>-5622-5620; Fax: 52-GS-5622-5611; E-mnil: dhnlphcn@ 
ifisinl.unar.i..:11.""t. 

The F 1 F 0 ·ATP synthase/ATPase (EC 3.6.1.3) is presect in 
thc three domnics of life: nrchcn, prokarya, nnd euknrya. This 
mP.mbrane-bound complex cnta.lyzes ATP synthesis using thc 
electrochemicnl grndicnt genernted by light.drivcn or redox
drivcn eJectron tra.nsfer chains ( 1 ). Two rnnin structurnl do· 
mains conYtitute this c.ligomeric protein 0 the membrnnc-bound 
sector F 0 involved in proton trnnslocation. and thc crlrinsic 
domnin F 1 thnt cntnlyzes the synthesis of ATP. The F 1 doruain 
contains five subunits in n 3a/3f3/l-y/1S/1F. stoichiometry (2J. 
The structure of the F 1 sector of tl1c bovinc enzyn1e has been 
detern1incd crystallogrnphically (3). The F 0 portian of the ATP 
synthnsc is lesa weJl chnrnctcrized, duc to ita highly hydropho· 
bic na tu re. ~e structur~ of a subcomplcx ofthe Saccharoniyceo: 
ceri:visicu.~ ATP Hynthnsc shcws that 10 e subunits o.re arrangcd 
around n central stalk (4). In addition, one u subunit, nlso 
known ns ATP6, is thought to h.i.ternct with thc rnoltimeric ring 
of e subunits, tr&..nslocnting protons from thc intcrmcmbrnne 
spuce to thc mitochondriAl mntrix. Subunit n is predicted 
t~ coritnin two hemichnnnc1s that are an coblignt.:! route 10r 
prot.ons during ATP synthesis driven. hJ• thc chemiosmotir 
grodicnt l5. 6). 

In cuknryotic organisms. nll of thc subuuit.s of tl1e F 1 and a 
subsct of thc F 0 portion of the ATP S)'nthnst: nre:: nucleus· 
cncoded and cytuplnsmic.:illy synt.hcsiz:ed. In most orgnnisms, 
only two or thrce of thc hydrophobic co1nponc.-nts of the F 0 

sector are rutDNA1 -cncodcd. Thc genes ofthe F 0 sector thnt are 
usually f"ound in the mitochondrial gcnome r..rc atp6, atpB, and 
atp9 (encoding ATP6 or subunit a, ATPS or A6L, nnd ATP9 or 
subunit e, rcspectivclyJ. Thcse genes cncode highly hydropho
bic polypeptides with multiple, putative transmembrnne re
gions (fivc- for ATP6, two for ATPS, and two far ATP9). 

Thc 15.S·kb lin~ar mitochondrinl gcnome ofthc green nlgn C. 
reinhardtii lncks sevcrnl genes t.hnt are usually prcsent in 
tnitochondrinl genomes, including nad3, nacl4L, cox2, cox3. 
atp6. atpS. nnd atp9 (7, 8J. Thcsc sevcn genes encade essential 
components of oxidative photiphorylation complcxcs n.nd ure 
nlso nbsent from tlH? mitochondrinl gcncmc8 of tlic related 
green nlgae Chlaniydon.i.onas euganietos l9) anJ. Chlorogonium 
elongatum (10). The genes cox2a, co:c2b, and cox3, which encocle 
subuniLc; IIA. IIB. nnd 111 of cytochron"lc e oxidase. havc been 
transfcrred to the nuclcus in at lcnst two members ofthe fnmily 

1 The abbreviutions used u.re: mtDNA. mitochondriu.l DNA; Cr-ATP6, 
C. reinhardtii subunit ATP6 ofmitochondrlul F 1 F 0 -ATP synthui;c; EST. 
expre1n1ed scqucnce t.ag; <H>. local hydrophobicity; MTS, mit.ochon· 
dri11I tnrgcting sequence: nt. nucleot.1dets.'; Tricine, N-12-hydroxy-1.l
bis(hydruxymethyl>ethyllglycine. 

"lhi~ p.ipcor h, availablc on linc "11t http://www.jbc.org 6051 
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Nucleus-encoded Subunit ATP6 Shows Decreased Hydrophobicity 

Clilam_vdornon.adaceae (11. 12) ......... j1is gene transfcr f"rom thc 
mitochondria to the nuclcus wns nccompanicd by scvernl struc
turnl chn.nges in these genes. The proteins contain mitochon
drial targct.ing sequenccs (MTS) and dim.inishcd ovcrnll meso
hydrophobicity thnt aUow the irnport; and nssembly of these 
protcins in the inner mitochondrial membrane. 

In this work, the cDNA oCthe mp6 gene from C. reinhardtii 
wo.s cloncd and sequcnced, nnd the con-esponding genomic 
sequence wns obtained. We show 'that otp6 is )ocali:z:ed in the 
nuclear gcnome. Th~ ATP6 polypeptide encoded by this atp6, 
namcd Cr-ATP6, is homologous to all known ATP6 proteins 
and is sho'W'n to be a constituent of" the rnitochondrinl ATP 
synthnse oC C. reinhardtii. Titis is thc first description of an 
atp6 gene thnt resides in thc nuclear gcnomc nnd thc first 
examplc of a nuclear gene thnt cncodes a rnitochondrinl protcin 
that cxhibits structural features characteristic of a proton 
chnnncl. \Ve dcmonstratc that the lnrgest decrease in hydro
phobicity of" Cr-ATP6 occurs in those trnnsmembro.ne rcgions 
that do nút participa te directly in proton translocation nnd thnt 
are not predicted to intcract with adjacent subunits. This chnr
actcrization of a nuclear version of a gene thut is normnlly 
prcsent in roitochondrial gcnomes will facilitnte the allotopic 
cxprcssion of" nttDNA-cncoded genes and its futurc npp1ication 
to huntan mitochondrial gene thcrapy. 

EXPERI1'.IENTAL PROCEDURES 
Strafo and Culture Cnnditwn,..-CeU wnll-Je9s C. rcinhardtii st.rnin 

C\Vl5 Wfl:i grown in TAP medium f l:l\ with 1% sorbitol tSigmn) undcr 
cont.inuous light.. with ngit.ution nt 100 rpm. The cellH were hnrvesL.ed nt 
the lote cxponential phnse or growth •. 

N,,cldc Acid Preparatfon and S"°quencing-Tot.al DNA frum C. rein
llardlii wns obl.ni11fc"d ns prc'l.•iousJy dit>scribed (11} or, alternaüvely. 
using tht< DNensy Plunt 1'.tini t{it (Qinuen). Totul RNA from C. rcin
harJtii wns obtnined using thc P..NeaRY l\tini Kit tQio.¡;en>. All st..:md.urd 
muleculur biology techniqu~s wen!' ns dm1cribed Cl4). Sequencing WUl!I 

perrormcd by the Kimmel Cnncer Center DNA Sequ ... ncimr Faci:íty nt. 
Thon1ni;1 Jefferson UniverNity. 

C/nninn oft/u.• c:Dl'•:A o/"thc Gcrie atp6frorn C. reinhardiii-\Ve iden
t.ifi,...d nn EST clant! \A'-':\~4701) '15) R"I o fraA'IJ1ent oft.he atpd ;;ene frorn 
C. reinhurdtii. t-~cnu .. e t.he de".iuced amino ocid scqu~nce at t.h~ ~· end 
of t.hc EST exhihited high aimiinrit.y with other ATP6 subunits. The 5' 
end shoY. .. -d acqucnc1..• -.imi1urit.y to two additionul cJoncs (AV388:¿69 und 
AV:J95476) (15). Dm1cd un th~He EST !'ec;uence~. Lw<J deoxyoligonuclc
<'tides \'l.'en.• d~signed C5'-GAGGGTCTTCGGCCTCTTGG-3' and 5'
CGAAGAACGACAGCGAGAAACG-3º) und u~ed to urnplif> n PCR 
product of 82!: nt. conl.nining n pcrtion or the atp6 cDNA. using n C. 
r1~inhardtii rDNA librnry C 16) ns t...•mplRt.e. The sequencea nt thc 5' nnd 
3º endll' uf thc cDNA wcrc obtnincd foUowing RACE PCR tl7J. The 
prinu•n; u!led wero us followtt: 5' RACE, f"orwurd (oligoCdT)lndapter) and 
re'lrcrse tti'-CGCCAGAAGCGGTAGATGCC-3'J; for ne:.t.cd PCR, for
wurd (oligo ndupter} nnd reverse (5'-GCAGCGAATGGCACCATCG-3'): 
3' RACE. forwurd Cli'-CTACGTTGGCGAGTTCAACAAGC-3') nnd re
Vlt'ni.c Coligo!dTVndu.pter); for neated PCR, forwnrd (5'-GTGCTCAA
GAA.G(iCGCTGTAAGC-3') nnd reverse toligo nduptcr}. Thc sequences 
of thl: dT/ndnpWr nnd urlnpt.er d(.>0xyoligonuclcotides werc described 
prt>viou!"ly l 1 l ). 'rhe fil"!'t cDNA strnnd for the,.¡e renct.iond WAH obtnincd 
using the kit. Omniacript <Qiagcn) wit.h n specific primer <5º·GAG AAG 
CCC AGC T'TG TAC AGA CC-3'l to obtnin the 5' end nnd oligoCdT) to 
ubt.nin t.hC" :J" eond uf the cDNA. 

C/1or1ú•;: uf th--.• c¡.tp6 r]e1w fruni t..:. rt•itahardlii-Tbret! pnirs of 
dt!oxyoligonuclootides were dcsigned using the cDNA Kequcnce to 
nmplify the genomic sequcnce for thc atp6 gene (5º-AGACGAAGAAT
ATAGA1'TGG-3' nnd 5'-CGCCAGAAGCGGTACATCCC-3'; 5'-CA'ITC
GCTGCCCi\.GCAGGGC-3' nnd 5'-GCGAAGAACGACAGCGAGAAGG
G-3'; 5'-CCTCCA.ACTTGCTGGGTCTGGTG-3' nnd 5'-ACGAAGCTTA
CAGTCTCCTC-3'), The PCRs were performed with thc Pfu Turbo ONA 
pulymcrnue <Strnt..ni;:ent-J . .F'or PCR nmplificntiun. snmples we"-" dennt• 
ured íor 5 min nt 94 •e; subjected to lQ cyclc~ of 10 s ofdenntu;-ntion nt 
94 •e, l min ofnnneulin:l' nt 55 •e, und 4 ruin ofext..ension nt68 •e; .and 
subjected to 2S cyclet1 oí JO s or dcnnt.urntfon r.t 94 •c. 1 min oí 55 •e 
anncul;n¡::-, unJ 4 min {plus 10 s cnch cyc1e) of 68 •e ext.ension. Three 
difTcrc;it ov1..•rlapping PCR products Or 959, 1973, and 2030 nt. were 
obt.ninect and clon(._ad. int.o pGE?-.t-'l" Easy Vector (Pr"Jmegu) ufier thc 
uddit.ion oíterrninnl Adenin~·a,1. · 

Mitoc:hondrial Prcotein Ana[ysis-Mit.ochondrio from C. reinhardtii 
were isoJntcd us dc11cribed <18). The final mitochondrial pellet was 
resuspended in 35 ml of Percoll dilution buffer with a prot.enee inhibit.or 
mixture C0.5 nt.-'t' phenylmethylsulfonyl fluoride, 1 mM benzamidine, and 
5 mM <11!'-nminocaproic acid). Mitochondria were diluted to a finnJ con• 
centrn.tion of 5 mg of proteinlml, aolubilized in 1% dodecylmaltoside, 
and aubjected to blue native electrophoreais using a gradient of 5-12% 
ncrylru::nide ( 19). Reapirat.ory chain complexes were seporated in the 
second dimension by Tricine-SDS-PAGE ( 12% acryJamide) <20). Appar
ent molecular masses ..,.ere calculated using prestained molecular 
weight markers CBenchMark Preatained Prot.ein Ladder: Invitrogen). 
Protein concentrntions were determined aceording to Mnrkwell et al. 
(21). Tite isolation of polypeptides f"or N-terminal aequencing was done 
as previously deacribed !22). N-termina) aequencing waa carried out by 
Dr. J. d'Alayer on an Applied Bioeyatems Sequencer at the Lnboratoire 
de ?\ficroséquen~nge des Prot.éines. Inst.itut Pasteur, Paria. 

Sequence Ana/ysis in Silico--ATP6 sequences uscd in this work for 
mca,1ohydrophobicity unalysis wcre obtained Ír<"Jm the SwissProt nnd 
TrE?\fBL data bases nt. thc European Bioinformat.icti lnMtit.ute (nvnil
able on the World Wide Web at sre.ebi.ac.uk). The nccesRion numbers 
nre aa followH: Q31720 (Bra . .,aica naptur); P07925, Q36271 (Zea mays)~ 
P26853 (Marchan tia polymorpha I; P05500 (Cknothera bertiana); 
P05499 tNicotiana tabacumJ; QCM654 (Vicia faba); P20599 (Triticum 
acstivum); P92547. P93298 <A.rabidnpttis thaliana); 021786 (Oryza 11a
tiual; Q36Sl3 CP/alymonas subcorcli/Orm.isl; Q35748 fRaphanus sati· 
t.•ua); Q35781 (Sornhi.m bicvlor); Q36376, Q36379 (Hc/ianthu• annt1U.!1); 
Q37624 tProtothrca wirl:erhamii); Q36730 (Pt>tunia parodii); Q34008, 
Q34004, Q9XPH3, Q9XPH4. Q9TGA.f2 CBcta vulgari.Bl; 0796S2 lGlycine 
ma.x); Q9ZV27 CPt>dinomonas rninor>: Q9XL97 CSo/anuna tubervsuml; 
Q9TC32 (]\t"phro.~dmL" olil•acea}; Q9MGKO CSce1•t~dc:rnu.u1 nhliquu11J. 
Alignment.11 werr cnrried out with t.he ClustalX progrum t23) with 
default pnrnmeten<. Protein weight. mntrix wni.1 Gonnet., nlthough re
sult.s cbtnined with Blo!'.tum ond Pnrn were 11imilnr. The hydrophilic gnp 
penalty wns enabled. 

?\lit.ochondriul t.urgeting sequence analysis utilizcd the program ?\ti
toPrct Il ~24). The snn1e prownm wns U!"c.-1 t.o C'Rlculute tln~ st?ginent.s 
with high loen! hydrophobidty í<H>) in n dist.nncc comprising 13-17 
u.mino acids. The mesohydrophobicity w11s estimnU.-d by scnnning ench 
t<Cqucncc for u maximum average hydrophobic1ty mensurt.>d in winJcws 
from 60 t.o 30 llmin~ udds :ind nverngjnq the vnlues. \Ve us1..-d severnl 
hydrophobicity scale~ to reduce thP. possibility of bias. 

f'rot.ein trr.nsmembrune region1:1 and sec.:indnry struct.un> weru pre~ 
dicted ucing t.he p .. o¡;rn:n TodPred !I (2:;), the PrOOicLPauL.ein \\"rb 
E>~rv::?r fw~·.ea.embnet.o:-¡.J/3erviccsr.'\folBio/Prec!ict.ProWi..Jl l26), nn..! 
the ExPASy J\loleculao Biology Server •.~-,,v.e.xp~sy.chJ. 

Unt.n used tn nnnlyZt" the atp6 gen.- codo'!"I uaage wcrc obt..oined from 
Lhe.Codon r;~r.ge Dntubnse (www.5..nzusa.urjplcodnnf) 'lll:ith ucee1u•lon 
numbers (gbpln):237 for nuclear g~nes nnd [gbplnl:21 for mitochondrial 
gene:.. of" C. rcinhardtii. 

RESUI-TS 

Ch.aracterization ofthe atp6 cDJVA rrom C. rei11Jz.ard1ii-\Ve 
idcntified n C. reinhardtii EST sequence ns n partí.al fragmcnt 
of an atp6 cDNA by the simiJnrity of the predicted translntion 
product 'vith known plant ATP6 proteins. This sequcnce wns 
used lo idcntify two ndditionaJ. pnrtinlJy ovcrlnpping. EST 
scqucnces ns potential components of a f"uJl-lcngt.h atp6 cDNA. 
nlthough portions of the predicted polypeptide lnckcd similar
ity with knO'\.'\rn ATP6 protcins. Bnscd on thesc ES'l' sequences. 
tlcoxyoligunucJcotides were dcsigned nnd uscd far PCR nmpli
ficntion. A PCR product r_:" 822 nt was oLtain~ using n C. 
reinlUJrdtii cDNA librar:v as templntc. Thc scqucncc cf" the 
amplified product confirmed thc co·linearity of thc EST se
qucncc frngi.1ents. The 5'- and 3'-ends of the cDNA were ob
tnined by RACE PCR (17) using cDNA mndc from C. rein
h.ardtii total RNA. Thc full-1ength cDNA was PCR-amplified. as 
two ovcrJapping fragment.CJ nnd scquenced. anda length of"2349 
nt was obtaincd f"or thc atp6 cDNA. 

The C. reinhardtii atp6 cDNA contnins a 5'-untranslnted 
region of" 27 nt followed by an open ruading framc of" 1014 nt 
(Fig. IA l. Thc sequence Onnk.ing the proposed open rcading 
frnmc U.dtiating methionine cod.on. AACCATGG. is a consensus 
transJation initiation site (A/C)A(AIC)(A/C)A.:l:Q:(G/C> for C. re
inhardtii <27) The TAA stop codon corresponds to the onc 
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cDNA 

5' UTR i :···-e:.')'.:; 
27 nt 

3' UTR 1299 nt 
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FALLA DE ORIGEN! 
F10. l. Org.o.nizatlon º' t.he alp6 gene or C. re;nhnrdtli and •equence comp91rlson º'C. relnltardtii and S. obllquu• ATP6 aubunit.s. 

A. diugrnm of the organization of the C. rdnhurdtii atp6 gene. The coding regions of the atp6 cONA n.nd atpG gene a.re ahown ns boxes, t.he 
nont.ranRloted regions are eh0\.\-'11 os thick block Unes, and int.rons ore indicnted by a thin black line. Tiu! put.o.t.ive mitochondrial lar¡,~t.ing sequence 
is 1:ra.y nnd th~ polyudenylation SÍb"TlPl is indicut.ed os u t•crtü:al black bar. B, the umino ucid sequencc o.Jignment. of t.he ATP6 prot.ein?>J uf the 
F 1P 0 -ATP synt.hnsc írom C. rcinharr.itii (Cr) and S. obliquus (.Sol (281 urc shown. Black trian.gle:s indicnt.e t.he posit.ions of inlrom-t in t.hc 
corresponding gene sequen~ ore. reinhardtii. The C. reinhnrdtii Hequence iff numbt!n~d. using 1 as t.he first umino acid ofthe mnture prot~in. The 
umino ncids oft.he ?-ITS havc nvgnt.ivc numbcl"t'. The l\.ITS ofthe C. reinhardtii protein is in bolc/face typc. Thc omino-terminal toequence ufmuture 
Cr-ATPG ubt.nined by Edmon degrndnt.ion ir1 boxrd. •, identicn.1 amino acid~: :, 1dmilnr amino acids. The scquenc"' of Lhc muture Cr-ATP6 i~ 39% 
identicnl und 46% similar t.o t.hot. of t.he S. obliq"u.s ATP6. llTR. untrnnslob!d region. 

present. ill thc majority of nuclear genes (70% of the reportcd 
i::-enes use this stop codon). and thc flnnking nuclcotides 
GTAAG are identical to thc consensus sequencc (G/C)'TAA(G/ 
Al, chnracteristic of C. rcinhardtii nuclear genes (27). The 
dcduced scquencc predicts a Cr-ATP6 prcprotcin of340 omino 
ncids. A BLAST scarch ofthe SwissProt nonredundant protein 
dat.a base using thc Cr-ATP6 sequencc produccd t.he h..ighest 
shnilo.rity wit.h the mtDNA~ncodcd ATP6 subunit from thc 
green alga S. obliquus (28, 29'1, aloo n chlorophytc alga. The twc 
protnins shnrcd 39% identity nnc.i .r.aO.:Yo similarity (Fig. 18). Tho 
sitnilarity is highest at the carboxyl-tcrminal rcgion of t.he 
protein (59% similarity over omino ncids 114-233). 

The atp6 cDNA contains a 3'-untrnns1atcd rcgion of' 1299 nt 

(Fig. lA). Two d1ffcrent putative polyadenylntion signnls werc 
found in the Cr-ATP6 cDNA: TGTAA, the t}~ical signal of 
nuclear genes of this alga, locat~d 15 nt befare the end of the 
cDNA sequence, and TGTAG, fl variation ofthc most common 
signnl (27), located 1048 nt upstrcnm from the first polyadcnyl
ation site. When total RNA was isolntcd nnd hybridized with 
thc atp6 probe in a Northcrn blot anaJysis. a Blnglc band of 2.4 
kb was observed. This rcsult suggcsted thnt only the orthodox 
TGTAA polyadenylation site is functional in the atp6 RNA 
f;cqucncc (Fig. 2C). 

Genomic SequencE. o.FatpO frorn C. reinhardtii-1..'he c01nplete 
gcnomic sequcnce of thc atp6 gene was obtaincd following PCR 
amplificntion ofth~c overlapping gcnomic rt!gioos using prim-
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A 

B 

e 

nu 
mt 

11.0kb--

8.0kb --
6.5kb -

2.4 kb --

F10. 2. The nlp6 l(_,ne iH nucleu&•loculized. p~•ent: ir• a 11ina:Je 
cCp)"• und _,xpreso1ed in C. r.inh.irdlii. A, nuc!enr lo~liznt.ion oft.hu 
atp6 gene. Thirt.y micn>~mna of tut.Gl DNA trom C. rcinh.ardtii was 
electrophorebed thrcugh u 0.7% ugnrc.~c gel. Thefirst la ne l.DNA) shows 
\he eLhidium bromide·stnined gel. The sribs..tc¡u.:nt lartrs show Southcrn 
blot. nnalyf'eR of the sume gel hyb,;dizcd with diIT•.~r~nt mtDNA-encoded 
tco.r!, nud2, and cnbJ nnd nucleufH,!ncoded CCyc. A!pB. und CCJj;3·1 Kene 
probet'. Thc atp6 probe hybridized with the nuclenr DNA und not. wil.h 
t.he mtDNA. B, atpG is n single copy ~ne. Tot.al DNA from C. rein• 
ha.rclLii wns digested with t.hc restriction enzymes Stul, EcoRV. nnd 
/\.:-sil und subject.ed to Southern blot annlyYit1 with u. lubt.~led probe for thc 
atpG gene. Single hybridizing fruginent.s Wt!rc dcwctcd. tJUggesLing thc 
presence ofa single a/p6 gene. C. Northern blot annlyeU.: of total RNA 
from C. reinhardtii. Twenty microgro.nis of total RNA from C. reín· 
hardtii wus electrophoresed through 1% UJ,.'tlrOt<e, 0.66 M formuldchydc 
gels ond subject..ed to Nort.hern blot. omdysis ""ith o labeled probt.> forthe 
atpG gene. A ffinglc hybridizing bnnd of 2.4 kb wns det.ccted. 

c-rs dcrh•cd from thc cDNA Elf?q_Uencc. The 3577-nt gene con
tnined se,•cn introns, ranging from·72 to 263 nt in lcngth. These 
introns wcrc prcscnt in the coding regions f"or both the mito
chondrinl tnrgcting sequencc and thc mnture portian of the 
protcin CFig. 1 0 A und B>. 

The a/p6 Gene Is Located in tltC Nucleu."l itL C. reinhardtii
'\Vhcn t.otnl DNA isolnt.ed from C. reinhardtii was electrophore
scd on ugnrose. thc mtDNA scpurnted ns a discrete band run
ning below thc mnjor bnud ,representing nuclear and 
chloroplnstic DNA (11). Southcrn blot nnnlysis wns cnrried out 
to nscertain iCthe atp6 gene wus prcsent in the nuclear gcnome. 
The lower band hybridized with thrcc different mtDNA probcs 
from C. reinhardtii. co:x:1. nad2. and cob (7). In contrnst. nn
cltlnr DNA hybridizcd with the atp6 gene. obtaint...~ in this 
study. and threc probes dcrived from C. rcinllardtii nuclear 
genes: Cyc !'.!ncoding- cytochromc e (30), AtpB encoding thc (3 
subunit oCthe ATP synthnse (16). and Cox:J cncoding subunit 

Mw 
(kOa) 

61.0 
51.9 

40.2 

30.1 
27.8 
26.3 

17.8 

~;·.~ 7 

10.8 

9.1 
7.8 

Subunit 

JJ 

y 

a 

ATP6 

N-terminal 
sequence 

AEPAAAT 
ASDAKALD 

ATATFVPGVSGDASG 

GAPAGSDHDHP 
ATGAAPSKK 
ASNQAV(X/C)QRI 

AKTAPKAM 
STAAQVOSGATVNSL 
LSTLVEKFTFGSAAD 

MKLLPESLOOEAA 

EESSVANLVKS 
n.d. 

F10. 3. Subunit cornpo•ition ofthc F,Fo·ATP •yntha.e complex 
f'rom C. rrinhardlii. TI1e miLochondrial respiratory chain complexes 
were separated by blue nath•c elt>ct.rophoresis and in thc second dimen
sion by Tricine·SDS-PAGE. Shown is the ATP synthnt4e complex nfter 
elect.1'0phorcsis on a Tricinc-SDS-polyucrylamide gel. Tho ornino-t.ermi
nal sequences of the polypeptidcR were det.ermine<l. and Lhe identified 
subunit.s are indicnted. n.d .• nnt. det.crmined. 

III ofcytochrome e oxidase (11> cFig. 2A). A second Southern 
blot analysis was cnrried out to determine whcther the atp6 
gen~ ,,,.as prcsent as a singlF? copy gene in the genorne of C. 
reinhardtii. Totnl Dl"1A was digestc:d with three difTerent re
striction e.:izymes. Southern nnnly~is utihzing an 822-nt PCR 
product of the coding rt:gion of the atp6 gene n~ a probc. 
resolved a single bc..nd in ench of the restriction digesta, sug
gest.ing that this gene is present in n single c."Qpy in the C. 
rrinlwrdtii gPnom~ CFig. 2.Bl. 

The pntteru of codúrt. utilizatio:i of thl:'!' atp6 :;tene wns corn
pnred with thc pattern of codon usa.ge of other knC1wn nuclear. 
chloropla~t, and mitochondrial ~enes of C. reinharc.ltii. Euch 
codon fomily of t...~e a/.p6 gene fnvored e or e in thc thtrd. 
position and is thcrcforc typically nuclear and diffcrent from 
rnitochondriul and chloroplnst genes (27) (data not shown). 

ATPG Is a Con..dituent uf F 1 F 0 -ATP Synthase of C. rcin.· 
ha.rdtii-If thc nuclear localized atp6 gene of C. reinhardtii is 
expressed, thc corrcsponding Cr-ATP6 subunit shou)d be pres
cnt in thc F 1 F 0 -ATP synthnsc complex. To idcntif"y the Cr
ATPG subunit, isolnted 1nitochondria Crom C. rcinhardtii werc 
solubilizcd nnd subjcctcd to blue nntivc clcctrophorcsis fol
Jowcd by second dimension n..nalysis by dennturing Tricine
SDS-PAGE. Thc F 1 F 0 -ATP synthase wns idcntificd by its chnr
nctcristic e]cctrophorctic pnttcrn ar. thc sccond dimcnsion gels. 
Twelvc difTerent !JOl:i.·pcptides werc prescnt in this complex 
(Fig. 3). The thr-..-. rnajor subunh,,; we:-e idcnt.iticd ns subunits 
a. {3. nnd -y. since thcir npparent. molecular mn~ses nre similar 
to those rcported previously C31 l. Their idcntities ""'·ere con
firmcd by N-terminal scqucncc analysis ofthcir first five amino 
acids. Thc ndditional eight polypeptides werc subjccted to more 
cxtensivc N-tcrminal sequcncing CFig. 3). The 26.3-kDn sub
unit was identified ns subunit S of F 1 F 0 -ATP synthnse becnuse 
of" its scquencc similarity with othcr 8 subunits. Thc 15.5-kDa 
polypeptide wns identified ns subunit ATP6. thc protein prod
uct encoded by atp6. sincc its initinl 15 amino ncids matchcd 
exactly amino ncids 108-122 of" the deduced protein scquencc 
cncuded by the atp6 cDNA. This cnnfirms tha.t the atp6 gene 
product is n constituent of thc F 1 F 0 -ATPnse complex of C. 
rcinhardtii. The N-terminnl sequences of the eight remaining 
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Fin. 4. Plot oC mcMuhydrophobicity 
ve,..u• maxlmal local hydrophobiclty 
ror ATP6 protein•. The Mit.oProt.11 pro
grum was usetl t.o calculRte locnl hydro
phobidt.y volues (<H>) and meaohydro-_ 
phobicit.y values for ATP6 proteins. UNing 
thc PRIFT scnle. Protcins nre dist.ribut.ed 
on t.he abscissn according to their meso
hydrophobicity value ond on the ordinate 
according to t.he hydrophobicit.y of the 
most. hydrophobic 17-~sidue segment.. 
The hypothetical houndn.ry between im
porto.ble nnd nonimportable proteins. in
dicnt.t!:d by n broad. gray diagonal. wn1:1 
derivad from Clnrns t.•t u/. (39) nnd Perez-
1\.lnrtínez f!t al. (11>. TI1e following pro
teins y.•it.h their symbols were annlyzed: 

e; 
E 

~ 
"' :I: 
V 

Non-Importable 

e 

3-

C. rt."inhardtii (A), S. obliquus tB). P. mi· 
11or (CJ. H. nn11u1ui {Dl. P. subcorcfjf~rrñ.1s 
tEJ, Z. mays tF>, P. wickcrhamji (0). O. 
satit•a <HJ. S. tuberosum en. N. tabacum 
cJ), B. naptu (K'), T. uestiuum {L), Af. poly
"'°rpha {M), B. vulRaris <N>, G. max (0). 
A. thct.Uann (PJ. 2~,1------------------.... ~------------~----.... 

polypoptides showcd no evident similarity wit..'1. other ATPnse 
subunits. nud their identities remnin to be established. 

