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Resumen

RESUMEN

El género Chlamydornonas es un miembro de la clase Chlorophyceae y contiene mas de
600 especies; la gran mayoria de ellas son fotosintéticas, pero también existen algunas algas
incoloras incapaces de crecer autotréficamente. Se supone que fas algas incoloras, como los
miembros de los géneros Polytorma y Polytomella, han perdido totalmente el aparato fotosintético
que alguna vez tuvieron. Otras posibles causas de la pérdida de la fotosintesis son el estrés
selectivo del ambiente y/o la interaccidn con otros organismos, con los cuales se pudo haber
establecido unz transferencia lateral de genes.

El alga verde Chlamydomonas reinhardtii ha sido utilizada como un modelo biolégico
para el estudio de la fotosintesis; en ella, el cloroplasto, como el asiento principal del fenébmeno
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 atencién. Ya que la luz es uno de los factores externos mas importantes para los
organismos fotosintéticos, e! efecto de la luz sobre {a funcidon y la biogénesis mitocondriales es
un tema interesante que merece estudiarse con mas cuidado. Eil alga heterotrofica Polytomelia
sp. es un organismo modelo para estudiar las consecuencias de la pérdida de |a fotosintesis en
un marco metabdlico muy semejante al de C. reinhardtii.

Polytomella sp. es un pariente cercano de C. reinhardti, v comparte con ella varias
pecularidades en sus complejos respiratorios. Sin embargo, también se han descritc diferencias
importantes, que probablemente se deben a la pérdida de un aparato fotosintético funcional. En
este trabajo se describen los mayores complejos de la fosforilacion oxidativa analizados con un
enfoque protecmice, utiizando mitocondrias aisladas de C. reinhardtii y de Polytormella spg. En
ambas algas, la ATP sintasa tiene un caracter dimérico muy estable, y ademias axhibe algunas
subunidades atipicas. Las subunidades de l|la citocromo c¢ oxidasa de C. reinhardtii mostraron
caracteristicas extraordinarias (como es la presencia de una subunidad COXH fragmentada).
También, sorprendentemente, en las mitocondrias de Polytomelia sp. se encontrd !a presencia
de una enzima anaerdbica de tipo tacteriano, una aldehido/alcohol deshidrogenasa, asi como un
gen que codifica a la misma proteina 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 Polytornelia sp. el
pH del medio de cultivo y la fuente de carbono tienen efectos en la acumulacién del citocromo c y
de los complejos respiratorios. Los espectros de las mitocondrias aisladas de las dos algas
mostraron diferencias significativas en el contenido de citocrornos. Ademas, se reportaron
algunos resultados acerca de la regulacion mitocondrial por la luz en C. reinharatii. Una revision
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 disipacion de reductores que se praoducen
durante la actividad fotosintética, mientras que en la obscuridad lo dirigen esencialmente hacia la

produccion de ATP.
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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 performm photosynthesis. It was proposed that the colorless
algae, such as those of the genus Polytoma and Polytomella, have lost an active photosynthetic
apparatus. Selective environmental stress or interactions with other organisms, for example via
lateral gene transfer, are possible causes of the loss of photosynthesis.

The green alga Chlamydomonas reinhardtii is extensively used as a model organism for
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 external factors for photosynthetic organisms, the effect of light on the mitochondrial
function and biogenesis is interesting but has also received little attention.The heterotrophic
Polytomella 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.

Polytomella sp. proved its close relationship with C. reinhardtii by the fact that it shares
with this green alga severai 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 major complexes of oxidative phosphorylation in C. reinhardtii and
Polytomella sp. are described using isolated mitochondria and a proteomic approach. in both

algae, the ATP synthase show an unusually strong dimeric behavior, and in addition, it exhibits
reinhardtii cytochrome c oxidase were found to

several atypical subunits. he subunits of C.
subunit). The

possess several unusual features (like the presence of a fragmented COXII
surprising and unexplained presence of a bacterial enzyme involved in anaerobic metabolism, an
aldehyde/alcohol dehydrogenase, was reported in the mitochondria of Polytomelia sp., whereas a
gene that encodes the same enzyme was identified in the genome of its photosynthetic relative
C. reinhardtii.

In contrast to C. reinhardtii, Polytomella sp. can grow under a wide pH range and can use
different carbon sources. It was shown that the pH and the carbon source influence the
accumulation ot the respiratory complexes and cytochirome c. In addition, spectra of isolated
mitochondria showed differences in the cytochrome content between the two algae. Furthermore,
some results on the light regulation of mitochondria are presented. A literature review on this
theme in plants and green algae describes that in light, the mitochondrial metabolism is usually
directed towards the dissipation of excess reductants resulting from photosynthetic activity,
whereas in the dark, it is mainly directed to ATP production.
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Lista de abreviaturas

LISTA DE ABREVIATURAS

AcetilCoA Acetil-coenzima A

ACS Acetil-CoA sintasa

ADHE Aldehido/alcohol deshidrogenasa bifuncionat de tipo bacteriano
AOX Oxidasa alterna

BN-PAGE ©  Electroforesis en geles azules nativos de poliacrilamida

CoA Coenzima A

Complejo | NADH:ubiquinona éxidorreductasa

Complejo N Succinato:ubiquinona éxidorreductasa

Complejo 11 Ubiquinona:citocromo c éxidorreductasa

Complejo IV Citocromo ¢ oxidasa

Complejo V FoF 1-ATP sintasa

CTAB bromuro de N-cetil-trimetil-amonio

CTE Cadena de transporte de electrones

Cyt Citocromo

EST ‘Expressed sequence tags’

FeS Grupo fierro-azufre

GDC Glicina descarboxilasa

H3 Medio de cultivo que contiene una alta concentracién de acetate
ITS Region traducida interna

NADH . Dinucledtido de nicotinamida adenina (reducida)

FADH, Dinucledtido de fiavina adenina (reducida)

FMN Mononucledtido de flavina

MPP Peptidasa procesadora mitocondrial -
OXPHOS Fosforilacién oxidativa

PDC Complejo de la piruvato deshidrogenasa

PFL Piruvato formato liasa

Q (CoQ) Ubiquinona (coenzima Q)

QH; Ubiquino! (ubiquii.ona reducida)

redox Reduccidn/oxidacion

TAP . Medio de cultivo que contiene tris, acetato y fosfato.
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Introduccién

INTRODUCCION
La mitocondria: la faAbrica de energia

La funcién principal de las mitocondrias en las células eucariontes es la produccion de
energia en forma de ATP a partir de glucosa y acidos grasos. Sin mitocondrias, todo el ATP
deberia obtenerse de {os procesos anaerébicos, y no seria posible la vida de la mayoria de los

organismos, incluyendo la humana. Ademas de la produccién de ATP, otras funciones

mitocondriales incluyen el mantenimiento del estado de reduccién/oxidacion (redox) en la célula,
la detoxificacion y la produccion 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 esta 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 asi la capacidad de sintesis de ATP: ia presencia de mas crestas indica

mayores requerimientos de energia.

ouier
— membrane

mner
membrane

ntermemprana
compartmen

Figura 1. Estructura de la mitocondria e imagen de microscopia electrénica.

E! ciclo Krebs es un conjunto ciclico de reacciones que se llevan a cabo en la matriz

mitocondrial, que oxida metabolitos celulares generando CO, NADH, FADH, y ATP. La
fosforilacon oxidativa es el proceso en el cual las mitocondrias producen grandes cantidades de

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

NADH + ZADP + 3P, + 4H” + O, <» NAD* + 3ATP + H,O

L TESIS CON
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Introduccién

Este proceso lo lleva a cabo un conjunto de componentes proteicos oligomericos que se
encuentran en la membrana interna, que forman la cadena respiratoria (Figura 2). Basicamente,
la respiracion es una cadena de transporte de electrones (CTE) que produce un gradiente de
protones y un potencial electroquimico a través de la membrana interna. E! gradiente
electroquimico de protones es disipado por la ATP sintetasa (Figura 2), la cual produce ATP a
partir de ADP y fosfato inorganico (P,). Esta teoria quimiosmaotica, propuesta por Mitchell (1961,
1966), ha sido aceptada por toda la comunidad cientifica. La hipotesis quimiosmdtica también
explica la sintesis de ATP en las membranas de las bacterias y en los tilacoides de los

cloroplastos de plantas (Gautheron, 1984).

ATP synthetase

H -
7y »

Ors;n.;c acid
NAD+ oxidgation

Succinate Fumarate

Fuel
oxidation

Figura 2. Los complejos de la cadena respiratoria mitochondrial. — | a C IV, complejo respiratorio | a IV,
IMS, espacioc intermembranal; Q, ubiquinona; Cyt c, citocromo c¢. La linea punteada indica el flujo de

protones (H"), las lineas continuas indica el flujo de electrones (e).
Aparte de la proteinas del ciclo Krebs y la CTE, se necesitan otras proteinas para ia

fosforilacién oxidativa, Los transportadores o acarreadores transportan muchas moléculas a
la membrana interna mitocondrial. Por ejemplo, el transportador de ADP/ATP

través de
transporta ADP hacia !a matriz mitocondrial y al ATP hacia el citosol celular. También existen

TESIS CON
FALLA DE ORIGEN

transportadores para P; y piruvato (Palmieri, 1994).




Introducciéon

t.os componentes de la cadena respiratoria

Para comprender mejor la estructura y funcién de la cadena respiratoria mitocondrial, se
describe a continuacién con mas detalle cada uno de sus componentes. Se toma como ejemplo

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

Compleijo |

NADH:ubiquinona 6xidorreductasa. Este complejo es
el componente proteico mas grande de la cadena y
esta conwpuesto por 45 subunidades (Carroll y cols.,
2002),; tiene la forma de una ‘L’, constituida por una
parte membranal y una parte periférica que es
hidrofilica. El brazo periférico de la L, que destaca
hacia la matriz, es el sitio de la oxidacién del NADH.
L.os electrones del NADH son enviados hasta la
ubiquinona por varias subunidades que contienen un

mononuciedtido de flavina (FMN), y varios centros
fierro-azufre (FeS). En este complejo, por cada dos Figura 3. Estructura del complajo I.
Los grupos redox, involucrados en el
electrones, se transiocan cuatro protones s través de transporte de los electrones estan
localizados en el brazo soluble.

La forma del complejo es segun
' Grigorieff (1998).

la membrana interna mitocondrial (Brandt, 1997).

Complejo i}

Succinato:ubiquinona dxidorreductasa. Este complejo
enzimatico es también parte del ciclo Krebs, siendo l'a
unica enzima de este ciclo asociada a la membrana
interna mitocondrial. Con tres o cuatro subunidades, el
mas pequefio de la cadena

complejo H es el
Succinate “m“um ) respiratoria. La funcion del ccmplejo Il es donar
Complex’1t electrones del ciclo Krebs a la ubiquinona (Hagerhal,
1997). Este complejo no bombea protones.

Figura 4. Filujo de electrones por
el complejo Il ala CoQ. Notese
que este complejo no bombea
electrones. La interaccion de la
CoQ con el complejo Il produce
una transiocacién de protones.

TESIS-CON
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introduccion

Ubiquinona
La ubiquinona es una molécula muy hidrofdbica que esta presente

en la membrana interna, y que recibe electrones del compiejololly
los transfiere al complejo lll. 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 Il
Ubiguinona:citocromo ¢ 6xidorreductasa. Esta enzima

Me
OMe

®
ubisuirone

Figura §. Estructura quimica de
la ubiquinona. Los atomos de
oxigeno son los sitios de |a
reduccion (O-H) y oxidacion®
(=0). Me=grupo metileno (CHa).

esta compuesta por 11 subunidades, y oxida la
ubiquinona para reducir al citocromo c. Esta reaccion esta
acoplada al movimiento de cuatro protones a través de la
membrana interna, mediante el llamado ciclo Q. El
citocromo b del compléjo 1l contiene dos grupos hemo
que tienen distintos potenciales redox (bseo ¥ bses). En
cada ciclo, de los dos electrones del ubiquinol, un electrén
es transportado por ia proteina Rieske (FeS) al citocrcmo
¢4y para reducir el citocromo ¢; mientras que el otro
electron es transportado por los dos hemos b para formar
ubisemiquinona (Q") a partir de ubiquinona en e! otro lado
de la membrana interna. La repeticion de este ciclo Q

Complex III

Figura 6. Flujo de electrones por el
complejo il de la ubiquinona al citocromo
¢. Los dos eiectrones de la CoQ estan
separados, uno pasa directamente al
citecromo ¢, micentras el otro pasa por el
cicln QQ, bombeando protones.

produce otro ubiquinol, y resuita en el transporte neto de

cuatro protones por la membrana interna (Trumpower, 1890). El complejo Il tambi&n contiene
dos proteinas estructurales (core proteins), que son homaologas a las peptidasas mitocondriales
(MPP), involucradas en la maduracion de las preproteinas importadas desde el citoplasma. En
las plantas, se ha establecido que las proteinas estructurales efectivamente tienen funcion de

MPP (Braun y Schmitz, 1995a).

Citocromo ¢

Es una proteina soluble de 12 kDA, que cnntiene un grupo hemo de
tipo ¢ como grupo redox, ligado covalentamente por dos residuos de
cisteina. El citocromo c transporta los electrones del complejo til al
complejo !V y esta situado en el espacio intermembranal (Pettigrew y
Moore, 1987).