Qur data indicntc that the 1naturc Cr-ATP6 subunit is n 
protein of' 233 omino ncids with nn expectcd molecular mnss of 
24,577 Dn nnd predicts thnt Cr-ATP6 has an l\ITS of 107 amino 
ncids, which is clcnved upan import of this polypcptide into 
mitochondrin. Far uun1bering pu:-poses, the mnture protcin 
Cr-ATP6 is considcred to start nt nrr..ino acid n"..lmber 1, nnd th11 
nn1ino acids thnt belong to the putative MTS are numbercd 
nccordingly (Fig. lBl. . 

Hydroph.ubicity an.d lniportability of the Nucleus·en~oded 
Suhunit ATP6 front C. reillhardtii-Mitochondrinl protcin im
pnrt studi-es su~gcst thnt t.hc highest nveinge hydr:>phnbicity 
ovcr 60-80 amino ncids of:::i polypcptjde chnin (rnc.schydropho
bicity). along with. the mnJrt...imum hydrophobicity af"the putntiv'-" 
trnnsmen'lbrnne scgments • .urc usef"ul indicators ar thc likcli
hood tha.t :l. protein could be importcd into 1nitochondrin 132). 
\Ve havc prQviou~ly shown thnt the trnnsfer of genes from thc 
rntDNA to thc nucleus in chlnmydon1onad nlgac is accompa
nied by o. dccrensc of thesc pnro...uJcoi..c::1·s for t.hc COX UA, COX 
IIB. and COX 111 subunits ofcytochr~rnc e oxidase Cll, 12). The 
physicnl charRctcristics of thc prodicted Cr-ATP6 polypcptidc 
'"'erC' cxn1nincd in xilico n.nd compnrcd with thosc of ATP6 
subunit..<i: encodcd by other complete plant nnd nlgul mitochon
drial atp6 genes. Fig. 4 shows thc plot of mcsohydrophobicity 
versus mnximnl Jocnl hydrophobicity C<H>) for Cr-ATP6 and 
íor diffcrcnt n1tDNA-cncodcd ATP6 sequences. \Vhcn compnrcd 
with scvernl of it.s 1nitochondrinl-countcrparts, Cr-ATPG dis
plnys both dc:>crcnscd <H> nnd mesohyrlrophob¡city. Howcvcr, 
othcr nJ.tDNA e.ncodt.•J ATP6 subunits, likc t.hosc from S. 
vbliquus, O. satiua, nnd G. mr..x, a!so exhibil ruduced mesohy
drophobicity nnd <H>. 

Thc rcduction of mcsohydrophobicity nnd <H> dcpcnds on 
two fnctors: the lc-nJ,.'1.h of the hydrophilic loops betwccn trnns
nw1nbrnnc do1nnins and the 1nean hydrophobicity of' cach 
trnnsn1embrnnc scgTllent. The nlignmcnt ofall availnble ATP6 
scqucnccs rcvcnl.s thut thc distance8 bct.wccn trnnsmcmbrnnc 
don1ains havc not changcd (rcsult.s not shown). Hcnce, the 
1ncnn hydrophobiciLy of" cach trnnsmc1nbranc scgn1cnt ought to 
be rcduced in Cr-ATP6. To c!ctcrmine in which rcgionR thc 
hydrophobicity wns diminishcd, hydropathy plots or Cr-ATPG 
werc cmnparcd with those or ATP6 scquenccs f'rom plnnts nnd 
.nlgac. An:ilysis of"Cr-ATP6 predicts that it contains nt lcnst six 

Mesohydrophobicity 

hydrophobic rcgions thnt could be transmenabrane regions 
<data not shown). Howcver, topological considero.tions nrgue 
ngainst the possibility thnt ni! hydrophobic segn1en!.s span the 
membrane. The most precise positioning ofthe putative trans
mernbrnne heliccs wns obtaincrl by aligning ali reported ATP6 
sequenc-es nnd predicting the secondnry structure. Th.is n.naly
sis suggested a me.del in which there Rre five transmcmbrn.nc 
segmenta, nnmerl A-E CFig. 5). ThiH modc! i& in nccordnnce 
with the topo]ogy or' the amino and carboxyl termini and thc 
presence Qf co:1scrved a.nd functionally rcquired am.ino ncids 
(33-361. 

Establishing the boundnries Qf thc five putativa transme:r:n
brnnc region5 alJo .. ved us to qun.ntitt:.tt.- th~ mean hydrophoUic
ity for each in C. rein.hardtii and mtDNA-~ncnded ATP6 
subunits irom other algne nnd plants CFig. 6). "\Vhil"'= t.ransmern
brnnc heliccs D nnd E c..<l'l.1bit sim.i1ar <H> va1ues when co.:n
pared with thc mean <H> values in heliccc; D nnd E ofplnnt 
and n)gal mitochondrial sequences. significnnt differences in 
<H> values wcre found in the putntivc transmembrane re
gions A, B, nnd C. which are uot believcd to pnrticipntc directly 
in proton translocntion and are not thought to intcract with L'"ie 
.multimcric ring of e .:;ubunits. This decrense v.ras more thnn. 
50% in hclices A and C of Cr-ATPG in compnrison v.rith thc 
<H> vnlues of"hclices A anrl C of othcr mtDNA-cncod.cd ATP6 
subunits. We conclude lJ'l.at the Cr-ATPG subunit exhibits di
minished ovcrall hydrophobicity ns con1pnred with the majority 
oí n1tDNA-cncodcd homologs nnrJ. that the ma.dn dccrcnse in 
hydrophobicity occurred in those transmcmbrnne rcgions tho.t 
cxhibit poor scqu.:ncc conscn.•ation and tho.t sccro 1;.ot to be 
criticnJ far proton translocation. 

otscussro!'I: 
The Gene atp6 of C. reirihardtii Exhibits Nucleus·cncoded 

Characteristics-The 15.8-kb linenr mitochondrial genom.e 
írmn C. reinhardtii lncks severa) genes thnt nre typically 
mtDNA-encod.ed, including three genes that encodc subunits of" 
thc F 1 F 0 -ATP synthase (7). in this work, we show that the atp6 
gene wns transíerred íroru the mitochondrial genomc to the 
ncclcus in C. reinhardtii nnd deroonstratc thnt the ATP6 pro
tcin is present in the mitochondrial F 1 F 0 ·ATP synthasc. 'Th.e 
atp6 gene has hccn prcviously füund only in mitochondrial 
genomes. This is the first bi'.>Chemical and genetic cvidence for 
the nuclear Jocalization of" atp6. "\\'e show that the atp6 gene is 
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lntermembrane 
Space 

N 

Matrix 
F10. 5. Model f'or the tran•mernbrane hclicca oftho .'\.TPR •ubunit ofthe F 1 F 0 ·ATP synthasc from C. rrinhardliL Shown is a modeJ 

for t.he location ofthe t.rnnsmcmbrdne hclices ofCr·ATP6. Conserved nn1ino ucids are shown as block circles. Transmernbrane regions D and E 
·participo te in prot.on translocation. Proton trnnslocotion is depicted ns a broken arrnw to illustrate t.he pnrt.icipation oftwo hemichannels in subunit 
ATP6. For simplicit.y, the multimeric ring of e subunit.s is not. depicted. 
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Transmembrane segment 
Ftu. 6. AnolysiN uf the rncun hydrol.JlhohicU.y valuet1 of thc fivc tranfi;rn'-•mbrunc ... elcions. Hydruphnbicity vnlucs fur the five putntive 

trnnt"rTH?mbrune hl'lictn1 oí tht: Cr-ATPG Cb/ack bars) werl.!' curnpun.•d with thu tneun vuluu of h;,.·drophohi.city for 21 mtDNA-uncoded ATPG protcinY 
from plnnt.tJ twhitc bars). In Cr-ATPG. mt!nn hydrophobicity is reduced in t.runbmt..•ntbrnne reb"Íons A. B. und C (54, 25, nnd ::.7% diminish..:d) u.~ 
cun1 .. "lured with t.he n1enn oí thc mean hydrophobicity valucs oí nlgnl and plnnt t.rn.nsmcmbrune regions. · · 

nucleus-locnlized in C. n~inhardtii by Southern hlot hybridizn
tion tFig. 2A ). Thc atp6 gene exhibits ali of the chnracteristics 
of n mit.ochondrinl gene thnt wns f"unctionnlly transfcrred to the 
nucleus (37): a nuclear codon usagc. n typical nuclear poly
ndcnylntion signnl, the prcsencc oC introns, acquisition of n 
DNA sequcncc cncoding an un1ino-t.erminal l\fTS, and ditnin
ished hydrophobicity relntive to rnany equivnlcnt mtDNA-cn
codt::id proteins. 

Thc dcduccd amino ncid &::1cquencc ofthe ATP6 cDNA n.nd thc 
N-terminal sequcncc of the mature protein prcdict thc exist-

cnce ofn 107-nmino ncid l\tTS. This l\tTS is Jikely to hnve been 
ucquired after thc original mitochondrial gene wns transferred 
to the nuclcur genomc. Titis l\tTS has a low number of acidic 
residucs. nnd arnino acids 2-24 are predicted to form the run
phipathic domain nccessary for import. of the protein into mi
tochondria. The an.ethioninc (l\tct1 ) adjaccnt to the MTS clcav
age sitc of the Cull-length Cr-ATP6 mny have bcen the 
initinting mcthioninc of thc ancestral mitochondrial protP.in 
befare its corrcdponding gene was transfcrred to thc nuclcus. 
The MTS iH unusu1tlly long when compnred wit.h other C. 
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rei11hardtii f\.tTSs. which exhibit o 1ncnn length of 30 atnino 
acids (38). Howevcr. we pre"'io11sly (ound that t.he nuclear 
genes cncoding COX IIA and COX III of' C. reinhardtii and 
Polyto1nclla sp., proteins that A~P typically cncodCd in the 
mtDN'A, are nlso predicted to havo long MTSs. of 98 and 130 
amino acids (11. 12). 'l'his suggests that thc mitochondrinl 
import oflhe more hydrophobic mitochondrial proteins. such as 
COX IIA. COX In, and ATP6, may benefit from an extended 
MTS. 

The duplication oCthe MTS wns found to irnprove the in uitro 
and in vivo import ofhydrophobic proteína into yeast roitochon
drin (32. 39>. It was suggested thnt a long MTS can improve the 
intcraction of the precurPor with thc l'll.itochondrial import 
n1achiuery. Alternatively. a long MTS could fücilitate thc fold
ing of thc protcin to incrcase its importability and assernbly in 
the men1bra.ne. 

The vast majority of the pla.nt mitochondrinl ATP6 sc
quences exhibit physical constraints that are expcctcd to 
hindcr t.hcir import into mitochandria (Fig. 4), consistcnt with 
their prcsence in the mitochondrial genomc. In contrast, Cr
ATPG has a )owcr overall hydrophobicity that allows ita import 
into mitochondria, most probably through the TOl\t-Tll\t ma
chinery (40). In addition, somc mtDNA-encoded ATP6 se
qucnces also·cxhibit ]o,,..· <H> nnd mesohydrophobicity vulu~s 
CS. obliquus. O. satirJa. anJ G. m.nx). Thcse genes seem to be 
.. preparcd." from thc hydrophobicity point ofview, for transfcr 
to the nucleus. \Ve hypothcsizc that the ancestral Cr-ATP6 
protcin hnd a low overall hydrophobicity that cnabled the atp6 
gene to be functionnlly trnns.ferrcd to the nuclcus. 

Trn.nsfer oratp6 and Other nitDNA·e~1coded ATP Synthase 
Subunitn to the Nucleu:-o--l\tituU1utu.irinl gcnomes r~nf:!C ·wid1:ly 
in ,,.izc nnd gene content. Only two genes cncoiling comoonentt: 
o.fthc mitochondrinl rcspirntory chnin nre invnrinbly prcsent in 
nll mitoc:.hondrial genon1es k.nown'to date: cob nnd co.t:I. 'l'hcir 
polytopic protcin products are ~ntral componcnts of proton
t.rnnRlocnting CClmplcxes: C)--t.ochromc b of" the bc 1 ir=omP'lcx and 
subunit 1 of cyt.ochrome e oxidase. Cr-ATP6 is the first examplc 
ar a 1nit.ochandric1 proteiu with snOrc than two tranomembrane 
hcliccs, dircctly involvcd in proton tra.¡l.slocntion, that is 
nuclcus-encoded. 

Thc highly rcduced 6-kb mt.DNA oft.hc parnsitc PlasnioditlTn 
falciparurn. contains threc genes cncoding componcnts of thc 
mit.ochondrial respirntory chnin: cob, cox1. and cox3 (41 J. At thc 
other end ofthe n1tDNA sizt! spcctru1n. t.he 60-kb mtDNA ofthe 
flngellntc Reclinomon.a...~ americana (42) encades 23 protcins 
t.hat participnte in oxidative phosphorylntion. Fivc ofthese ure 
constituents of the F 1 F o·ATP syn°thnsc complex: thc protcins 
cncodcd by thc genes atpl, atp3, atp6, arpB, nnd ntp9. In the 
mitochondrinl genon1cs of fungí nnd plnnt.s, thrce genes encod
ing hydrophobic componcnts of thc F 0 sector oí F 1 F 0 -ATP syn
t.hm;;c nrc_.. usunlly found: atp6, atpB. nnd atp9. Thcsc three 
genes are nbscnt in the mtDNA of C. reinhardtii. 

The relocu.tion of C. rcinhardtii atpü to thc nur.leus occurrcd 
rclativcly lntc in cvoluticn. ancr t.hc anassive trnnsfcr of gcnAs 
f'rom tbc protomitochondrion to thc nucleus (.13). ln the evolu
tion of thc green nlgne. thc trnnsfer o.f atp6 to thc nucleus 
occurrcd nftcr thc sepnrntion ofthP. Scenede.~mus n.nd Prototh
eca linengcs, whcre atp6 is still

1 
mtDNA-encoded. from the 

Chla1n:ydomonas nnd Chlorogonium lineagcs, '""here thc atp6 
gene is no longer cncodcd in thc mitochondrial genomc. 

The trunsfcr of thc atp6 gene to thc nuclear gcnomc is 
unlikely to be exclusive to C. rebiltardtii. Othcr orgnnism~ lhnt 
lnck thc atp6 gene in thcir mitochondrinl gcnomes nnd thnt are 
likely to hnve trnnsfcrred it to the nuclcus are the closcly 
rclntcd nlgnc C. cugarnctos (9) and C. elongatuni (10J, the 
apicomplcxnn orgnnisrns P. falci'"¡:iarum l41J nnd Plasnwdiurn 

reinchenowi (44), and thc cilintcs Paramcciurn. auretia (45) and 
Tetrahyrnena pyriformis (46). lt would be intcrcsting to exa.n1-
ine the sequenccs of ATP6 from more distantly relatcd organ
isms to determine whethcr they have rcduccd physical con
straints far import and to determine where reductions in 
hydrophobicity occur in the prutein. 

Mean Hydrophobicity Has Strongly Decreased in Those 
Tran.srn.embrane Regions ofCr·ATP6 That Are Not Critical ror 
Function-The transfer of the atp6 gene from the tntDNA to 
the nucleus was accompanied by, or preceded by, a strOng 
decrensc in the overaJI hydrophobicity of' the encoded protein 
CFigs. 4 and 5) and probably facilit.ates thc import a.nd nssern
bly of Cr-ATP6 into an active F 1 F 0 -ATP synthase. Hydropho
bicity n.nalyses, in combination with the alignmcnt of" ali ATP6 
sequenccs available and prcvious published observations (33-
36). allowcd us to prcdict the presence of five well defined 
transmembrane regions in Cr-ATP6, nmned A-E (Fig. 5). Thc 
dccrcascd hydrophobicity occurs predom.inantly in transmem
branc rcgions A. B, nnd C (Fig. 6), which are poorly conserved 
nmong other ATP6 proteins and are thought not to participa te 
dircctly in the proton trnnslocating function of ATPG. In con
trast, t.hc well conscn:ed trnnsmcmbranc regions D and E 
rnaintain similar lcvcls of mean hydrophobicity to mtDNA
encoded ATP6 subunits. '\Ve prcviously obscrved n similar phe
nomcnon in thc COX 111 protcins of C. reittha.rd!ii and Polyto· 
mella sp. COX 111 is tYPicnlly mtDNA-encodcd but has been 
t.rnnsferred to the nucleus in thesc algae (11>. The nucleus
encodcd COX III protcins showed grcater diminisbed hydro· 
¡Jhobicity in regions ofthe protcin not in contact with thc COX 
I subunil. 'Ibis sttggests that dccrenses in mean hydrophobicity 
úÍ n1itcchondrin.l protch~s whosc genes h:?.ve bccn reJocnled to 
thc nucleus are more likely to uccur in rcg1ons oflhc prot.cin r:.ot. 
involved in subunit-suhu:li't internctiono or in protcin l"un..:tion. 

Cr-ATP6 contnins sc,·cral nrnino acids tJ-.at are conservcd in 
nll ATP6 scquences. Helix B cnds in n h.it;hly conservcd Pro. nnd 
contains t11vo ndditionnl ~onscrved a1nino ncids, Phe62 nc.d 
Asn69

• 'rhe presence of Asn is not. vcry co1nmon in trd.Ilsruem
Lranc scgwnents. so we believe its pt"csence mny ha.ve n role in 
transmcmbrnne helix nssocintion through intcrhclicnl hydro· 
gen bonding (47. 48J. Transmcmhrane heHC'PS O and E contnin 
most of thc conscrved amin1:t acids; hclix O is preceded by a 
highly conscrvcd Glu 131 involvcd in the proton translocation 
pathway and contains thc invariant amino acids Ser141

0 Lcu142
, 

Gly143
, Leu 1 .. 

0
, Abn149

• Ala16:l, Gly163
0 and His164

• Therc is also 
::m invnriant A..--g146 that has bPen prcviously dcscribcd as n 
rcsidue involvcd in the protonation of the e subunit oligomer. 
Hclix E r.ontains thc conscrvcd Glu 194

, which is hypothcsized to 
be involved in prot.on translocation, nnd Tyr212

, which may be 
structurally importnnt, after thc cnd of this helix (Fig. 5), 

Implications for Hunian Afitochondrial Gene Tlierapy-A 
considerable numbcr of human discascs havc bceo associntcd 
with point mutntionA or dcletions in th<" mitochondrinl gcno1nc 
\·i9-51), c"l.Dd strnwgics to dcvelop mitochonrlrinl gene thcrn
pics hnvc bccn suggcst<>d (52. 53). Onc prnmising approach .far 
overcon1ing mutations in n1tDNA-cncoded protcins is to pince a 
wild-typc copy ofthc nfTectcd gene in t.hc nucleus ana t..argct thc 
cxprcssed protcin to thc 1nitochondrion to n.:placc thc dcfectivc 
mtDNA-encoded protcin. Such nllotopic expression of a nor-
1t1ally mtDNA-encoded gen~ has been successfully perf"ormcd in 
S. cereuisiae to ovcrcomc n mutntion in thc mlDNA-cncodcd 
atpB gene (54). 

Analysis of nuclear forros of protcins that are normnlly cn
codcd in the rntDNA may providc insight.s thut wiJl facilit.a:.e 
the allotopic cxprcssion of genes harboring mututions in the 
mtDNA~ncoded genes. The observed dc.:=reases in hydropho· 
bicity o.f nuclear cxprcssed COX 111 and ATP6 of C. reinhardtii 
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suggest that human mitochoodrial genes could potentially be 
engineercd for allotopic exprcssion for gene therapy purposes 
by modifications to decrcase thc mean hydrophobicity of the 
protcin product, cspecia1ly in transmernbrnne regions that are 
not highly conscrved or thnt are known to be noncriticaJ for 
f"unction. Sucb changes would be in addit.ion to the changes in 
codon usagc and the addition of" an. MTS-coding sequence that 
are a prerequisitc f"or nuclear expression of a mitochondrial 
protein. Thc prescnCE" of long MTSs in COX 111, COX IIA. and 
ATP6 from C. reinhardtii suggests that n long MTS would 
CacUitate import in allot.opic cxprcssion systems. A detailed 
knowledge of'the topology and function of'the nucleus-encoded 
hydrophobic mitochondrial protC'~~c; may cnhancc our under· 
standing of thc problema involvcd in allotopic exprcssion in 
addition to providing insights into the evolutionary forces that 
hnvc lcd to thc nuclear localization of genes that are typically 
mtDNA·encodcd. 
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Abstract The sequence and organization of the Chla
n1ydon1onas reinlzardtii genes encoding cytochrome c 1 
(Cycl) and the Rieske-type iron-sulfur protein ( Jsp), 
two key nucleus-encoded subunits of the mitochondrial 
cytochrome bc1 complex, are presented. Southem 
hybridization analysis indicates that both Cycl and fsp 
are present as single-copy genes in C. reinhardtii. The 
Cyc/ gene spans 6404 bp atid contains six introns, 
ranging from 178 to l 134 bp in size. The fsp gene spans 
l 238 bp and contains four smaller introns, ranging in 
length from 83 to 167 bp. In both genes, the intron/exon 
junctions follow the GT/AG rule. Interna! conserved 
sequence-s were identitied in only sorne of the introns in 
the Cycl gene. The levcJs of expressicn of Isp and Cycl 
genes are comparable in wild-type C. reinharJtii cells 
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and in a mutant strain carrying a deletion in the mi
tochondrial gene for cytochrome b (dunz-1). Neverthe
less. no accumulation of the nucleus-encoded 
cytochrome c 1 ar ofcore proteins I and 11 was observed 
in the membranes of the respiratory mutant. These data 
sho\V that. in the green alga C. reinhardtii, the subunits 
of the cytochrome bc1 com¡ilex fail to assemble properly 
in the absence of cytochrome h. 

Kcywords Expression of nucleus-encoded genes · 
Introns · Internal conserved sequences · Mitochondrial 
targeting sequences · Assembly of protein complexes · 

lntroduction 

Ubiquinol-cytochrome r reduct:ise. or the be.,· complex 
(EC 1.10.2.2), is a central component of oxidative 
phosphorylation in eukaryotic and many prokaryotic 
organisms (Be1ry et al. 2000). Thc:: eukaryotic fom1 of 
the co1nplex catalyzes the ubiquinol-dependent reduc
tion of cytochrome e coupled with proton translocation 
across the inner mitochondrial membrane. lt is made up 
J0-1 l subunits. three of which, cytochrome h. cyto
chrome c 1 • and a Rieske-type iron-sulfur protein (ISP). 
contain redox centers. Apart from cytochrome h. ali 
subunits oí the bc1 complex are encoded by nuclear 
genes, and synthcsized in the cytosol as precursors 
containing rnitochondrial targeting sequences (MTS). 
These precursors are directed to mitochondria. import
ed .. and assembled into the mature respiratory complex 
(T>'agoloff 1995). 

The unk:ellular photosynthetic alga Ch/a111ydo1no11as 
reinlzardtii has become a model organism for the study 
of chloroplast biogenesis and flagcllum assembly (Harris 
2001). lts mitochondrial genome has been sequenced 
and characterized (Michaelis et al. 1990). However, less 
attention has been given to the nuclear genes encoding 
mitochondrial components that participate in oxidative 
phosphorylation. such as the genes encoding subunits of 
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the he, complex. The C. rcinhardtii bc1 complcx_is com
posed of nine subunits (Atteia l 994a). Two genes that 
encade poJypeptides of the C. reinhardtii bc1 complex 
ha ve been characterized: the mitochondrial cytochrome b 
gene (cob) (Michaelis et al. 1990), and a cDNA for the 
Rieske-type iron-sulfur protein ( Isp; Atteia and Franzén 
1996). We rcport here the genomic sequence of the 
C. reinhardtii lsp gene and the cDNA and genornic 
sequences of the Cycl gene "for cytochrome e,. The 
expression of these genes in wild-type cells and in the 
respiration-deficient mutant duni-1 was 3.Iso investigated. 

M.teriah and methods 

Strains and culture conditions 

Two C. reinhardtii strains wcrc uscd in this work: thc wild-typc 
(l37c) and the mitochondrial mutant dunt-1 (Matagnc et al. 1989). 
Both strains may be obtained from the Chlamydomonas Genetics 
Centcr (Ouke Univcrsity. Durham. N.C.). The celJs werc grown in 
TAP mcdium (Harris 1989) with agitation undcr continuous light. 
at 25ºC. 

Cloning of the C. reinhardtii cONA that cncodcs cytochromc e 1 

Scrccning of a C. reinhardtii ).gtJ O e O NA library (Attcia and 
Franzén 1996) was done by plaque hybridization using an 800-bp 
fragmcnt of the Polytomella sp. cytochrome c.1 gene (Gutiérrez
Cirlos et al.1994) ns a probe. Thc cDNA clones ísolatcJ from the 
positive plaques wcre cxciscd from A phagc ONA and subcloncd in 
thc EcoR1 sitc ofthc plasmir1 vector pTZtSU (USB). 

Scrccning of C. reinhardtii genomic librarics and subcloning 

DAC genomic clones containing the genes for C. reinhardtii Cycl 
(done addrcss: 37/F05) and Isp (cl.:>ne addrcs'i: 11/66) wcre ic.Jcn
tifi.::d using as probcs thc respective cDNAs. and obtained from 
Gcnome Systcms lnc. (St. Louis. Me..). The strategy uscd to 1solate 
thc Isp gene consisted of amplification by PCR of thc corrc
!"ponding gcuomic scqucnce using the BAC plasmid ::.s templa te and 
two gcne-specific primcrs based on the :S' and 3' ends of thc cDNA 
coding region. lspFW (5'-ATGGCTCTCCGGCGAGCGGTC-3') 
and lspBW (5'-GC.CGATCACCACCTTCTGGCC-3j. For PCR 
amplification using Pfu polymcrase (Stratagcne). samplcs wer.;: 
dcnnturcd for 5 min at 94ºC. and subjcctcd to thrce cyclcs oJ 1 min 
dcnaturation at 94ºC. 45 s anncaling ut SSºC. and 3 min extension 
at 72°C. followcd by 27 cyclcs of 1 min dcnaturat!on at 94ºC. 45 s 
anncaling at 58ºC. and 3 min cxtcnsion at 72ºC. Thc 1.3-kb PCR 
product was sequenccd and thcn uscd as a probc to screcn digcsts 
of the BAC obtaincd with differcnt restriction cnzymes. A gcnomic 
fragmcnt of 2.84 kb rcsulting from digestion of thc BAC with 
BamHI was cloned in pTZl9R (USB) and scquenced. A difcrent 
strategy was used to obtain thc C. reinltardtii c_i,•c/ gene. bccausc 
no PCR product could be obtnincd frorn the BAC gcnomic clones 
using spccific primers. Us:ug the Cycl cUNA as tcmr1ate. thc 
Cycl OR.F was first amplified by PCR; the primcrs used werc 
Cycl F'.V (5"-ATGAGGACAAGCCTACTTCGC-3") and Cycl BW 
(5'-GTTGACGACGTCCATGACGATGCG-3'). For PCR am
plification using Taq polymerase (Qiagen). samplcs were dcnatured 
for 5 min at 94ªC and subjccted to 30 cycJcs of 1 min denalUration 
at 94ºC. 45 s nnncaling at 58ºC. and 3 1nin extcnsion at 72ºC. Thc 
800-bp amplification product was uscd as a specific probc to 
idcntify fragments of C. reinltardtii BACs containing thc cyto
chrome C'J gene. Two Pstl fragmcnts of approximately 5.0 and 
2.0 kb that hybridizcd with the 5' ..a.uü 3• cnds of thc Cycl cDNA. 

rcspcctively. werc subcloned in pTZt9R. Comparison of the Cyc/ 
cONA scqucnce with the genomic scquence allowcd thc identifi
cation of six introns. Thc rcgion that comprised intron 6 of thc 
Cycl gene proved difficult to scquencc. and had to be subcloned 

·indepcndcntly as a P••ull íragmcnt. In addition. spccial conditions 
wcrc rcquired during automatic nuclcotide scqucncing (sce bclow). 
The scqucnccs of thc two Pstl fragments wcrc assembled using a 
1.2-kb Aval fragmcnt that also hybridized with the Cycl cDNA 
probc. 

ONA sequcncing. scquencc analysis and database acccssion 
numbcrs 

Scqucncing was pcrfonned. by MWG-Biotcch. using an ABI 
PRJSM3700 DNA Analyzer (Applicd Biosystems). Scqucncing oí 
intron 6 of the C. reinhardtii Cyc, gene was canied out at the 
Unidad de Biología Molecular (Instituto de Fisiología Celular. 
UNAM) using an ABI Prism 310 Gcnetic Analyu.r (Applicd Bio
systems). Sequcncing renctions were pcrfonned using thc ABI 
Prism Big Oye Tcnninator CycJe Scquencing Rcady Reaction Kit 
(Applied Biosystems), with thc thennal cyclin~ protocol rccom
mcnded by the manufacturers. which consisted of an initial dcna
turation at 96ºC for S min, followcd by 45 cyc)es of 96ºC for 1 O s. 
50ºC for 5 s. an extension step of 4 min at 60ºC. and a final rapid 
thennal ramp 10 4ºC. Using these conditions. thc nucJcotide read 
Jcngth of intron 6 was extremely short. and no reliablc scquence 
could be obtained. In order to obtain the full-Jength sequcnce of 
intron 6 on both strands. wc uscd a cycling protocc..I in which 5% 
DMSO was addcd to thc reaction and thc temperature of thc ex
tcnsion step was lowcrcd to S 1 ºC. Thc scqucnccs obtained in this. 
work nre availablc in the DDBJ/EMBL/GenBank nuclcotidc sc
qucnce databasc undcr the Acccssion Nos. AF245393 (C. rcin
hardtii Cyc1 cDNA), AJ417788 (C. reinhardtii Cyc1 genomic 
DNA). and AJ320239 (C. reinhardlii 1·sp scnomic ONA). 