Figura 7. Estructura
cristalografica del
citocromo c. El grupo
hemo tipo c esta
presente en el centro.
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Introduccion

Complejo IV
Citocromo ¢ oxidasa. Es el componente terminal de

la cadena de transporte de electrones. Este
complejo enzimatico contiene 13 subunidades. Tres
subunidades constituyen el centro de la proteina,
numeradas |, I y IIl. La subunidad | contiene el sitio
activo, con dos hemos tipo A y un atomo de cobre
(Cua). La subunidad Il tiene un centro de dos
atomos de cobre (Cug), y recibe los electrones del
citocromo c soluble. Los electrones son
transportados al citocromo a y luego a! centro
binuclear formado por un cobre Cu, y un hemo, el

Figura 8. E! transporte de electrones
en el complejo IV, del citocromo c al
oxigeno para formar agua.

sitio de la reduccién de oxigeno. La funcidon de la subunidad Il no ha sido aclarada. El transporte
de electrones causa la translocacion de cuatro protones por la membrana interna, sin embargo
todavia no se ha establecido el mecanismo preciso de la translocacion (Saraste, 1999). La
citocromo ¢ oxidasa es responsable de mas del 90% del consumo de oxigeno de todos los

organismos en el bidsfera.

Complejo V

FoF:-ATPsintasa. Este complejo tiene una
masa molecular de mas de 500 kCa, y
esta constituido por 18 subunidades
distintas. La fuerza protén-motriz o
generada por los complejos |, il y IV es L
utilizada por ia ATP sintasa para producir
ATP. Por cada ATP sintetizado, se
translocan tres o cuatro protones (Boyer,
1997). La seccion membranal (Fg)
contiene un canal paral los protones, y
esta conectada con la parte catalitica
soluble (F;) que esta expuesta hacia la

Figura 9. Estructura de la FoF1-ATPsintasa. La
cxidacion de reductores por ia CTE resulta
finalmente en la produccion de ATP.

ATP
~3aH

matriz. La Fp esta compuesta por (o

menos de 9 subunidades, de las cuales soélo las subunidades a, b y ¢ (estoquiometria 1:1:12)
tienen horndlogos en E. coli. La F, (371 kDa en bovino) esta compuesta por 5§ subunidades o, 3,
v, 8 ¥ € en una estoquiometria 3:3:1:1:1. La subunidad v interactia con las subunidades £ y ¢
(ATP9) para formar la parte conocida como el rotor, mientras que la parte llamada estabilizador
esta compuesta por las subunidades «, B, 8, a (ATP6) y b, formando un segundo lazo entre la Fg

10
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introduccion

y la Fy. La subunidad B posee el sitio catalitico, por lo que Ia F, tiene tres sitios cataliticos. El
paso de los protones por la Fp causa el giro del rotor, que genera tres distintos estados
conforrmacionales: un estado sin sustrato (descargado de ATP), un estado con ACP y P;
enlazado, y un estado con ATP enilazado. La rotacidn impone la transicion entre estos estados.
La subunidad y funciona como el eje de rotacion de ta F;. La ATP sintasa también puede
funcionar como ATPasa, en este caso la hidrélisis de ATP provee la energia para translocar
protones y generar un gradiente electroquimico (Abrahams y cols., 1994; Pedersen y cols.,

2000).

La mitocondria 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 comun con la de la mitocondria, transporta electrones y lleva a
cabo la produccion de ATP (fotofosforilacidon) con principios semejantes a lo que ocurre en ia

mitocondria:

2H,0 + 2 NADP*+ nADP + nP, + hv <» O, + 2NADPH + 2H" + nATP.

Sin embargo, aun cuando ei cloropiasto funciorie en presencia de iuz, la mitocondria
sigue produciendo ATP para procesos como la sintesis de sacaridos y la fijacion de nitrégeno.
En la ebscuridad, ia mitocondria es el unico sitio de {a sintesis de ATP.

La mitocondria es necesaria para optimizar el metabolismo fotosintético bajo una
variedad de condiciones ambientales (Krémer 1995; Gardestréom y Lernmark 1995; Hoefnagel y
cols., 1998; Padmasree y cols., 2002). La fosforilacidén oxidativa parece balancear el estado
celular redox y energético. Por ejemplo, la inhibicidn selectiva de la ATPasa mitocondrial por la
oligomicina da lugar a una inhibicibn parcial de la fotosintesis en ias hojas de chicharo
iluminadas (Krémer y cols.,, 1988). También existe evidencia de que la funcidn mitocondrial
disipa el exceso de reductores producidos en el cloroplasto (Raghavendra y cols., 1994; Kromer
1995, Padmasree y Raghavendrz 1999; igamterdiev y cols., 2001a, b).

Para los organismos fotosintéticos, la luz es una fuente de energia pero también
constituye una fuente de informacidn sobre el ambiente. El estado de reduccidn en el cloroplasto
aumenta drasticamente con la exposicidon a la luz (Scheibe, 1991), la cual también tiene un papel
importante en la regulacion de la expresiéon 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 expresion de genes y sobre la actividad enzimatica de varias proteinas
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mitocondriales. Los mecanismos involucrados en esta regulacion no se conocen, pefro una
posibilidad es que la mitocondria responda a mensajes redox provenientes del cloroplasto

(articulo VI).

La cadena respiratoria de las mitocondrias de las células fotosintéticas

La Figura 10 muestra una imagen esquematica de la CTE mitocondrial de una ceélula
fotosintética como C. reinhardtii. Comparadas con las CTE de mamiferos, las CTE en las
mitocondrias de las plantas y de las algas verdes poseen componentes proteicos adicionales.
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Figura 10. Representacion esquematica de la cadena respiratoria mitochondrial de C. reinhardlii y otros
organismos fotosintéticos (tomado de Meoller, 2002). Ct — CIV, complejos respiratorios | — IV; UQ,
ubiquinona; cyt. c, citocromo c. Los componentes adicionales tipicos de la cadena respiratoria de los
organismos fotosintéticos se muestran en gris obscuro, GDC, glicina descarboxilasa; NDin/NDex, NAD(P)H
deshidrogenasa insensible a rotencona, interior y exterior, respectivamente, y AOX, oxidasa alterna. Las
lineas negras dobles indican la inhibicion del complejo por la sustancia indicada. KCN, cianuro de potasio,
SHAM, acido salicil-hidroxamico.

NAD(P)H deshidrogenasas alternas (NDin/NDex)

Las cuatro NADH deshidrogenasas insensibles a rotenona presentes en !as mitocondrias de las
plantas forman parte de una ruta respiratoria no-fosforilante. Dos de estas enzimas estan
presentes en la superficie de la membrana interna expuestas hacia el espacio intermembranal
(externas, NDex), y las otras dos estan expuestas hacia a la matriz mitocondrial (intemas. MNDin).

TESIS CON
FALLA_DE_OﬂQEN

12




Introduccion

Junto con la AOX, estas NAD(P)H deshidrogenasas permiten la respiracion sin generacién de
gradiente electroquimico 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 (Maller, 2002).

Oxidasa alterna (AOX)

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 desvia a la CTE ortodoxa a
nivel de la ubiquinona. La AOX es una proteina
homodimeérica con mondémeros de 36 kDa, que pueden
estar enlazados covalentamente por un puente disulfuro
(Figura 11). La forma oxidada es mencs activa que la
forma reducida, una caracteristica que esta relacionada
con la regulacién de la actividad de esta enzima. El
mondmero esta codificado por el gen nuclear Aox1. Ya

s Figura 11. Interconversion entre el
que la AOX no transloca protones, no participa en la estado oxidade y reducido del dimero

produccién de ATP. Se piensa que su papel principal es de ia AOX

la disipacion del exceso de reductores (Vanlerberghe y
Mcintosh, 1997).

La oxidacién del NAD(P)H y del succinato por la CTE mitocondrial es importante para
optimizar la fotosintesis. E! exceso de reductores que se origina por la fotosintesis puede ser
exportado del cloroplasto y ser utilizado por la CTE mitocondrial (Hoefnaget y cols., 1998;
Mackenzie y Mcintosh, 1999; Padmasree y cols., 2002). Los componentes adicionales
intrinsecos de las CTEs de plantas no bombean protones, asi que estos componentes
meramente funcionan como una poza redox (del inglés “redox sink"). De esta manera, la cadena
re@spiratoria mitocondrial puede balancear el estado redox celular (NAD(P)H, FADH,) y el estado
energético (ADP/ATP) usando adecuadamente los componentes clasicos y los caminos
alternativos no-fosforilantes. En <l articulo VI se analiza en detalle el conocimiento actual acerca
del papel de las mitocondrias en la fotosintesis y la rmanera como la fotosintesis regula la

expresion de proteinas mitocondriales.

El complajo de gilicina descarboxilasa (GDC), en combinacién 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 estan localizadas en
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la matriz mitocondrial y estan relacionadas con la fotosintesis (Mackenzie y Mcintosh, 1999). En
la luz, y bajo condiciones de CO; limitantes para la fijacioén de carbono, esta enzima puede
producir grandes cantidades de NADH, (o cual estimula ia respiracion. En estas condiciones, las
enzimas respiratorias que no bombean protones (el camino AOX) estan activadas (Igamberdiev y
cols., 1997; Svensson y Rasmusson, 2001), con el fin de evitar la sobrerreducciéon de la CTE y
para balancear la demanda de ATP y el metabolismo de carbono en el ciclo Krebs (Vanlerberghe

y Mcintosh, 1997).

Aislami > y caracteri i6n de las mitocondrias

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 basico de todos los
protocolos para aislar mitocondrias es el mismo y consiste en |a ruptura dei tejido y las células,
seguida de centrifugaciones diferenciales. Pueden requerirse pasos adicionales, como una
centrifugacion 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 ser estudiadas y caracterizadas por diferenies tipos de analisis, como la medicion del
consumo de oxigeno, ia importacidn de proteinas, e! aislamiento det DNA mitocondrial, la
espectrofotometria y la electroforesis en geles de poliacrilamida (Figura 12).

Para medir el consumo de oxigeno., se colocan las mitocondrias en una celda con un
electrodo de Ciark. La adicidon de sustratos pare la respiracion, como succinato o malato, inicia e!
consumo de oxigeno; el uso de inhibidores de los distintcs componentes de la CTE puede dar
informacion sobre la funcion y capacidad de la respiracidon mitoccndrial. Estos estudios también
se pueden llevar a cabo con céiulas enteras, para investigar el papei de las mitocondrias en el

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

los complejos Il y IV y el citocromo ¢, se pueden registrar [0s espectros de las mitocondrias o de
las membranas mitocondriales. La electroforesis en geles de poliacrilamida (PAGE) también es
un meétodo poderoso para estudiar la biosintesis mitocondrial. Aparte de la clasica SDS-PAGE,
existen métodos mas versatiles de PAGE que permiten analizar el proteoma mitocondrial en su

conjunto.
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Figura 12. Protocolo para el aislamiento de mitocondrias de C. reinhardtii y los posibles anadlisis que se
pueden hacer a las mitocondrias puras. Para la medicion del consumo de oxigeno, se pueden utilizar
mitocondrias crudas. Ya que Polytomella sp. no tiene cloroplastos, para el alslamlento de mitocondrias de
esta alga incolora, se oniite el gradiente de Percoll.

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

Una herrahienta para estudiar los complejos respiratorios mitocondriales es la
electroforesis en geles de poliacrilamida en dos dimensiones (2D-PAGE). Se ha usado mucho !a
electroforesis de isoeléc!roenfoque (IEF), para separar proteinas de acuerdo con su punto iso-
electrico (pl), aplicando un gradierte de pH en el gel. Sin embargo, la aplicacion_del IEF a
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proteinas membranales es dificil, ya que se pierden las interacciones de las subunidades de las
proteinas 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-idnicos (como lauril-maltésido o Tritén X-100), que no destruyen las

interacciones de las subunidades. Posteriormente, la adicion de azul de Coomassie a la muestra

y Su unién a las proteinas, genera una carga negativa que le da movilidad a las proteinas en un
campo electroforético (Schiagger y von Jagow, 1991). De esta manera, se conserva la integridad
de los complejos proteicos, pero se promueve su separacidn por tamafio en un campo
electroforético. Los complejos separados en geles azules (primera dimension) pueden ser
desnaturalizados con la adicion de SDS y mercaptoetanol, para después ser analizados en geles
SDS-PAGE (segunda dimension) para conocer su composicion polipeptidica. Se han analizado
los complejos respiratorios de varios organismos utilizando BN-PAGE, entre otros los complejos
de bovino (Schagger y von Jagow, 1991), de papa, de Arabidopsis (Jansch y cols., 1996), de
levadura (Schagger y Pfeiffer, 2000), y de las algas unicelulares Chlamydomonas reinhardtii
(articulo |) y Polytormella sp. (articulo V). Como se muestra en la Figura 13, los complejos mas
abundantes ae las mitocondrias de papa fueron separados en un gel nativo azul, y despues
desnaturalizados en 2D-SDS-PAGE. Las bandas de proteina se identificaron por medio de su
secuencia de aminoacidos por degradacion de Edman, o por espectometria de masas. Estas
aplicaciones hacen dei BN-PAGE un buen método para llevar a cabo un enfoque protedmico, y
permiten la descripcion parcial de los proteomas de fracciones celulares (como mitocondrias y

cloroplastos) de diferentes tipos de organismos.

Figura 13. Gel desnaturalizante de dos
dimensiones de BN-PAGE. Los complejos
_proteicos mayores de papa (tomado de
Jansch y cois., 1996). Numeros: 1,31,32: .
subunidades de 18, 12 y 8 kDa del compiejo
1; 2.4.3: subunidades de 27 y6 kDa y
subunidad ATP9 del complejo V (Fo):
20,21.,22,23,5,24,25,26,27,28: subunidades
del complejo Ill, beta-MPP, alfa-MPP,
citocromo b, citocromo ¢y, Rieske, 14 kDa,
Hinge, 8.2 kDs, 8.0 kDa, 6.7 kDa; 6,7:
subunidad delta e inhibidora del complejo V
(F1); 9,10,11: subunidades coxil, coxVb y
coxVe del complejo IV; 13: HSPGO; 14:
formato deshidrogenasa; 30: porina; 16:
glicina descarboxilasa, subunidad L; 29:
NAD-matato deshidrogenasa; 12: porina.
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Regulacion de la respiraciéon mitocondrial y la fosforilacion oxidativa

En los mamiferos, la respiraciéon mitocondrial esta regulada por distintos factores, que
incluyen el estado redox y el estado energético en ia celula. Las relaciones ATP/ADP y
NADH/NAD, asi como el tipo de sustratos que sostienen la respiracion son muy importantes en
la regulacién mitocondrial (Brown, 1992). ta disponibilidad de ATP y ADP tiene un efecto
importante en la funcidn mitocondrial, ya que los niveles de estas moléculas representan la
demanda energética de 1a célula. Por ejemplo, se ha reportado que el ADP inhibe at complejo V,
disminuyendo la produccion de ATP (Martins y cols., 1988). Ademas, el ATP inhibe
alostéricamente al complejo IV al unirse a la subunidad V. Esto ocurre en eucariontes, pero no
asi en bacterias (Arnold y Kadenbach, 1997; Follmann y cols.,, 1998). Los cambios en el tipo y
concentracion de los sustratos respriratorios, como el piruvato y los acidos grasos, también
tienen un efecto notable sobre la respiracién, cambiando la relacion 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 sintesis 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 iransporte del calcio a !a mitocondria activa las deshidrogenasas que
producen NADH, lo cual a su vez estimula la fosforilacién oxidativa (McMillin y Madden, 1989).

En las mitocondrias de plantas y algas verdes, los mecanismos de regulacién
mencionados anteriorhente se aplican solo hasta cierto punto, ya que la regulacion de la funcion
mitocondrial se complica por ia presencia del clorcplasto, que produce tanmbién ATP, reductores
y sustratos. Los organismos fotosintéticos dependen de la luz; en especial Ias algas unicelulares
estan en contacto directo con el ambiente y no pueden controlar la temperatura de sus células,
por lo que el metabolismo celular esta profundamente influenciado por los factores ambientales,
como la luz, la temperatura, los metales, los nutrientes, y et pH. A pesar del interés . que
representa estudiar los mecanismos de regulacion 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 contaminacién de membranas/proteinas del cloroplasto. Se ha reportado
ejemplos de regulacion por la luz de la funcio_n y la biogénesis mitocondrial en organismos
fotosintéticos, mientras se conocen algunos efectos de la temperatura en las mitocondrias. La
adaptacion mitocondrial a bajas temperaturas involucra ia activacion 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 Rasmusson, 2001), lo cual indica la participacion de esas enzimas en el
metabolismo fotosintético. También otros componentes mitocondriales estan regulados por luz
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(Landschutze y cols., 1995; Long y .Berry, 1996). En el articulo VI se analiza con mas detalle la
regulacion mitocondrial por la luz en plantas y algas verdes.

€1 alga verde Chlamydomonas reinhardtii

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 basicas, 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
fotosintesis (Figura 14). Ya qQue esta alga realiza todas las funciones necesarias en una ceélula,
es un modeio bioldgico excelente para estudiar varios fendmenos. De hecho, C. reinhardtii fue
adoptada como modelo para estudiar la fotosintesis y por eso se le ha llamado ‘la levadura
fotosintética’ (Rochaix, 1995). Hasta la fecha, la gran mayoria de los estudios realizados con C.
reinhardtii se han dedicado al ensamblaje flagelar y a la biogénesis y funcién del cloroplasto en el
alga (Rochaix, 1995; Harris, 2001).

Figura 14. A) Imagen de microscopia de luz de C.
reinhardtii. B) Foto de microscopia electronica de
transmision (x 5000) de una célula de C. reinhardtii.
C) Mitocondrias de C. reinhardtii, imagen de
microscopia electronica de transmision (x 20000).
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C. reinhardtii se considera como un organismo muy util para estudiar procesos

fotosintéticos y procesos relacionados por sus herramientas genéticas y bioquimicas, que son
muy versatiles; 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) permitié el aislamiento de mitocondrias de esta alga,
esencialmente libres de contaminaciéon por membranas tilacoidales (Figura 14). A pesar de la
disponibilidad de este protocolo, {a mayoria de los grupos de investigacion han optado por
trabajar con mitocondrias de organismos de los cuales se puede obtener material con mas
facilidad, como el tubérculo de la papa. La pregunta es, ya que el tejido mismo del tubérculoc 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 s6lo producen energia, si no también tienen un papel importante en la
optimizacion del proceso de la fotosintesis (Padmasree y cols., 2002). Como ya se menciond,
esto se refleja por la presencia de varios componentes proteicos adicionaies en las mitocondrias
comparado con, por ejemplo, las mitocondrias animales. La mayoria de

de plantas y algas,
la cadena respiratoria o

estos componentes adicionales se encuentran como parte de
directamente asociados con ella. Es probable que [a investigacion de las mitocondrias de
organismos o tejidos fotosintéticos contribuya a una mejor comprension de la fotosintesis, i1a cual
después de todo es la base de toda la vida.

Otra razon por la que es interesante estudiar las mitocondrias de C. reinhardtii, es ei
caracter original de su genoma y de su proteoma mitocondrial. En comparacion con las plantas,
el genorna miitccondria! del aiga es mucho mas peauerio (15.38 kbp} y no es circular, sino lineal
(Michaelis y cols., v3980). Jemas, este DNA mitocondrial carece de varios genes que
normalmente se @ncuentran en los ygenomas mitocondriales, como nad3 (complejo 1), cox2, cox3,

(compilejo 1V), atp6 y atp8 (complejo V).

-—
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Figura 15. El genoma mitocondrial lineal de C. reinhard!tii (15.8 kbp). En blanco, los genes que codifican
para proteinas; en gris y en negro los genes que codifican para los rRNAs grandes y pequefios,
respectivamente; W, Q y M indican los genes de los tRNAs para los aminoacidos corespondientes (Figura

de Michaelis y cols.. 1990)
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Se ha demostrado que ios genes que codifican para las subunidades H y lll de la
citocromo oxidasa en C. reinhardtii han sido transferidos al genoma nuclear (Pérez-Martinez y
cols., 2000, 2001). La subunidad COXIl esta fragmentada en dos porciones polipeptidicas
COXlia, y COXIIb, codificadas por los genes nucleares cox2a y cox2b respectivamente (Pérez-
Martinez y cols., 2001). En el articulo |, 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 ill).
Se ha demostrado que la transferencia de los genes cox2, cox3 y atp6 al genoma nuclear se
acompafié por la adquisicion de una secuencia que codifica para una presecuencia mitocondrial,
necesaria para la importacion de estas proteinas a la mitocondria. Las subunidades COXlla,
COXIlb, COXIIl y ATP6E presentan una hidrofobicidad disminuida, lo cual podria facilitar la
importacion de estas proteinas a la mitocondria (Pérez-Martinez y cols., 2000, 2001; Articulo Ilt).

Las subunidades « y B de la F,-ATP sintasa en el alga verde tienen extensiones atipicas
en sus extremos amino terminal y carboxilo terminal, respectivamente (Franzen y Falk, 1992;
Nurani y Franzen, 1996). No se ha investigado el papel functional de estas extensiones.

La famiiia no-fotosintética de C. rcinhardtii: Polytomeilla sp.

El otro organismo que se ha usado para estudios de ias mitocondrias es el alga
cuadriflage!ar no fotosintética Polytomelia sp. (Figura 16). un pariente cercano de C. reinhardtii.
£l aislamiento de las mitocondrias es mucho mas facil, porque Polytomeila sp. carece de un
aparato fotosintético funcional y de una pared celular. Los remanentes de un Ziuroplasto
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 homélogo verde C. reinhardtii
(vease mas adelante). Polytomella sp. ha demostrado ser un organismo muy utdl para la
descripcion de los componentes de la cadena respiratoria de C. reinhardtii y probablemente
mostrara su utilidad bara estudiar |la adaptacion de las algas a las condiciones ambientales
(Articulo ). Considerando que Polytomella sp. carece de cloropiastos funcionales, puede
también servir para estudiar el papel de las mitocondrias en la fotosintesics. La comparacion de la
funcidon y biosintesis de las mitocondrias de las dos algas podria revelar nuevos aspectos del
metabolismo de las células fotosintéticas.
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Figura 16. A) Immagen de microscopia de luz de
Polytcmella sp. B) Foto de microscopia
electrénica de transmision (x 5000) de una célula -
de Polytomelia sp., crecida en etario! a pH 3.7. C)
Mitocondrias de Polylomelia sp., imagen de
microscopia electrénica de transmisién {(x20000).

Comparacion filogenética y hioquimica de C. reinhardtii y Polytomella (sp.)

Las algas de 10s géneros Chlamydomonas y Polytomella son parte del! phylum de’las
Chiorophyta, la clase de las Chlorophyceae, del orden de las Chlamydomonadales, familia de
Chlamydomonadaceaé (Melkonian, 1990). Sin embargo, recientemente el analisis de de las
secuencias del 18S rRNA de las algas cloroficeas ha resultado en una clasificacion distinta de
estas algas, detallado abajo (Préschold y cols., 2001). Las algas cloroficeas estan ubicadas
dentro del lineaje verde. Este grupo incluye todas ias a'jas verdes (za!gunas incoloras) que a su
vez son parientes mas lejanos de las plantas (Figura 17). Los eucariontes estan 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 radiacion (‘crown
group radiation’, Figura 17) en una gran cantidad de organismos diversos.
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Euvkarys
g (eukaryotes)

Bacteria
{subacteria)

Archaes
(archasbacteria)

Figura 17. La filogenia de los tres dominios de la vida, basada en !a comparacion de las secuencias de la
subunidad pequena del rRNA (Tomado de Bhattacharya y Medlin, 19938).

Las algas cloroficeas se pueden dividir en distintos grupos (clados), segun las
secuencias de la subunidad pequaria del RNA riboscmai nuclear (185) o de ia regién traducida
interna (ITS). Proschold y cols. (2001) reportaron un analisis flogenético muy extenso del género
Chlamydomonas basado en la comparacién de las secuencias del rRNA 18S. En este analisis,
Polytomella parva se encuentra como grupc cercano al grupo de C. reinhardtii. Tomande la
secuencia del ITS de Folytomella sp. (SAG 198.80), el alga esta aun mas cercana a C. reinhardtii
que a FPolytomella parva (comunicacion personal T. Frédschold). Se supone que la ITS es un
marcador que puede distinguir mejor que 1a 18S a nivel de ias especies. Estos datos indican la
gran cercania entre C. reinhardtii y Polytornella sp. a nivel del rRNA.

Las dos algas son homdlogas no sélo a nivel de las secuencias del rRNA nuciear;
también muestran muchas similitudes entre sus genomas mitocondriales, asi como muchas
semejanzas bioquimicas entre sus proteinas mitocondriales. El tamafo y el contenido de genes
del genoma mitocondrial de Polytornella parva parece ser similar al genoma de C. reinhardtii,
aparte del hecho que el gen nad6 (complejo l). esta codificado por un fragmento separado de
DNA de 3.5 kbp (Fan y Lee, 2002). En Polytcmella sp. también existe un fragmento pequefio de
DNA de 3.5 kbp (obsgrvacién personal). Una indicacion fuerte de la simiiitud de C. reinhardtii y
Polytomelila se encuentra en la subunidad COXII del complejo IV: como en el alga verde, también
en Polytomella sp., esta proteina esta codificada por dos genes nucleares, cox2a y cox2b

(Pérez-Martinez y cols., 2001).
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Figura 18. Filogenia molecular del grupo ‘'CW' (sensu Proschold y cols., 2001; Cloroficeas), que contiene
Chlamydomonas y Polytomella (subrayado; notar que FPolytormnella parva no es igual que Polytomella sp.),
basado en las comparaciones de !as secuencias del 18S rRNA, codificado por un gen nuclear. El arboi
filogenético se dedujo del método de maxima verosimilitud y calculado con e! modelo de Tamura y Nei
(TrN+1+G; Tamura y Nei, 1993), usando 1717 posiciones alineadas. Los numeros indican los valores de
bootstrap (>50%) para cada rama (cursivas. meétodo del vecino mas cercano; negritas. método de la
maxima parsimonia no sopesada). El arbol es una contribucién de T, Préschold (Universidad de Colonia,

Alemania).

En la seccién de los resuitados adicionales se encuentran algunos resultados de
estudios sobre Ias mitocondrias de las dos algas, Que revelan que hay algunas diferencias

importantes, en particuiar en @l contenido de citocromos.
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ANTECEDENTES

Los complejos respiratorios de C. reinhardtii fueron parcialmente caracterizados por
SDS-PAGE y espectrofotometria (Atteia y cols., 1992; Atteia, 1994). Después se aisl6 e!
complejo V y se caracterizaron las subunidades alifa y beta (Nurani y Franzén, 1996). Hasta la
fecha, no se habia llevado a cabo una caracterizacion profunda de los otros complejos
respiratorios, debido a la dificultad de aislar mitocondrias puras del aiga verde. Hace algunos
afios, se describid un protocolo para aislar mitocondrias de C. reinhardtii libres de contaminantes
del cloroplasto (Eriksson y cols., 1995), lo cual abrié el camino a estudios mas detallados de la
biogénesis y la regulacién de las mitocondrias.