DNA and RNA isotation. elcctrophorcsis and ¡.,)otting 
onto nylon membrancs 

Total C. reinhardtii ONA. isnJatcd according to Ne~man et al. 
( 1990), was digested with restriction cnzymes. fn:.cticn:atcd on a 
1 % agarosc gel. and transf"crrcd on!o H)'bo1ad-?"'J + mc:mttranes 
(Amersham PhannaciJ Biotcch) acccrd.ing te standard protocols 
(Sambrook t"'t al.1989). Mcmb:-ancs were hybridized overnight with 
h~1noiogous probcs dcscribed below. and furthcr washed undcr 
high-stringency .;ondilions {t'-'-'O washcs in 0.2xSSC. 0.S~ó SOS. at 
6SºC). Total RNA was isolatcd from wild-typc and dum-1 c:clJs 
using the RNcasy Mini Kit (Qiagen). Hybridization was carried out 
overn;;ght as described in Atteia el al. (2000). The mcmbrancs were 
washed in lxSSC. 0.5% SOS. and SO'Yo formamidc at 42ºC for 
20 min. Southcrn and Northcrn blots were hybridizcd with thc 
indicatcd ONA probcs labcled with [a-.l2p]dc-rP using a Random 
Primer Jabcling kit (GibcoBRL). 

Protcin nnalysis 

Wild-type C. re:"nltardtii and mutant dum-1 cells wcrc harvestcd 
in late expon<!ntial phasc ar.d total mcmbranes wcre purified as 
dcscril.x:d by Chua and Bcnnoun (197:5). Chlorophyll Jcvcls wcre 
dctcnnined aC"cording to Arnon (1949). Electrophorcsis was con
ducted on linear 12%-1 Sº/o polyacrylamidc gradient gcls contain
ing 8 P..1 urea (Piccioni et al.1981 ). Proto:in samples in 80 mM 
Na2C03·80 mM O"ll. wcre solubilizcd with 2% SOS in the prcs
cnce of 12°/o sucrose {Atteia et al.1992). Heme staining with TMBZ 
{Fluka) was done a:: dcscribed by Thomas et al. { 1976). lmmun
odetection was carried out using the cnhanccd chcmiluminc~ence 
mcthod according ,.., thc manufacturcr's instructions (ECL; 
Amersham Phannacia Biotech). The anfiscra t..1scd wcre dirccted 
against core 1 from Neurospora i.ra.ua. and against cytochromc c 1 
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nnd corc 11 from Saccharomyces crrevisiae. Apparcnt molecular 
masscs wcrc cstimatcd using commcrcially availablc low·molccular
mass markcrs (Protcin Laddcr. Phannacia). 

Scquencc analysis In si/leo 

Sccondary structurc prcdiction of mitochondrial targcting sc
qucnccs (MTS) was carricd out using thc program Protcan in thc 
Lascrgcnc scqucncc analysis package (DNASTAR). Scqucncc 
alignmcnt was pcñonncd with thc CLUSTAL W program (Higgins 
and Sharp. 1988). 

Characterization of a C. reinhardtii cDNA encoding 
cytochrome c 1 

A cDNA clone for Cycl was isolated by screening a 
).gtlO library (Atteia and Franzén 1996) using a het
erologous probe from Po/ytnn-:,.fla sp. (Gutiérrez-Cirlos 
et al.1994). The isolated C. reinhardtii Cycl cDNA 
(DDBJ/EMBL/GenBank AF245393) did not have a 
polyA. tail but did contain a potential TGTAA polya
denylation site. The cDNA contains a 5'-untranslated 
region of 45 bp followed by an ORF of 945 ·bp which 
encodes the full-length apocytochrome c 1 polypeptide. 
The first ATG in frame with the coding region probably 
codes for the first methionine. 

ft.nalysis of the deduce<l sequt:nce of cytochrome c 1 

The cytochf"ome r¡ apoprotein of C. reinhardtii is syn
thesized as a precursor of 314 residues with a putative· 
cleavable M·rs of70 amino acids.·The mature protein of 
244 resic.lucs. with a rno)ecular mass of 26.934. e~hibits 
the N-terminal sequence N.EAADGLHAPHYPWG 
previously determined (Atteia 1994b). The deduced se
quence of the C. reinhardtii cytcchromc c 1 wa~ com
pared with its homologs from other species (Fig. 1). The 
C. rcinhardtii scquence is 56-59% identical to crtype 
cytochro1nes from plant sources. such as Solanun1 
tuherosurn. and Arabidopsis thaliana. The consensus 
heme-binding region (Q/E)VC(A/S)(A/S)CH is located 
between residues Q1os and H 1: ~ Tn addition. a stretch of 
15 uncharged amino acids near the C-terminus (A281 to 
S29s) most probably forms a single transmembrane do
main. and anchors the protein to the membrane and to 
cytochrome h. as observed · in the three-dimensional 
structures of bc1 complexes crystallized from other 
5ources (Berry et al.2000). · 

Genomic organization of the C. reinhardtii 
cytochrome c 1 gene 

A restriction map of the cloned DNA fragments that 
contain the Cycl gene is shown in Fig. 2. To determine 
the copy numbcr of the genes encoding cytochromc c 1 • 

genomic DNA was digested \.Vith scveral restriction 
enzymes. fractionated on an agarose gel. blotted onto 
nylon mernbranes and hybridized with labeled cDNA 
corresponding to the CycJ gene ORF. Unique 
hybridization bands obtained after treatment of total 
C. reinhardtii DNA with diffcrent restriction enzymes 
suggest that cytochrome e 1 is encoded by a single-copy 
gene (data not shown). 

Genomic DNA encoding the ORF of the C. rein
hardtii cytochrome c1 gene. as well as the S' and 3' 
UTRs. was sequenccd on both strands. The first and last 
codons of the gene are separated by 4736 bp, which is 
more than five times the Iength of the corresponding 
cDNA. Thus. the size of the non-coding regions of the 
gene considerably exceeds that ofthe exons. The gene is 
interrupted by six relatively large introns. \\•hose posi
tions were assigned by comparison of the genomic se
q uence with the cDNA. All introns showed exon/intron 
splice junctions that followed the GT/AG rule 
(Breathnach and Chambon 1981). The sequence of 
intron 6 was difficult to obtain~ and rcquired indcpcn
dent subcloning and special sequencing conditions. as 
describcd in Matcrials and methods. Thc difficulties 
are attributable to the presence of multiple copies of 
the nucleotide pentamers AAGGG, AGGGG. and 
AGAGG. 

Genomic organization of the C. reinhardrii gene 
for the Rieske-type iron-sulfur protein 

We previously reported the isolation and sequencing ofa 
cDNA encoding the C. reinhardtii Rieske-type iron-sul
fur protein (Atteia and Franzén 1996). Based on this 
sequence. a genomic BAC clone was isolat.;:d. nnd a 
genomic Ba1r1f.II fr::igment oí 2.84 kb was subcloned in 
pTZ19R. The restriction m"p of the cloned DNA frag
ment that contains the Isp gene 1s !i;hown in F1g. 2. This 
sequenced fragn1ent exhibited UTRs cf 1013 nt at the 5' 
end and of 596 nt at the 3' end. Comparison of the gene 
sequence with the cDNA sequence indicated the pres
ence of four introns. ranging from 83 to 167 bp in 
length. In contrast to the introns in the Cycl gene. the 
introns in the Isp gene are relatively small. and were 
easily sequenced. Southern analysis of C. reinlzardtii 
DNA using the lsp ORF as a probe identified fragments 
of the sizes predicted in Lo:i/ico from the genomic DNA 
sequence. and therefore supports the presence of a single 
lsp gene in C. reinlzardtii (data not shown). 

Express1on of the Cycl and lsp genes in wild-type 
and dum-1 mutant strains 

Expression of the Cycl and lsp genes was analyzed in 
two strains of C. reinhardrii. the wild-type and the res
piration-deficient mutant du1n-J. The dum-1 mutant 
strain has a 1.5-kb deletion in the mitochondrial cyto
chrome h gene ( cob). and is therefore unable to carry 
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Fh:. 1. Multiplc prolcin 
sequcnce alignmcnt cf L"¡-type 
cytoc:hromcs. Thc C. reinhardtii 
c 1 cytochrome scqucnce is 
comparcd with e, cytochromcs 
from Arabidopsis rhaliana 
(Kaneko et al. J 998). Solanum 
ruberosum (Braun 
et al.1992). human (Nishikimi 
et al.1988). Saccharomyces 
c~revisiae (Sadlcr et al.1984): 
and Neurospora crassa 
(ROmisch et aJ.1987). Amino 
acid residues that are conserved 
in at Jeast 50% of the scquenccs 
are shown on a b/ack 
background. similar residues 
are shown on a gray 
background 
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out oxidative phosphorylation (Matagne et al.1989; 
Randolph-Anderson el al.1993). RNA blots loaded with 
total RNA isolated from the wild-type and mutant 
strains were first hybridized with a probe containing the 
coh gene (Michaelis et al.1990). As expected. a band of 
1.3 kb. corresponding to the cytochrcme b RNA. was 
detected in th= wild-type strain. but not in the dun1-I 
mutant. In contrast. the Jevels of the Cycl and lsp 
transcripts were comparable in both strains (data not 
shown). Similar accumulation levels were also obtained 
with a probe derived from the Polyron1el/a agilis P-tub
ulin BI gene ( Tub Bl) (Conner et al.1989). which was 
used as an internal control ·to check that equivalent 
amount,; of RNA had been Joaded in ali Janes. These 
results suggested that the nuclear genes Cyc/ and Isp are 

expressed in C. rcinlrardtii independently of the mitoc
hondrial cob gene. 

Accurnulation of cytochrome hc1 subunits 

To investigate whether the bc1 complex subunits were 
present in the du111-J strain. total membranes were iso
lated from wild-type C. reinhardtii cells and the respi
ration-deficient rnutant cell.s. and their protein contents 
were analyzed by electrophoresis on a urea/SDS-PA gel. 
Figure 3 shows polyacrylamide gels stained for proteins 
with Coomassie-BriUiant (panel A) and for hemes using 
TMBZ (Thomas et al.1976) (panel B). The TMBZ
stained bands in wild-type C. reinhardtii rnembranes 
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were 1dentified (from top to bottom in Fig. JB) as 
chloroplast cytochrome.f. mitochondrial cytochrome c19 
chloroplast cytochrome b 6 • and soluble mitocbondrial 
cytochrome c. As shown in Fig. JB. the TMBZ band 
that corresponds to mitochondrial cytochrome c 1 is not 
detectable in the membranes isolated from the mutant 
strain du1n-l. The absence of this subunit in the mutant 
strain was confirmed by immunoblot analysis using an 
antibody against S. cerevisirtP :cytochrome c 1 (Fig JC). 
Figure 3C also shows that antibodies raised against the 
core proteins 1 and 11 recognized the corre!iponding su
bunits in membranes from wild-type C. reinliardtii cells .. 
but not in membranes isolated from the respiratory 
mutant dum-1. Taken together .. these data indicated that 
cytochrome c 1 and other subunits ofthe bc1 complex do 
not accumulate in cells in the absence of mitochondrial 
cytochrome h. 

Genornic organization of the C. reinliardtii Cyc/ gene 

We report here the complete cDNA and genomic se
quences ofthe single-copy Cycl gene from C. reinhardtii .. 
the first cytochrome c 1 gene sequenced frorn a chloro
phyte alga. The C. reinhardtii Cycl gene exhibits ali the 
characteristics of a rnitochondrial gene that was func
tionally transferred to the nucleus early in evolution: 
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Fis:. 3A-C Accumulatiun of cytochrome bc:1 subunits in total 
membranes isolatcd from wild-typc C. reinhardtii cells and durn-1, a 
mutant strain with a delction in the mitochondrial c:oh gene. Total 
membrane polypeptides from wild-typc C. reinhardtii ( 1) and dwn-1 
( 2) strains wcrc fractionated on a 12-18% polyacrylamide gel 
containing 8 M urea. Mcmbrane samples contained 20 µg chloro
phyll each. A Coomassie brilliant bluc stained gel. B TMBZ
stained gel. C Jmmunoblots labeled with antibodics against several 
subunits of thc cytochromc bc1 complex: N. c:rassa· anti-core 1 
protein antibody, and S. cercvisiac anti-core 11 protcin and anti
cytochromc c-1 antibodies. Thc numbers indicatc apparent molec
ular masses in kDa 

typical nuclear codon usage and the presence of polya
denylation signals._ DNA sequences encoding N-terminal 
MTS. and the presence of a relative large number of 
introns. Cycl genes are also found as single-copy se
quences in yeast (Sadler et al.1984) and human (Suzuki 
et al. 1989). In contrast. two Cyc/ genes are prcsent in 
potato plants. and are expressed differentially in various 
tissues (Braun et al. 1992). 

The introns in the C. reinhardtii Cycl gene show 
conserved consensus scquenccs that surround thc splic
ing sites (Silftow 1998). The introns in the C. reinhardtii 
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Cycl gene define seven exons that seem to encade dis
tinct functional domains of cytochrome c 19 a feature 
previously observed in the corresponding human gene 
(Suzuki et al. 1989). The MTS of the C. reinhardtii 
cytochrome c 1 is encoded by exon 1 and the first 33 
nucleotides of exon 2. These exons seem to encade two 
distinct domains of the MTS., exon J the ºmitochondrial 
targeting signar\ and exon 2 the ºintramitochondrial 
sorting signa19''. However,. the region of the gene coding 
f'or the MTS is not separated from the region encoding 
the mature protein by an intron 9 a feature found in the 
cytochrome C¡ genes from human (Suzuki et al.1989) 
and potala (V\regener and Schmitz. 1993). Sorne addi
tionaI domains can be identified in the predicted cyto
chrome c 1 structure: a heme-binding domain (residues 
Q 108 to H 114) encoded b}' exon 3; two highiy acidic 
domains that contribute to the interaction with soluble 
cytochrome e (residues E 140 to E1s2 encoded by exons 3 
and 4. and residues D239 to 0246 encoded by exon 6); 
and the membrane anchor domain necessary far the 
functional assembly of the prof.~in (residues A2st to S295) 

encoded by the last exon. 
Various internal conserved sequences (ICS) have 

been described for introns of nuclear genes in C. rein
hardtii (Liss et al. 1997: Funke el al. 1999). These ICS 
are present in introns larger than 200 bp. and are located 
eitht:r near the 5' spiicing junctions (ICS I). or near the 
3' splicingjunctions (ICS 2) (Pérez-f.fartinez et al. 2002). 
Only one ICS 2 (5'-ATCATGAATGTAACCCC-3') was 
identifiec! in the Cycl gene of C. reinhardtii. near the 3' 
splicing: junction (nucleotides 420 to 436) of intron 5. 
which itsc:lf is 510 bp long. In addition. a region of 
intron 3 of the Cycl g~nc exhibited silniiarity with 
an intron in the C. reinltardtii gene fbr the herbicide
resistant protoporphyrinogen oxidase precursor. Ppxl 
(Randolph-Anderson et al. 1998), indicating that the 
sequence 5'-TTTCCAACCATCCITGCAACC-3' may 
be a previously unrecognized ICS. 

Genomic organization of the Isp gene 
of C. rcinhardtii 

The C. reinhardtii Isp gene contains four introns. all 
shorter than the average intron size (219-bp) found in 
this green alga (Silftow 1998). :The MTS is encoded by 
the first exon; however. it is interrupted by intron 1 
shortly befare its cleavage site. The othcr three introns 
are Jocated in the region that encades the mature pro
tein. No ICS could be identiñed in any of these four 
introns. lt is striking that two C. reinhardtii nuclear 
genes encoding redox subunits of the same respiratory 
complex exhibit such marked differences in the Iength 
and complexity of their introns. 

Comparison of the Isp gene sequence with the lsp 
cDNA sequence published earlier (Atteia and Franzén 
1996) rcvealed sorne sequence differcnces in the S" UTR. 
The first 83 nucleotides previously dcscribed far the Isp 
cDNA were not found in the Isp gene sequence. These 

83 nucleotides are identical to nucleotides 325 to 408 of 
the C. reinhardtii solo long terminal repeat retrotrans
poson TOCI sequence (Day et al.1988). Othcr diñcr
ences betw.:en the cDNA and genoinic sequence:s Jead to 
changes in the deduced JSP sequence (P4s far Q4s• E46 
for Q46• Aso for Gso. A9s for G9s~ and R96 for E97) and 
the inclusion of an additional amino acid. T96· Three of 
these differences occur in the MTS sequence. However. 
they do not modify the conclusions prcviously drawn 
regarding the structure of the C. reinhardtii ISP (Atteia 
and Franzén 1996). 

Biochemical characterization of the C. reinltardtii 
mitochondrial respiratory mutant strain dun1-J 

Severa) mitochondrial mutations that affect the function 
of respiratory complexes have been characterized in 
C. reinhardtii (Remacle et al.2001). Of relevance to this 
work is the respiration-deficient mutant dun1-J. which 
fails to grow in the dark due to a terminal 1.5-kb dele
tion in the cob gene (Matagne et al.1989; Randolph
Anderson et al. 1993). We analyzed the consequ::nces of 
the lack of a functional cytochrome b gene on the 
expression and accumulation of the other ~ubunits of the 
cytochrome bc1 complex. The levcls of the Cyc/ an<l Jsp 
transcripts were shown to be unaffectcd by the absence 
of the mitochondria! cob gene. indicating that the mu
tation does nct influence the transcription of Cycl ar 
fsp. Immunoblot experiments shoY..'ed that the dun1-J 
strain jo;; deñcient in cytochaome c 1 and in two core 
proteins of the bc1 complex (Fig. 3). Therefore. it ap
pears that. in C. reinltardtii. the subu1Jits of the bc1 
compk:x are assernbled coordinately. and that regulation 
of the expression of cytochrome c 1 and the ISP takes 
place at thc post-transcriptional level. 

In C. reinhardtii chloroplasts, the concerted accu
mulation of the subunits of photosynthetic complexes is 
the result of the rapid proteolytic degradation of unas
sembled subunits. The rate of synthesis of sorne chlo
roplast-encoded subunits of photosynthctic complexes. 
known as CES proteins (Controlled by Epislasy of 
Synthesis). is also regulated by the availability of other 
subunits ofthe same complex (Choquet et al. 2001). This 
work is thc first to report the coordinate assembly of the 
subunits of a mitochondrial respiratory complex in a 
photosynthctic alga. 

Analysis of the MTS encoded by the Cyc J 
and lsp genes 

The deduccd amino acid scquences of the C. reinhardtii 
cytochrome c 1 and ISP. and the previously dctermined· 
N-terminal scqucnccs of thc mature proteins (Attcia 
1994b), predict MTSs of70 and 54 residues. respectively. 
C. reinhardtii MTSs cxhibit large variations in size. 
although thcy ali contain rcgions with the potential to 
form positively charged. amphiphilic alpha helices. a 
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Fi¡:. 4A. JI Thc C. reinhard1ii cytochromc c 1 MTS. A Thc primary 
~cr1uc11ce or thc MT.5. Thc arro1v 1ndicatc;:s the clcavaJtC sitc bctwcc:n 
the MTS and the 1naturc protcin. Chargcd a1nino acids~ a putativc 
amphiphilic alpha hclix und a hydrophobic rcgion are indicatcd. B 
Hclical·whecl projcction of the C. reinhardtii cytochrome c 1 MTS, 
rcsiducs 4-14. Hydrophobic rcsiducs are circled, and chargcd 
rcsiducs are indicatcd by thcir charges 

characteristic feature of MTS (von Heijne et al. 1989). In 
the cytochrorne c 1 MTS. residues 4--14 may fonn this 
amphiphilic helix (Fig 4A. B). In the ISP MTS. residues 
1-11 forma similar helix (Atteia and Franzén 1996). The 
MTS of the ISP has also been tested in protein import 
experiments in vitro (Nurani et al.1997). Incubation of 
a radiolabeled precursor of the ISP with isolated C. 
reinhardtii mitochondria resul!ed in the production of 
the mature form of the ISP. This mature form was 
protected against externally added protease9 indicating 
that it had been imported into the mitochondria. 
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SUMMARY 

Protein profiles of mitochondria isolated from the heterotrophic chlorophyte Polytomella sp. grown 

on ethanol at pH 6.0 and pH 3. 7 were analyzed by Blue Native and denaturing polyacrylamide gel 

electrophoresis. Steady-state levels of oxidative phosphorylation complexes were influenced by 

externa! pH. Levels of an abundant, soluble, mitochondrial protein of 85-kDa and its 

corresponding mRNA increased at pH 6.0 relativa to pH 3.7. N-terminal and internar sequencing 

of the 85 kDa mitochondrial protein together with thc:; corresponding cDNA identified it as a 

bifunctional aldehyde/alcohol dehydrogenase (ADHE) with strong similarity to homologues from 

eubacteria and amitochondriate protists. A mitochondrial targeting sequence of 27 amino acids 

precedes the N-terminus of the mature mitochondrial protein. A gene encoding an ADHE 

homologue was also identified in the genoma of Chlamydomonas reinhardtii, a photosynthetic 

relativa of Pofytomella. ADHE revealg a complex picture of sequence similarity among 

homologues. The lack of ADHE from archaebacteria ondicates a eubacterial origin for the 

eukaryotic enzyme. Among eukaryotes, ADHE has hitherto been characteristic of anaerobes. 

ADHE is essential to cytosolic energy metabolism of amitochondriate protists such as Giardia 

intestina/is and Entamoeba histolytica. The abundance and expression pattern suggest an 

important ror .. for AD1 ¡;;:: in mitochondrial metabolism of Polytomel/a under the conditicns studied. 

Presence of ADHE in an oxygen-respiring algal rnitochondl'ion and coexpression at ambient 

oxygen level~ with respiratory chain components is unexpected and inconsistent with the view 

that eukaryotes acquired ADHE genes specifical1y as an adaptation to an anaerobic lifestyle. 
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INTRODUCTION 

The colorless chlorophytes of the genus Polytomella are members of a single 
monophyletic clade, the Reinhardtii clade (1), and share a common ancestor with their 
photosynthetic relatives Chlamydomonas reinhardtii and Volvox carterii (2, 3). Polyton1ella is 
found in various habitats including fresh water ponds and greenhouse soils (4). In the laboratory 
the algae can be grown on a great variety of carbon sources and under a wide range of pH (5-8). 
The growth of this alga is often associated with significant changes in the pH of the culture 
medium (8). The ability of the alga to adapt to different habitats implies a light regulation of the 
intracellular ooncentration of salutes and rirotons. 

Po/ytomella sp. is able to grow on ethanol at pH below 7.0 whereby its metabolism tends 
to acidify the growth medium, although it can also be grown under conditions where the pH is 
maintained constant (8). Studies on Polytomella sp. cP.lls grown on ethanol in the presence of 
non-metabolizable buffers have shown that the externa! pH influences the function and 
biogenesis of mitochondria. The rates of oxygen uptake in the presence of substrates like 
succinate, malate ar ethanol are 20-25% higher in mitochondria isolated from cells grown at pH 
3.7 than in mitochondria from cells grown at pH 6.0 (85. The steady-state accumulation of 
mitochondrial proteins is also affected by the externa! pH. Mitochondria from cells grown at pH 
3. 7 contained more polypeptides of 30-kDa ar less, ene of which was cytochrome e (8), relative to 
mitochondria from cells grown at pH 6.0. At present, the identity of the different mitochondrial 
protein patterns of cells grown at pH 6.0 and pH 3.7 is not known. 

The aim of the present study was to further characterize the influence of the externa! pH 
on the mitochondrial protein content in Polytome/ia sp. grown on ethanol and to identify proteons. 
that exhibit a pH-dependent accumulation. Here we report changes in the levels of oxidative 
phosphorylation (OXPHOS) complexes in mitochondria isolated from Polytomella sp. cells grown 
on ethanol at pH 6.0 and pH 3.7 and in the levels of an 85-kDa soluble protein that we identified, 
on the basis of its amino acid sequence, as a bifunctinnal aldehyde/alcohol dehydrogenase 
(ADHE). A ADHE homologue is also present in C. reinhardtii, a photosynthetic relative of 
Polytomel/a. 

EXPERIMENTAL PROCEDURES 

lsolation and subfractionation of Polvtomella sp. mitochondria 

Polytomel/a sp. (198.80, E.G. Pringsheim) was grown in Erlenmeyer flasks with cotton 
stoppers allowing far ample gas exchange at room temperature on ethanol at pH 3. 7 and at pH 
6.0, ar on acetate at; pH 6.0 (8). Mitochondria were isolated as described (8). Mitochondria, 
resuspended in 0.2 M.mannitol, 5 mM potassium phosphate (pH 7.2) ata concentration of 10-12 
mg protein/ml in the presence of 0.5 mM PMSF and 2 mM amino caproic acid, were sonicated 
three times for 1 O sec •. and centrifuged far 1 hour at 100,000 x g. 

Protein Ana/ysis 

Mitochondria and mitochondrial subfractions were freshly prepared far BN-PAGE 
analysis. The soluble. mitochondrial fraction was supplemented with 1 % dodecyl maltoside (n
dodecyl 13-D-maltosidi¡t) and 0.25% Coomassie Serva Blue G. Mitochondria and mitochondrial 
membranes were washed twice in 250 mM sorbitol, 15 mM Bis-Tris (pH 7.0); far solubilization, 
the proteins were resuspended at 15 mM Bis-Tris, 750 mM amino caproic acid (pH 7.0) 
containing 2% dodecyl maltoside at a final protein concentnation of 5 mg/ml. The sample was 
centrifuged far 20 min at 40,000 x g; the solubilized material was then supplemented with 
Coomassie Serva Blue G (ene half of the volume of added dodecyl maltoside). All the samples 
were loaded on BN-PAGE using acrylamide gradients of 5-12% or 5-15% (9). Staining far NADH 
dehydrogenase activi~;as on BN-PAGE was performed as in (10). Electroblotting. of BN-PAGE 
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lanes was done as described (11 ). lmmunodetect!on was carried out by the enhanced 
chemiluminescence peroxidase method (ECL ™, Amersham-Pharrnacia Biotech.) using antisera 
raiscd against the ~-subunot of the bovine mitochondrial ATP synthase, the COXllA subunit of 
Polytomella sp. cytochrome e oxidase, and the core 1 subunit of Neurospora crassa be, complex. 
Entire lanes of BN-PAGE were used to resolve the proteins in a 20-Tricine-SOS-PAGE (15°/o 
acrylamide) (11 ). For sequence determination, a lane of BN-PAGE wilh soluble mitochondrial 
proteins (1 mg of protein) was resolved on 20-SOS-PAGE; following electrophoresis, the proteins 
were electrotransferred onto ProBlot membrane and stained with Coomassie blue R-250 ( 12). 
The proteins of inte:rest were excised and subjected to N-!erminal or interna! sequencing as 
descrlbed (13). Pro!ein concentrations were determined according to Markwell et al. (14). 
Prestained molecular mass markers (lnvitrogen) were used. 

lsolation of Polvtomella sp. ADHE cDNA 

Two oligodeoxynucleotides, 5'- GAG CAG AAG TCC AAG TCY GAY GAG G -3' and 5'
CTT CTC RGC RTC ñGC GGA RGG -3' were designed from the N-terminal sequence (residues 
Glu6 to Glu13 of the mature protein) and the interna! sequence IS2 (Pro688 to Lys694} of 
Polytomella sp. mature AOHE protein. PCR amplification was carried out using Taq DNA 
polymerase (Qiagen). Total Polytomella sp. DNA was denatured for 5 min at 94ºC, then 
subjected to three cycles of 1 min denaturation at 94ºC, 45 sec annealing at 60ºC, and 3 min 
extension al 72ºC; and subjected to 27 cycles of 1 min denaturation at 94ºC, 45 sec annealing at 
62ºC, and 3 min extension at 72ºC. The obtained 2-kb PCR product (pAdhE} was cloned into 
pGEM-T Easy Vector (Promega) and scquer.cer1 ';JAdhE was further used to screen a DZAPl1 
Polytomella cONA library. The sequence of the longest cONA !solated (1.6 kb} from 5,000 p.f.u. 
screened, overlaped the 3'-er.d of pAdhE PCR product by 300 bp. The 5'-end sequence cf 
Polytornel/a sp. ADHE cONA was C:etermined using the RNA ligase-mediated rapid amplification 
of cDNAs ends methoij (RLM-RACE, Ambion), as indicated by the provicJer, and using total RNA 
from cells grown ori élcetate at pH 6.0. The gcne-specific primers use.j were: 5'- GGC TGT AAA 
CGA ACT CGG AGG CGA AG -3' (corresponding to residues Phe81 to Ser88 of the maturc 
protein) and 5'- GCG GCG CGG AAG ATC TTG TCG -3' (residues Asp42 to Ala47). The PCR 
steps were carried out at 60ºC. Sequencing was done at the Unidad de Biología Molecular (IFC
UNAM) and at MWG Biotech. lnc. (USA). 

DNA and RNA analysis 

Total Polytomel/a sp. DNA isolated according to Newman et al. (15) was digested with 
restriction enzymes, separated on a 1 % agarose gel, and transferred onto Hybond-N+ 
membranes (Amersham Pharmacia Biotech.) using standard protocols (16). Membranes were 
hybridized ovemight a: 65ºC with the pAdhE PCR product and washed 2 x 20 min at 65ºC in 0.2 
x SSC and 0.5% SOS. Total RNA from Po/ytomel/a sp. cells was isolated using Trizol Reagent 
(GibcoBRL), separated on a 1 % agarose gel, and transferred onto Hybond-N+ membranes. 
Hybridization was carried out overnight as previously described (8). The membranes were 
washed 2 x 20 min, at 42ºC in 1 x SSC and 0.5% SOS. ONA probes pAdhE (see above) and 
TubB1 from Polytomella agilis (B. 17} were labeled with [a-32P] dCTP using the Random Primer 
labeling kit (GibcoBRL). 