E! estudio de la regulacidn mitocondrial en relacion con ia fotosintesis es de gran interés,
especialmente en diferentes condiciones de luz, ya que la luz es la fuente de energia de la
fotosintesis, pero también una fuente de informacion sobre el ambiente. Tanto en C. reinhardtii
como en las plantas existen pocos datos disponibles acerca de la regulacion mitocondrial por luz.
Las algas fotosintéticas tienen una caracteristica adicional: son crganismos unicelulares y estan
sometidos directamente a las condiciones ambientales. Probablemente, esto tiene efectos sobre
la regulacién celular, y también sobre la propia mitocondria.

Se ha propuesto que el alga incolora Folytomelia sp. divergio del linaje de C. reinhardtii
por la pérdida de un cloroplasto funciona!l (Round, 1980). Es asi que supuestamente Polytomella
sp. representa la adaptacion de C. reinhardlii a condiciones no fotosintéticas. A diferencia del
alga verde. Folytomella sp. puade crecer en un margen muy amplio de pH y puede utilizar
diferentes fuentes de carbono (Wise, 1955). Sin @mbargo, ambas algas comparten algunas
caracteristicas en las mitocondrias, como el hecho de que |la subunidad COXIl del complejo IV
esta codificada en dos genes nucieares, cuyos productos proteicos se asocian para formar una
subunidad madura. También se ha reportado que la subunidad B del complejo V en ambas algas
es mas grande quc la a, debido a ia presencia de una extension en el extremo carboxilo-terminal
(Franzén y Falk, 1992; Atteia y cols., 1997). Estas similitudes indican la cercania evolutiva que

tienen estas aigas.

El estudio de la biogénesis, la composicién mitocondrial, y la regulacion en las dos algas
debe contribuir al conocimiento de la ascendencia, evolucion y funcién de las mitocondrias en
relacion con 1) la fotosintesis, 2) la pérdida de la fotosintesis, y 3) los organismos unicelulares.
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OBJETIVOS

El primer objetivo de este trabajo consistié en comprender mejor la composicién y la
biogénesis de 1a mitocondrias del alga verde C. reinhardtii y de! alga incolora Polytomella
sp. Esto permite la comparacion de las mitocondrias de las algas con las de plantas y
animales, asi como la comparacién de las mitocondrias entre dos algas relacionadas
evolutivamente. El cumplimiento de este objetivo es la base para estudios posteriores de

regulacién y evolucién.

El segundo objetivo fue estudiar el papel que juegan las mitocondrias en las algas C.
reinhardtii y Polytomella sp. durante su adaptacién al medio ambiente. Quisimos estudiar
la regulacion 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 Polytomella sp., se puede estudiar la regulacidn mitocondrial en distintos medios de

cultivo, variando el pH o la fuente de carbono.

TESIS CON
FALLA DE ORIGEN

25




RESULTADOS

TRABAJO PRINCIPAL : ARTICULO |
RESUMENES DE OTROS ARTICULOS PUBLICADOS O SOMETIDOS A PUBLICACION
RESULTADOS NO PUBLICADOS

TESIS CON
FALLA DE ORIGEN

26




Articulo |

ARTICULO |

identification of Novel Mitochondrial Protein C P ts of Chlamy
A Pr ic App h

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

of reinhardtii:

Plant Physiol 132, 318-330

RESUMEN

Ei proteoma mitocondrial del alga fotosintética Chlamydomonas reinhardtii fue analizado
por electroforesis en geles azules nativos de poliacrilamida (BN-PAGE). Aplicando mitocondrias
puras, se separaron los principales complejos de la fosforilacién oxidativa (OXPHOS): ia FFo-
ATP sintasa, ta NADH-ubiquinona éxidorreductasa, la ubiquinol-citocromo ¢ reductasa, y |la
citocromo c oxidasa. La F,F,-ATP sintasa siempre migré como un dimero, a diferencia de la
CFCFo-ATP sintasa dei cloroplasto de C. reinhardtii. Se reportd la presencia de una nueva
proteina que se asocia a la ATP sintasa y que podria estar involucrada en la dimerizacion de
este complejc en C. reinhardtii. Los complejos de la OXPHOS separados por BN-PAGE fuercn
despudés separados en sus correspondientes subunidades por medio de geles desnaturalizanies
de segunda dimension (SDS-PAGE). Alaunos polipéptidos fueron identificados por su secuencia
amino teriminal. Se analizaron las proteinas estructurales i y 11 del complejo [l y se predijo sus
actividades proteoliticas. Ademas, se demostré el caracter heterodimeérico de la subunidad Il de
la citocromo ¢ oxidasa. Se identificaron otras proteinas mitocondriales como la chaperonina -

HSPE60, ia oxidasa alterna, la aconitasa y el transportador de ADP/ATP.
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Identification of Novel Mitochondrial Protein
Components of Chlamydomonas reinhardtii.
A Proteomic Approach®

Robert van Lis, Ariane Atteia, Guillermo Mend -Hernand and Diego Gonzilez-Halphen'*

Departamento de Genética Molecular, Instituto de Fisiologia Celular (R.v.L., A.A,, D.G.-H.) and .
Departamento de Bioquimica, Facultad de Medicina (G.M.-H.), Universidad Nacional Auténoma de México,

04510 Mexico D.F., Mexico X

Pure mitochondria of the photosynthetic alga Chlamydomonas reinhardtii were analyzed using blue native-polyacrylamide gel
clectrophoresis (BN-PAGE). The major oxidative phosphorylation complexes were resolved: F,Fg-ATP synthase, NADH-
ubiquinone oxidorceductase, ubiquinol-cytochrome ¢ reductase, and cytochrome ¢ oxidase. The oligomeric states of these
complexes were determined. The F,F-ATP synthase runs exclusively as a dimer, in contrast to the C. reinhardtii chloroplast
enzyme, which is present as a’monomer and subcomplexes. The sequence of a 60-kD protein, associated with the
mitochondrial ATP synthase and with no known counterpart in any other organism, is reported. This protein may be related
to the strong dimeric character of the algal F,Fo-ATP synthase. The oxidative phosphorylation complexes resolved by
BN-PAGE were separated into their subunits by second dimension sndium dodecyl sulfate-PAGE. A number of polypep--
tides were identified mainly on the basis of their N-terminal sequence. Core I and II subunits of complex !II were
characterized, and their proteolytic activities were predicted. Also, the heterodimeric nature of COXIIA and COXIIB
subunits in cytochrome ¢ oxidase was demonstrated. Other mitochondrial proteins like the chaperone HSP60, the alternative .

oxidase, the aconitase, and the ADP/ATP carrier were identified. BN-PAGE was also used to approach the analysis of the

major chloroplast protein complexes of C. reinhardtii.

The unicellular green alga Chlamydomonas rein-
hardtii is a model organisin for the study of certain
aspects of plant physiology, like chlcroplast biogen-
esis (Harris, 2001). Nevertheless, C. reinhardtii mito-
chondria have not been well characterized because of
difficulties in obtaining these organelles free of thy-
lakoid contamination. The isolation of C. reinhardtii
oxidative phosphorylation (OXPHOS) complexes, in-
cluding the spectroscopical characterization of cyto-
chrome bc; complex (complex III) and cytochrome ¢
oxidase (complex IV), was described earlier (Atteia et
al., 1992; Atteia, 1994). However, the subunit compo-
sition of the OXPHOS complexes in the alga has not
been studied in detail.

The mitochondrial genome of C. reinlhardtii encodes
five subunits of complex 1, cytochrome b of complex
111, and subunit I of complex IV (Michaelis et al.,
1990). Until now, none of these subunits have been
located on SDS-PAGE. Among the mitochondrial

! This work was supported by Consejo Nacional de Ciencia v
Tecnologia (grant no. 27754N), by Direccién G 1de A
para el Personal Académico (Mexico: grant no. IN204595), by
Direccion General de Estudios de Posgrado-Universidad Nacional
Auténoma de México (PhD student fellowship to R.v.L.), and by
the National Science Foundation (grant no. MCB--9975765 to the
Chiamydomonas genome project).

* Corresponding author; e-mail dhalphen@ifisiol.unam.mx; fax
5255-56-22-56-11.

Article, publication date, and citation information can be found
at www.plantphysiol.org /cgi/doi/10.1104/pp.102.018325,

proteins of nuclear origin, few have been identified
and their genes sequenced: subunits alpha, beta, and
ATP6 of complex V (FFp-ATP synthase; Franzén and
Falk, 1992; Nurani and Franzén, 1996, Funes et al.,
2002), and twoc subunits of complex 111, the Rieske-
type iron-sulfur protein (Atteia and Franzén, 1998)
and cytochreme c¢; (Atteia et al, 2002). The gene
sequences of subunits COXIIA, COXIIB, and COXII!
of the C. reinhardtii complex IV have been determined
(Pérez-Martinez et al.,, 2000, 2001), but their protein
products were not identified biochemically. Also,
two genes encoding C. reinhardtii alternative oxidase
(AOX), Aox1 and Aox2, have been sequenced (Dinant
et al., 2001). Aox1, the more expressed of the two
genes, encodes a protein similar to plant AOXs, but
lacks a conserved Cy's residue at its N terminus. This
Cys is thought to participate in the regulatory dimer-
ization of the plant enzymes (Umbach and Siedow,
1993, 2000). The biochemical characterization of C.
reinhardtii AOX remains to be addressed. Until now,
validation of the information of the gene sequences
by the analysis on the protein level has been largely
missing for the mitochondrial proteins of this photo-
synthetic alga.

Blue native (BN)-PAGE is a powerful tool for pro-
teomics. This technique uses the charge shift induced
by the binding of Coomassie Blue to solubilized pro-
teins to separate and visualize membrane complexes
under native conditions (Schiagger, 1995). BN-PAGE
was developed to study protein complexes of bovine
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Figure 1. BN-PAGE of total mitochandrial proteins from C. rein-
hardtii and beef. A, Coomassie Blue-stained BN-PAGE gel lanes
loaded with 800 (C. reinhardtii strain B4C\W15) and 500 (beef) pg of
total mitochondrial proteins. 8. Gel lanes stained with Coomassie
Blue and with specific activity stainings used for the detection of
complexes V, |, and It (see “Materials and Mcthods”). Biack arrows
mark the major stained bands in each case. ATPase, ATasc activity;
NDH, NADH delwdrogenase aclivity; S, succinate dehydroge-
nase activity.

mitochondria (Schigger and von Jagow, 1991) and
later extended to study the mitochondrial complexes
of yeast (Saccharomyces cercvisine; Arnold et al., 1998),
plants (Jdnsch et al., 199€), and trypanosomatid kin-
ctoplasts (Maslov et ai., 1999). BN-PAGE has also
been used to resolve chloroplast complexes of spin-
ach (Spinacia oleracea;: Kiigler et al., 1997), mitochon-
drial complexes of Arabidopsis (Kruft et al., 2001),
and simultaneously mitochondrial and chloroplast
protein _complexes of potato (Solanunt
leaves (Singh et al., 2000). .

By applying pure mitochondria of C. reinhardtii
(Eriksson et al., 1995) to BN-PAGE, we identified and
characterized the OXPHOS complexes and their sub-
unit composition. The oligomeric states of the com-
plexes HI to V and the AOX were analyzed. Finally,
we used BN-PAGE to descrive subcellular fractions
containing both chloroplast and mitochondrial pro-
tein complexes from C. reinhardtii wild-type cells and
from a photosynthetic mutant.

RESULTS

BN-PAGE of Mitochondrial Protein Complexes

To separate the major OXPHOS complexes, pure C.
reinhardtii mitochondria (Eriksson et al., 1995) from

Plant hysiol. Vol. 132, 2003

tuberosumn)

reinhardtii

Mitochandrial Compl s of Chlamyd,

the 84CW15 strain were solubilized and applied to
BN-PAGE. The protein profile exhibited four major
bands and several weaker bands (Fig. 1A) that dif-
fered from that of bovine heart mitochondria in the

‘ position, amount,. and intensity of the bands. The

apparent molecular masses of C. reinfardtii OXPHOS

. complexes were estimated from the known molecu-

lar masses of the bovine complexes and are summa-
rized in Table 1. The BN-PAGE profile of C. reinhardtii
mitochondria exhibited two main characteristics: a
band with considerably lower electrophoretic mobil-
ity than bovine complex I, and the absence of bands
that correspond to the bovine complex V and com-
plex II (Fig. 1A). To establish the identities of the C.
reinhardtii major complexes, specific activity stain-

- ings were performed.

29

To localize the active C. reinlardtii complex V on
BN-PAGE, a blue gel lane was incubated in the pres-
ence of ATP and CaCl,. Figure 1B shows that the
uppermost band of 1,600 kD was able to hydrolyze
ATP, as indicated by the formation of a calcium
phosphate precipitate. The high apparent molecular
mass of complex V on BN-PAGE suggests that this

rotein complex runs as a dimer.

NADH dehydrogenase activity was detected after
incubation ofya blue gel lane in the presence of
NADH and nitroblue tetrazolium (INBT), which
forms a purple precipitate upon reduction. With C.
reinhardtii mitochondria, three bands of approxi-
mately 1,500, 800, and 200 kD were detected (Fig. 1B).
The thin band of 1,500 kD detected by the NADH/
NBT staining was identified as a dimer of complex I.
The 800-kD band, exhibiting an electrophoretic mo-
bility similar to that of bovine complex | (Fig. 1A),
was identified as a complex | monomer. Previously,
complex I of C. reinhacrdtii was estimated tu be 850 kD
on BN-PAGE (Duby et al., 2001). The diffuse band of
200 kD (Fig. 1B) was also observed in the bovine
protein pattern (not shown) and considered to be a
complex I subcomplex.

Succinate dehydrogenase activity in the-gel was .
visualized by the precipitation of reduced NBT in the
presence of succinate and phenazine methosulphate.

" .
y comp

Table I. Estimated molecular sses of the respi)
in C. reinhardtii and bovine mitochondria

The molecular masses of the respiratory compleses of C. rein-
hardtii were estimiated in comparison with the beef heart respiratory
complexes reported earlier (Schiigger and von Jagow, 19491).
Estimated Molecular Mass

. Complex
No. C._reinhardrii Beef
kD
v 1.600 600
[ 800 750
" 500 500
v 240 200
" 140 130

* Based on complex Il specific staining, shown in Fig. 1B.
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Unlike bovine complex 1l, C. reinhardtii complex II
did not appear as a defined band on the Coomassie
Blue-stained gel, but as a diffuse band around 140 kD
(Fig. 1B).

(%n the basis of their migrations and subunit com-
position (see below), which are comparable with the
corresponding bovine complexes, the C. reinhardtii
-protein bands of 500 and 240 kD on BN-PAGE (Fig.
1A) - were identified as complexes III and 1V,
respectively.

Resolution of C. reinhardtii OXPHOS
Complexes into their Constitutive Subunits

C. reinhardtii mitochondrial complexes V, I, 111, and
1V, separated by BN-PAGE, were resolved into their
individual constituents on second dimension (2D)-
SDS-PAGE (Fig. 2). The estimated molecular masses
of the subunits are given in Table II.

C. reinhardtii complex V was resolved into 13
polypeptides, three of which have been previously
identified: the beta- (60 kD) and alpha- (52 kD) sub-
units of the F; sector (Atteia et al., 1992; Franzén and
Falk, 1992; Nurani and Franzdn, 1996) and the ATP6
subunit (21 kD) of the F, region (Funes et al., 2002).
We determined the N-terminal sequence of the small-
cst polypeptide of 7 kD (Fig. Z; Table I1I, band 4). This
N-terminal sequence was found to be encoded in the
C. reinhardtii EST clone AWG676361. The predicted
protein corresponded to ATP9, a structural compo-
nent of Fo-ATP synthase. Similarly, the N-terminal
sequence of the 32-kD polypeptide (Table ill, band 2)
was found in the deduced amino acid sequence of
EST clones BE337293 and AV390953 and allowed its
identification as the gamma subunit (predicted mo-
lecular mass of 30.8 kD). Also, the N-terminal se-
quence of the 24-kD polypeptide of complex V (Table
HI, band 3) was found in the deduced protein se-
quence of EST clones AW661069 and BG848206, iden-
tified as the delta subunit (predicted molecular mass
of 22.6 kD). Finally, the EST clones BI532011 and
BG860760 were found to encode the previously de-
termined N terminus of the 45-kDD subunit of com-
plex V (Funes et al., 2002), but the deduced partial
amino acid sequence (165 amino acids) did not show
similarity to any ATP synthase subunit.

When performing 2D-SDS-PAGE in the presence of
8 n1 urea, an additional 60-kD protein was resolved in
the complex V polypetide pattern. As shiown in ig-
ure 3, the 60-kD protein is not recognized by an
anti-beta antibody. We determined the N-terminal
sequence and an internal protein sequence of this
polypeptide, here named MASAP (Table 111, band 1).
Subscquently, deoxyoligonucleotides were designed,
a PCR product was obtained, and a corresponding
cDNA was isolated from a AZAP cDNA library. From
the deduced amino acid sequence, it was inferred
that the MASAP is most likely soluble, exhibiting an
apparent molecular mass of 60.5 kD and a pl of 5.66.
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No similarity to any mitochondrial protein in the
databases was found. The protein presequence de-
duced from the cDNA was predicted to be mitochon-
drial using the TargetP V1.0 program (Emanuelsson
et al., 2000). The function of this novel component
remains to be established.

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

Blue Native-PAGE ——————»

kDa
~
3 - 61
::;: - 47
3 ¢ 37
3
@D -— 26
= <—20
[ -- 15
| .
l . -— 9
+ ; i !

i

Figure 2. Two-dimensional resolution of the mitochondrial protein
complexes from C. reinbhardtii. The main OXPHOS complexes are
indicated on the first dimension BN-PAGE. A BN gel lane was cut out
and placed horizontally for subsequent resolution of the protein
complexes into their respective components on 2D-Tricine-SD5-
PAGE. In the schematic representation of the subunits (bottom), the
numbered black spots depict those polypeptides that were subjected
to Edman degradation. The correspanding sequences are shown in
Table UIl. White spots represent the other putative subunits of each
complex. .
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Table Il. Apparent number of subunits and the estimation of the molecular mass of the mdlwdual
subunits of C. reinhardtii complexes V, I, 1, and IV

Complex Apparent No, ot 3 e
No. of Subunits® Estimated Molecular Mass of Subunits : 7
kD
v 14 60,60,52,45,38,35,31.24,21,19, 13,9.3.7
3 25 75,52,45,41,37,29,28.26,25,22,20,16,15,14,13,12,11, 109887,765
m 9 53,48,32,30.25,13.8,72.6
v 10 40,25,18,16,14,14,12,10.,8.5

= As detected by Coomassie Blue staining of Tricine SDS-polyacrylamide gel. i

The 52-kD protein (band 5) of complex I exhibited an
N-terminal sequence with an unusual high content of
Pro. The EST clone AV386989 contained a sequence
encoding the N terminus of this 52-kD protein, iden-
tified as a member of the 51:kD subunit family of
complex 1. Also, the EST clone BE212104 encoded the
N-terminal sequence of the 28-kD subunit (band 7), a
member of the 24-kD subunit family of complex 1.
Both the 51- and 24-kD subunit families are compo-
nents of the flavoprotein fraction. The N-terminal
sequence of the 29-kD3 subunit (band 6) was also
found to be encoded in a clone of the ChlamyEST
database (BM001979), but the deduced amino acid
sequence did not allow its identification.
C._reinhardtii complex 111 was resolved on 2D-SDS-
PAGE into nine subunits. The 53-kD subunit {Table

II1, band 8) was identified as the core I subunit by
immunoblot analysis, using an antiserum against
Neurospora crassa core 1 (see below). However, the
N-terminal sequence of this band did not show any
similarity with core 1 subunits from either plant or
mammalian complex III. A clone from the EST data-
base encoded the N-terminal sequence of this C. rein-
hardtii core 1 protein (BG846882). The whole sequence
of core I was obtained from the overlapping EST
clones BGR46882, BI726156, AV633102, BG850841, and
BGEB47806. The predicted mature core | protein (53.9
kD) contained 487 residues. The 48-kD protein of
complex Il (Fig. 2, band 9) is assumed to be the core
II subunit, which probably comigrates with one or
more proleins because a mixture of N-terminal se-
quences was obtained (not shown). In plants, cores I

Table WM. Partial description of the mitochondrial protecome of C. reinhardtii
Amino acid sequences of the protein bands subjected to Edman degradation (see Fig. 2). GenBank accession nos. are provided. Aliernatjvely,
the accession nos. of the ChlamyfST database clones that weve used to identify the proteins (expressed sequence [EST] in aupe’scrlp!) are: given.

NF, Not found in the ChiamytST database.

Band No. Amino Acid Sequence” Protein Identily Accession No.
Complex V
1 YVTALKV[TS:[LAARSAEFRA[Q[A (int) MASAP (60 kD) AJ441258
2 - ASNQAVKQRY/Funes ot al., 2002 Gamma subunit {31 kD) BE3372937
3. AKTAPKAEM'funes ral., 2002 Delta subunit (24 kD) AW881069¢57
4, SVLAASXMVGA ATP9 subunit (7 kD) AWE78361557
Complex | B . -
5 STAAPAAGAPPPPPPPPAKT 51-kD subunit family (53 kD) AV386989ST
6 VSSQFFDAPNGPSVKQVLIED 29-kD subunit (29 kD) BMOO1S79LST
7 ATNSTDIFNIHKDTPENNAA 24-kD subunit family (28 kD) BE2121045>7
Complex 1l
QSAAKDVVATDANPFLRFSN Core 1 {53 kD) ) _BGB846882F7
9 More than one sequence Probable core 2 + other protein(s) (48 kD) -
10 . Blocked . Probable subunit IV (13 kD)
Complex IV .
11 GSHAAGHQTAKEFYM COXNi subunit (25 kDY AAG17279
12 DAEVVEEEHAPPPPPPPPKK COXVib subunit (18 kD) BE1222185T .
13 MDAVPX(G/RILNQ COXIB subunit (16 kD) AAK321143
14 GAPAEAKPSALSAEPGR COXVb subunit (14 kD) BGB511207 -
15 DSPQPWQLLF COXIUA subunit (14 kD) : * "AAK30367
16 ASTTAGETIDKY COXVia subunit (12 kD) - BGB57268%"
Other proteins
17 AAKDVRFGIEHRDLMIAGVNXLA Mitochondrial HSP60O (60 kD) NF
18 SXIAGAEKV(P/CIMSQFGP Mitochondrial aconitate hydratase (90 kD) AV3975825ST
19 AAPSFGATREXA 38-kD protein N
20 GIGECFVR {Int) Mitochondrial ATP/ADP carrier (31 KD) $30259

* Sequences are amino terminal unless mentioned otherwise (Int, internal).
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EST clones BE122218, BG851120, and BG857268, re-
spectively. Homology searches led to the identifica-
tion of band 12 as COXVIb (18 kD), band 13 as COXVb
(14 kD), and band 14 as COXVIa (12 kD). In Figure 2,

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

1d ificati of Other Mitochondrial Proteins

Figure 3. High-molecular mass subunits of C. reinhardtii comp v
resolved on 2D-urea-SDS-PAGE. Complex V bands recovered from
BN-PAGE were loaded onto a 2D-Tricine-SDS gel in the presence of
8 m urea. Only the largest subunits are shown. Left lane, Coomassie
Blue staining: right lane, immunoblot analysis with an antibody
against the beta-subunit. The immunoblot revealed that mitochon-
drial ATP synthase-associated protein (MASAP) is clearly distinct
from the beta-subunit,

and II are known to represent the beta- and alpha-

subunits of the mitochendrial processing peptidase
(MPP), respectively. The alpha-MPP subunit does not
possess MPP activity itself, but it is necessary for the
beta-MPP activity. In most other organisms, the core
proteins do not possess MPP activity, which is in-
stead conferred by soluble, matrix-located alpha- and
beta-MPP subunits (Braun and Schmitz, 1995a). The
complete sequence of the core 1 of C. reinliardlii was
analyzad for the presence of the consensus sequence
for beta-MPP activity (Braun and Schmitz, 1995b). A
multiple sequence alignment using core I and beta-
MPP sequences (Fig. 4A) revealed that C. reinhardtii
core 1 exhibits the consensus sequence, except for an
Arg to Lvs substitution at position 175. The Chlamy-
EST database also allowed us to construct the se-
quenrc of C. reinkiardtii core 11, based on EST clones
BMO00676, AV631099, BI727574, and BMO001151. This
sequence exhibits similariiy to core I and alpha-MPP
subunits from other organisms, but lacks the consen-
sus sequence for alpha-MPP activity (Fig. 4B).

In the 30-kD molecular mass range, C. reinhardtii
coniplex III exhibits two subunits. Heme-specific
3.,3',5,5'-tetramethylbenzidine staining allowed the
identification of the 30-kD protein as cytochrome ¢,
(not shown). Thus, the 32-kD protein above the cy-
tochrome ¢, is likely to be cytochrome b. The subunit
of 25 kD was identified previously as the Rieske-type
protein (Atteia and Franzén, 1996). The N terminus of
the 13-kD subunit of complex 1T (Fig. 2, band 10) was
not susceptiblc to Edman degradation.

Complex 1V of the photosynthetic alga was re-
solved into 10 subunits. On the basis of its apparent
molecular mass, the larger polypeptide (40 kD) was
assigned as subunit 1. The N-terminal sequences de-
termined for the protein bands 11 (25 kD), 13 (16 kD),
and 15 (14 kD) allowed their identification as sub-
units COXIII, COXIIB, and COXIIA, respectively
(Pérez-Martinez et al., 2000, 2001). The N-terminal
sequences of the proteins in bands 12 (18 kD), 14 (14
kD), and 16 (12 kD) were fouud to be encoded in the
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The N-terminal sequences of other dominant pro-
teins in C. reinhardtii mitochondria were also deter-
mined. The 38-kD protein (Fig. 2, band 19) could not
be identified by its N-terminal sequence (Table III).
The 31-kD protein (Fig. 2, band 20) was blocked at its
N terminus. Nevertheless, the sequence of a tryptic
fragment (Table III, band 20) matched a region from
residues 54 to 61 of the C. reinthardtii ADP/ATP car-
rier (Sharpe and Day, 1993). The ADP/ATP translo-
cator—as detected by Coomassie Blue staining—ap-
peared to smear on BN-PAGE (Fig. 2). '

The identity of the 60-kD protein (Table IlI, band
17) was established based on the similarity of its
N-terminal sequence with that of mitochondrial
chaperonin HSP60 (heat shock protein 60) of plants.
On BN-PAGE, C. reinhardtii HSP60 was found to run
as a faint band of approximately 650 kD (Fig. 2),
indicating its multimeric nature. The IHSr60 particle
in the photosynthetic alga is probably a 14 mer, as in
potato (Jdansch et al., 1996).