Sequence Analysis 

EST clones ·of C. reinhardtii were obtained from the ChlamyEST database at 
http://www.biology.duke.edu/chlamy genome/cgp.html using the WU-TBLASTN program. Search 
for an AOHE gene in C. reinhardtii genome was done using the site http://genome.jgi-psf.org/cgi
bin/browserLoad/3e7f2c99428ddae9031d6856. Protein sequence data were retrieved from 
Swiss-Prot + TrEMBL .(18) and GenBank, non-redundan! protein sequence databases (19), using 
gapped BLASTP program with default gap penalties and BLOSUM 62 substitution matrix (20). 
Molecular mass and pi were calculated using _the Compute pl/MW tool (21). Motif search was 
done using the lntegrated Protein Classification Database (iProClass) (pir.qeorgetown.edu) 
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software. Sequences were aligned with ClustalW (22). Protein logdet distances (23) were 
calculated using the LODist program available at the website 
http://artedi.ebc.uu.se/molev/software/LDDist.html and used for constructing neighbcr-joining 
trees (24) and planar networks. Planar networks were constructed with NeighborNet (25) and 
SplitsTree (26). 

RESULTS 

/dentification of the major OXPHOS comp/exes from Po/vtomel/a sp. 

Mitochondria from Polytomel/a sp. cells grown on ethanol at pH 6.0 were solubilized with 
dodecyl maltoside and analyzed on BN-PAGE. As shown in Fig. 1A, the pattern of Po/ytomel/a 
sp. mitochondrial protein complexes contrasts with the well-characterized pattern of beef heart 
mitochondrial complexes (9). The major Polytomella OXPHOS complexes were identified by 
immunoblot analysis and specific activity staining. An antiserum against subunit O of bovine 
complex V (F0 F 1-ATP synthase) detected a single band of at least 1600-kOa on BN-PAGE (Fig. 
1 B). Thus, like in C. reinhardtii (13), Polytomella sp. complex V runs as a dimer. The incubation of 
a BN-PAGE lane with nitro blue tetrazolium and t~ADH (10) led to the detection of two bands of -
980 and 250-kOa exhibiting NADH dehydrogenase activity (Fig. 1 B). Based on its mobility on 8N
PAGE and on its polypeptide composition (see Fig. 28), the 980-kDa band was identified as 
complex 1 (NAOH:O 0xidoreductase); the band of 250-kDa was not identified. The 500-kDa 
protein complex w::i" assiyned to Poly/omella sp. complex 111 (QH2 :cyt e oxidoreductase), on the 
basis of its detection with an antiserum against N. crassa core: 1 subunit. The position of complex 
IV (cytochrome e oxidase) was determined using an antiserum again5t the COXllA subunit (28). 
As shown in Fig. 18, tnis antibody recognized rnultiple bands on Bl'J-PAGE in the range of 150 to 
180 kDa; nene of which coincided with thc strong band at 200-kDa (Fig. 18; see below). 
Therefore, in contras! to complex IV from various sources, incluciing mammals (9), plants (11) 
and C. reinhardtii (13), Polytomella complex IV does not appear as a major band on 8N-PAGE 
(Fig. 1A). 

Externa/ pH affects accumulation of mitochondrial protein complexes 

8N-PAGE patterns of mitochondria isolated from Polytomella sp. cells grown on ethanol 
at pH 6.0 and pH 3.7 were qualitatively similar bu! the relative abundance of protein complexes 
differed (Fig. 2A). 8N-PAGE and 20-SDS-PAGE (Fig. 28) showed that !he levels of complex V 
were significantly higher in mitochondria from cells grown at pH 6.0 than in mitochondria from 
cells grown at pH 3.7 .. In contras!, the levels of respiratory complexes 1, 111, and IV were lower in 
mitochondria from cells grown at pH 6.0 than in mitochondria from cells grown at pH 3. 7. 

8esides the proteins of the OXPHOS system, severa! other proteins showed a pH
dependent accumulation. One of them was a protein of 85 kDa that belongs to the 
aforementioned 200-kDa complex visible on 8N-PAGE above complex IV (Fig 1, 2). Higher 
contents of the 85 kDa protein were found in mitochondria from cells grown at pH 6.0 (Fig. 2, 
arrow). The N-terminal sequence of the 85-kDa protein is reported in Table l. 

20-SDS-PAGE analysis of soluble protein complexes in Polvtomella sp. 

Mitochondria from cells grown on ethanol at pH 6.0 were fractionated into their soluble 
and membrane-bounq components and the protein complexes in !he subfractions were further 
separated on BN-PAGE (Fig. 3, left panel). As expected, the OXPHOS complexas were found in 
the membrane fraction. In the soluble fraction, two major protein complexas of - 200 and 100-
kDa were detected (Fig. 3, left panel). 

The soluble protein complexes, separated by BN-PAGE, were resolved into their 
constitutive subunits on a 20-SDS-PAGE (Fig. 3, right panel). Corresponding to the 200-kDa 
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range several proteins were resolved, with a major protein of 85-kDa (spot 1) and two additional 
proteins of 60-kDa (spot 2) and 35-kDa (spot 3). The N-terminal sequence of the protein in spot 1 
was identical to the N-terminal sequence of the 85-kDa protein (Table 1) indicating that this 
protein is soluble. The N-terminal sequence of two tryptic fragments obtained from the 85-kDa 
protein (IS1, IS2; see Table li did not produce significant hits in database searches. Protein spots 
2 and 3 were also ,;t.:!::jected to Edman degradation. No N-terminal sequence could be obtained 
for spot 2, likely because of a blocked N-terminus. Edman degradation of spot 3 gave two amino 
acids for several cycles (Table 1). 

Database searching identified several protein spots on 20 gels as typical mitochondrial 
proteins (Table 1). Spot 4 (60-kDa) and spot 5 (70-kDa) were identified as the mitochondrial heat
shock proteins HSP 60 and HSP 70. Spct 6 (45-kDa) and spot 7 (35-kDa) were identified as 
malate dehydrogenase and citrate synthase (Table I) of the tricarboxylic acid cycle. 

ldentification of a Polvtome/la sp. cDNA encoding mitochondrial ADHE 

Using primers designed from the peptides obtained from spot 1, its correspcnding cDNA 
was isolated through PeR amplification, cDNA library screening and RLM-RAeE. Database 
searching with the cDNA sequence revealed that spot 1 corresponds to a bifunctional 
aldehyde/alcohol dehydrogenase, ADHE. Po/ytome/la ADHE r.DNA encodes a 885-amino acid 
protein encompassing the N-terminal sequence determined from the mature mitochondrial 
protein, thus revealing the cleavage site of the 27 amino acid N-terminal mitcchcndrial targeting 
sequence (MTS) (Figure A, far reviewers only). The llllTS lacl<5> ac1dic residues, has a high 
content of basic and hydroxylated residucs and, conforms well to MTS prediction programs, 
including MITOPROT 11 (29), PREDOTAR (version 0.5, www.irira.fr/predola•/) and TargetP V1 
(30). The molecular mass cf the mature ADHE was ca!culated to be 88547-Da arid its pi 6.913. 
Southern hybridization against total Po/ytome/la DNA (data not shown) indicates that ADHE is 
encoded by a single copy gene. 

Database scarching identified the two distinct enzymatic domains typical of ADHE in the 
Polytomclla protein: the N-terminal region (residues Lys20 to Pro4S5) is homologous to lhe 
acetylating aldehyde dehydrogenase (ALDH) family, a member of the ALDH superfamily 
(aldehyde: NAO• oxidoreductases, Ee 1.2. 1. 10), whereas the e-terminal region (LyS485 to 
Ala854) is homologous to the iron-containing alcohol dehydrogenase family (Fe-ADHE; alcohol: 
NAO• oxidoreductases, Ee 1.1.1.1 ). Polytomella ADHE exhibits high similarity (52 to 69%) to 
ADHE from cyanobacteria, clostridia and enterobacteria; the algal protein also shows similarity 
(47 to 64%) to ADHE from lactobacilli, bacilli and from the amitochondriate eukaryotes Giardia 
intestina/is, Spironucleus barkhanus, Mastigamoeba balmuthii, and Entamoeba histolytica (31, 
32). . 

Po/ytomella ADHE exhibits several features characteristic of ADHE: the conserved 
sequences found in CoA-acetylating ALDH, PxG(x.,)P(x3)P (residues 113 to 126 of the mature 
protein) (33, 35) and G(x6 )D(x7)A(x7)K(><4)G(x,)e (residues 224 to 255) (33); the ALDH catalytic 
center DNGxlCASEO (residues 250 to 259) (31); two nucleotide-binding sites GxGxG (residues 
220 to 224) and GeG(x2 )GG (residues 428 to 434) that may be involved in NADH binding (33), 
and a third nucleotide binding site GxG(x2 )V(x3)S in the ADH domain (residues 601 to 610) 
implicated in NAD(P)H binding (33, 34). The e-terminal ADH domain of ADHE shows high 
similarity with Fe-ADH homologues that use iron to polariza the carbonyl group of acetaldehyde 
during catalysis. Po/ytomel/a sp. ADHE also exhibits the two iron-binding motifs conservad in Fe
ADH: the signatura 1 (ADH-IRON1; AIVDPSLIAALPKAAVAAGAFEAISHAVE; residues 633 to 
661) is highly conserved, while the signature 2 (ADH-IRON2; GVTQSLANKVAVAeDIPVGVAAA; 
residues 711 to 732) l~cks three histidine residues conserved in most ADHE homologues (Figure 
A, for reviewers only). The sequence between the two ADH-IRON signatures is shorter in 
Polytomella sp. than in other ADHE sequences as confirmed by the amino acid sequencing of the 
tryptic fragment 152 (Asp674 to Lys694). Polytome//a ADHE also contains the conservad patterns 
for ADH type 111 enzymes GGG(x3)0(x,)K (residues 545 to 554) and A(x2 )DQC(x2 )ANPRxP 

149 
TESIS CON 1 

FAí..LA DE ORIGEN l 



Apéndice 111 Articulo V 

(residues 829 to 842) (33). Finally, unlike bacteria and amitochondriate protists, the linker 
sequence (31) that connects the ALDH domain with the ADH domain in Polytome/la ADHE 
(residues Ala466 to Gly484) is unique in that it iacks charged residues and contains severa! 
hydroxylated residues. 

C. reinhardtii expressed sequence tags (EST) dataset searching by similarity to known 
ADHE proteins indicated the presence of an ADHE homologue in the photosynthetic alga. 
Overlapping EST clones (AV397610, AV639995, AV644998; 80808648, 81873972, AV624287, 
BG855351, 80810550, 81873402 and 8G855598), contigs (20021010.5320.2, 20021010.2041.2) 
and genomic sequence (scaffold 592) allowed to reconstruct C. reinhardtii ADHE cDNA 
sequence. C. reinhardtii ADHE is encoded a.:; a 951 amino acids that exhibits an N-terminal 
extension of approxn'nately 60 residues compared to ADHE in amitochondriate eukaryotes 
(Figure A, for reviewers only). A mitochondrial localization for C. reinhardtii ADHE is predicted 
with the programs PREDOTAR (version 0.5, www.inra.fr/predotar/) and MITOPROT 11 (29). C. 
reinhardtii and Potytomella sp. ADHE sequences are highly similar (56 % identity), nevertheless 
differences between the sequences of the putative ADH-IRON 2 signature and between the linker 
sequences were observed (Figure A. for reviewers only). The complete genomic sequence 
encoding C. reinhardtii ADHE spans 6,358 bp and contains 15 introns. 

Expression of Polvtomella sp. ADHE 

Northern hybridization was performed with RNA isolated from cells grown on ethanol at 
pH 6.0 or 3.7, and on acetatc at pH 6.0. RNA blots were probed with the pAdhE PCR product and 
the TubB1 probe ::is an interna! control for loading equivalent amounts of RNA. A s;ngle AdhE 
transcrlpt of 3.5 kb was detected in all three conditions (Fig. 4). While strong hybridization signals 
were observed with RNA from cells grown at pH 6.0 on acetate or on ethanol, the signal obtained 
with RNA from cells grown on ethanol al pH 3.7 was significantly weaker. These data show that 
Polytomel/a ADHE expression 1s strongly influenced by the pH of the culture medium. 

Phy/ogenetic ena/yses of ADHE 

Phylogenetic analysis was carried out with ADHE sequences available in databases: four 
from amitochondriate protists and the remainder from eubacteria. No archaebacterial homologues 
were detected in database searches. As shown in Fig. 5a, Polytome/la sp. and C. reinhardtii 
ADHE cluster closely :;_;_,t in a position distinct from Entamoeba histolytica ADHE in the bifurcating 
NJ tree. The ADHE from E. histolytica shares higher amino acid sequence identity with 
homologues from Pasteurella multocida (63º/o) or Streptococcus pneumoniae (62%) whereas 
ADHE from Po/ytomel/a sp. and C. reinhardtii are more similar to the homologue from the 
thermophilic cyanobacterium Thermosynechococcus elongatus (52% and 66% identily, 
respectively). Notably, the predicted C. reinhardtii ADHE shows fewer positional identities to 
Polytomella sp. ADHE. (57%) than to ADHE in the cyanobacterium T. e/ongatus (66%), an affinity 
that is represented as a shared component of similarity by the NeighborNet planar network in Fig. 
5b. 

DISCUSSION 

ADHE in Polvtomella sp. mitochondria 

ADHE catalyzes the fermentative production of ethanol by two sequential NADH
dependent reductions: of acetyl-CoA, releasing ethanol and CoASH (35-37). lt is believed that 
ADHE arase through an ancient gene fusion of an acetyl-CoA-dependent aldehyde 
dehydrogenase and an iron-c:tependent alcohol dehydrogenase, probably within the same 
eubacterial operen (31, 37). In Salmonella typhimurium eut operan, the EutE gene encoding an 
acetyl-CoA ALDH is proximal to the EutG gene that encades a Fe-ADH; the EutE and EutG 
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protein sequences in tandem align with ADHE (38). The ADHE gene occurs in a skew distribution 
among phylogenetically disparate lineages. The majority of the prokaryotes do not have the gene 
and among eukaryotes it has only been found in a few amitochondriate protists. 

The presence of ADHE in Po/ytomella sp. wao; shown by amino acid sequencing of the 
protein identified in isclated mitochondria. The protein is soluble and appears to be mainly 
present as a homodimer, in contrast to E. co/i and E. hi:stolytica, where ADHE exists as multimers 
of 20 to 60 protomers (36, 39). Comparison of the N-terminus of mitochondrial ADHE from 
Po/ytomella to the cDNA sequence re;;eals that ADHE is encoded as a precursor protein with a 
typical MTS that is cleaved upen impcrt into the organelle. Based upan sequence similarity and 
tne presence of conservad cofactor-binding signaturas, Po/ytomel/a sp. ADHE is likely to perform 
the same enzymatic reactions catalyzed by eubacterié>I ADHE. 

The expression of E. coli ADHE is anaerobically regulated at both !he transcriptional and 
translation levels (40, 41). During aerobic metabolism, ADHE is highly susceptible to metal
catalyzed oxidation. The amino acid chains in ADHE and, in particular the histidine residues in 
ADH-IRON 2 signature, are thought to be attacked by highly reactive hydroxyl radicals locally 
generated by !he active site Fe2

• of the ADH domain (42, 43). In contrast to Chlamydomonas, 
Polytomel/a ADHE iacks the conserved histidine residues in !he ADH-IRON signature 2, 
suggesting that the protein has lost its iron-binding capacity or that iron chelation involves more 
distant residues, and also suggesting a lower sensitivity to oxygen. 

Site-directed mutagenesis of E. coli ADHE showed that the r.onversion of Glu568 in !he 
ADH domain into virtually any non-acidic residue resulted in an enzyrne active under both aerobic 
and anaerobic r.onditions; !he mutated ADHE allowed E. coli to 9'º'-"' aerobically on ethanol (44). 
The presence of a glycine rasidue in !he algal sequer.ces (Gly569 in Po/ytome!la sp. ª"d Gly64 1 
in C. reinhardti1) at the equivalen! position of the Glu568 in !he E. co/i sequence or of !he Ala138 
in S. typhimurium EutG protean (45) suggests that the algal protein may be able to function as an 
ethanol dehydrogenase. However, Glu568 in the ADH domain is not an invariable amino acid, fer 
example it 1s replaced by Ala578 in the anaerobic protist E. histolytica. 

Externa/ pH and the role of ADHE in Polytomella sp. mitochondrial metabolism 

Externa! pH influences the levels of OXPHOS complexes in Polytomella cells grown on 
ethanol at acidic pH. The levels of respiratory complexes 1, 111 and IV were shown to be noticeably 
up-regulated at pH 3.7. At pH 3.7, the respiratory rates are higher !han at pH 6.0, which is likely 
the consequence of a higher content in respiratory complexes and also in cytochrome c (8). The 
ratio between the respiratory complexes and the F 0 F 1-ATPase is clearly affected by externa! pH, 
indicating an influence of pH on core energy metabolism in the colorless alga Polytome//a. 

In amitochondriate protists, ADHE is a cytosolic enzyme that is integral to maintaining 
redox balance via the ·NAD(P)H-dependent reduction of acetyl-CoA to ethanol, which is excreted 
asan end product (34, 36, 37, 46). In E. coli, the adhE prometer is regulated in response to the 
cytosolic NADH/NAD ratio (41) also suggesting a role in redox balance in that organism. Both 
OXPHOS complexes and ADHE in Po/ytomella sp. cells grown on ethanol show a pH-dependent 
expression and accumulation. The expression of ADHE is higher at moderately acidic pH, using 
either acetate or ethanol as a carbon source (Fig. 4). The curren! data are compatible with the 
view that Polytomella mitochondrial ADHE could be involved either in the maintenance of redox 
balance (ethanol production) or in ethanol assimilation (producing acetyl-CoA and NADH for 
respiration), or both, depending upan environmental conditions. 

Evolutionary considerations 

ADHE genes were found in the genomes of severa! Gram-positive bacteria belonging to 
the categories bacilli and clostridia among the Firmicutes, in severa! v-proteobacteria (particularly 
enterics). in ene actinobacterium and ene cyanobacterium, in addition to the previously 
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characterized sequences from several amitochondriate protists (31, 32, 47) (Fig. 5). Previous 
phylogenetic analyse;;, have suggested that the anaerobic eukaryotes E. histolytica and G. 
intestinalis acquired the gene for their ADHE enzyme through independent lateral gene transfers, 
possibly from Gram-positive donors (31, 47, 48). The similarity of ADHE sequences from the 
diplomonads G. intestinalis and S. barkhanus suggests the presence of the ADHE gene in their 
common ancestor (47), but an independent origin of E. histolytica ADHE seems to be the easiest 
explanation (33, 47, 48)(see also Fig. 5a). The sequences from Polytomel/a sp. and C. reinhardtii 
mitochondria make the picture somewhat more complicated because they cluster close to, but not 
with the sequences from Giardia, Spironuc/eus, and Mastigamoeba. 

Notably, the clostridial (low-GC Gram positi"c>s) sequences cluster much more ciosely to 
the homologues from enterics !han they do to the homologues from bacilli (low-GC Gram 
positives) (Fig. 5). The central branch or split (marked by an asterisk in Fig. 5) separates 
available ADHE sequences into two larger groups. The overall picture of ADHE sequence 
similarity is highly reminiscent of that found for pyruvate kinase (PK), where two clusters (1 and 11) 
and skew distribution were also observed (49). Schramm et al. (49) noted that the PK dichotomy 
correlated with allosteric properties of the enzymes, not with phylogeny. Although we were unable 
to identify in the alignment specific motifs or in the literatura regulatory properties of ADHE that 
might distinguish sequences above and below the asterisk in Fig. 5, a pattern of sequence 
similarity that is largely driven by functional aspects rather than by neutral evolution car.no! be 
excluded a priori for this sequence sample. Even if we accept lateral gene transfer from Gram 
positive donors for the origin of the Bifidobacterium, Pasteurella, and Thermosynechococcus 
genes, it is difficult to evoke either lateral gene transfer (from what donor?) or ancient duplication 
and differential loss (too many) to account ror the differentness of ADHE from clostridia and 
bacilli. 

Perhaps more caution is warranted whe.n it comes to evidence for horizontal gene 
transfer on the basis of an unusual phylogeny of an ancient enzyme, as is the case fer ADHE. 
Methods of phylogenetic reconstruction used in this and prior studies to construct the phylogenies 
from which horizontal gene transfers for ADHE can be inferred are based upen ihe rates across 
sites (RAS) models of protein evolution. But we know of no evidence to indicate thcot proteins in 
general or ADHE in particular actually evolve according to a RAS model. From the standpoint of 
molecular evolutionary theory, RAS models have been argued to be less realistic than covarion 
models (50, 51) and protein evolution simulations taking into account protein folding produced 
results highly compatible with a covarion model (52, 53). lt the model under which a phylogeny is 
reconstructed deviates strongly from the process by which the protein evolved, the phylogeny can 
be severely in error (50). 

The neighbomet graph of the ADHE protein sequence similarity shown in Fig. 5b 
indicates that the ADHE data is non-treelike in many respects. This could be dueto convergence, 
noise, or other conflicting signal (25). In a neighbornet graph such conflicting signals in the data 
become visible that are no! represented in purely bifurcating trees. Notwithstanding very 
cornplicated patterns 9f sequence similarity, eukaryotic ADHE, like most enzymes of eukaryotic 
core energy metabolism studied to date lacks obvious archaebacterial homologues and thus 
appears to be of eubacterial origin. 

Functional considerations 

Earlier biochemical studies of Chlamydomonas and related green algae had provided 
evidence for ADHE activity in the mitochondria of these algae (54-56), but until now ADHE 
sequences were only available for the enzyme from the cytosol of anaerobic eukaryotes with an 
energy metabolic pattem designated as Type 1 (57). The expression of Polytomella ADHE under 
aerobic conditions (Fig. 4) extends the occurrence and expresslon of this enzyme to aerobio 
eukaryotes growing under aerobio conditions. In Polytomella ADHE is clearly localized in 
mitochondria, extending the occurrence of the enzyme to oxygen-respiring mitochondria as well. 
The presence of a seemingly anaerobic-specific enzyme in an oxygen-respiring mitochondrion is 
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not without precedent, because Euglena mitochondria contain pyruvate:ferredoxin 
oxidoreductase, an oxygen-sensitive enzyme otherwise typical of hydrogenosomes (58). 
Furthermore, the oxygen-sensitive assembly of Fe-S clusters occurs in the mitochondrial matrix 
(59), perhaps because it is the most oxygen-poor compartment in aerotolerant eukaryotes. 

In E. coli, ADHE harbors an additional enzymatic activity, that of a pyruvate formate-lyase 
(PFL) deactivase (39). This is noteworthy because PFL activity has been measured both in 
mitochondria of Chlamydomonas (56) and in whole cells of the green alga Chlorogonium (55). 
PFL also occurs in chytridomycete fungí, where it is localized in hydrogenosomes (60) and 
evidence for the presence of ADHE in PFL-possessing chytrids has been noted (61). PFL also 
requires an activating enzyme: in E. coli (62), and all sequenced prokaryotic genomes surveyed 
here (underlined in Fig. 5b) that possess ADHE also possess both PFL and PFL activase. 
Database searching indicated the presence of a gene encoding a PFL-activase in the green alga 
C. reinhardtii (W.M., A.A., unpublished results). 

The presence and expression of ADHE in eukaryotes that can live under fully aerobic 
conditions and that possess fully developed mitochondria is distinctly at odds with the view that 
eukaryotes acquired ADHE genes specifically as adaptations to an anaerobic lifestyle (47), 
because Polytomefla ADHE is expressed under ambient oxygen levels in an oxygen-respiring 
organelle. Chlorophycean algae are widely distributed in nature and undergo intimate interactions 
with other organisms. For example, Chlamydomonas sp. cells can be parasitized by chytrid fungí 
(63), and sorne species of Chlamydomonas are endosymbionts cf large rniliolid foraminifera (64). 
Thus there has be:.n ample opportunity during evolution for these oxygen respirin:;¡ algae to have 
acquired their genes for ADHE via horizontal transfer frcm yet unidentifiable donors, but the 
present data are incompatible with the view that if such acquisitions occurred, they did so as an 
adaptation to an anaerobic litestyle. 
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FIGURE LEGENDS 

Fig. 1. ldentificatlon of mltochondrial proteln complexes from Polytomella sp. uslng BN
PAGE. (A) 5-15% BN-PAGE of mitochondrial proteins from bovine heart (beef) (400 µg) and from 
Polytomel/a sp. cells grown on ethancl at pH 6.0 (P.s.) (600 µg). The most prominent bands of 
bovine mitochondria correspond to the OXPHOS components: complex 1 (NADH:Q 
oxidoreductase). complex 11 (succinate:Q oxidoreductase), complex 111 (OH2 :cyt c reductase), 
complex IV (cytochrome e oxidase) and r.omplex V (F0 F 1-ATP synthase). The app3rent molecular 
masses of tne bovine protein complexes core from (9, 27). (B) ldentification of Polytomella sp. 
major OXPHOS complexes. NADH-NBT: a BN-PAGE lane was incubated in the presence of 
NADH and nitroblue tetrazolium; •, i11dicates the protein cornplexes that exhibit NADH 
dehydrogenase activity. lmmunoblots: BN-PAGE lanes were transferred to nitrocellulose and 
probed with the following antisera: b-F1 , against subunit j3 of bovine F 0 F 1-ATPase; core 1, against 
N. crassa core I; and COXllA, against Po/ytomella sp. COXllA subunit. The apparent molecular 
masses of Pol;.tomella sp. respiratory complexas were estimated using the bovine OXPHOS 
complexes as markers. 

Fig. 2. (A) BN-PAGE analysls of mitochondrla lsol•ted from Polytomella sp. cella grown on 
ethanol at dlfferent pH. Protein complexes from mitochondria (800 µg) isolated from cells grown 
on ethanol at pH 6.0 and pH 3.7 were separated on a 5-12º/o BN-PAGE and stained with 
Coomassie blue R. (B) Two-dlmenslonal resolution of Polytomella sp. mltochondrlal proteln 
complexos. BN-PAGE lanes (Fig. 2A) were cut and placed horizontally far subsequent resolution 
of the protein complexes into their respective subunits on Tricine-SDS-gel (15o/o acrylamide). 20-
SDS-PAGE were stained with Coomassie Brilliant blue R250. 1, 111, IV, V refers to the OXPHOS 
complexes. Oblique arrows point to !he 85-kDa protein (ADHE) whose accurnulation is pH
dependent. 

Fig. 3. 20-SDS-PAGE analysls of the soluble mltochondrlal proteln complexes of 
Polytomella sp. Left panel, mitochondria frorn cells grown on ethanol at pH 6.0 were fractionated 
into their soluble and :nembrane-bound components and all the fractions were analyzed on BN
PAGE. Mt, mitochondria (800 µg); Mb, membrane-bound proteins (800Dg); Sol, soluble proteins 
(700 µg). The position of the protein complexes as identified in Figure 1 is indicated. •. indicates 
the position of the 200-kDa complex. Right panel, BN-PAGE lane of the soluble fraction was 
transferred horizontally on a SOS-gel (12º/o acrylamide). The protein spots subjected to Edman 
degradation are pointed with an arrow. The determined N-terminal sequences are reported in 
Table 1. 

Fig. 4. RNA •n•lysl• of ADHE levels In Polytom•ll• sp. Total RNA was isolated from 
Po/ytomel/a sp. cells grown on acetate, pH 6.0 (1), ethanol, pH 6.0 ~ and ethanol, pH 3. 7 <a). 
Equivalent amounts of RNA in each lane (15 µg) were hybridized with PCR amplification product 
(pAacf) and Polytomella agilis p-tubulin 1 gene (Tub 81). 
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Fig. 5. Sequence simllarlty among ADHE proteins. Open circles indicate branches (or splits) 
found in >95/100 bootstrap repiications. Eubacterial classifications recognized at 
http://www.ncbi.nlm.noh.govrraxoncmy/ are indicated. Eukaryotic sequences are indicated in 
boldface type. Underlined species names indicate that the genome sequence is available at 
http:/íwww.tigr.org/. Scalebars indicate 0.1 substitution per site. a) Neighbor-joining tree of protein 
logdet distances. b) NeighborNet graph of protein logdet distances showing multiple conflicting 
signals. Splits are represented as parallel lines. 

Spot Mass N-terminal sequence Assignment' 

number (kDa) t 

1 85 AAPAAEQKSKSDEEGLSSLKSTLNKAVAAS ADHE 

IS1 : TCGLIAHDPISGYSK 

IS2 : DLSREAL TQIFDALPSAOAEK 

2 60 Blocked n.d. 

3 37 AGx(N.T)(O.V)Al(G,L)l(N,T)RF(A,G)RIS n.d. 

4 60 ATKEMRFGQD(A,V)RE(R,E)VLQ HSP60 

5 70 ADEVIGIDLVTTNS HSP70 

6 45 SSxTDLKKTVAELIPAEQDR Citrate synthase 

7 31 GSSSGEVGRKVTVLGAAGGixOPL Mal ate 

dehydrogenase 

Table 1. N-tarminal sequences of Po/yromella sp. soluble mitochondrlal protein5. x, 
indicates amino acids which were not identified. Residues in parenthesis indicate simultaneous 
detection. IS 1 and IS2. 3re two interna! tryptic fragments of ADHE. 
• Numbers of the proteins in SDS-PAGE as indicated in Fig. 3. 
t Molecular masses [kDa] estimated from SDS-PAGE in Fig. 3. 
~ Assignment made on the basis of sequence similarity with known proteins, except fer ADHE, 
which was identified from the corresponding cDNA sequence (see text). 