The N-terminal sequence ct the 90-kD protein (Ta-
ble III, band 18) was fcund to be encuded by an EST
cione (AV397582) and corresponds to mitochondrial
aconitate hydratase (aconitase). This soluble Krebs
cyvcle enzyme that catalyzes the formation of isocit-
rate from citrate in the mitochondrial matrix appears
to be a major constituent of the C. reinhardtii mito-
chondrial proteome. The entire amino acid sequence
of the mature protein (776 residues, 83.2 kD) could be
constructed on the basis of EST clones AV397582,
AV631772, BIS73612, BI873370, BF859712, and
BFB863471.

Oligomeric States of the OXPHOS Complexes

The oligomeric states of C. reinhardtii OXPHOS
complexes were analyzed by immunoblot analysis of
2D-SDS-polyacrylamide gels subsequent to thé appli-
cation of pure mitochondria to BN-PAGE (Fig. 5). An
antiserum against the beta-subunit of Polytomella sp.
complex V recognized only the most upper band of
BN-PAGE, p:eviously identified as complex V (see
above).

As revealed by immunoblot analysis with an anti-
body against N. crassa core I subunit, the major form
of C. reinhardtii complex 11l was a dimer of 500 kD
(Fig. 5). The antibody also recognized a minor form
of 1,000 kD. .
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N.crassa corer 74 PL1913

S.ceravisiae B-rpp 60 P10507

5. tubsrosum corel 133 AAB208041

C.reinhardeii  corel 93 BST clones

H.sapiens poerr 91 O7s439

H.sapilans corel . a1 31930

B.taurus corex [ 3% »31000

B-MPF consensus:

(hrann ana Semmite. 19eas

N.crassa a-MPP 378 P239s5

S.ceravisise a-MPP 275 Pi1916

R.norvegicus a-MPP 335 P20069

5. tubercsum corextr 325 P29677

R.norvegicus coreIiX 284 PI2BSY

C.reinhardtii corell 32a EST clonas
CAD21046

N.crassa corell 286

P consensus:
1Tnte fagure: Mrwsmn ot ar., 1ve8)

Figure 4. Multiple sequence alignments of the core | and Il proteins and the MPP subunits from various sources. The
accession number for each sequence is shown on the right-hand side. The C. reinhardtii sequences were derived from the
EST clones indicated in the text. A, Comparison of C, reinhardtii core | with other core | and beta-MPP amino acid sequences.
C. reinhaidtii core | exhibits the consensus sequence usually found for beta-MPP protease activity, including the zinc-
binding motif (H-X-X-E-H) that is absent in the mammalian core 1 sequences. B, Alignment of core 11 and alpha-MPP amino
acid sequences. The core 1l sequence of C. reinhardtii lacks 1the consensus sequence (G-G-G-G-5-F-5-A . G-G-P-G-K-G-M/

S-R-L-¥) believed to be required for alpha-MPP activity.

C. reinhardtii complex IV was detected immuno-
chemically with an antibody against the COXIIB sub-
unit of Polytomella sp. and appeared to be present in
BN-PAGE in several oligomeric states, with apparent
molecular masses of 530, 240, and 160 kD (Fig. 5). The
240-kD form was the most avundant.

In the absence of a specific antibody for complex I,
it could nonetheless be inferred from Figure 1B that a
minor fraction of complex I runs as a dimer. A BN-
PAGE band of 1,500 kD was reproducibly detected by
the sperific staining for NADH dehydrogenase activ-
ity. Furthermore, on 2D-SDS-PAGE, the polypeptide
pattern of this high-molecular mass complex seemed
to be identical to that of complex I, although this
cannot be clearly discerned in Figure 2 due to its low
abundance and proximity to complex V.

C. reinhardtii AOX

AOX is a mitochondrial key enzyme in photosyn-
thetic organisms (Vanlerberghe and Mclntosh, 1997).
In the BN-PAGE analyses of plant mitochondria're-
ported so far, no mention of the AOX has been made.
In this study, antibodies were raised against the over-
expressed C terminus of C. reinhardtii AOX1 and
used to localize the corresponding protein. Immuno-
blots of 2D-SDS-polyacrylamide gels revealed the
presence of the 36-kD AOX all over the width of the
gel (Fig. 5). In contrast to the other respiratory com-
plexes, C reinhardtii AQOX was not resolved as a dis-
crete band under the corditions used (2 mg
n-dodecyl maitoside mg™' mitochondrial protein).
The behavior of the AOX on BN-PAGE is likely due
to its propensity to form aggregates (Berthold and

Plant Physiol. Val. 132, 2003

Siedow, 1993). At this stage, it is not known whether .
BN-PAGE is suitable to obtain a good resolution of

the AOX protein or of other membrane-bound pro-

teins such as-the ADP/ATD carrier.

A Proteomic Approach to the Analysis of Subcellular
Fractions, Different Growth Conditions, and Mutants

We have explored different uses of BN-PAGE for
the comprehensive characterization of C. reinhardtii
miiochondrial protein components. The purification
procedure of C. reinhardtii mitochondria consists of
cell rupture, two differential centrifugations, and a
Percoll gradient centrifugation step that removes
remnant chloroplast proteins (Eriksson et all, 1995).
To follow the enrichment or mitochondria during this
procedure, the pellets of the two differential centrif-
ugations (P1 and P2) were analyzed on BN-PAGE
(Fig. 6). In pellet P1, resulting from the centrifugation
of the cell homogenate at 2,000g, the photosynthetic

* complexes were dominantly present (Fig. 6A). The
distribution of these complexes on BN-PAGE is
roughly comparable with that of spinach (Kiigler et
al., 1997) and potato chloroplast complexes (Singh et
al., 2000). PSII (300 kD) was identified by immuno-
blotting with an antibody against the D1 protein (not
shown). The chloroplast ATP synthase (CF,CF,-ATP
synthase) was identified by its typical subunit com-
position. Apart from the monomer of 500 kD (Fiedler
et al., 1995), at least three subcomplexes of CF,CF;-
ATP synthase could be separated on BN-PAGE (Fig.
6), including the CF, entity of approximately 350 kD.
In pellet P1, mitochondriai complexes V, 1, and 1V
could be detected by Coomassie Blue staining. Figure
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kDa v

60--»|” — oot
i N Anti-beta
.

53— = - ... i Anti-core |
i

16— : Anti-cox2B

36—» Anti-AOX

Figure 5. Oligomeric states of mitochondrial protein complexes as
detected by immunoblatting. Proteins resolved by 2D-Tricine-SDS-
PAGE gels were transferred onto nitrocellulose membranes and im-
munoblotted with the indicated antibodies (from top to bottom,
anti-beta subunit of Polytomella sp. ATP synthase, anticore | of AL
crassa, anti-COXWUB of Polytomella sp., and anti-AGX of C. rein-
hardti). The arrow indicates the position of the well on the first
dimension BN-PAGE, svhere a small portion of total proteins precip-
itates before entering the stacking gel.

6A reveals the great contrast in the clectrophoretic
behavior between chloroplast and mitochondrial
ATP synthases in the green algz. Allhough several
chloroplast AT synthase oligomeric forms and sub-
complexes were visible, only a single, high moiecular
form of the mitochondrial enzyme was observed.
Meilet P2 represents the crude mitochondriai fraction
that results from the second centrifugation step at
5,000g and shows a pronounced enrichment in mito-
chondrial protein complexes: Complexes V. [, and IV
were clearly visible, whereas complex 111 was ob-
scured by the chloroplast ATP synthase and PS1 (Fig.
6B). Pure mitochondria were obtained after Percoll
density gradient centrifugation and are typified by
the virtual absence of chlorci:last protein complexes
(Fig. 6C).

We also analyzed the crude mitochondria of the
photosynthetic mutant strain BF4.F54.F14 (Fig. 6D,
comparable with fraction P2 in Fig. 6B). This mutant
is devoid of PSl, CFLCF-ATP synthase (Chua et al.,
1975; Piccioni ct al., 1981), and most of the light-
harvesting complexes (Olive et al., 1981). To obtain
mitochondria from this cell wall-containing strain,
the cells were pretreated with CTAB. As expected,
the only photosynthetic complexes found in the
crude mitochondria were the bf complex and PS II.
No differences in the mitochondrial protein patterns
were observed between the mutant strain and the
wild-type strain. Nevertheless, in the mutant, the
mitochondrial complex !l subunits appeared clearly
on the 2D gels (Fig. 6C, arrow).
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DISCUSSION

‘The Electron Transfer Complexes and Their
Oligomeric States

Previous works have analyzed the mitochondrial
proteome of the model plant Arabidopsis (Kruft et
al., 2001; Millar et al., 2001). Besides land plants
(Streptophyta), green algae (Chlorophyta) are the other
main constituent of Chlorobionta. In this work, we
addressed the study of mitochondria from C. rein-
hardtii, a unicellular model system for photosynthetic
cells. To characterize the mitochondria of C. rein-
hardtii, wz used BN-PAGE, a powerful analytical
technique for both membrane and soluble proteins. A
critical parameter to study the mitochondrial pro-
teome is the purity of the sample to be analyzed. C.
reinhardtii intact mitochondria were prepared accord-
ing to Eriksson et al. (1995). These mitochondria were
assessed to be basically free of chloroplast contami-
nation by comparing the 2D-SDS-PAGE polypeptide
pattern of the different fractions obtained during the
purification procedure (Fig. 6).

The estimation of the molecular mass of proteins
from their migration on BN-PAGE is approximate
because this technique separates according to size
but also according to charge (Schigger and von
Jagow, 1991). It was inferred that the behavior of
OXPHOS complexes on BN-IAGE resembles their
physiological state in the mitochondrial inner mem-
brane at the time of solubilization. For yeast and
mammalian mitochondria, when low detergent ‘o

rotein ratios were used for solubilization, the asso-
ciation of different protein complexes in supercom-
plexes was revealed (Schigger and Pfeiffer, 2000).
These complex-complex interactions scem to retlect
functional associations that exist in vivo, the so-
called respirosome.

The resolution of the mitochondrial protein com-
plexes of C. reinhardtii in BN-PAGE was clearly dis-
tinct from the pattern obtained with Arabidopsis mi-
tochondria (Kruft et al, 2001). In all BN-PAGE

- experiments, C. reinhardtii complex 1 was found to

run mainly as a monomer. Two other forms could be
detected by activity staining: a minor form of high
molecular mass (1,500 kD) that probably corresponds
to a dimer and a subcomplex of 200 kD. In agreement
with the results of Cardol et al. (2002), the 200-kD
band represents a soluble fraction that contains the
hydrophilic 49- and 76-kD subunits of the complex I
peripheral arm. It is likely that the complex I mono-
mer represents the physiological state of this protein
in mitochondria because even in the most mild sol-
ubilization conditions, it was always found as a
monomer (Schigger and Pfeiffer, 2000). In addition,
complex I has been shown to associate with com-
plexes III and IV (Schigger and Pfeiffer, 2000). Nev-
ertheless, the 1,500-kD band in C. reinhardtii is
thought to represent only dimeric complex 1 because
immunoblot analysis of 2D-SDS-IPAGE with antibod-
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Figure 6. 2D-Gly SDS-polyacrylamide gels comparing difierent frac-
iions of the isolation procedure far mitochondria from the C. rein-
hardtii 84CW15 strain and the photosynthetic mutant BF3.F54.F14,
The indicated sample (350 ug tatal protein) was subjected to BN-
PAGE and to subsequent denaturing 20. The main mitochondrial
and photosynthetic complexes are indicated by arrows. LHC t and I,
Light-harvesting complex | and li: CF,CF, ATP synthase, chloroplast
ATP synthase. The first three panels cdrrespond to fractions ot the C,
reinhardtii B4CWI1 5 strain. A, P1, the first pellet after cell disruption
and centrifugation ar 2,000g. B. P2, Pellet abtained after centrifuga-
tion at 5,000 ef the supernatant resulting from the first centrifugation
that constitutes the crude mitochondrial fraction. C, Mitochondria,
purified by Percall density gradient cehtrifugation. D, Pellet £2 from
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ies against subunits of complexes 111 and IV (Fig. 5)
never indicated the presence of supercomplexes. The
possible physiological role of dimeric complex 1 re-
mains to be established. -

Immunoblot analysis allowed the identification of
oligomeric forms of the respiratory complexes III and
IV (Fig. 5). The major form of complex III is a dimer
of 500 kD coexisting with a minor form of 1,000 kD.
In other organisms, complex Il is mainly present as
a dimer as well. It was found that the beef complex I1I
dimer is more active than the monomer (Nalecz and
Azzi, 1985). In addition, cytochrome ¢ binds to only
one recognition site of the dimeric yeast be, complex
(Lange and Hunte, 2002), and the dimeric yeast bc,
complex oxidizes ubiquinol by an alternating, half-
of-the-sites mechanism (Gutiérrez-Cirlos and Trum-.
power, 2002).

Antibodies against the COXIIB subunit of the col-
orless C. reinhardtii relative Polytomella sp. showed
that C. reinhardtii complex IV is present mainly in a
240-kD form. In potato, the 160-kD monomeric form.
was predominant, but a portion of 230 kD was also,
present (Jinsch et al., 1996). The 240-kD form in C.
reinhardtii is smaller than the theoretical dimer (300 .
kD) and may represent a dimeric cytochrome ¢ oxi- -
dase exhibiting anomalous migration in BN-PAGE.
The crystal structure of beef complex IV is clearly
dimeric (Tsukihara et al., 1996), although solutilized
dimers are difficuit to maintain and easily dissociate
into monomers (Musatov et al., 200C). Also, mono-
mers have been reported to be more active than
dimers (Nalecz et al., 1983).

Although BN-PAGE allowed thie high resolution of
several C. rcinhardtii OXPIHOS comnplexes, other pro-
teins, such as complex 1I, the AOX, and the ADP/
ATP carrier, ran as diffuse bands or smeared along
the gel. The patterm on 2D-SDS-PAGE for the ADF/
ATP carrier suggested that it was present on the first
dimension’ either in multiple oligoineric forms, as
partial aggregates, or both (Fig. 2). The AOX, a
membrane-bound protein, also aggregates under the
electrophoretic conditions applied. Surprisingly, the
same is true for the aconitase, which is clearly a
soluble protein. The high resolution of some com-
plexes, along with the aggregation of some other
proteins under the same conditions, might be an
inherent property of BN-PAGE. With this technique,
it was claimed that several mitochondrial dehydro-
genases in yeast form supramolecular complexes
(Grandier-Vazeille et al., 2001). I lowever, care must
be taken to distinguish supercomplexes ' from con-
tamination that originates from smeared proteins.
The comigration of proteins in discrete regions of
BN-PAGE may reflect a contribution of aggregates

the triple photosynthetic rmutant BF4.F54.F14. This mutant was
treated with N-cetyltrimethylammonium bromide (CTAB) to enable
cell rupture by glass beads. as indicated in “Materials and Methods.”
The black bold arrow indi the position of complex .
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and not necessarily indicate in vivo associations. The
associations should exhibit a certain stoichiometry,
and the conclusions should be corroborated using an
independent method, i.e. cross-linking, gradient cen-
trifugation, or gel filtration experiments.

C. reinhardtii Mitochondrial Complex V Is Atypigal

C. reinhardtii complex V is resolved on 2D-SDS-
PAGE into at least 13 distinct subunits (Funes et al.,
2002; this work), comparable with 13 subunits in beef
(Schigger and von Jagow, 1991), in potato (Jénsch et
al.,, 1996), in Arabidopsis (Kruft et al., 2001), and in
Polytoniella sp. (Atteia et al., 1997; A. Atteia and R,
van Lis, unpublished data). This work allowed the
identification of subunits gamma (31 kD), delta (24
kD), and ATPY (7 kD). These subunits do not exhibit
amino acid extensions as do the alpha- and beta-
subunits (Atteia et al., 1992; Franzén and Falk, 1992;
Nurani and Franzén, 1996). In contrast to mitochon-
drial. ATP synthases frem plant or mammalian
sources, the gamma-subunit in C. reinhardtii (31 kD)
is not the third largest protein of the complex because
three unidentified proteins of 45, 38, and 35 kD were
present in the polypeptide pattern of complex V.

When using 2D-SDS-PAGE supplemented with 8 m
urea, an additional ¢O0-kD polypeptide was resolved
from C. reinhardtii complex” V separated on BN-
PAGE. This polypeptide, named MASAP, was previ-
ously found to be asscociated with C. reinhardtii com-
plex V isolated by Suc density gradients (Atteia,
1994). Because solubilization was performed with 5%
(w/v) Tritorn X-100 and the gradients contained 0.5 M
potassium phosphate and 0.2% (w/v) Triton X-100, it
can be concluded the MASAP tightly interacts with
complex V. The previousiy reported N-terminal
amino acid sequence of MASAP (Atteia, 1994) was
confirmed in this work, and the complete sequence of
the corresponding cDNA was obtained. The deduced
amino acid sequence did not show similarity to other
mitochondrial proteins in the databases. Yet, its pre-
sequence has all the characteristics of a mitochon-
drial targeting sequence. A 66-kD protein, identified
as the HSP66 chaperonin, has been found associated
to yeast AT synthase (Gray et al., 1990). However,
MASAYP does not show any similarity to heat shock
proteins, making it unlikely to be a chaperonin.

Assuming that the 14 proteins in C. reinhardtii are
genuine constituents of complex V, the expected
monomer of this complex would be 740 kD. Never-
theless, this complex exhibited the lowest electro-
phoretic mobility on BN-PAGE with an estimated
molecular mass of 1,600 kD. In contrast, monomeric
complex V from yeast, plants, and mammalis has a
molecular mass of 550 to 580 kD on BN-PAGE
(Schigger, 1995; Jinsch et al., 1996; Arnold et al.,
1998; Kruft et al., 2001). Also, the C. reinhardtii chlo-
roplast ATP synthase exhibited a molecular mass of
500 kD (Fig. 6). On the same gels, the mitochondrial

and chloroplast ATP synthases of the green alga
clearly behaved differently. In addition, both specific
staining and immunolabeling could not reveal the
presence of a mitochondrial F;-ATP synthase moiety.
This also contrasts with BN-PAGE analysis of plant,
trypanosomatid, and mammalian mitochondria,
which invariably revealed the presence of dissociated
F,-ATP synthase particles (Schigger and von Jagow,
1991; Jinsch et al., 1996; Kiigler et al., 1997; Maslov et
al., 1999; Singh et al., 2000; Kruft et al., 2001). Clearly,
the behavior of C. reinhardtii complex V on BN-PAGE
differs from the ones observed in other organisms.
Complex V dimers have been observed on BN-
PAGE with mammalian and yeast mitochondria but
only as a small fraction of the total amount. In the
case of yeast complex V, dimeric forms were ob-
served when mitochondrial membranes were solubi-
lized with low detergent to protein ratios. Three ad-
ditional small subunits—g, h, and Tim 1l1—are
believed to be involved in the dimerization of the
yeast complex (Arnold et al., 1998). Altogether, our
data strongly suggest an unprecedented strong
dimerization of C. reinhardtii mitochondrial complex -
V and an uncommon resistance to dissociation of the
F, sector. We hypothesize that MASAP, by itself or in
conjunction with the three unidentified proteins of
45, 38, and 35 kD. participate in the formation of
highly stable complex V' dimers in C. reinhkardtii. Also,
the unique amino acid extensions identified in the
alpha- and beta-subunits (Franzén and Falk, 1992;
Nurani and Franzén, 1996) could play a role in the .
dimerization of complex V. -

The Core Proteins in C. reinhardtii Complex 111

In eukaryctes, complex 1l has core | and core 11
subunits, two mitochondrial matrix-exposed proteins
not involved in electron transfer. In plants, these
proteins function as a MPP, and may have originated
from a protease that was integrated into the bc; com-
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. reinhardtii was shown to be
soluble (Nurani et al., 1997). Also, complex IIl of
Polytomella sp., a non-photosynthetic relative of C.
reinhardtii, is proteolytically inactive (Brumme et al.,
1998). In this work, we identified C. reinthardtii core 1
subunit and determined its complete sequence using
the ChlamyEST database. The deduced protein ex-
hibits similarity to beta-MPP and core 1 subunits
from different organisms. Core 1 exhibits the com-
plete inverse zinc-binding motif (HXXEH), which
was shown to be essential for the proteolytic activity
of MPP in rat mitochondria (Kitada et al., 1995). The
core I of C. reinhardtii has the beta-MPP consensus
sequence (Braun and Schmitz, 1995b), except for a
single Arg to Lys substitution at position 175. How-
ever, this substitution is unlikely to be responsible of
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the lack a beta-MPP activity. In addition, the pro-

posed core Il sequence derived from the ChlamyEST .

database did not exhibit the consensus sequences for
alpha-MPP. This raises the possibility that the MPP
activity in C. reinhardtii could be organized as in N.
crassa (Hawlitschek et al., 1988), with the core I 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. reinhardtii was shown to exhibit proteolytic
activity. It is likely that the preparation of this soluble
fraction by sonication might have caused a certain
level of dissociation of the core 1 subunit from com-
plex III, giving rise to the observed soluble MPP
activity.

C. reinhardtii Complex IV

This work provides new insights into the subunit
composition of complex 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 COXI1l is a heterodimer, as previ-
ously shown for Polytomella sp. (Pérez-Martinez et al.,
2001). In contrast to Polytomella sp., C. reinhardtii
COXIIA and COX!B subunite are well separated on
15% (w/v) Tricine-SDS polyacrylamide gels. The
N-terminal sequence of C. reinfiardtii COXIII and
COXIIA determined in this study confirmed the pre-
diction of the cleavage site in the preproteins. How-
ever, the sequence determined for COXIIB does not
coincide with the N terminus predicted from the
gene (Pérez-Martinez et al., 2001). This sequence wras
found to correspond to an internal sequence starting
at residue 96 of the deduced mature protein. The
same internal sequence was determined for COXIIB
from Polytomclla sp. (Pérez-Martinez et al.,, 2001). It
was suggested that the COXIIB N terminus is
blocked and that the observed sequence represents a
region of the protein that is cleaved during Edman
degradation. Three additional subunits of C. rein-
hardtii complex IV (COXVIb, COXVIa, and COXVb)
were also identified. COXVb sequence is atypical
because its first 40 residues and the last 40 residues
show very poor similarity with is mammalian coun-
terparts. Also, the first 60 residues of C. reinkbardtii
mature COXVib did not show any sirnilarity to other
COXVIDb subunits; this extension accounts for the fact
that the green algal COXVIb has a molecular mass at
least twice that of typical COXVIb subunits. The
N-terminal sequence of COXVIb is characterized by a
high content of Pro and charged residues, with a
highly acidic theorectical pl of 4.39. The atypical se-
quences of some constituents of C. reinhardtii com-
plex 1V raise questions on the assembly and interac-
tions of the complex 1V subunits in the inner
mitochondrial membrane.

Plant I'hysiol. Vol. 132, 2003 .
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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 comprehensive study of the effect
of growth conditions, mutations, and other factors
that can influence biogenesis and metabolism. This is
exemplified by the resolution of the chloroplast com-
plexes together with their mitochondrial counter-
parts and by the analysis of the BF4.F54.F14 mutant
strain. Among the many mutant strains available in
C. reinhardtii, only few have becn characterized at the
biochemical level (de Vitry and Vallon, 1999; Duby et
al.,, 2001). The impact of mutations in nuclear and
organellar genes is likely to be better understood
using a proteomic approach. The method developed
in this work to isolate intact mitochondria from
strains that have cell walls using CTAB makes BN-
PAGE studies amenable for any C. reinhardtii mutant
or wild-type strain.

We presented a partial catalog of the C. reinhardtii
mitochondrial protecome based on BN-PAGE. With
this approach, the behavior and composition of pro-
tein complexes was revealed, novel proteins were de-
scribed (MASAP), some unusual structural features
of proteins encoded by previously characterized
genes were demonstrated (COXIIA and COXIIB), and’
novel predictions were made based on newly ob-
tained sequences (cores I and Il). With the genome
project of C. reinhardtii approaching finalization, a
more complete picture of the mitochondrial pro-
tecome may be obtained.

MATERIALS AND METHODS
Cell Growth and Isolation of Mitochondria

AN Chlumudomonas reinhardtii stiains were grown at 23°C to 26°C in
Tris-acetate phosphate medium (Hairis, 1989) in continuaus light and agi-
tatior. For the cuil wall-less strain 84CWi5, the i was suppl d
with 1% (w/v) sarbitol. ) chondria from 84CW15 cells were isolated in
their late jal g h phase as described by Erib etal. (1995). To
isolate mitochondria from strains containing cell walls, the cells"were resus-
pended in washing buffer (20 ma HEPES [pH 7.2]) to a concentration of 50
mg wet weight ml~ ! Subsequently, 53 um CTAB was added from a 10 mm
stock solution, and the cells were incubated at room temperature with
agitation for 5 min. Before cell disruption with glass beads, the cells were -
diluted 5-fold and washed twice in washing buffer. The major portion of the
orange precipitate that formed on top of the pellet of the second centrifu-
sation af the mitochondrial purification procedure (Eriksson et al., 1995)
was removed by pipetting and discarded; this enabled the application of the
sample to BN-DAGE. A

BN-PAGE

Sample preparation and BN-’AGE were carricd out as described by
Schigger and von Jagow (1991) with the following modifications: Isolated
mitochondria or other cell fractions werc first d with 0.25 m bitol
and 15 mm Bis-Tris (pH 7.0) and then resuspended in sample buffer (50 mm
Bis-Trix and 0.75 M amino caproic acid [pH 7.0]). Pure muochondria (final
protein concentration of 5 mg mL™*) was solubilized in the presence of 1%
(w/v) n-dod, ide. Other fi were b dinthe p
of 2% (w/v) n-dodecyl maltoside at the same protein concentration. From

s drial £ f

of cell un ing strains that were pretreated
with CTAB, any wsidual ovarge precipi were, d during the
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washing steps and also after The was carried

72°C. The fragment was cloned into the pGEM-T easy vector (Promega,
Madi: ‘WT) and seq! using the T7 and SP6 primers. The amphlu-d

out with samples prepared the same day. Once i the

could be stared on ice at 4°C up to a week, Linear polyacrylamide gradionts
varied from 5% to 10% to $% to 15% (w/v). To minimize protein aggrega-
tion in the sample wells or in the gel, the stacking gel was poured imme-
diately onto the resolving gel before it poly For

either the Vertical Gel Electrophoresis System VI6 (4-5-h run at 20-25 mA;
Gibco-BRL, Cleveland) or the Bio-Rad Mini Protean II system (1 h run at 15
mA; Bio-Rad Laboratories, Hercules, CA) was used. No prerun was
performed.