Additional figure supplied for reviewers only 

Figure A. Multlple sequence alignment of Po/ytome/la sp. ADHE wlth homologues from 
varlous sources. Sequences are from Polytomella sp. (Ps) ADHE (this work), C. reinhardtii 
(Cr) ADHE (this work), Escherichia coli (Ec) ADHE (P17547); Entamoeba histolytica (Eh) 
ADH2 (024803); Clostridium acetobuty/icum (Ca) ADHE (P33744) and 
Therrnosynechococcus elongatus strain BP-1 (Te) ADHE (BAC07780). The cleavable 
mitochondrial targeting sequence in Po/ytomella ADHE is underlined. Amino acid sequences 
of Polytomel/a sp. ADHE determined by Edman degradation are in bold and underlined. 
Conserved pattems in the CoA-dependent ALDH domain and in the Fe-ADH domain are 
indicated in bold .. , Cys nucleophile in the catalytic center that is invariant in all CoAdependent 
and CoA-independent ALDH; ., acidic residue in E. coli ADHE (Glu-568) that is 
believed to be necessary and sufficient for aerobic protein inactivation (38). The position of 
iron-containing ADH signature 1 (PS00913; ADH IRON 1) and signatura 2 (PS00060; ADH 
IRON 2) are indicated. Note the absence in Pofytomella sp. ADHE sequence of the His 
residues in the sequence corresponding to Fe-ADH signature 2. NBS, potential nucleotide 
binding site. 

157 

TESIS CON 
FALLA DE ORIGEN 



---------------------------- Apéndice 111 Articulo V 

(A) 

(B) 

bJOOnc 
c:omp.lm<u ~ ...... ~'" 

l: 
V 

lll: 

:IV 

n: 

l<Oa 
980 . 

~ .. 6()0 . ~ 
!IOO . 
200 . 
130 . 

Blue R NAbH %MMUNOBLOTS 
NBT 

Figure 1 

158 

TESIS CON 
FALLA DE ORIGEN 



(A) 

V 

J: 

J:V 

BN-PAG:E 

·---------------- Apéndice 111 Articulo V 

(B) 

Figure 2 

159 

BN-PAGE 12% 

.. 24.7 ·¡: l9.2 
_, 13.1 

pH 6.0 f 

pH 3.7 

TESIS CON 
FALLA DE ORIGEN 

/. 



Polytornello sp. 
compltxes 

V 

:t 

:a::r 

::rv 

5'11. 

Figure 3 

160 

Apéndice 111 Artfculo V 

lD BN-PAGE 12% 

TESIS CON 
FALLA DE ORIGEN 



------------------------ Apéndice 111 Articulo V 

kpb 

9.49 
7.46 

4.40 

2.37 

1.35 

0.50 

pAdhE Tt1b 81 

Figure 4 

161 

------------------ ----~-

TESIS CON 
FALLA DE ORIGEN 



Figure 5 

162 

Apéndice 111 Articulo V 

TESIS CON 
FALLA DE ORIGEN 



P• ADRE 
Cr ADHE 
.Se: ADRE 
re AADt 
C.. ADHE 
.rb ADH2 

P• ADRE 
Cr ADHE 
Ec:: ADHE 
T• AADt 
C• &:>HE 
Eh ADH2 

Pa ADHE 
Cr ADHE 
Ec ADHE 
Te AAI>t 
C• ADHE 

Pa ADHE 
Cr ADlll! 
~e: ADHP.: 
:re AADt 
Ca ADH.E 
Eh ADH2 

P• ADl!E 
C:r ADHE 
Ec ADIU: 
7'• AADt 
C• ADHE 
Eh ADH? 

Pa ADKE 
Cr ADRE 
Ec ADKE 
T• AADt 
C• ADHE 
Eb ADH2 

P• ADRE 
Cr ADRE 
Ec ADHE 
re AADt 
C• ADKE 
.Eh ADH2 

P• ADKE 
Cr ADHE 
Ec:: ADHZ 
re AADt 
C• ADRE 
Eh ADH2 
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--------------------------------------MLPTRAVSSLSRNVFARPFANASRAYA/AJü'AAZQKSltSDEJl!GLSSLltSTLN 
MSSSLVSGKR•iAVPSAAKPCAAVPL?RVACRRTJ...AF..VVCEAAPSGAAPASPKAEAA."\PVAAAPATPHAEVKKERAPATDEALTELKALLK 

24 
90 
14 
23 
14 
18 

----------------------------------------------------------------------------MAVTNVAELNALVE 
-------------------------------------------------------------------MNAPTLTSOPPVQSLADLEGLIE 
----------------------------------------------------------------------------MKVTTVKELDEKLK 
------------------------------------------------------------------------MSTQQTMTVDEHINQLVR 

KAVAASKVFAT--YSQOQVDKIFRAAAEAA.NAARLPLAKMAVEETRMGVVEOKVIKNHFASEFVYSQYKNTKTCGLZAHDPZSGYSKFAE 
RAQ"T"AOAQYST--YTQEQVDEIFRAAAEAANAARIPLAKMA.VEETRMGVAEDKVVKNHFASEFIYNKYKHTKTCGVIEHOPAGGIQKVAE 
RVRKAQREYAS--FTQEQVDKIFRAAALAAADARIPLAKMA.VAESGMGIVEOKVIKNHFASEYIYNAYKCEKTCGVLSEDDTFGTITIAE 
~.VORAQSQYAQ--FTQEOVOHIFHEAAMA..A?~OhRIPLAKQAVAETGMGVVECKVIKNHFA::>EYIYt..KYK!'lEKTCGVIZ:DD?IFGIQKIAE 

VI KEAQKI' .7SC- -YSQE.MVOE I FRNAAMA.A I DAR I ELA'<AA VL.c.~TGMGL VEOKVI KNHFAGEY I YNKYKOEKTCG I l. ERNE PYG I ~K I AE 
KAQVALKEY~KPEYTQEKIDYIVKKASVAALOQHCALAAAAVEETGRGIFEDKATKNIFACEHVTHEMRHAKTVGIINVOPLYGITEI~E 

::*: :• •.: •: ... .. •: .•• ..... : 
PMGVIAGIIPTTNPTSTAIFKTLLALKTRNALVICPHPR.r>.AKCTIAAAKVVLOAAVAAGAPADIITWIDSPSSLVSGALMKAPGSVLVLA 
PVGVIAGIVPTTNPTSTAIFKSLLSLKTRNALVLCPHPRAAKSTIAAARIVROAAVAAGAPPNIISWVETPSLPVSQALMQATEINLILA 
PIGIICGIVPTTNPTSTAIFKSLIS~KTRNAIIFSPHPRAKDATNKAAOIVLOAAIAAGAPKDLIGWIOOPSVELSNALMHHPOINLILA 

PVGIIAGVVPVTNPTSTTIFKALIALKTRNGIIFSPHPRAKACTVAAAKVVLOAAVAAGAPPDIIGWIDEPTIELSQALMQHPQIKLILA 
PIGVVAAIIPVTNPTSTTIFKSLISLKTRNGIFFSPHPRAKKSTILAAKTILDAAVKSGAPENIIGWIDEPSIELTOYLMQKADIT--LA 
PVGVVCGVTPVTNPTS'I"AIFKSLISIKTRNPIVFSFHPSALKCSIMAAKIVROAAIAAGAPENCIQWIEFGGIEASNKLMNHPGVATIL.~ 

••: . 
-NBS-

7GG~GMVRAVTLPA-PSLGVGAGNTPALIOETAOIELAVNSVLISKTFONGVICASEQSIVAVDAVYOKVRAEEVRRGAYFLNEEEKVKV 

l'GGPAMVRAAYSSGNPSLG'.'GAGNTPALIDETAOVAM.AVSSILLSKTFDNGVICAS~QSVVVVAKAYOAVRTEFVRRGAYFLTELlOKVKV 

T::>GPGMVKAAY~SGKPA!GVGAGN"rPvv:roE:TADIKF.AV4"\.SVLMSKTFO"'lGVICASEQS'JVVVDSVYC.AVRERFP.THGGY!..IQGK~LRAV 

TGGPGMVKAAY.:::;~GHPAIGVGAG:JTPVLIDATADIPTAVZSILL!'.;KAFCNGM!CASEQAV:!VVDEIYOALKA!:;FQRnGAYL.1..::;PEERQQV 

Tl".;GPSLVY.SA YSSGKP;..IGV<";PGNTPV:i IOESAJ-!I KMA VSS TI LSKT"LDNGVICASEQSVIVLKSIYNKVKD=FOERGAYI :I KKNELDKV 
T(;GNAMVKAA.YSSGK?.'\.LGVG/'.GN''PTY IEKTCN I K('IAANOVVMSKSFONGMICASEQAA.I .1.DKEIYOOVVEEMKTT ... GAYF7NEEEKAKL .... : : 

RKGIE---------KDGY.LNADIVGOPVAKLAQMFC";ITVPAGAKVLIGEVSVVGKEEPLSQEKLSPILAMYFSSOFNTALATTHKLI!1FG 
RriGVV---------VOGKLN~N:IVGQSIPKLAALFGIY.VPQGTKVLIGEVEKIGPEEALSQFKLCPILAMYRAPOYOHGVKM.~~ELINYG 
QDVIL---------KNG~LNAAIVGQPAY~:IAELAGFSVPENTK!LIGEVTVVDESEPFAHEKLSPTLAMYRAKOFEDAVEKAEKLVAMG 
AQLL!..---------KDG~~~AA!V~QS.V..T=AN-tANIOVPPETRVLIGEVSEVCPQEPFSYEKLCPVLALYRAFUrHKGVE!AAQ!..VNF~ 

REºVI F- - ·- -- - - - - KDGSV!'lPK IVGOSA Y't' IA.';MAG I KVPl<"':'TRIL.! GEVTS ~G:E:EEP FAHEKLS PVLAMYE:ADNFD DALKKAV"i'LIHLG 
EKFMFGVNAYSADVNNARLN?KCPGMSPQ";-JFAEQVGI KVPEOCNI ICAVCKEVGPNEPLTREKLSPVLAI l..KAENTQOG.I OKAEAMVEF¡.¡ 

: . . ... : : ........... : . : : . . : 
- N8S-

112 
178 
102 
111 
102 
108 

202 
268 
192 
201 
192 
198 

291 
358 
282 
291 
280 
288 

372 
439 
363 
372 
361 
J78 

GAGHTSVIYTHPDNR-o:.¡rEAF"QAMAKTGf..ILVNSI"'SSQGAIGGIYNQI:.APSMTLGCGSWGGNIVSONIGPLHLVNVKSVAERRHGAGG 461 
GAGHTSVLYTNPLNN-~HIOQYQSAVKTVRILINTPASQGAIGDLYNFHL~PSLTLGCGTWGSTSVSTNVGPQHLLNIKTVTA.RRENMLW 528 
GIGHTSCLYTDQDNQPARVSYFGQKMKTARILINTPASQGGIGDLYNFKLAPSLTLGCGSWGGNSISENVGPKHLINY.KTVAKRAENMLW"453 
GKCHTSVLYTDPRNQ-DOIAYFKYRMQTARVLINTPSSOGAIGDLYNFKLOPSLTLGCGTWGGNVTSENVGPRHLLNIKTVSORRENMLW 461 
GLGHTSGIYADEIKARDKIDRFSSAMKTVRTFVNIPTSOGASGOLYNFRIPPSFTLGCGFWGGNSVSENVGPKHLLNIKTVAERRENMLW 451 
GRGHSAAIHS---NOKAVVEKYALTMKACRILHNTPSSQGGIGsrYNY-IWPSFTLGCGSYGGNSVSANV9TYHNLLNIKRLADRRNNLQW 464 

•.:•• :* .• :: .. 
UNICER 

FNVPATVLLQSGGAASTFAQLS--GK-KVLVVAOK----ÑAOVAAVSAALAKAG--AEATVFNGVGAASTLAAVQAGLKATVAFHPDTIV 
FRVPPKIYFKGGCLEVALTOLR--GKSRAFIVTOKPLFOHGYACKVTHILDSIN--VHHQVFYHVTPOPTLACIEAGLKEILEFKPOV~I 

HKLPKSIYFRRGSLPIALDEVITOGHKl\ALIVTDRFLFNNGYADQITSVLKAJLG--VETEVFFEVEAOPTLSIVRKGAELANSFKPDVII 
FRVPPKIYFKPGCLPIALRELA--GKKRAFLVTOKPLFDLGITEPIVHTLEELG--IKYOIFHEVEPOPTLSTVNRGLGLLRQYQPOVIV 
FRVPHKVYFKFGCLQFALKDLKDLKKKRAFIVTOSOPYNLNYVOSIIKILEHLO--IOFKVFNKVGR.EADLKTIKKATEEMSSFMPDTII 
FRVPPKIFFEPHSIRY-LAELK--ELSKIFIVSDRMMYKLGYVORVMDVLKRRSNEVEIEIFIDVEPOPSIQTVQKGLAVMNTFGPONII . : . . 
AVGGGAAIDAAltLIWLGYEHPETRLDGLTIRFMDMGKRVYNVPALGAKASLIAIPTAICSCSEVTPFSSLVDEATGKSYTIADAAFFPSA 
ALGGGSPMDAAJtIMWLMYECPOTRFDGLAMRFMDIRKRVYEVPELGKKATMVCIPTTSCTGSEVTPFSVVTDERLGA.~YPLAOYALTPSM 
ALGGGSPMDAAJtIMWVMYEHPETHFEELALRFMOIRKRIYKFPKMGVKAKMIAVTTTSCTQSEVTPFAVVTDOATGQKYPLAOYALTPDM 
AVGGGSPMDAAJCVMWLLYEHPEVEFDGLAMRFMDIRKRVYOLPPLGQKAILVAIPTTSGTGSEVTPFAVVTDDRVGIKYPLADYALTPTM 
ALGGTPEMSSAICLMWVLYEHPEVKFEDLAIKFMDIRKRIYTFPKLGKKAMLVAITTSAQSGSEVTPFALVTDNNTGNKYMLAOYEMTPNM 
AIGGGSAMDAJ\KIMWLLYEHPEAOFFAMKQKFIDLRKRAFKFPTMGKKARLICIPTTSGTCSEVTPFAVISDHETGKKYPLAOYSLTPSV 

•:. : 
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542 
614 
541 
547 
539 
551 

632 
704 
631 
637 
629 
641 



P• ADRE 
er ADRE 
Ec:: ADRE 
2"e AADt 
e.a ADRE 
.Eb ADH2 

P• ADHE 
= ADHE 
Ec: ADHE 
2"• AADt 
e.a ADHE 
Eh ADH2 

P• ADHE 
C.r ADKE 
Ec:: ADHE 
2"• AADt 
C.a ADHE 
.Eh AOñ2 
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--- -----ADH l:AON 1----------
AIVDPSLIAALPKAAVAAGAFEAISHAVESFVSIAASDRTKDLSR&ALTOZn>ALPSADA---------~LYASTKAGMAYANAFLGV 722 
AIVDPOLVLNMPKKLTAW~GIDALTHALESYVSICATDYTKGLSREAISLLFKYLPRAYANGSNCYLAREKVHYAATIAGMAFANAFLGI 794 
AIVDANLVMDMPk.SI.CAFGGLDAVTHA.'1EAYVSVLASEFSDGQALQALKLLKEYLPASYHEGSKNPVARERVHSAATIAGIAFANA~LGV 721 
AIVDPDLVLHMPKKLTAYGGICALTHALEAYVSVLSTEFTEGLALEAIKLLFTYLPRAYRLGAADPEAREKVHYAATIAGMAFANAFLGV 737 
AIVOAELMMKMPKGLTAYSGIDALVNSIEAYTSVYASEYTNGLALEA~RLIFKYLPEAYKNGRTNEKAREKMAHASTMAGMASANAFLGL 719 
AIVDPMFTMSLPKRAIADTGLOVLVHATEAYVSVMANEYTDGLAREAVKLVFENLLKSYN---GDLEAREKMHNAATIAGMAFASAFLGM 731 . : : . •: : . : : .. : : . : ............... : 

ADH l:AON 2 --------
TOSLANKVAVACD=PVGVAAAVLLPYVIRYNATDAPFKQAIF?SYHSPRAVADYAELANALKLG--GSTPVEKAENLAAAIEGLRSKAGV 801 
CHSM~HKLGAAYHVPHGLANAALISHVIRYNATDMPAKQAAFPQYEYPTAKQDYAOLANMLGLG--GNTVDEKVIKLIEAVEELKAKVOI 882 
CHSMAHKLGSQFHrPHGLANALLICNVIRYNANDNPTKQTAFSQYDRPQARRRYAEIADHLGLSAPGDRTAAKIEKLLAWLETLKAELGI 811 
CHSLAHKLGSTFHVPHGLANALMISHVIRYNATOAPLKQAIFPQYKYPQAKERYAQIADFLELG--GTTPEEKVERLIAAIEOLKAQLEI 815 
CHSMAZKLSSEHNZPSGIANALLIEEVIKFNAVDNPVKQAPCPQYKYPNTIFRYARIADYIKLG--GNTCEEKVDLLINKIHELKKALNI 807 
DHSMAHKVGAAFH~PHGRCVAVLLPHVIRYNG-QKPRKLAMWPKYNFYKADQRYMELAQMVGLK--CNTPAEGVEAFAKACEELMKATET 815 · ... : : . . : 

PSSLKA.AFGSAAODAKFLAVVDKLAEEAFDrtQCSLAHPRYPLIEDLKAILVAAHQGL-------------------------- 858 
PPTIKEIFNDPKV~ADFLANVDALAEDAFDDQCTGAHPRYPLMA.DLKQLYLDAHAAPILPVKTLEFFSKIN------------ 953 
?KSIREAG---'!QE:ADFLJ!o.NVDKLSEOAFDDQCTC"JUfPRYPLISELKQILLOTYYGRDYVEGETAAKKEAAPAKAEKKAKKSA 891 
PATIKEALN--SE:DQAFYEQVESMAELAFODQCTGANPRYPLIQDLKELYILAYMGCRR~AAAYYGGEATGS----------- 869 
PTSIKDAG---V~E:~NFYSSLDRISELALDDQCTGANPRFPLTSEIKEMYINCFKKQ?------------------------- 862 
:Te FKKP.!-:- -- : :JE::.:..AWMSKVPEV.ALI ;.F~OQCSPAMPRVP"1VKC!·1E!<ILKAAYYP IA- - --------- - -- ----- ----- - 8 7 o 

Figure A. Multlp!e sequence alignment of Polytomella sp. ADHE with homologues from 

various sources. Sequences are from Polytomella sp. (Ps) ADHE (this work), C. reinhardtii 

(Gr) ADHE (this work), Escherichia coli (Ec) ADHE (P17547); Entamoeba histolytica (Eh) 

ADH2 (024803); Clostridium acetobutylicum (Ca) ADHE (P33744) and 

Thermosynechococcus elongatus strain BP-1 (Te) ADHE (BAC07780). The cleavable 

mitochondrial targeting sequence in Polytomella ADHE is underlined. Amino acid sequences 

of Polytomella sp. ADHE determined by Edman degradation are in bold and underlined. 

Conservad patterns in the CoA-dependent ALDH domain and in the Fe-ADH domain are 

indicated in bold. O, Cys nucleophile in the catalytic center that is invariant in all CoA

dependent and CoA-independent ALDH; •. acidic residue in E. co/i ADHE (Glu-568) that is 

believed to be necessary and sufficient for aerobic protein inactivation (38). The position of 

iron-containing ADH signature 1 (PS00913; ADH IRON 1) and signatura 2 (PS00060; ADH 

IRON 2) are indicated.· Note the absence in Polytomel/a sp. ADHE sequence of the His 

residues in the sequence corresponding to Fe-ADH signatura 2. NBS, potential nucleotide 

binding site. 
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Redox-medlated light regulatlon of mltochondrlal functlon and blogenesls In planta and 
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Abstract 

In photosynthetlc ceilG, mitochondrial respiration is of major lmportance not only In the 
dark but also in the light. lmportant progresa has been achleved In our understanding of 
the roles played by mitochondri• in light. The light signal Is likely to reach cellular 
compartments such as the mitochondrlon and the nucleus vi• varlous chloroplast
orlginated redox messages. The possible involvement of a redox-mediated light regulation 
of mitochondrial biogenesis and activity is discussed in view of the available experimental 
data. 

Key words : Chloroplast, electron transport, light regulation, mitochondrion, photosynthesis, 
redox regulation, reducing equivalents 

Abbreviations : AOX, alternative oxidase; CS, citrate synthase; cyt path, cytochrome pathway; 
DCMU, 3-(3,4-dichlorophenyl)-1, 1-dimethylurea; DHAP, dihydroxyacetone 3-phosphate; DTT, 
dithiothreitol; ETC, electron transport chain; GDC, giycine decarboxylase; LEDR, light-enhanced 
dark respiration; LHC, light-harvesting complex; MDH, malate dehydrogenase; ME, NAo•
dependent malic enzyme; NADP-MDH, NADP·-dependent malate dehydrogenase; OAA, 
oxaloacetic acid; PDC, pyruvate dehydrogenase cornplex; PGA, 3-phosphogiycerate; PQ, 
plastoquinone; PSl/11, ?hotosystem i/il; ROS. reactive oxygen species; Rubisco, ribulose 1,5-
biphosphate carboxylase/oxygenase; PS-ETC, photosynthetic electron transport chain; UQ, 
ubiquinone. 

lntroduction 

Far photosynthetic organisms, light is a source of energy but also constitutes a source of 
information about their environment. In eukaryotic photosynthetic cells, the capture of light by the 
photosystems in the chloroplast leads to the transport of electrons along a cascade of redox 
components and results in the production of ATP and the reducing equivalents ferredoxin, 
NADPH and thioredoxin. The redox state in the chloroplast - as determined here by both the level 
of reduction of the electron transport chain and the level of reducing equivalents- is enhanced 
according to the light intensity (Scheibe 1991 ). An increasing number of studies indicate that light 
exerts a control on the regulation of gene expression via the redox state (Danon and Mayfield 
1994; Alfen et al. 1995; Pfannschmidt et al. 1999b) and also influences the efficiency of 
photosynthesis (Barber and Andersson 1992; Wollman 2001). In vivo regulation via changes in 
the thiol/disulfide state has been strongly implicated in the light-dependen! modulation of 
chloroplast enzyme activities, including a number of enzymes that are part of the Calvin cycle 
(Buchanan 1991; Schéibe 1991) and of translation factors of chloroplast mRNAs (Canon and 
Mayfield 1994; Kim and Mayfield 1997). Different components of the photosynthetic electron 
transfer chain are known to be involved in light-dependen! redox regulation, for example the 
plastoquinone (PO) pool (Escoubas et al. 1995; Pfannschmidt et al. 1999a) and thioredoxin, as 
part of the well-characterized ferredoxin-thioredoxin system (Buchanan 1991; Scheibe 1991 ). 
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In photosynthetic cells, mitochondrial respiration is of major importance both in the light 
and in the dark. The mitochondrion is necessary te optimize photosynthetic metabolism under a 
variety of environmental conditions (Kremer 1995; Gardestrom and Lernmark 19!il5; Hoefnagel et 
al. 1998; Padmasree et al. 2002). Oxidative phosphorylation is believed to benefit photosynthesis 
by balancing the cellular energy and redox status. For example, the selective inhibition of the 
mitochondrial ATP synthase by oligomycin results in the partial inhibition of photosynthesis in 
illuminated pea leaves (Kromer et al. 1988). Evidence has also been provided that mitochondrial 
respiration in the light is engaged in the dissipation of excess photoreductants (Raghavendra et 
al. 1994; Kromer 1995; Padmasree and Raghavendra 1999; lgamberdiev et al. 2001a, b). 
Products of recent photosynthetic adivity such as glycine, malate, oxaloacetic acid (OAA) or 
NAD(P)H can contribute directly or indirectly to mitochondrial respiration. 

Light is a very importan! environmental signal in photosynthesis because of its major 
impact on the chloroplast redox state. As will be detailed below, light also exerts a control on 
gene expression and on enzyme activity in mitochondria. Major clues about the mechanisms 
involved in the mediation of light regulation occurring in mitochondria are still lacking; whereas the 
light activation of chloroplast enzymes and translational factors by redox poise been extensively 
studied, such is not the case for mitochondrial enzymes in photosynthetic cells. Nevertheless, 
since the functional and structural properties of the chloroplast and mitochondrial electron transfer 
chains are similar, it is imagi11able that mechanisms of redox rcgulaticn in the chloroplasts are 
also applicable to mitochondria. In this review we will summar!ze the curren! knowledge on the 
role played by mitochondria in pholosynthesis. Data have been gathcred on mitochondrial light
and redox reguiation and 011 the various ways in which the light signal can reach the 
mitochondrion via redox messages (Figure 1 ), in an attempt to assess the role cf the redox state 
in mitochondrial light regulation. 

Light generates reducing power - In exceaa 

Light (400-700 nm) captured by the light-harvesting complexes in the chloroplast leads to 
the transport of electrons from water te the final electron acceptors along a cascade of redox 
components. The most usual electron transport pathway is non-cyclic and results in the reduction 
of NADP• by ferredoxin:NADP• oxidoreductase or of thioredoxin by ferredoxin-thioredoxin 
reductase. The amount of ATP produced by the chloroplast ATP synthase during photosynthetic 
linear electron transport to NADP• is still the subject of debate. Non-cyclic electron transport may 
result in an ATP/NADPH ratio that ranges from 1.0 to 1.5, while for carbon dioxide fixation in the 
Calvin cycle an A TP/NADPH of 1.5 or more is needed (Scheibe 1991; Hoefnagel et al. 1998). A 
light regulation of chloroplast redox poise is necessary to meet the curren! demands for energy 
and reducing equivalents, and to preven! damage of the photosynthetic electron-transfer chain 
(PS-ETC). Different processes that balance the ATP/NADPH ratio in the stroma have been 
described. The ATP/N,ADPH ratio can be balanced by export of NADPH from the stroma to the 
cytosol. Since NADPH cannot cross the membrane directly, it must be transported via shuttle 
systems. NADPH can be exported to the cytosol either in the form of malate by the combined 
action of !he NADP• -specific malate dehydrogenase (NADP-MDH) (Scheibe 1987) and 
dicarboxylates transporters (Hatch et al. 1984; Heineke et al. 1991 ), or via the phosphate 
translocator in the form of dihydroxyacetone 3-phosphate (DHAP) (FIOgge and Heldt 1991). The 
process of photorespiration constitutes a redox sink as well and will be addressed below. Proline 
synthesis from glutarr:-te requires NADPH and was proposed to comprise another redox sink 
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(Hare and Cress, 1997); under stress conditions, proline can accumulate in the cell. The 
synthesis of ATP without NADPH production can be achieved via cyclic electron transport 
(ferredoxin is oxidized by plastocyanin) or via the Mehler pathway, that consists in the ferredoxin
dependent reduction of oxygen to hydrogen peroxide, and the subsequent conversion of 
hydrogen peroxide to water. According to Kromer (1995), the export of NAOPH is preferred over 
cyclic electron transport to balance the ATP/NADPH ratio. To what extent the processes of 
balancing the ATP/NADPH occur will mainly depend on the light conditions and the availability of 
carbon dioxide and nutrients. Finally, chlororespiration is believed to protect the PS-ETC by 
lowering the reduction state of the PO pool (Bennoun, 1982; Peltier and Cournac, 2002). 

Mitochondria as photosynthetlc redox sink 

Mitochondria: r .. mction in photosynthetic organisms is crucial for optimal chloroplast 
metabolism. lmportant roles for mitochondria in photosynthesis include the production of ATP for 
sucrose synthesis, the supply of carbon skeletons and metabolites for biosynthesis, especially 
nitrogen assimilation (Kromer 1995; Hoefnagel et al. 1998; Padmasree et al. 2002). The 
importance of mitochondrial activity in sustaining efficient photosynthetic activity and in preventing 
photoinhibition is detailed below. 

Specittc features of mitochondria in photosynthetic ce/Is 

The mitochondria of plarits and green algae possess a number of additional protein 
components as compared to m1tochondria from mammals and most other organisms. Of specific 
1mportance here are the glycine decarboxylase (GDC) complex, which catalyzes the 
mitochondrial step of the photorespiratory pathway; the alternative rotenone-insensitive 
NAD(P)H:Q oxidoreductases, which can oxidize either cyto::;olic or matrix NAD(P)H (Soole and 
Menz 1995; M0ller, 2002); ar.d the alternative, cyanidc-resistant oxidE1se (AOX). The AOX 
branches from the cyanide-sensitive cytochrome pathway (cyt path) at the level of the ubiquinone 
(UQ) pool. The AOX enzyme can receive electrons from NADH oxidation at complex 1 (rotenone
sensitive NADH:Q oxidoreductase) or at the altemative NAD(P)H dehydrogenases, and from 
FADH2 oxidation at co!'l'plex 11 (succinate:Q oxidoreductase). The AOX and the rotenone
insensitive NAD(P)H dehydrogenases do not translocate protons across the mitochondrial inner 
membrane and will thus not give rise to ATP production. Therefore, the rotenone-insensitive 
NAD(P)H dehydrogenases allow NAD(P)H oxidation to occur entirely without ATP production if 
the electrons are subsequently routed to the AOX, which provides photosynthetic mitochondria 
with an alternative, non-phosphorylating respiratory pathway. Thb AOX pathway was first 
proposed to be an energy overflow mechanism to enablto respiration to continue under high 
cytosolic ATP/ADP and NADH/NAD ratios (Lambers 1982). More recently, the AOX pathway was 
shown to be involved in preventing the formation of reactive oxygen species (ROS) which cause 
damage to the respiratory chain (Maxwell et al. 1999). 

The aforementioned components provide the photosynthetic cell wilh a high resplratory 
flexibility and allow the fast and efficient adaptation to changes in environmental conditions, 
especially light (Gardestrom 1996; Mackenzie and Mclntosh 1999). As will be detailed later, the 
expression and activity of these additional enzymes is regulated by light arid development. 
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Mltochondrla •• part of the photorespiratOl"'.J pathway 

The process of photorespiration involves the oxygenic activity of the ribulose 1,5-
biphosphate carboxylase/oxygenase (Rubisco) in the chloroplast stroma under carbon dioxide
limiting conditions, and also includes peroxisomal and mitochondrial stages. Glycine that results 
from the conversion of photosynthetic glycolate in the peroxisome, is imported into the 
mitochondrial matrix. There it is converted by the GDC complex and the serine hydroxymethyl 
transferase into serine, with a concomitant reduction of NAO+ to NADH (Douce and Neuburger 
1989; Douce et al. 2001). According to Kromer (1995), about half of the NADH that originates 
from glycine oxidation is shuttled to the peroxisome while the other half is used far mitochondrial 
respiration. This way, photorespiration results in a net export of reductants from the chloroplast to 
the mitochondrion and the peroxisome. lndeed, the mitochondrial NADH/NAD+ ratio increases 
during photorespiratory conditions and decreases in the presence of aminoacetonitrile, an 
inhibitor of the GDC (Wigge et al. 1993). Studies using respiratory inhibitors revealed that in 
photosynthetic tissues, glycine is preferred to other respiratory substrates in mitochondrial 
respiration (Dry et al. 1983; lgamberdiev et al. 1997). The electrons from the NADH that is formed 
during glycine oxidation seem to be preferably routed vía the non-phosphorylating respiratory 
pathway: firstly, in C3 plants, it has been demonstrated that rotenone is relatively inefficient in 
inhibiting glycine oxid2~ion (lgamberdiev et al.1997, 1998). Secondly, glycine oxidation increased 
the cytosolic ATP/ADP ratio in the presence but not in the absence of carbon dioxide, which 
indicates the engagement of the non-phosphorylating pathways under photorespiratory conditions 
(lgarnberdiev et al. 1997). Moreover, it has been shown that in a GDC-deficient b;uley rnutant, 
photorespiratory conditions lead to an over-reduction and over-energization of the cell, especially 
in the chforoplast (lgamberdiev et al. 2001a). Photorespiration therefore appears asan cnergy 
sink to avoid the over-reduction of the PS-ETC and contributes to the prevention of 
photoinhibition. 

Mitochondria and photoinhibition 

Photosynthetic efficiency decreases when green algae and higher plants are exposed to 
higher light intensities than necessary for normal growth. This phenomenon called photoinhibition 
is due to the over-reduction of the PS-ETC, causing inactivation of the reaction centers. The 
importance of mitochondrial respiration in preventing photoinhibition has been demonstrated by 
different approaches. The susceptibility of the green alga Chlamydomonas reinhardtii to 
photoinhibition was increased when the cells were incubated in the presence of an inhibitor of the 
cy1ochrome oxidase p;>thway (KCN} or in the preserice of uncouplers of oxidative phosphorylation 
(FCCP, CCCP} (Singh et al. 1996). In addition, the complete recovery of photosynthetic capacity 
after photoinhibition was significantly slower in cells treated with inhibitors of mitochondrial 
respiration than in untreated cells (Singh et al. 1996). Similarly, in leaf cells, the inhibition of the 
mitochondrial FoF 1-ATP synthase by oligomycin enhanced photoinhibition (KrOmer et al. 1988; 
Saradedevi and Raghavendra 1992) and also resulted in an increase in redox status in pea 
protoplasts (Padmasree and Raghavendra 1999). Thcse data point towards an important function 
of mitochondria in oxidizing excess chloroplast redox equivalents, which can be used for ATP 
synthesis. The AOX pathway is likely to play a role in the prevention of photoinhibition since 
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excess photosynthetic reducing equivalents can be oxidized without ATP production when 
cytosolic ATP demand and ADP availability are low (Lambers 1985). 

lt was proposed that mitochondria participate in the prevention of photoinhibition also by 
oxidizing cytosolic NAD(P)H via the extemal NAD(P)H dehydrogenases (Raghavendra et al 
1994). Export from the chloroplast of malate (via the malate valve) and DHAP (via the phosphate 
translocator) can result in the production of NADPH in the cytosol (Scheibe 1987; Heineke et al, 
1991; Flügge and Heldt 1991). Altematively, malate itself can be imported into the mitochondria, 
whereas DHAP can give rise to pyruvate (or malate), also a mitochondrial substrate. Oxidation of 
cytosolic NAD(P)H but probably more importantly the oxidation of malate, taken together with the 
utilization of photorespiratory.NADH, likely protect the cell from photoinhibition. 

Light-enhanced dark respiration 

After a period of photosynthesis, the rate of respiratory oxygen consumption immediately 
following transition to the dark is significantly enhanced (Raghavendra et al. 1994). This 
phenomenon is known as light-enhanced dark respiration (LEDR) and is commonly observed in 
plants (Azcón-Bieto et al. 1963; Reddy et al. 1991) and green algae (Beardall et al. 1994; Xue et 
al. 1996). LEDR is a photosynthesis-dependent phenomenon that is greatly reduced in the 
presence of DCMU, an inhibitor of the non-cyclic photosynthetic electron transfer (Xue et al. 
1996). lgamberdiev et al. (2001b) have shown that during LEDR the levels of malate and citrate 
as well as the activity of the chlorcplast NADP.-MDH in the barley protoplasts declin ... In contras!, 
during LEDR, the activity of the mitochondrial NAo• -malle enzyme is increased (lgamberdiev et 
al. 2001 b). An increase in the AOX activity also suggests that the non-phosphorylating 
mitochondrial respirat;cn is involved in l.EDR (Azcón-Bieto et al. 1983). The phenomenon of 
LEDR clearly mdicates the rapid response oí mitochondria to products of photosynthetic electron 
transport, especially malate. The period of enhanced mitochondrial respiration after 
photosynthssis is probably required to rsach steady-state substrate levels required for dark 
metabolism. 

Light-modulated regulation in mitochondria 
TESIS CON 

FALLA DE ORIGEN 
Experimental evidence has been provided that in photosynthetic organisms, light influences the 
function and biogenesis of the mitochondria. 

Light regulation of mitochondrial enzyme activities 

In the da•k. mitochondria are !he only source of ATP for the photosynthetic cell. lt is 
therefore assumed that the phosphorylating cyt path is relatively more active with respect to the 
non-phosphorylating alternative pathways in the dark than during photosynthesis (Svensson and 
Rasmusson 2001 ). The fact that the oxygen consumption in leaves of various plants was found to 
be up to 3.5-fold higher in the light than in the darl<: (Padmasree et al. 2002) could be due in part 
to significan! engagement of !he altemative pathway, bearing in mind that the cyt path also 
continues to operate in arder to provide ATP, which is necessary for optimal photosynthetic 
metabc!ism. As detailed above, the non-phosphorylating pathways are relatively more engaged in 
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periods of photorespiration. The level of photorespiration generally rises with leaf development, 
since the increase in photosynthetic capacity leads to a more pronounced effect of light on 
chloroplast metabolism and redox state. As an example, the activity of the AOX was found to be 
low in mitochondria from young pea leaves but increased substantially as the tissue matured, 
which is mostly caused by the increase in photorespiration (Lennon et al. 1995). Moreover, the 
relative participation of the intemal rotenone-insensitive NAD(P)H dehydrogenase was 
significantly increased with potato leaf development, while the capacity of complex 1 and of the 
externa! NAD(P)H dehydrogenase were unchanged. Also, rotenone-insensitive NADH oxidation 
was decreased in dark-treated as compared to light-grown plants. The activity of the externa! 
NADPH dehydrogenase was significantly higher in the light than in the dark, and likely indicates a 
photosyr.thetic contribution to the cytosolic NADPH pool (Svensson and Rasmusson 2001 ). 

The mitochor ... Mal pyruvate dehydrogenase complex (PDC) catalyzes the oxidation of 
pyruvate to carbon dioxide and acetyl-CoA, the primary entry point of the TCA cycle. In vivo 
measurements showed a 40-60% inhibition of the PDC activity in pea leaves in the light as 
compared to darkness (Budde and Randall 1990; Gemel and Randall 1992). A consequence of a 
decrease in TCA activity is a lower production of NADH, which may constitute a compensation for 
production of NADH that originates from photosynthetic reductants. Upan illumination of pea 
leaves, the activity of the mitochondrial PDC drops to a steady state leve! of less than 25°/o of the 
activity measured in the dark. This decrease was not observed under conditions unfavorable for 
photorespiration, which indicates that the effect of light on mitochondrial function is associated 
with photosynthP.sis and photorespiration (Budde and Randall 1990). 

Light-dep.,ndent expression of cornponents of the respiratory network 

Using patato leaves, Svensson and Rasmusscn (2001) foliowed the exprassion and 
accumulation of two subunits of complex 1, the nuclear-encoded iron-sulfur 76-kDa subunit and 
the '1'1itochondria!ly-encoded NAD9 subunit, in parallel with subunits NDA i and NDB1 of the 
internar and externa! rotenone-insensitive NAD(P)H dehydrogenase, respectively. Western-blot 
analysis showed that the NDA1 protein was detected in mitochondria isolated from light-grown 
plants while it was un(ietectable in dark treated plants; the levels of NDA1 were also shown to 
increase during patato leaf maturation. In contrast, the levels of accumulation of the 76-kDa and 
NAD9 subunits of patato complex 1 were comparable in light-grown and dark-treated leaves, and 
remain rather constan~ during leaf development. Northern-blot analysis revealed that nda1 mRNA 
levels were strictly light-dependent, and correlated with an up-regulation of NDA1 biosynthesis in 
the light (Svensson and Ramusson 2001 ). 

The expression of cytochrome b (cob) encoded within the mitochondria was shown to be 
light-dependent. In the phctosynthetic alga Chtorogonium etongatum, the number of cob gene 
copies and the leve! of cob mRNA were about 5-fold higher in cells grown under heterotophic 
conditions than in cells grown under autotrophic conditions (Kroymann et al. 1995). lnterestingly, 
the expression pattern of the cob gene in the green alga was opposite to the expression of the 
chloroplast genes psbA and rbcL, coding for the 01 protein of PSI! and the large subunit of 
Rubisco, respectively \Kroymann et al. 1995). The accumulation levels of cytochrome b in the 
alga grown under diffe'rent conditions were not determined. 

By Western bl~t analysis, the AOX was not detected in darkness but could be detected in 
mature and senescent patato leaves (Svensson and Rasmusson 2001 ). Etiolated soybean 
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mRNA. The correlation between the increase in Aox2 mRNA and the accumulation of AOX 
protein indicates a transcriptional regulation by light (Finnegan et al. 1997). 

Light-dependent expression of mitochondrial components not in volved in respiration 

The activity of GDC was approximately ten times greater in the mitochondria of greened 
tissues than in etiolated pea leaves or potato tuber (Walker and Oliver 1986). Studies showed 
that this increase in activity results from a dramatic increase in the synthesis of the GDC subunits 
H, L and P (Walker and Oliver, 1986; Macherel et al. 1990) which is controlled at the 
transcriptional level (Turner et al. 1993). A large body of evidence indicates that light directs the 
transcription of the GDC subunits in the same way as it does far photosynthetic genes like those 
encoding the small subunit of the Rubisco (rbcS) ar the chlorophyll a/b binding protein ot the light 
harvesting complex (cab). The expression of gdcH, gdcT and gdcP, the genes that encode 
respectively the subunits H, T and P, during greening of etiolated Arabidopsis thaliana ar during 
pea leaf development follows a transcriptional regulation scheme similar to that of the 
photosynthetic genes rbcS and cab (Srinivasan and Oliver 1995; Vauclare et al. 1996). By a 
combination of deletioh and mutagenesis experiments in the prometer region of these nuclear 
gdc genes, cis-acting elements have been identified; these DNA sequences are highly similar to 
the light-responsiva motifs found in severa! light-regulated photosynthetic genes, such as rbcS 
and cab genes (Datta and Cashmore 1989; Green et al. 1987, 1988). Therefore, the light
response of the GDC subunits is likely dueto the binding in the 5'-untranslated regions of gdcT 
and gdcH of light-dependen! expressicn factors (Srinivasan and Oliver 1995; Vauclare et al. 
1998) 

In potato, the expression of the mitochondrial citrate synthase (CS) was detected in all 
tisi:;ues analyzed. However, the mRNA levels were higher in photosynthetic tissues thar. in 
underground heterotrophic tissues (Landschutze et al. 1995). This possibly indicates that CS 
plays a role in photosynthesis, far example in the export of carbon skeletons that serve in N
assimilation. Furthermore, the mitochondrial NAD•-dependent malic enzyme (NAO-ME) that 
catalyzes the conversion of malate into pyruvate, plays an essential role in photosynthetic carbon 
fixation. In the C4 plant amaranth, !he synthesis of the alpha subunit of the NAO-ME and the 
accumulation of its corresponding mRNA were shown to be strongly light-dependent (Long and 
Berry 1996). 

Redox regulation in mltochondrla of photosynthetlc organisms 

Results of recent investigations are consisten! with a critical role of the mitochondrial 
redox poise in the regulation of mitochondrial biogenesis and activity of photosynthetic . 
organisms. Monitoring.the effect ofthe mitochondrial redox status on mitochondrial function and 
protein synthesis is difficult to achieve in vivo and is therefore usually done with isolated 
mitochondria. 
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Redox regulation of the mitochondrial enzyme activities 

AOX is the best-studied example of a mitochondrial activity regulated by redox state. 
Plant AOX exists either as a less active covalently ora more active non-covalently linked 
homodimer in the mitochondrial inner membrana. The monomer exhibits a cysteine residue on 
the matrix side that serves as a regulatory sulfhydrylldisulfide site (Umbach and Siedow 1993; 
Umbach et al. 1994). lt was shown that the reduction oftobacco AOX to its more active form was 
mediated by the oxidation of specific TCA cycle substrates that are linked to the reduction of 
NAD(P), including isocitrate and malate. Vanlerberghe and Mclntosh (1997) have proposed that 
the reduction of the AOX results from the production of reducing power (NADPH) by the activity of 
isocitrate dehydrogenase ar malate dehydrogenase. Certain CJ-ketoacids, especially pyruvate, 
were also found to activate the reduced AOX (Millar et al. 1993; Vanlerberghe et al. 1995). In 
addition, the AOX activity in soybean cotyledon mitochondria is regulated by the redox poise of 
the ua pool (Dry et al. 1989). 

The activity of CS was also shown to be sensitiva to the redox state. The citrate 
synthases of patato, pummelo (Citrus maxima) and A. thaliana are inactivated in crude extracts 
by the strong oxidizing agent diamine while their activit)' is greatly stimulated by dithiothreitol 
(DTT) (Stevens et al. 1997). The PDC in pea leaf mitochondria was found to be partially inhibi!ed 
by NADH and also by ADP (Meare et al. 1993). Glutathione has been found to int1uence the 
activity of DNA topoisomerase in mitochondria isolated from carrot. The activity of this enzyme 
was increased in the presence of reduced glutathione (GSH), while the oxidized dimer (GSSG) 
caused inactivation (Konstantinov et al. 2001 ). These results point to a role for glu!athione in 
mitochondrial redox re~ulation of DNA transcription or replication. 

Redcx regutation of gene .. xpression and protein synthesis 

An experimental approach that was used to test the possible rea¡_¡:ation by redox state of 
the expression of mitochondrially-encoded proteins, consists in studying the RNA synthesis in 
model redox conditions, created by the addition of oxidizing and reducing agents to isolated 
mitochondria. In such a manner, the incorporation of 3 H-UTP into RNA in isolated maize 
mitochondria was found to increase in the presence of 5 mM ferricyanide while it decreased in the 
presence of 5 mM dithionite (Konstantinov et al. 1995). In patato mitochondria, RNA synthesis 
was found to depend on the redox poise of the Rieske protein, a subunit of the bc1 complex that 
contains an iron-sulfur center as redox group (Wilson et al. 1996). RNA synthesis was diminished 
by the respiratory substrates malate and succinate but also by addition of DTT, indicating that 
increasing the reduction of the respiratory chain inhibits RNA synthesis. The addition of antimycin 
A, an inhibitor of the be, complex that prevents the reduction of the Rieske protein. resulted in an 
in crease of mitochondria1 RNA synthesis, whereas KCN, which causes reduction of the cha in 
including the Rieske protein, decreased RNA synthesis. The redox potential at which UTP 
incorporation occurre~ was determined by redox titration to be + 270 mV, which equals the redox 
potential of the mitochondrial Rieske protein. A similar role fer the chloroplast Rieske protein, a 
subunit of the bsfcomplex, was proposed earlier to regulate RNA synthesis within the chloroplast 
(Pearson et al. 1993). In the experiments described above, the incorporation of 3 H-UTP reflects 
!he synthesis of any type of RNA within the mitochondria; the mitochondrial genes that are 
susceptible to redox regulation have not yet been identified. 
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The addition of antimycin A to tobacco suspension cells caused the levels of Aox 1 
mRNA to increase rapidly while mRNA levels for two proteins of the cyt path, cytochrome e and 
subunit 1 of the cytochrome e oxidase were unchanged (Vanlerberghe and Mclntosh 1994). The 
increase in the Aox1 mRNA level was accompanied by an increased AOX protein level. High 
reduction levels of the UQ pool, which can be caused by the addition of antimycin A, has been 
implicated in the control of the AOX (Dry et al. 1989; Hoefnagel and Wiskich, 1998). Moreover, it 
was shown that hydrogen peroxide plays a role in the induction of AOX gene expression in 
Petunia hybrida cells (Wagner 1995). These in vivo observations therefore indicate that the 
increase of RNA synth!!!sis in response to changes in redox conditions in the cell is not a general 
phenomenon but appears as a rather specific event. The data also provide an example of a 
mitochondrial-originated redox signal that reaches the nucleus where it triggers the expression of 
a nuclear gene that encades a (plant-specific) mitochondrial protein. 

Protein synthesis was also found to be modulated under different model redox conditions. 
Under oxidizing conditions created by the addition of ferricyanide an inhibition of the protein 
synthesis in isolated plant mitochondria is observed (Allen et al. 1995a). Also, an inhibitor of 
complex 11 (thenoyltrifluoro-acetone or malonate) added alone or in combination with rotenone 
(complcx 1 inhibitor) and dicumarol (interna! rotenone-insensitive NADH dehydrogenase inhibitor) 
resulted in an inhibition of protein synthesis, as measured by 35S-methionine inccrporation 
(Escobar Galvis et al. 1998). In contrast, when rotenone and dicumarol were added together the 
protein synthesis was stimulated. Based on these data, it was concluded that a subunit of 
complex 11 ora closely-associated redox componen! might serve as a redox sensor that could be 
part of the regulaticn system of the LIQ pool. lt seems contradictory that under oxidizing 
conditions (ferricyanicle addition). RNA synthesis is increased (see above) whereas protein 
synthesis is diminished. lt was proposed that this difference was due to a differential regulation 
depending on the level of gene expression (Escobar Galvis et al. 1998): 

The participation of glutathione (LJGlu-Cys-G!y) in the regulation of protein synthesis il'l 
plant mitochondria was suggested by Konstantinov et al. (1998). These authors have shown that 
the incorporation of [' 4 C)-leucine into protein in mitochondria isolated from maize seedlings 
increased in the presence of oxidized glutathione while it was significantly repressed in the 
presence of reduced glutathione. These data could suggest a thiol-mediated redox regulation of 
mitochondrial protein synthesis. 

Light as factor in mitochondrial redox regulation 

Molecular responses like transcription, translation, enzyme activation or apoptosis can be 
regulated via redox control. Redox regulati...,n of a given biological process can be typically 
defined as the control exerted by the redox state of sorne constituent molecules on the process 
(Pfannschmidt et al. 2001a). In photosynthetic organisms, many redox responses are a 
consequence of light: light initiates photosynthetic electron transport that subsequently gives rise 
to various redox signals; in turn, these signals regulate a number of biological processes. In the 
following, we summarize the curren! understanding on the redox-mediated light regulation of 
photosynthetic activity.and chloroplast biogenesis. Then, the possibilities of how light-induced 
redox messages can reach the mitochondria and influence mitochondrial function or biogenesis 
are evaluated. 
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Mechanisms of redox-mediated light regulation in chloroplasts 

Our knowledge on the redox-mediated light regulation of the activity and biosynthesis of 
the photosynthetic apparatus is growing. At present, probably the best-understood mechanism of 
redox control in chloroplast is the ferredoxin-thioredoxin system. In the light, ferredoxin is reduced 
as a consequence of photosynthetic electron transport and can then be used by ferredoxin
thioredoxin reductase to produce reduced thioredoxin. This is illustrated by the level of reduction 
of thioredoxin that has been reported to be of 0-20% in darkness and up to 90% in light (Scheibe 
1981; Crawford et al. 1989). The ferredoxin-thioredoxin system in chloroplasts serves to modulate 
or maintain the thiolldisulfide redox state of specific proteins in response to light and other 
environmental factors. This system provides the chloroplast with means to coordinate the 
activities of various photosynthetic processes. The ferredoxin-thioredoxin system is involved in 
the activation of a number of key chloroplast enzymes, such as the enzymes of the Calvin cycle 
(Scheibe 1991; Buchanan 1991) orthe NAOP-MDH (Ruelland and Miginiac-Maslow 1999). In 
light, the activity of these enzymes is enhanced due to the reduction of regulatory disulfide bonds 
by reduced thioredoxins. Also, in plant cells and green algae, a great increase in synthesis rate of 
specific chloroplast proteins is observed as a result of the activation of specific translational 
factors by reduced thioredoxins. Reduction of the disulfide bonds of the RNA-binding protein 
complex enables it to bind to chloroplast mRNA, thereby allowing its translation. A well-known 
example is that of psbA mRNA which encades the 01 protein of PSll in the unicellular alga C. 
reinhardtii (Oanon and' Mayfield 1994 ). 

Redox-controlled pliosphorylation of thylakoid membrane proteins represents a unique 
system for the regulation of light energy utilization m photosynthesis and controls, for example, 
the distribution of excitation energy between the photosystems 1 and 11 (state transition) as well as 
the photosystem stoichiometry (Pfannschmidt et al. 1999b; and references therein). Light
activoted thylakoid protein phcsphorylation is in great part regulated by the redox state of the PQ 
pool. Light induces phosphorylation of PSI! proteins (01, 02) by activating protein kinase(s) vía 
reduction of PQ (Alfen et al. 1995b; Pfannschmidt et al. 1999b). Ir. a.:ldition, protein 
phosphorylation of the' PSll suounils was strongly influenced by thiol disulfide redox state, 
suggesting that the ferredoxin-thioredoxin system is involved as well (Carlberg et al. 1999). 
Furthermore, the cytochrome bsfcomplex is recruited for redox sensing and signal transduction 
(Wollman 1999). Subunit V of C. reinhardtii b 6 f complex is reversibly phosphorylated upon state 
transition of the light-harvesting antennas; this subunit is proposed to play a role in the signa! 
transduction during reaox controlled adaptation of the photosynthetic chain (Hamel et al. 2000). 
Recently, a novel plant-specific protein of 9-kOa named thylakoid soluble protein (TSP9) was 
identified and shown to undergo light-dependent phosphorylation followed by a partial release 
from the thylakoid membrane (Cartberg et al 2003). Previously, TSP9 was kncwn as a lhylakoid 
membrana associated 12-kDa phosphoprotein which phosphorylation was redox state dependent 
(Bhalla and Bennet, 1987; Cheng et al. 1994). Reversible protein phosphorylation possibly occurs 
as part of a two-component redox regulatory system, similar to that found in bacteria and 
cyanobacteria (Stock et al. 1989; Alfen 1993). 

Evidence has P.,en provided for a coupling between the redox state of the PO pool and 
the regulation of transcription of a number of chloroplast genes (Pfannschmidt et al. 1999a; 
Tullberg et al. 2000) as well as nuclear genes (Pfannschmidt et al. 2001 b). For example, in the 
green alga Dunaliella tertio/ecta. the expression of the nuclear cab genes that encade the 
chlorophyll a/b binding protein is up-regulated in conditions that reduce the PQ pool (Escoubas et 
al. 1995). In Arabidopsis, the PO redox state was also shown to be involved in the transcriptional 
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regulation of the nuclear gene encoding the cytosolic ascorbate peroxidase (Karpinski et al 
1997). Also hydrogen peroxide was shown to be involved in the induction of the ascorbate 
peroxidase in excess light (Karpinski et al. 1999). lndeed ,photosynthetic electron transport 
generates ROS including hydrogen peroxide, which is thought to be a mediator of the redox state 
within the cells (Noctor et al. 2000). Glutathione is a ubiquitous tripeptide that is involved in 
quenching the generated ROS through the ascorbate/glutathione cycle (Alscher 1989; Smirnoff 
1995). Noctor and Foyer (1998) suggested that the ratios of the reduced and oxidized forms of 
antioxidants such as ascorbate and glutathione can have an important signaling function in the 
regulation of gene expression. The chloroplast RNA polymerase from Sinapis alba for example 
shows control of transcription by an associated protein kinase that responds to reversible 
thiol/disulfide formation mediated by glutathione (Baena-Gonzalez et al. 2001 ). 

Light signa/ transduction via redox state for regulation of mitochondrial function and biogenesis 

In light, mitochondria from photosynthetic organisms are critica! in optimizing the 
photosynthetic activity by maintaining the redox and energy balance in the cell. So far, the 
mechanisms that control the biogenesis and activity of the mitochondria in light are largely 
unknown. Photosynthf"tic activity generates multiple redox signals which, as detailed above, elicit 
a high level of control on chloroplast activity and gene expression. In analogy to the redox
mediated light regulation in chloroplasts, we suggest that a key mechanism fer the light-response 
of mitochondrial activity and biogenesis involves chloroplast-originated redox signals and 
metabolites. Redox signals produced by photosynthesis can be considerad light signal
transducing molecules that reldy information en the chloroplast redox state since they can be 
e:xported to different cell cornpartmer.ts (Figure 1). As said earlier, the export of reducing 
equivalents from the chloroplast to the mitochondriR occurs through dilferent mechanisms, 
including photorespiratiori. the malate valve and the phosphate translocator (DHAP/PGA); the 
importad re:ducing equivaler.Is influence the mitnchondrial redox state -notably the NADHINAD• 
ratio and the reduction state of the respiratory chain- which wili in turn have regulatory 
consequences. Redox messages may also be transmitted throughout the cell via hydrogen 
peroxide, whereafter the signal of hydrogen peroxide can be relayed indirectly via redox
transduction mechanisms involving antioxidants (glutathione/ascorbate), or via a two component
like redox regulation. Also the cellular adenylate status depends on the photosynthetic conditions 
and will provoke adaptive responses that involve electron partitioning of the respiratory chain. 

In light, a massive flow of carbon passes through the GDC complex in the mitochondrial 
matrix, giving rise to large amounts of NADH. About half of the NADH produced by 
photorespiration will be reoxidized in the mitochondrion (Kromer, 1995), mainly via non
phosphorylating pathways (lgamberdiev et al. 2001a; Rasmusson and Svensson 2001). The fact 
that NADH resulting from glycine oxidation is preferentially utilized by the alternative respiratory 
pathway may suggest a substrate channeling between GDC and the alternativa NAD(P)H 
dehydrogenases and/or a specific light-dependen! down-regulation of the cyt path (see below). 
Besides photorespiration, other chloroplast-originated reducing equivalents can be importad into 
the mitochondria and modulate the NADH/NAD ratio (Figure 1). When photosynthetic reductants 
are oxidized by the respiratory chain, it is assumed that the resulting reduction level of the chain, 
and in particular of the UQ pool, exerts a control en the regulation of mitochondrial metabolism by 
similar mechanisms of redox regulation as for the PQ pool in the chloroplast. The UQ peal makes 
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a good sensor of the redox state of the respiratory chain, since the electrons from all the different 
pathways are first passed on to ubiquinone. The reduction state of the UQ pool determines the 
engagement of the AOX (Dry et al. 1989; Hoefnagel and Wiskich, 1998) and possibly of other 
enzymes. Photorespiratory NADH for example could trigger the activation af the AOX by 
increasing the reduction state of the UQ pool. Other components af the respiratory chain such as 
the Rieske protein have been indicated as redox sensors (Wilson et al. 1996), posslbly as part af 
a two componen! redox regulation system in mitochondria, as envisioned by Allen (1993; Allen 
and Raven, 1996). Recently, nuclear genes for 'bacteria!' histidine sensor kinases and aspartate 
response regulators that seem to be targeted to mitochondrial membranes have been identified in 
A. thaliana and zea mays (Forsberg et al, 2001). Earlier, Hékansson and Allen (1995) found 
histidine and tyrosine phosphorylation in pea mitochondria as evidence for protein 
phosphorylation in respiratory redox signaling. Such redax signaling likely regulates gene 
expression within the mitochondria but may also regulate nuclear gene expression. 

The activity of the pyruvate dehydrogenase complex (POe) in the mitochondria is down
regulated by light (Budde and Randall, 1990) and with development of photosynthetic capacity 
(Luethy et al., 2001 ). The activity of the Pee is known to be controlled by severa! interacting 
mechanisms, notably reversible protein phosphorylation and product inhibition (Randall et al. 
1989; Moore et al. 1993). The inactivation of the enzyme that is observed with increasing· 
photosynthetic activity could be due to product inhibition by the NADH of photorespiratory origin. 
lt was indeed reported that the inactivation of the PDe by phosphorylation in the light was 
relieved by conditions af reduced photorespiration whereas it was enhanced by NADH and NH4 •, 

products of glycine decarboxylation (Padmasree et al., 2002 and references therein). The light
regulation of PDe is of importance since the enzyme occupies a unique position at the interface 
of several metabolic pathways, controlling the mitochondrial carbon flow. 

In light cond;ti0ns, the activity of !he AOX and of CS dramatically increases. The 
increased activity is the result of an enhanced synthesis of the proteins but also of a stimulaticn of 
the enzyme activily. Far example, full activation of the AOX enzyme requires the presence of 
pyruvate (Millar et al. 1993; Vanlerberghe :;t .. 1. 1995), which levels increase with the light 
inhibition of the PDC. Furthermore, for high activity in light, the mitochondrial AOX and es require 
reduction of cysteine disulfide groups (Stevens et al. 1997; Rhoads et al. 1998). Dueto the 
presence of regulatory sulfhydryVdisulfide siles, the AOX andes are propased to be potential 
targets of a flavoenzyme NADPH thioredoxin reductase (Rhoads et al. 1998; Laloi et al. 2001) 
which has been recently identified in plant mitochondria (Laloi et al. 2001). In the case of plan! 
AOX, the reducing power (NADPH) generated by the oxidation of certain TeA-cycle substrates, 
especially malate and \sacitrate, has been proposed to mediate the reductian of the AOX dimer 
by mitochondrial thioredoxin (Vanlerberghe et al. 1995). The mechanism that leads to the 
reduction of the plan! es disulfide bonds and thus to enzyme activation is not known. The fact 
that animal citrate synthases exhibí! the same cysteine residues as plan! citrate synthases but are 
not redox-sensitive (Stevens et al. 1997) suggest& that an additional, possibly light-assoc.iated 
level of control is necessary in photosynthetic organisms. 

The expression of a number of nuclear genes far mitochondrial proteins increases upon 
illumination of plan! leaves, indicating that the light signal is able to reach the nucleus. An 
identical expression profile is observed between the H- ar.d T-protein subunits of the GDe and 
several nuclear genes;for chloroplast proteins -like the cab and rbcS genes. In the case of the 
nuclear cab gene, its expression is regulated by the redox state of the PQ pool (Escoubas et al. 
1995) likely via a two-Component redox system. 11 is conceivable that a redax-ctependent 
regulation via, far example, the PQ pool can also coordinate the expresslon of nuclear genes for 
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mitochondrial proteins required to optimize photosynthetic activity, such as the GDC subunits. 
Other light-transduced redox signals that originate in the chloroplasts, such as those associated 
with hydrogen peroxide and antioxidant cycles (the ascorbate/glutathione cycle), may be 
distributed throughout the cell (Foyer et al. 1997) and influence the gene expression of 
mitochondrial proteins. In that respect, it has been shown that hydrogen peroxide plays a role in 
the induction of AOX gene expression in Petunia hybrida cells (Wagner 1995). Hydrogen 
peroxide may relay redox signals vía systems that respond to hydrogen peroxide itself or vía 
systems that depend on the redox state of glutathione and ascorbate. Evidence has been 
provided for the presence of the ascorbate-glutathione cycle in mitochondria of pea leaves 
(Jimenez et al. 1997). Moreover, in high light-exposed Arabidapsis leaves, hydrogen peroxide is 
involved in the expression of the nuclear apx1 and apx2 gene, coding for cytosolic ascorbate 
peroxidase (Karpinski 'et al. 1999). The peroxisome is likely to be a factor of importance in the 
hydrogen peroxide-dependent redox regulation since it is a majar source of photorespiratory 
peroxide. 

The mechanisms that regulate the biogenesis and capacity of the cyt path in light are not 
clearly understood. However, it is assumed that in light, as compared to darkness, the 
phosphorylating cyt path is relatively less active than the non-phosphoryiating alternative 
respiratory pathway (Rasmusson and Svensson, 2001 ). The data available suggest that the 
accumulation levels of the proteins involved in the oxidative phosphorylation are unaffected by 
light (Oudley et al. 1997; Hedtke et al. 1999; Rasmusson and Svensson, 2001). In addition, in 
developing pea leaves, cyt path activity was found unchanged while the GOC and the AOX 
increased activity, the iatter mainly vía the increastld reduction of the AOX enzymc (Lennon et éll. 
1995). Furthermore, when the capacity of the cyt path respiration is altered (using for example, 
antimycin A ar cysteine), a coordinated increase in the AOX protein leve! is observed while the 
levels of proteins of the cyt path remain s:able (Vanlerberghe and Mclntosh 1997; Vanlerberghe 
et a!. 2002). The down-regulation of the cyt path capa-::ity in cysteine-trcated tobacco cel!s seems 
te involvP. a process of dephosphorylalion (Van!erberghe et al. 2002), which might occur vía a t\1'10 

componen! rtldox regulator¡ system. The regulation of the cyt path capacity/activity is also likely 
to be explained by a regulation of the partitioning of the eiectrons between the cyt path and the 
alternative pathway at the ua pool; in soybean cotyledons, pyruvate increases electron 
partitioning through tht aiternative pathway under both state 3 and state 4 (Ribas-Carbo et al. 
1995; 1997). Electron partitioning may be influenced by the cytosolic ATP/AOP ratio. Ouring 
photosynthesis, the demand far mitochondrial ATP comes far an important part from sucrose 
synthesis and N-assimilation (Raghavendra et al. 1994; Gardestrom and Lenmark 1995; KrOmer 
1995, Hoefnagel et al. 1998), and depends therefore on the photosynthetic conditions such as 
light intensity and the availability of carbon dioxide and nutrients. Mitochondria provide most of 
the cytosolic ATP for sucrose synthesis. In conditions of high ATP/AOP ratios ar limiting ADP 
(durin~ high photorespiration for example), the proton gradient dissipation across the inner 
mitochondrial membrane is lowered, leading to the increase of the cyt path redox state. This can 
cause, besides the activation of uncoupler protein (UCP) (Sluse and Jarmuszkiewicz 2000), a 
further engagement of the alternative pathway in arder to regulate the redox state and avoid too 
high levels of reducing equivalents (Oay and Wiskich 1995; Vanlerberghe and Mclntosh, 1997). 
The tendency observed is clearly towards the activation and expression of components of the 
non-phosphorylating pathways in the light and vice-versa in the dark whereas components of the 
cyt path remain in place with mainly its activity controlled. This may be related to the necessity of 
quick adaption to the energy demands, that can arise from different environmental conditions. 
The proteins of the alternative pathway are relatively srnall and can be synthesized quickly, in 
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contrast to the respiratory complexes, which require the assembly of multiple subunits into 
complexes ranging from 150 to 800 kDa. 

In C. e/ongatu"1, an increased expression has been observed of cytochrome b (cob) in 
the dark (Kroymann et al. 1995). lt is possible that for unicellular green algae, the light-regulation 
occurs at a different level since every cell is in direct contact with its physical environment (growth 
medium), necessitating a different level of regulation than in plants. Also, frequently the culture 
media used for the growth of alga uses acetate or other carbon sources, which could give rise to 
different responses. 

Finally, the accumulation of proline can be caused by many different stress conditions, 
including photo-oxidative stress. The interconversion of proline, Delta-pyrroline-5-carboxylate 
(P5C) and glutamate was proposed to constitute a form of cellular redox signaling (Hare and 
Cress 1997). In the mitochondrion, the conversion of proline to P5C by proline oxidase yields 
FADH2 whereas NADH is generated by the conversion of P5C into glutamate, which can then be 
converted into the TCA-cycle intermediate 2-oxoglutarate. When imported into the mitochondrion, 
proline could constitute a photosynthetic redox messenger, provided that the stress conditions 
that cause the proline a=umulation do not inhibit mitochondrial function as well. 

Concluding remarks 

The presence of two major bioenergetic processes in the photosynthetic cells implies a 
tight and complex regulalion of plant organelle biogenesis and activity. In particular, a concerted 
expression of the three genomes in a green cell is essential to adapt to the various environmental 
conditions. The modulation of function and gene expression by light or with leaf development and 
the obvious link between light and cellular redox state or redox-transducing messages, suggest 
that the redcx state has an important rcgulatory role r.ot only in the chloroplast, but in the whole 
cell and even in whole tissues and plants. For example, the cytoplasmic thioredo;:in h was 
proposed to actas a redox mcssenger between different plant tissues v1a the phloem of for 
example rice and wheat (Schürmann and Jacquot 2000). ll is imaginable that oxygen plays a role 
in cellular light regulation as well. For instance, the up-regulation of glycolysis by the induction oí 
hexokinase under low oxygen pressure (Koch et al. 2000) may constitute a factor in the 
regulation of mitochondrial respiration in the dark. Also, the role of photoreceptors such as 
phytochrome in the redox regulation is beginning to be unraveled (Neuhaus et al. 1997), but is 
known already for a long time to regulate mitochondrial components such as the cytochrome e 
oxidase (Hilton and Owen 1985). 

Further 'cross.!alk' studies will increase our understanding of the extent to which redox 
regulation is importan! for the adaptation of mitochondrial function and biosynthesis. The pursuit 
of the role of photosynthetic redox messages, of which sorne have been mentioned in this review, 
will likely preve to be a substantial contribution to our understanaing of how rnitochondria 'feel' the 
light stimulus. 
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Legend 

Figure 1 

Schematic representation of various chloroplast-originated redox messages that are potentially 
involved in the signar transduction of the light regulation of mitochondrial function and biogenesis. 
Light is a factor of decisive importance, besides other factors as carbon dioxide and nutrients, in 
the generation and export of redox-related metabolites and messages. These can be transmitted 
to the mitochondrion and effectuate adaptive responses through the effect on the mitochondrial 
redox state, notably the NADH/NAD ratio and the reduction state of the respiratory chain. Redox 
messages can also be relayed to the nucleus and affect expression of genes for mitochondrial 
proteins. Redox-dependent light regulation of nuclear gene expression include two component or 
similar redox regulation, or involve hydrogen peroxide-induced signals. Hydrogen peroxide 
influences ratios of oxidized versus reduced antioxidants such as glutathione and ascorbate, 
which on its turn may modulate gene expression. 
Chloroplast and mitochondrial translocaters or shuttle systems are indicated by a circle. Enzymes 
(systems) are in small fcnt. Phospho protein refers to light- and redox-induced protein 
phosphorylation. Mit. proteins are mitochondrial proteins. e- represents the reduction level of the 
ETC. 
Acet-CoA, acetyl coenzyme A; ATP/ADP, adenlyate status; DHA/ASC, ratio of dihydroxy 
ascorbate and ascorb:;;,te; GSSH/GSH, ratio of glutathione disulphide and reduced glutathione; 
NADH/NAD, ratio of raduced versus oxidized pyridine nucleotides; DHAP, dihydroxyacetone 
phosphate; ETC, electron transport chain; OAA, oxaloacetic acid; PEP, phophoenol pyruvate; 
PGA. 3-phophoglycerate; PO, plastoquinone pool; RuBP, ribulose 1,5-biphosphate; TCRR, two 
component or similar redox regulation; ua. ubiquinone pool. 
Enzymes: AOX, alternativc oxidase; CS. citrate synthase; GDC, glycine decarbo:>.-ylase complex; 
GO, glycolate oxidase; GP, glyceraldehyde 3-P dehydrogenase; ME, rnalic enzyme; MDH, malate 
dehydrogenase; MR, Mehler reaction; PDC, pyruvate decarboxylase complex; Rubisco, ribulose 
1,5-biphosphate carboxylasetoxygenase. 
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Transfer of mitochondrial genes to 
the nucleus in chlamydomonad algae: 
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expression of OX-PHOS proteins and 
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Abstract 
Mirochondrial genomes encade a limited set of 

polypeptides that are components of the membrane
.-mbedded o/igomeric comp/e.xes ihat participare in 
oxidati••e phosphory/ation (OX-PHOS). /t has been 
proposed rhat the genes that remained loca/ized 1n the 
ntitochondrial genome are zhose thut encode highly-
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hydrophobic poly1opic proteins. containing two or more he/ices that .Span the 
n1embrane. The J 5.8 kb linear mitochondrial genome (mtDNA) ofthe green alga 
Chlamydomonas reinhardtii /acks severa/ of the genes, encoding essential 
components ofOX-PHOS, that are typical/yfound on mtDNA. including cox2. 
cox3 and atp6. These genes were transferred to the nuc/eus ofthis alga where 
the_v were modified to perniit their successfi1/ expression in the nuc/eus of C. 
reinhardtii. In an extreme example. the cox2 gene. encoding the COXll subunit. 
has been split into two genes whose µroducts. COX llA and COX IJB are 
predicte!f toform a heterodimeric subunit. The predicred COX /JA. COX 111, and 
ATP6 po/ypeptides have long purarive n1itochondrial rargeting sequences (MTS) 
and exhibit diminished physicochemical constraints for imporr into 
1nitochondria. The mean hydrophobiciry of rhe nucleus-encoded proteins is 
diminish'ed. particular/y in those transmen1brane stretches that are thought not 
to parlic:Jpute directly in proton rrans/ocation or in inter-subunit contacts. as 
shown for Ihe ATP6 and COX/11 s11bu1Jits. Based on these results. we suggest 
some conclusions on the al/otopic expression ofhun1an mitochondrial genes and 
on the design of mitochondrial gene therapy strafegies. 

l. Introduction 
In son1e members of thc chlorophytc algne from thc family 

Chlamydomonadaceac. sevcra.1 genes that are nonnally found in thc 
mitochondriat genomes. likc cox2. cox3. and atp6. naturally reside tn the 
nucleu.:s. •7hc study olthesc genes. and the structural changes that allowcd thcir 
successful rdoc:ition to thC' nucteus. are :he subject of this revie\.V. To iJJustrate 
this transfcr proccss. we first bricfly addrcss thc large divcrsity ofmitochondria1 
genomcs 'in naturc. and in particuiar .. thnsc: of Chlor'lphycean algae. We then 
summarize thc evidcncc:: for thc prevalent and on-going transfcr ofmitochondri::il 
genes to the nuclcus .. rcvicw this proccss in chlamydomonad algae., and address 
why somC genes havc remained in rnitochondrial genomcs. We suggest that 
nuclear genes encode rnitochondrial mcmbrane proteins whose ovcrall 
hydrophobicity has dccreascd as comparcd to its mitochondria-encoded 
counterparts. We also show that thc hydrophobicity has dccrcased preferentialty 
in thosc transmcmbr..inc rcgions of thc protein that sccm not to be critical for 
function or for intcr-subunit interactions. Finally .. wc suggest somt: conclusions 
for consideration whcn designing mitochondr!al gene therapy strJtegies 
involving 'atlotopic cxprcssion of mirochondrial genes. 

2. The large diversity of mitochondrial genomes in 
na tu re 

Mitochondria are bclicvcd to have cvolvcó trom cndosymbionts (1~2] that 
dcrived originally from frcc-Jiving _a-protcobactcria [3..4 .. S .. 6]. rclntcd to the 
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contemi>orary members ofthe genus Rickettsia [7]. The nature ofthe host with 
whom · the endosymbiosis was cstabl ished remains a mattcr of debate,. and it is 
thought to be eithcr an archeon oran amitochondrial eukaryote [8]. lt is believed 
that the Cndosyriibiotic event that gavc rise to mitochondria occurred only once 
in- evOlution (9). and that it was followed by a massive ti"ansfer of genes to the 
nucleus .. followed by a more gradual transfer (JO] that seems to be an ongoing 
process (1 1 ]. This long-tcrm migration proccss gavc rise to the prcsent highly 
reduced mtDNAs. 

Mitochondrial genomes from diffcrent species vary in size as well as in 
organization. In general. they encade ribosomal RNAs. tRNAs. and a limited set 
of polypeptidc subunits of OX-PHOS proton translocating complcxcs. plus a 
variable set of proteins involvcd in mitochondrial protein synthesis [S].· The 
majority of mitochondria1 protcins nrc nucleus-encoded, translatcd in the 
cytoplasm. and translocatcd through a specialized impon-machincry known as 
thc TOM-TIM complex [12]. In ycast. more than 400 mitochondrial proteins 
(97% of:aJI proteins rcquired far mitochondrial f'unction) are encoded in the 
nucleus [13). Many protcins imported into mitochondria contain a mitochondrial 
targcting scquencc (MTS). gcncrally a "ima11. clcavable presequence ot 20 to 40 
asnino acids. capablc of fonning an amphiphilic cx.-hcli::.. that is rccognizcd by 
thc mitcchondrial TOM-TIM machincry. 

A wide spcctrum of gene contcnt of mitochondrial gcnomes is found in 
nature. The 60 kb mtDNA of thc flagcllate Reclinomonas americana (J 4]. "the 
mitocltondrion that tima .rorgot" (JS]. !"CSf"mhies a highly rcduccd bacteria) 
geno1ne. This mtDNA encocies 24 proteins that participate in OX-PHOS 9 plu:; a 
set of' 38 additional proteins involved in translation. transcription. protein 
impon. ::uid maturation. Thc R. amPricnna rnitochonériaJ genome is thought to 
be the extant mtDNA that most closdy r:::scrnbJes the proto-mitochondrial 
gcnomc. At thc other cnd of the mtDNA complexity-spcctrum. thcre is the 
highly reduccd 6 kb rntDNA of the apicornp1exan parasite Plasmodium 
falciparum. that contains only 3 genes cncoding componcnts of" thc 
mitochoÓdrial rcspiratory chain - cnb. coxl. and cox3 [16.17). cob afad coxl are 
prcsent i": ali mitochondrial gcnorncs known to date. Thcir gene products are 
highly hydrophobic polytopic proteins that function as central components of" 
proton translocating complexes: cytochrome b olthe bc1 complex. and subunit 1 
of' cytochrome e oxidase. In thc small circular mitochondrial gcnorncs of 
metazoans. including humans. 13 protein-coding genes. ali cncoding 
components of oxidative phospho1ylation are prescnt: ,,ad!. nad2. nad3. nad4. 
nad4l .• nad5. ñad6. cob. coxl, cox2. coxJ. atp6. atpB [18]. 

3. The mitochondrial genomes of chlorophycean algae 
The class Chlorophyceae. mcmbers ot the phylum Chlorophyta (green 

algae) .. contains more than 355 gcnerJ and 2650 spccics. Most live in 
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freshwatcr · but thcre are also marine and ren-estrial spccies [19]. The 
mitochondrial genomes of 7 species of chlorophycean algae have been 
scquenced, Chlan1ydon1onas eugametos [20] •. Scenedesmus obliquus [21.22]. 
Chlorogonium e/ongatum (23), Chlamydon1onas reinhardtii · (24,25]. 
Nephroselmis olivacea [26], Pedinomonas minor [26J, and Prototheca 
wickerhamii (27]. Table 1 summarizes thc gene content of thc mitochondrial 
genomes or thesc green algac. Thc 15.8 kb linear mtDNA from C. reinhardtii 

Table l. Ocnc contcnt in thc mito:::hondrial gcno:mcs ofChlorophyccan algae. 

O enes 

COMPLEXJ 
nadl 
nad2 º 

~dJ 

arpl 

alp6-
otp8_'' 
otp9 

rib RNAs 
rnl ·:." 

SS·' .. 

lRNAs 

c.,. C. •u c.., 

TR- t,.;.,.smcmbranc n:giun" ur lhc protcin cncodcd. P. wl- Pru1uiheCD ~¡~~Jij,;,~· ~. : , 
01-.v,phru11clmis o/ívut:c-a. P. mi• Pttdfr10"1onas minar, .S. Ob- St:#ni!Jesmus ohliquWi. C. rtt

ChlamjNJCJmonas relnhardlll, C. cu- Chlamydomonas cugamclas: C el-. Ch/Óroganium 
dongazum. Numbcrs in pan:nthcsis indica.te liu: numbc:r ur fragrncnts that constitutc thc 
ribosomal RNAs 
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Jacks several genes encoding essential components of OX-PHOS: nad3, nad4L, 
cox2, cox3, atp6, and arp8, that until rcccntly had only bccn characterized as 
mtDNA-encoded genes. These six genes are aJso absent f"rom thc circular 
genomes of the rclated green algae C. e11gametos and C. e/ongatum. It was 
hypothesizcd that thcse genes had bcen transfei-red ·to the nucteus in these 
species. The products of two of these genes, subunit [JI of" cytochrome e 
oxidase (COX 111) and subunit 6 of" F1Fo-ATP synthasc (ATP6, equivalent to 
subunit a in Escherichia coli). are usually highly-hydrophobic polypeptides, 
with 7 (28] and 5 [29,30] transmembrane strctches rcspcctively. As outlincd 
bclow. we havc dcmonstratcd that functional atp6. cox2, and cox3 genes are 
nuclear localized in C. reinhardti (31,32,33]. The modifications that enabled 
these once mitochondrial genes to bccome nuclear localized and f'u11y functional 
offcrs insighLc; into thc cvolutionary proccsscs involvcd, and suggcst possible 
str:itegics for thc allutopic exprcs~ion of protcins as potcntial gcnctic therapic-s 
for human mitochondrial disorders. 

4. Transfer of mitochondrial genes to the nucleus 
Thc thco;-y of mito::::hondrial origin proposes that there was a gradual 

transfcr =.-!' genes frorn the enáosymbiont to the nuclcus [ 1 O]. This trnnsfer of 
genetic material may havc happcn,~d in thc fono of DNA or of cDNA [34]. In S. 
cerevisiae. the currcnt rate of transf"er of 01'.JA from thc mitochondria to the 
nucleus is 105 tim!O!s more frcqucnt than thc ratc of tran::fcr in thc opposite 
direction [3Sj. Thi~ ..:uggcst~ a favorcd unidirectional flux of gcnctic matcrfr:I 
from organclles to nuclear control. Transfers of mtDNA to the nuctcus can 
involve fragrncnts ranging from 31 nt [36] up to 670 ;.;.b. as in the case of" 
Arabidopsis rhaliana. where a complete mtDNA copy · .. vas found in the nucteus 
[37]. The human gcnornc projcct has also revcaled transf"cr of Jarge 
mitochondria1 fragmcnts to the nuclcus. ranging from 106 to t 4.ó54 bp [38]. 

Thc c;ontinous transfcr of organellar DNA to the nuclcus prcdicts that all 
coding sequcnces should evcntually be displaced from thc mitochondrion [39]. 
Howcvcr, this transfcr is not alway~ successfut. sincc on rnany occasions genes 
do not establish thcmsclves functionally in the nucleus. Numerous copies of 
mitochondrial genes reside in the nucleus as pscudogenes in over 64 animal 
species [ 40.41 ]. These pseudogenes · are considered relics of ancicntly 
transf"errcd mtDNA that remain as molecular fossils in the nucleus [ 42]. 
Mitochondrial DNA has beco transfcrrcd to the nucleus on numcrous 
indcpcndent oc~asions. and thc samc gene can be sent to the nucleus at differcnt 
times in c1oscly rclatcd organisms (9]. Thcsc multiplc transf"crs sometimcs 
resulted in a succcssf"ul integration of" the genes and their establishment as 
functional genes. In other occasions9 aftcr integration. the genes were not 
activatcd. and rcmained as pseudogenes. 
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TranSf'er of mitochondrial genes to the nucleus seems to be an ongoing 
proccss (43]. excmplified by thc prescnce of similar genes f"or the same protcin 

. cncodcd in both the mitochondrial and the nuclear genorncs of an organism. Le . 
. F 1F0-ATP synthase subunit 9 tATP9) of Neurospora crassa [44,45] and 
cytochrome e· oxidase subunit 11 (COX 11) of sorne higher plants [11,46]. Thc 
f'unctional relocation of mitochondrial genes to rhc nucleus rcquircd several 
stcps [39,.47): i) The transfer of a gene to thc nucteus. whilc an active copy is 
sti11 retained in thc mitochondria. ii) Thc activation of thc nuclear copy of the 
gene by acquisition ofscquences cncoding nuclear promotcrs. ribosome binding 
sitcs. mitochondrial targcting scqucnces (MTS). and polyadcnylation signals. 
These structural transforrnations may also be accompanicd by changcs in codon 
usagc and thc acquisition of introns. The rclocatization of mitochondriat genes 
to the nuclcus implics the coexisten ce of active nuclear and mitochondrial genes 
during a variable period oftirne, as dcscribcd for thc co:c2 gene in sorne legumes 
(48]. iii)' lnactivation of the mitochondrial gene. Such is thc case of thc 
1nitochondrial ribosomal protcin S14 in rice, that has bccn transfcrred to thc 
nuclcus, whilc thc original mitochondrial copy has bccn interruptcd by stop 
codons [49]. Ultima:cly. thc original rnitochondrial gr.ne will be cli1ninated. 
Altcrnativcly, thc· nuclear copy rnay Le thc onc to inactivatc, rcsulting in thc 
original gene bcing rctaincd 1n thc anitochondrion anJ the appcaran..:e ofmtDNA 
p$eudogcncs in the nuclcus [SO]. 

Thc transfer of mitochondrial genes to thc nucleus may confcr a sclcctivc 
aU.vantagC, since nuclear genes in :>orne org:anisn1s cxhibit a lower mutation ratc 
(51]. This is not ncccssariiy tn1c of fungi, wherc mutation rates of the nuclear 
and mitocho11dria1 genes are alrnost cq11ivalent, or in plants, whll!rc nuclear genes 
mutatc at a highcr ratc than rnitochondrial genes [52,53,54]. Gcr.e rransfer frorn 
organclle5 to thc: n11clcus is also thought to reduce thc: accumulation of 
delctcrious mutution!t, since thc genes migrate fro:n a predominantly asexual to 
a prcdaminantly sexual genomc (55,56). 

s_ Transfer of n1itochondrial genes to the nucleus in 
chlamydomonad algae 

Sincc thc genes cox2. cox3, and urp6 wcre abscnt in thc mtDNA of C. 
reinliardtii. we invcstigatcd whcthcr lhcsc genes wcre exprcsscd in lhc nuclcus. 
Wc used the standard techniques of molecular biology to address thc prescncc of 
these gc:ncs in C. reinhardtii combincd with a biochcmical approach to show thc 
prcsencc of thc corrcsponding protcins in thc mitochondrion. For this sccond 
appronch, we also uscd thc colorlcss alga Po!ytome/la sp. a.e; ic lackcd a cell wall 
and functional chloroplasts [57 ,58]. Thcsc charJ.ctcristics d}]owed thc isolation 
of alga! t~itochondria free of thylal...01d contaminants which facilitated ·thc 
purification of scvcrul OX-Pl-IOS co1nplcxcs (31 ... 59,60.61 ]. Thc colorlcss algac 
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of thc genus Polytome/la are ctoscly re1atcd to C. reinhardtU .. as demonstrated 
by the similarities between their nucleus-encoded beta-tubulin [62) and 18S 
rRNA [58,63), and mtDNA-encoded coxl genes [64). 

• The combined studies with C. reinhardtii and Polytomella sp. demonstrated 
that the ge.ne cox3 .. cncoding subunit 111 ofcytochrome e oxidase (COX 111}. had 
been transferrcd to the nucleus in both organisms [31]. We also found that in 
both Polytomtdla sp. and C. reinhardtii subunit 11 of cytochrome ·e oxidase 
(COX 11) is cncodcd by two scparate nuclear genes that were namcd cox2a and 
cox2b. Thc cox2a gene encodes a protcin .. COX JIA, corresponding to the amino 
terminal half of a typica1 singlc-polypeptidc COX 11. that includes the two 
transmcno:.:.;·anc strctchcs. Thc cox2b gene encocles a protein, COX llB. 
cquivalent to the soluble C-tcnninal domain of an orthodox COX 11 subunit. 
We prC1posed that thc separate cox2a and cox2b genes gave rise to a 
hctcrodimeric COX 11 that resultcd from the non-covalent asscmb1y ofthc COX 
llA and COX IIB polypcptidcs in the maturc cytochrome e oxidase comp1cx 
(32]. This contrasts with the COX 11 proteins of other cukaryotes. that are single 
polypeptidcs cncodcd by single genes nonnally localized in the mitochondrial 
gcnomc, with thc cxcc-ption of ful1-length nu..:lear cox2 gene~ in the nuclci of 
sorne legumes. In :iddition, thc gene atp6 encoding subunir ATP6. an essential 
componcnt of the proton translocating F0 sector of thc F 1 F 0 -ATP synthase, has 
also been transferrcd lo the nuclcus in C. reinhardrii (33]. Thcrcfore, the four 
genes cox2a. cox2b, cox3. and atp6 where shown to reside in the nucleus in at 
leao;ot sorne mcrnbt"is of" thc fomify Chlarnydornonadac.c<te, in contrast to the 
mitochondrial location of thc genes cux2. cox3 and atp6 in thc vast nlajority of 
eukaryotcs. Thi:: transfer ofthcsc genes probably occurred late in cvolution, after · 
thc massive lransfer of genes from the protomitoc:1ondrion to thc nuclcus [S]. 
since nowadays rnany grc(:n alga~ sti!I rctain thc cox2. cox3. and arp6 gei:ies in 
their rnitoehondrial gcnomes. 

Thc discovery ofthcse genes in C. reinhardtii and Polyromella sp. allows a 
considcration of the specific featurcs that accompanied thcir transfer from the 
mitochondrion to thc nuclcus: 

a) Thc export of thc nucleic acid molecule from the mitochondria in the 
form of DNA or RNA. Sorne genctic material has been transferred to the 
nuclct&s vb RNA interTTiediatcs, shown by the preseñcc ofcdited versions of 
p1ant mitochondrial genes in the nucleus. where the inRNA has a changc of 
C~U when compared lo thc genoni.ic sequcncc. [46.48.65.66]. This transfcr 
as RNA mu.;t havc bcen followcü by a reverse transcription step. befare its 
integrJtion into thc nuclear gcnomc. lt remains to be ascenained if thc 
genes atp6. cox2a. cox2b, and cox3 ofchlamydornonads wcre tram:a"Crred as 
DNA ar RNA intermedia.tes. Mitochondrial cditing has not been found in 
a1gac, and no cvidcnee for reverse transcription activity has becn found. 
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despite the prcsence ofa gene cncoding a putative reverse transcriptase-like 
protein in the mitochondrial gcnornc of C. reinhardtii (24]. The absencc of 
cditing suggcsts that thc integration ofan RNA-derived DNA fragment was 
not. obligatory, as would be thc case in an organism that required RNA 
cditing for functionaJ gene expression. 

b) lntegralion into the nucleus. lntcgration into the nuclear genomc most 
probably occurred in a non-coding regían through. nonhomologous 
recombination [67]. or by an end-joining rnechanism [36]. 

e) Acquisition of an MTS. Random genomic DNA scqucnces preceding 
mitochondrial genes th:u have been rclocalizcd in the nuclcus could providc 
un MTS. Two to fivc % of randomly shearcd DNA scquences auached 
upstrcam of protein genes in vitro functioned as effectivc MTS [68], 
showin"g thc potential case of gaining of an MTS. In sorne cases, 
mitochondriat genes have inserted into nuclear genes, acquiring thc pre
cxisting MTS [48,69]. MTS acquisition may also occur by duptication of 
cxisting· targcting signals [70] or by nuclear cxon shuffling (71]. The 
dcduccd amino acid sequence Jocated befare th~ N-tcnninal scquence ofthe 
mature COX llA, COX 111 and ATP6 proteins ofC. reinh:irdtii pr.::dicts the 
cxistcñce of unusuatly Jargc MTSs. of 143, 119 and lú7 a.mino acid.s 
respcctivcly, rich in ahmines, prolines, and cha:-gcd amino acids. In yeast, it 
has becn obs~rvcd that thc duplication of MTSs in1proves thc in vitro and in 
vivo import of hydrophobic proteins into mitochondria (72]. lt has atso bcen 
'iuggcstcd that·Jong MTSs cau !mprovc the intcrnctinn ofthe precursor with 
.the mitochondrial impcrt rrmchincry (73]. Altcm.itively, a long MTS could 
affcct thc folding of thc protcin to incrcnsc its importability [74]. It 1s 
possiblc that. during: import into mitochondria. thc targeting scqucnces are 

· clcaved antl maintaincd as components of lhe cytochrome e oxidase 
complcx, a....;; was ubservcJ with thc MTSs ofthc Ricske subunit oíyeast and 
becf heart mitochondrial cytochromc bc1 complcxes [75,76]. Thc function 
of' thc targcting scquence rctaincd in thc bc1 complcx is not known, wc 
speculatc that it may act as a chapcronc for cotnponents of the cnzymc 
complex during assembJy. A convcntional N-tenninal MTS is not 
absolutcly requircd for a nucleus-cncoded protcin to be importcd into thc 
mitochondrion. Several mitochondrial genes that were transferred to the 
nucleus havc becomc activatcd. and thcir protein products may be imponed 
in to n1itochondria in thc abscnce of an MTS [50]. This is also thc case far 
the cox20 genes of C. reinhardtii and Polytomella sp. which do not cxhibit a 
region encoding a putative MTS. 

d) Acquisition of introns. pro1noters, and riboson•e binding siles. r"·:ost 
nuclear genes in C. reinhardtii havc introns, with an average number of3.9 
introns per kb of coding sequcnce. Thcse introns are ofrcn small, ranging 
from S? bp to 1J18 bp. with an average sizc of 219 bp [77]. Wc found 
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intron:l in the genomic scquences of" thc chlamydomonad mitochondrial 
genes that wcrc transferred to thc nucleus: 6 in cox2a of Polytomella sp .• 7 
in .cox2a of C. reinhardtii. 1 in cox2b of C. reinilardtii. 4 in cox3 of" 
Polytomella sp .• 9 in cox3 of C. reinhardtii. and 7 in atp6 of C. reinhardtii. 
These introns show orthodox splicing sites exhibiting the typical GT 
sequencc at thc s• end andan AG sequence at the 3' end. An exception was 
Polytomella sp. cox2b that did not contain introns. The sequences flanking 
thc proposed open reading frame initiating methionine codons corresponded 
to the consensus translation initiation site (A/C) A (A/C) (A/C) ATG (G/C)" 
rcported for C. reinhardtii [77]. We havc yct to identify promotcr regions in 
thc gcnomic rcgions upstream from thcsc genes. 

e) Acquisition of polyadr.nylation signals. In C. reinhardtii the most 
common poJyadenylation signat in the nuclear genes is TGTAA located 10-
20 bp upstrcam of the actual polyadcnylation site [77]. This signal was 
present in thc cox3, cox2a. cox2b, and atp6 genes that wcrc transferred to 
the nucleus in chlamydomonad algae. These signals are distinctivc features 
of nuclear genes • .;incc thcy are not prcsent in mitochondrial genes. 

f) Change in codon usage. The C. reinhardtii mitochondrial gea,etic code is 
thc s3mc as thc standard genctic code utilized in thc nucle1.1s. v.•hich may 
faciJitate a continucd transfcr of mitochondrial genes to the nucleus. 
However. the chlarnydomonad algac exhibit a highly· biascd codon usagc in 
their nuclear genes. The nuclear genome of C. reinhardtii has a high GC 
ccntcnt, and thi:-. feature ;s rcflcctcd in th:: pronounced ::odon bias. which 
favors triplcts with C or G in the third position. In contrast 9 there is a 
differént bias in the codnn usage in thc rnitochondrial gcnomc. 
Relocalization of" mitochondria1 genes to the !"lu .... ;cws in C. reinhardtii was 
io11owed by changes in codon usage to frcquencies typically found for 
nuclear genes. · 

g) lnactiva1ion of thc mitochondrial gene copy. 11nd loss oí the original 
mitochondrial gene. Succcssful tr.ansfcr of genes from organetlcs to the 
nucieus is usually followcd by inactivation of the mitochondrial copy"9 its 
conversion into a pscudogcnc. and its eventual loss from the rnitochondñal 
gcnome [78]. Thcrc is no cvidcncc for the prescnce of cox2a. cox2b* cox3 or 
atp6 genes. gene fragments .. or pscudogenes in the mitochondrial genomcs 
of several chlamydomonnds. including Polytomella sp .• C. reinhardtii. C. 
eugameros, C. e/ongatun1 and C. moewusii. 

h} The splilting of lhe cox2 ~ene inlo cox2a and cox2b. Thc gene cncoding. 
thc mitochondrial COX 11 protcir. is abscnt fron1 thc mtDNA ofa number of 
chlamydomonad algac. Wc founci that thc gene had bccn split into two 
pans. cox2a und cox2b, both cxprcsscd from thc nucleus. in Polytomella sp. 
and C. reinhardrii [321. We also observcd that a cox2 gene in the mtDNA 
of Scf!nede . .;mus obliquus shows strong similarities to the chlamydomonad 
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cox2a gene, suggcsting that the splitting of cox2 occurrcd prior to the 
transfer or the gene to the nuclcus, and that the chlamydomonad transfcr of 
cox2b to thc nucleus is tikely to havc preceded that of cox2a. lt is not 
known ifthe S. obliquus mtDNA-cncodcd cox2a is functional .. or ilthere is 
also a. nuclear copy of the s&.mc gene. lt is possibte that thc S. obliquus 
co.r2a was prcvcnted from rclocating to thc nuCJeus by the divergcncc ofthe 
mitochondrial genetic code from the standard code in this organism (21,.22]. 
In PJiytomella sp. and C. reinlzardtii thc COX llA protein contains a C

. terminal 20-amino acid regían, lacking similarity to convcntional COX 11 
proteins, that had a high density of" charged amino acids. The predicted 
COX 118 polypcptidc contains 42-amino acids at thc N-tcnninus with a high 
dcnsity of charged atnino acids that are not homologous to known COX 11 
protei.ns and are not n cleavable MTS. We proposc that the C-tcrminal 
cxtension of" COX llA intcracts with the N-tcrminal cxtension of" the COX 
llB protein and that these acqu1n:d an1ino acid sequenccs stabilizc thc two 
COX JI subunits in the cytochromc e oxidase comptcxcs. 

·6. Why have sorne genes rernained in the rntDNA? 
Scvcral ideas havc bcen put f"oru.tard to cxplain why mitochom.lrial genomc~ 

still contain a limitcd set of" genes that has not bccn transf"crrcd to the nuclcus. 
One cxplanation has bccn thc evolution of" a differcnt mitochondrial gcnetic 
codc in sorne organisms that wou.ld inhibit the f"unctional cxprcssion of" 
mitochondria1 genes transfc:::rrcd to thc nuc!cus. Similarly. :.orne mitochondrial 
genr.s hav~ accumulatC"d complcx processing pnttcms like rnRNA-editing. which 
would render thc transfcrrt'"d gene inviable whcn rclocated to thc nucleus [79]. 
Anothcr eX:planatiun may be that thc prcscnce of sorne urganellar proteins in thc 
cytopiasrn could have detrimcnlal cffccts [80], including misrouting of" certain 
highly hydrophobic mitochondrlal proteins syuthcsized in the cytosol to uther 
ccll structures, such as thc cndoplasmic rcticulurn [81 ]. An additional 
explanation suggests that sume genes havc rcmained in the mitochondrial 
gcnorne to, be rapidly regulated by the organc11e rcdox statc [82]. Finally. it has 
bccn proposcd that highly hydrophobic protcins. containing four or more hclices 
that span the membranc, can not be rcadily itnported into mitochondria • 

. Thcreforc; thcsc polytopic mcmbranc proteins must be synthcsizcd in situ to be 
propcrly inscrtcd and asscmblcd into thc inncr mitochondrial mcmbrane [74.83]. 
Thc synthCsis of thcsc hydrophobic polypcptidcs insidc thc mitochondria. may 
cnsurc thcir propcr inscnion in thc inncr mcmbranc. giving rise to thc correct 
topological nrrangcmcnt requircd for vectorial proton translocation. 

Thcrc are two universal examplcs of g..:ncs rctained 1n the mti:ochondria1 
gcnomcs: thc cytochrome b gene (cob), encoding a protein with 8 
tram::mcmbranc rcgions [84]. and thc cytochromc e oxidase subunit J (coxl). 
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which encades a protein with 12 transmembrane heliccs [28,76]. These subunits 
also bind prosthctic groups. including heme groups and metal ions. Both genes 
are present in all mitochondrial genomes so far chnrocterized. Other genes that 
encade highly hydrophobic polypeptides (cox2, cox3, arp6, arpS, arp9, nadl, 
n0d2. nad3. nad4, nad4L, nad5 and nad6) are also present in the majority of 
mtDNAs [85]. In sorne yeasts,. the absence of nad genes in the mitochondriat 
genome is rclated to thc lack ofrcspiratory complex l. Those organisms that do 
contain complcx 1 retain a set of six to seven nad genes. The corresponding 
protcins of" the genes rctained in mtDNAs exhibit at least two transmembrane 
helices,. and sorne ofthcm up to 17 putative transmcmbranc strctchcs. Thcrcfore. 
it may be that physicochemical propertics (mainly hydrophobicity) are thc 
ultimate limiting step for the transfer of mitochondrial genes, cncoding 
polytopic membrane proteins, to the nuc1eus. 

7. Nuc,lear genes encoding mitochondrial membrane 
proteins decrease their hydrophobicity when 
compared to their mitochondrial counterparts 

In ycast, in vivo studies with .::ytoplasrnic synthcsi.z:e<l constr.icts of vadablc 
lengths ofapocytochromc b. sho,vcd that thc importability ofpolypeptid~s into 
mitochondria is not strictly rclated to thc number of transmembranc domains 
(74]. Thesc studies suggestcd that thc highest average hydrophobicity over 60 to 
80 an1ino acids of a polypcptit..le chain (n1t:>soH), along \.vith the mgximu1n 
hydrophobicity ofthc putativc transn1cmbrane segments, é\rc uscful indicators of' 
the likelihood that a protein could he imponed into mitochondria. Accordingly .. 
mitochcmdrial cox2. cox3 and a1pt: genes fron1 many eucaryotes encorlc proteins 
that cxhibit physicochemical characteri5tics that would block thc impon of~uch 
protcins if they were nucleus-cncoded. Howcver, thc corrcsponding nucleus
encodcd proteins of chlamyctomonad algac COX llA, COX llB, COX 111 and 
A TP6, ali cxhibit rcduced overa11 hydrophobicity that a11ow them to be imported 
into mitochondria. most probably through the TOM-TIM ·machinery. Figure 1 
shows a mesohydrophobicity (mesol-I) versus maximal local hydrophobicity 
(<H>) plot for thc C. reinhardtii and Po/yrome/la sp. COX llA, COX llB, COX 
111 and ATP6 sequences as corñparcd to thc protein products predictcd from the 
human mitochondrial genes nad 1. nad2. nad3. nad4, nad4L. nad5. nad6. cob. 
coxl. cox2. cox3. and atp6. Thc atpB gene wa.c¡ not included since its vcry small 
sizc, 68 amino acids. distorts the mesoH and <H> valucs. In comparison with 
their human mlDNA-cncodcd countcrparts. the nuclcus-encorlcd 
chlamydomonad sequcnccs display bolh dcc,·cased mesoH and <H> (Figure 1 ). 
Wc propÓse that one of the important modifications requircd far nuclear genes 
to encade functiona1 mitochondrial OX-PHOS proteins is a diminishcd overall 
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Figure t. Plot of mcsohytlrophobicity (mesoH) versus maximal local hydrophobicity 
(<H>) of thc OX-PHOS mitochondrfa.i protcins cncodcd in thc human mtUNA 
comp:ircd to thc nuclcus-cncorlcd homologs COX 11. COX 111 and · ATP6 of 
Cli/umydomonas and Polytomti!ila. Arrow~ indicatc thc mitochondrial and nuclc:?.r 
counterpari.s. Letters indicatc thc fC"\llowing scquenccs: A. C.reinlrardtii ATP6. B. human 
ATP6. C. human COB (cytochromc b). O. human COX l. E. C. reinhardtii C.OX IJA. F. 
Po/yromella sp. COX llA. G. human COX 11. H. C. reinhardtii COX llB. i. Polyromella 
sp. COX liB. J. C. reb1hard1ii COX 111. K. human COX 111. L. Polyromella sp COX 111 .• 
M. human NADl. N. human NAD2. O. human NAD3. P. human NAD4L. Q. human 
NAD4. R. human NAOS. S. human NAD6. 

mesohydrophobicity of its protcin product. The changcs in hydrophobicity may 
havc occurrcd cithcr prior or subsequcntly to thc transf"cr process and may allow 
for thc succcssful import and assemb1y ofthcse proteins into the mitochondrial 
inncr rncmbranc. 

Mitochondria rcadily import hydrophobic can;er proteins with mu1tiplc 
transmembrane stretches. like thc adeninc nuclcotide translocator. Neverthclcss, 
carricr protcins also sccm to fo11ow thc Jow <H> and low mesoH rute [74]. 
Howcvcr. thc import pathway of thc translocators diffcrs greatly from thc 
"conscrvative intramitochondrial sorting pathway". -in which polypeptides are 
transferrcd to thc mitochondrial matrix space and then soned to its final 
n1cmbranc; dc~tination. Thc inscrtion of carricr protcins into thc mitochondrial 
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inncr mcn1branc is mcdiatcd through diffcrcnt TIM complcxcs .. mainly 1hc so
callcd tiny-TIMS and thc TIM22 complcx [12]. This import pathway is distinct 
from thc onc followcd by orthodox MTS-containing polypcptiUes. 

8. Mean hydrophobicity has 
tran:!:~embrane regions that 
function 

decreased in those 
are not critical for 

Hydropathy analysis ot· thc COX 111 polypeptides of Po(vtomella sp. and C. 
reinhardtii showcd thc prcsencc of scvcn putative transniembranc stretches .. 
numbcred 1 to VIL Thc hydrophobicity ofthcsc sevcn hclices sccms to be Jower 
in thc ch1amydomonad algac whcn compared with thc Paracoccus denitrificans 
or thc bovinc subunits. This '\Vas more cvidcnt whcn thc thrcc dinicnsional 
structurc of COX 111 from Po/yton1ella sp. "vas modclJcd using the 
crys1altogn1phic coordinatcs ofthc bovinc subunit [28]. In this modcl (Figure 2). 
shorter transmcmbranc slrctchcs are obscrvcd as well as intcrruptions in lhe. 
middle-sections of the mcmbrJnc hclicc:s. Thc hcliccs that are in contact with 
COX 1 (hcliccs 1 and 111). do not exhibir significant modiiicmions in 
hydrophobicity. f-Jowcvcr. tranc;mcmbrJnc dom~lins 11.. \' and Vi havc 
diminishcd thcir hydrophobicity by 16%. J 0% and 12%. rcspcctivcly. Jt should 
be notcd that dornains JV and Vll. that are the lcast hy<lrophobic in thc nitDNA
encodcd COX 111 protcins (80 -1.1 kcalimol) ofTcr distinct bchaviour: IV 
rcmains thc samc and VII has incrcascd its hyd1·ophohicity by 22% .. although thc 
final hydrophobicity is not predicted to be a problcm for impon. This suggests 
that thc diminisheJ hydrophobicity ofCOX 111 is strongcr in those rcgions of"the 
protein which sccm notro be involvcd in subunit-subunit intcractions (Fig.urc 3). 

Thc in silico anatysis of" thc prcdictcd ATP6 s-=quencc of' C. reinhardtii 
rcvcalcd similar charJctcristics (33]. Based on muJtiplc scqucncc comparisons. 
sccondary structurc prcdictions. anc..l availablc biochcmical dala (29.30. and scc 
also 1t8). five hydrophobic rcgions could be prcdictcd as transmc1nbrnnc 
strctchcs and wcrc namcd A. B. C. D and E. Hydrophobicity analysis sho,ved 
that tninsmcmbrane hcliccs A. B and C cxhibii a highly rcduccd mean 
hydrophobicity. In fact. hclix A could cvcn be considcrcd not to be mcn1branc
imbcddcd. A similar situation was obscrvcd for thc lransfcr to thc nuclcus ofthc 
mitochondrial sdh3 gene - cncoding subunit 3 of succinate dchydrogcnasc - in 
angiospcm1s: its protcin product is prcdictcd to Jack onc ofthrcc tr..1nsmcmbrnnc 
domains [86]. In contrJst ATP6 transmcmbr-Jnc hcliccs D and E, which are 
believed to intcract with the multimcric ring of c-subunits (ATP9). and which 
contain most of thc conscrvcd amino acids in thc protcin, cxhibit similnr <H> 
values when compared with thc heliccs of othcr mitochondria-cncoded ATP6 
subunirs. 

203 

TESIS CON 
FALLA DE ORIGEN 



--------·--~--------------------Apéndice IV Capitulo de libro 

14 Soledad Funcs et al. 

A N 

e 

B 

Fii:urc 2 .. Modcl for the stn.ictural arrnngcment ofCOX 111 from Polyromella sp. Panel 
A. thrcc dimensional structurc ofbovine COX 111 [28). Thc scven transmémbranc hclices 
are indicatcd by reman numcrals. Thc amino and carboxy tcnnini are indicatcd by thc 
lcttcrs N and C, respcctively. Panel B. thrce dimensional modcl far Ps-COX 111 bascd on 
thc bovinc structurc. Arrows indicatc distinct fcaturcs ofthis polypcptidc: 1) thc prcscncc 
of a kink in transrncmbranc hclix 11, 2) a distortion in thc middlc-scction of 
transmembranc helix IV. and 3) a shortcr transmcmbrane hclix VII. 

Transmcmbnmc domains 11 in COX JJl"and hclix A in ATP6 are thc ffit)Sl 

hydrophobic, and havc decreased thcir <H> to thc greatcst extent. Thcrcforc,. wc 
conclude that thc ovcralt decrcasc in ·hydrophobicity in the chlamydcmonad 
subunits COX llA 1 COX 111 .. and ATP6 aceompanicd the functional trnnsfcr of 
their respective genes to the nuclcus,. and f"acilitatcs the in1port and asscmbly of 
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thesc 'proteins into active cytochromc e oxidase and F1Fo-ATP synthasc 
complexes, respcctively. In addition. we propase that thc selective decrcase in 
the hydrOphobicity ofprotcins cncodcd by nuclear gcnomcs is strongcr in those 
transmcmbrane rcgions that sec1n not to be critica.J ror function .. asscmbly, or 
panicipation in intcr-subunit intcractions with othcr constitucnts of the 
complcxes. This conclusion has important implications for the allotopic 
cxpression of mitochondrial genes and for future application of allotopic 
cxprcssion to human mitochondrial gene thcrapy. 

!I 111 IV V VI VII 

Figure.• 3 •. A11alysis of tire 111eu11 hydrophubirity vulue,:) of tire sev,•11 tra11.>1ne111bru11e 
regions ofCOX /!/. Hydrophob1city v:ilucs for thc scvcn transmcmbranc hcliccs ofCOX 
111 from C. reinhardrii and Polytomella sp. (whitc bars) wcrc compan:d with thr. mc::in 
valuc of'hy~rophobicity of'COX 111 from difforcnt organisms (grey bars). In Cr-COX 111 
and Ps·COX l!I. mean hydrophobicity 1s rcduccd in tr.::msmcmbranc hclix 1 (diminishcd 
by 10%, :tlthough not statistically significunt), hclix JI (diminishcd by 16~~). helix V 
(diminishcd by 1 0%) and hclix VI (diminishcd by 12%) as comparcd 10 thc mean valucs 
of <H> of plant and human transmcmbrnnc rcgions. Domains 111 and IV. although 
cxhibiting diminishcd hydrophobicity by 4%, has no signific:mt variation. Thc samc is 
applicablc to domain VII. whosc hydrophobicity is incrcascd by 22º/o, but thc 6G .... 1.09 
kcal/mol far this transmcmbranc scgmcnt do not 1mpcdc thc import ofthc protcin. 

9. The allotopic expression of mitochondrial genes 
and the quest for human rnitochondd."11 gene therapy 

Thc first puthogcnic mutations ofthc human mtDNA wcrc dcscrihcd in thc 
pionccring works uf l-lolt et al .. (87] and Wallacc et al .• [88]. Sincc thcn. more 
than 100 uniquc. pathogcnic mutations of mtDNA havc bccn rcportcd (89]. 
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Gcnetically. the rntDNA mutations fall into three categories 1) mutations in 
protein e')coding genes; 2) mu"tations in structural RNA genes such as tRNAs 
nnd rRNAs; and 3) large-scale rearrangements (deletions or duplications) ofthe 
mtDNA. These alterations in human mtDNA result in a broad range ofclinicaJ 
out comes. 

Pathogenic mutations have been described for nearly all protein encoding 
mitochondriat genes (90]. Pcrhaps thc most common are thosc as5l-ociated with 
Lcbcr·s hcrcditary optic ncuropathy (LHON). LHON prescnts as acutc or 
subacutc bilateral visual loss causcd by severe bilateral optic nerve atrophy and 
is nssocintcJ primarily with mutations in genes for subunits or NADH 
dchydrogcnasc [91 ). Mutations in thc ATP6 gene of thc mtDNA are oftcn 
associatcd with two syndromcs: NARP (neurogcnic musclc weakness. ataxia. 
and rctinitis pigrncntosa) [92] and matemally-inhcrited Leigh's syndrome 
(MILS; subacutc nccrotizing cnccphalo1nyelopnthy) [93.94]. Othcr protein 
coding n1utations. in thc rntDNA-cncoded COX subunits. or cytochrome·b of 
thc be, complex. prcscnt with a wide varicty of" clinical fcatures. including 
progrc5sivc cxcrcisc intolcrancc. myopathy, enccphalopathies. and multi-systcm 
disorders [95-1 02]. 

Scve1al stratcgics to dcvclop gcr.c-bascd mitochoudrial thcrapies for 
mitochondrial disease5 have been reviewcd (103-106]. Direct manipulntion of 
the ni.tDNA is prcsently not possiblc. However DNA-protein conjugates can 
entcr mitochondria via thc protcin imp"rt pathway. anC:f chimcras of ONA 
nttac-h~d to polypcptide prc:-ocqucnccs may be imported il"dependeutly of" its 
DNA lcngth [ 107. J 09]. Thcsc tcchniques may cventcally lead tO thc ability to 
corrcct mtDNA gene mutations. Anothcr intcrcsting approach for overcoming 
mutntior.~· in rntDNA-cnc...,dcd protcins Is to place a \.Yild-type copy of' the 
affcctcd gene in thc nuclcus. and targct the exprcssed protcin to the 
mitochondrion to rcplacc thc dcfcctivc mitochondria1 prcitein. This approach 
rcquircs thc nuclear cxprcssion of genes that are nonnally locatized in thc 
mtDNA, thcir synthcsis in thl.! cytoplasn1, and their successf"ul it11pon into thc 
mitochondrial inncr mcmbranc. 

A1Jotopic cxpression is dcfined as the functional activation of' a gene in a 
ccllular companmcnt diffcrcnt from its original location. SuCh "allotopicº 
cxprcssion of mitochondrial genes has been succcssfully perf"ormed in S. 
cerevisiae to ovcrcomc dcfects in n1itochondrial bI4. thc RNA maturase of"thc · 
ycast miti::>chondrial matrix [110.111]: to study thc functions of' VARJ. a 
subunit ofthc mitochondrial ribosomc (112]: and with ATP8 (subunit A61.:..). a 
small (48 .,,,) hydrophobic polypeptide of thc F0 componcnt of thc 
mitochondrinl F 1 F 0 -A TP syntlmsc [ 1 1 3 ]. Thc scqucnce of thc atpB gene was 
gcnctica11y cnginccrcd for nur.:lcar cxpression. and a sequencc ·cncoding a 
ycast MTS was artificia11y arrachcd. This atp8 gene was cxprcsscd. and its 
corrcsponding protein product was synthcsizcd in thc cytop1asiTI. importcd 
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into the inncr mitochondrial rnembranc .. and assembled into a functional Fo 
sector of'. F 1Fo-ATP synthasc. 

The fact that severa] typicaJJy mtDNA-encodcd genes are nuclear-localizcd 
in sorne organisrns, such as chlamydomonad algae, may f'acilitate thc eventual 
allotopic exprcssion of genes in human cetls cxhibiting mitochondrial diseascs,. 
esp~cially those associatcd with defects in mitochondrial atp6 genes [1 J4],. 
MJLS and NARP [115]. or thosc rclatcd with alterations in c:ox genes 
[95,99, I 00]. 

Thc o.!'ilotopic expression of mitochondrial genes in thc nuclcus for gene 
therapy purposes. must be accompanied by thc appropriate changes in codon 
usagc olthe transferrcd gene. and by thc addition ofan appropriatc MTS. Thesc 
two rcquircmcnts rnay be ncccssary but not sufficicnt f'or successful nllotopic 
cxprcssion. Human mitochondrial genes may aJso rcquirc additional altcrations 
for nltotopic cxprcssion. A d\:crcasc in thc mean hydrophobicity of the protein 
product. particularly in thosc transmcmbr..inc strctchcs that are not highly 
conservcd. and that are known to be non-criticat f'or function may facilitatc 
import of thcse highly hydrophobic protcins. Whcre nppropriate thc 
hydrophcbicity of a protcin could be diminished in the sarnc rcgions whcrc 
hydrophobicity has been rcduccd naturally in chlamydomountl a1gac. Thcsc 
approachcs ¡·equirc a more dctailcd knowledgc of the topo1ogy and function of 
the proteins of intcrcst. more cxtcnsivc site-directcd n1utagenesis of thc 
a!lotopically cxprcssed mitochondrial gene than prcviously considcrcd. and a 
dccp knowlcdge ofthe iT1CChanisrns ofaction ofthc coexprco;;scd proteins. 

For genes whosc simple allotopic cxpression cannot produce an Clctive 
. mitochondria-Jocalizcd protcin. it may be plausible to co-exprcss a gene that 
incrcases · the import of" such n protcin. In ycast. sorne non-importable 
polypcptides can be cxp1csscd in the nuclcus and imponed cfficicnlly into 
mitochondria whcn another gene is co-cxprcssed (73]. Thc naturc ofthcse genes 
is bcing elucidatcd [I 16.117]. Ovcrexprcssion of ycast karyophcrin 

. Psc1p/Kapl2lp stimulatcd thc mitochondriat import of hydrophobic proteins 
[117]. In addition. hydrophobic mitochondrial protcins sccm to be importcd into 
mitochondria by mcans of' ribosornes attachcd to thc mitochondrial outcr 
membran ... _.. This sccnario is analogous to thc expon of protcins to the 
endoplasmic rcticulum [M. Corraf-Dcbrinski. personal communication]. 

A .numbcr of genes cncoding highly hydrophobic polypcptidcs hnve bcen 
rctaincd with rcm:ukab1c consistency in the rnitochondrial gcnomcs of a largc 
nurnbcr of cukaryotcs. Ho\.vcvcr. ccrtain mcmbcrs of thc chla1nydon1onad algae 
havc rclocatcd sorne of thosc genes to thc nuclcus. As we havc dcscribcd abovc, 
sevcrJI structurJI transformations havc accompunicd chlamydomonad co.i:.2. 
cox3 and atp6 genes on thcir way to thc nuclcus. Two imponant changcs are thc 
use of rclativcly long MTS anJ thc rcduction of hydrophobicty of thcir cncodcd 
protcin products. This rcduction of hydrophobicity is more notable in those 
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transmcmbrane regions that do not participatc in proton translocation or in 
subunit-subunit interactions. Human therapies using allotopic cxpression of 
mtDNA-encoded genes. would typically requirc modifications to the genetic 
code. and the addition of the necessary transcriptiona1 control signals and a 
region encoding an appropriate MTS. Further. one should consider reductions in 
the hydrophobicity of membranc-embedded helices that are not critica) for 
function nnd assernbly to facilitate the functional import of these proteins into 
mitochof!dria. 
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