Specific Staining of the OXPHOS Complexes

Covalently linked hemes were d on SDS-p "yl de gels by
their peroxidase activity in the presence of 3.3°.5, %'-n.tramcthylbcnz:dmc
(Thomas ct al., 1976). Other specific stainings were carried out directly on
the blue gel lancs. NADH dehydrogenase activity was detected in 100 mat
Tris-HC) (pH 7.4) containing 1 my mL~! NBT and 100 mm NADH (Kuonen
ot al., 1986). Succlnnte dehydrogenase activity was assayed in a buffer

I3 mMm p buffer (PH 7.4). 100 mar sodium succinate, 200
am phenazine methosulphate, and 2 mg mL™! NBT (ung ct al., 2000).
ATPase activity was located in situ by the method of Horak and Hill (1972),
incubating the lane of BN-PAGE overnigh: in 10 mat ATP and 30 mm c.1<:12
in 50 mam HEPES (pH 8.0).

2D-Tricine-SDS-PAGE

Entire lanes from BN-PAGE were used to resolve the subunits in the
2D-Tricine-SDS-PAGE (15% [w/v] acrylamide) as described by Schagger
and von Jagow (1991). Alternatively, Gly-SDS-PAGE (15% [w/v] acryl-
amide) was used (Lacmmli. 1970). Where indicated, 2D-Tricine-SDS-PAGE
was run in the pn.-scncc o- 8 m urea. Apparcnt molecular masses svere

imated using Bench protein standards tInvitrogen. Carlsbad, CAj.

Protein Analysis

Protein :nnccnrr.\tu.ns were determined as dc<mbed by Markwell et al.
(1978). € hi h were | i 1 using methanol
and chlorotorm (Wessel and Flugge, 1984) before protein determination.
Afier pr 5 were Ted onto
(Bio-Rad) or Pmmm |.u—nbram-q (Amersham-Phanmacia Biotech, Uppsala)
using 30 mm H3BO, and 50 ma Tris (no pH adjustment} as transfer buffer
(tank transter system). Iimmunndetection weas carried out using the ECL kit
(Amersham-Pharmacia Biotech) or the Pico kit (Picrce Chemical, Rockford,
IL). The antisera used were raised against C. reinthardtii AOX (sce below),
Neumq-am crassa core | subunit, and thc COXUB and bota-ATP synthase
of Ha sp. For N 1 ing, the bands of the
protein complexes resolved by BN-PAGE were excised from preparative
gels. The slices were incubated in cathode buffer containing 1% (v/v)
A-merzaptocthanol for 20 min, rinsed with cathode buffer, and loaded as a
stack on top of a Tricine-SDS-PAGE. N-terminal analysis of electroblotted
proteins onto polyvinylidene difluoride membranes was performed by au-
at the Facutty of Medicine, Universidad Na-
cional Auténoma de México (LF 3000 Beckman sequencer. Beckman Instru-
ments, Fullerton, CA) or at the Institut Pastenr, Paris (P'rocise 494 or 473A
sequencers, PE-Applicd Biosystems, Foster City, CA), all equipped with
on-line HPLC apparatus. Internal sequencing after trypsinolysis was carried
out as previously described (Attoia ot al, 1997).

Cloning of the cDNA Encoding the MASAP

Using the degenerate oligodeoxynuclotides 5°-TAC GT(G/C) AC(G/C)
GC(G/C) CTG/C) AAG G-3° and 5" -C‘I"C CTG CTC G/C) GC (G/O) C
GGA AC-3, d on the N 1and I amino acid sequences

. of MASAP, = PCI‘ pl’oduct of 1, 173 bp was obtained using as template a
mass pr from a AZAP II cDNA library of C.
inhardtii. S. were d for 5 min at 95°C and subjected to three
cycles of 30—» dcrmturaﬂnn at 95°C, 40 s of annevaling at 62°C, and 2-min
extension at 72°C, followed by 32 cycles of 30-s denaturation at 95°C, 40 s of

-AOX Carboxy T

is

DNA fragment was used to screen the ¢ONA library of C. reinhardtii. A
nd The

cDNA of 2.4 kb was obtai: a
uv-ihble at the GenBank/EBI Data Bank (accession no. A]441255).

i O i and

Antibody Production

Primers were designed based on the the irth ii Aox1
gene (accession no. AF352435): 5'-GAC GAG c1C CI'G CrG TCG CCC CGC
AC-3‘ and 5"CTG AAG CTT GGG CAG CTG GCT GGC GC-3". Underlined
are the added Sacl and HindIII restriction sncs PCR ampllﬂcallun with Taq
polymerase was done using as’a

by mass excision from a A ZAPIl C. remhardxll cDNA hbrarv Samples were
denatured for 5 min at 95°C and subjected to three cycles ‘of 30-s denatur-
ation at 95°C, 40 s of annealing at 62°C, and 1-min extension at 72°C,
followed by 32 cycles of 30-s denaturation at 95°C, 40 s of annealing at 64°C,
and 1-min extension at 72°C and a last 10-min extension at 72°C. The 360-bp
product was cloned into the restriction sites Sacl and HindIll of the pQE30
vector {Qjagen USA, Valencia, CA), and the C-terminal region of the AOX
protein of 11 kD containing a six- res-du._ His tag was ovcrcxpmsed and
purified using a nickel cid d to the
’s instructi The punhcd ovcrexpresscd C-h.'rn\lna] AOX

fragment was usced to raise antibodics in a rabbit.

Sequence Analysis in Silico

Protein sequences were obtained from ENTREZ at the NCBI server
{www.ncbi.nlm.nih.gov), and alignments were made with the FASTA pro-

- gram (vega.igh.cnrs.fr/bin/fasta-guess.cgi). EST clones of C. reinhardtii

iology.duke.
wers

were obtained from the ChlamyEST d. (hltp:/w\v“"‘

edu/chalmy) using the WU-TBLASTN program. )

done with Clustalw (Thompson ct al., 1594; M'archlaunchur.bm\ tmc.edu).
l and pl were done with the compute pl/

molecular mass tuol (Bjellgvist et al., 1992), and the prediction of intracel-

lular sorting was done with the Targe:P V1.0 program (Emanuelsson et al.,

2000). both from the ExPASy Molecular Biology Server (www.expasy.ch).

Note added in proofs

Revcent data on the bovine hearl complex [ indicate & molecular mass of
over 900 kDa instead of 750 kDa. as mentioned in this work (Coarroll et al.,
2002). This would modify the 1a of the bands on
BN-PAGE, corresponding to the C. reinhardtii Pl land V, to
1000 &Da and 2000 kDa, respectively.
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Articulo 1l

ARTICULO I

Polytomelia sp. growth on ethanol.
Extracellular pH affects the accumulation of mitochondrial cytochrome cCsso-

Atteia, A., van Lis, R., Ramirez, J. and Gonzalez-Halphen, D. (2000)
’ Eur J Biochern 267, 2850-2858

RESUMEN

El alga incolora Polytomella sp. crece en etanol como unica fuente de carbono a pH
acido; obteniéndose mayores densidades celulares a un pH cercano a 3.7. El analisis
espectrofotomeétrico de las células crecidas en etanol indicé que la intensidad del pico de
absorbencia a 5§52 nm (citocromos de tipo ¢) 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 (667nm) y & (606nm). En geies de poliacrilamida-SDS tefiidos con
TMBZ, se observd una mayor acumulacién de un citocromo ¢ de bajo peso molecular (12kDa) en
las células crecidas a pH 3.7. Tomando en cuenta que : 1) este citocromo preserta una reaccién
cruzada con un anticuerpo dirigido contra el citocromo ¢ soluble de C. reinnhardtii; 2) la secuencia
de un fragmento interno del citocromo de Polytormella sp. se encuentra en los citocromos ¢
mitocondnales; 3) {os espectros absolutos (oxidado, reducido con ascorbato) de este citocromo
purificado son tipicos de los citocromos ¢ solubles, se concluyd que el pH extracelular afecta e!
nivei de acumulacion del citocromo ¢ mitocondrial en el alga incolora Polytomella sp. Un
experimento de hibridizaciéon tipo Northern utilizando como sonda el DNA que codifica al
citocromo ¢ mitocvondrial de C. reinhardlii (cyc), revelé una mayor acumulacion 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 oxigeno en presencia o en
ausencia de inhibidzres de transportadores de electrones de la cadena respiratoria clasica.
Nuestros datos indicaron que el consumo de oxigeno de las mitocondrias aisladas de células
crecidas a pH 3.7 es 20% mas alto que el consumo de oxigeno de las mitocondrias aisladas de

células crecidas a pH 6.0, independientemente del substrato utilizadc.
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Articulo 11}

ARTicULO 1t

subunit of the F,F; ATPase is encoded by
o Inhardtii

The typically mitochondrial DNA-encoded ATP6
. & nuclear gene in Chlamy

Funes S, Davidson E, Claros MG, van Lis R, Pérez-Martinez X, Vazquez-Acevedo M, King MP
and Gonzalez-Halphen D (2002)

J Biol Chem 277, 6051-6058

RESUMEN

El gen atp6, que codifica por la subunidad ATP6 del complejo F,Fo ATP sintasa, se
encuentra en el genoma mitocondrial de la gran mayoria de los eucariontes. Sin embargo, el gen
atp6 esta ausente en el mtDNA de algunos protistas, como el alga verde Chlamydomonas
reinhardtii. Se obtuvieron las secuencias genémica y de traduccién del gen atp6 de C. reinhardlii,
utilizando PCR, 5-RACE y 3'-RACE. El yen atp6 de C. reinhardtii se encuentra en €l genoma
nuclear y presenta caracteristicas tipicas de los genes hucleares: presencia de intrones, un uso
de codones nuclear, y una sefial de poliadenilacion. Se confirmé que el producto del gen afp6
forma parte ael compiejo F,Fy ATP sintasa. La proteina ccdificada por el gen ato6 presenta una
presecuencia de 107 aminoacidos. La hidrofobicidad promedio de la proteina es mas baja en las
regiones transmembranaies de la proteina que no participan en el transporte de protones y que
no son criticas en los contactos subunidad-subunidad. Nuestro trabajo reporta por primera vez
una proteina mitocondrial de mas de dos cruces transmembranales que participa directamente i

en la translocacién de protones y que es codificada por un gen nuclear.
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Articulo Iv

ARTICULO IV

Structure, organization and expression of the genes encoding
mitochondrial cytochrome ¢, and the Rieske iron-sulfur
protein in Chiamyd reinhardtii
Atteia, A., van Lis, R., Wetterskog, D., Gutierrez-Cirlos, E.-B., Ongay-Larios, Franzen, L.-G. and
Gonzalez-Halphen, D. (2003)

Mol Gen Genomics 268, 637-644

RESUMEN

Se determiné la secuencia y organizacion de los genes nucleares que codifican para dos
subunidades del complejo respiratorio bc, del alga fotosintética Chlamydomonas reinhardtii, 1a
proteina de Rieske (Isp) y el citocromo ¢, (Cyc1). Las réplicas tipo Southern indicaron que los
genes Cyc? y /sp se encuentran como copias Unicas en €! genoma de C. reinhardlii. En el gen
Cyc1 se encuentran seis intrones con un tamafo que va de 178 a 1134 pares de bases (pb). E!
gen Isp (1238 bp) contiene cuatro intrones pequefios de 83 hasta 167 pb. En armbos genes, lcs

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

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

consarvadas en uno de los intrones del gen Cyr?. Los niveles de expresiodn de los genes Isp y
Cyc? son comparables enire la sepa silvestre y la sepa rautante durn-1, l1a cual presenta una
delecién en el gen cob que codifica al citocromo b mitocondrial. Sin embargo, ni el citocromo ¢,,
ni las proteinas estructurales | and Il, 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
bci1 no se pueden ensamblar en las membranas mitocondriales en ausencia del citocromo b.
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Articulo v

ARTIiCULO V
Bifunctional aldehyde/alcohol dehydrogenase (ADHE) in chlorophyte algal mitochondria

Ariane Atteia, Robert van Lis, Guillermo Mendoza-Hernandez, Katrin Henze, William Martin,
Hector Riveros-Rosas and Diego Gonzalez-Halphen

RESUMEN

Los perfiles proteicos de mitocondrias aisladas del alga heterotréfica Polytomella crecida en
etano! a pH 6.0 y 3.7 fueron analizados en geles azules nativos y en geles desnaturalizantes de
potiacrilamida con SDS. El pH del medio de cultivo afecto ios niveles de acumulacion de ics
complejos mitocondriales que participan en la fosforilacion oxidativa. Los niveles de una proteina
abundante y soluble, de 85 kDa y de su correspondiente RNA mensajero, fueron mas altos a pH
6.0 que a piH 3.7. La obtencién de secuencias del extremo N-terminal y de péptidos internos de
la proteina mitocondrial de 85 kDa, permitiaron obtener y secuenciar el cDNA correspondiente.
La secuencia deducida permitio identificar a la proteina como una aldehido/alcohol
deshidrogenasa bifuncional (ADHE). Esta ADHE presenta altas simiiitudes con las ADHEs de
eubacterias y de protistas que carecen de mitocondrias. La proteina esta codificada como un
precursor que contiene una presecuencia de 27 aminocacidos que presenta caracteristicas tipicas
de las presecuencias mitocondriales. Un gen que codifica para un homologo de la ADHE también
fue identificado en el genoma del alga Chlamydomonas reinhardtii, una alga fotosintética cercana
a Polytomella. La ausencia de genes ADHE en arquecbacterias sugiere un origen eubacteriano
para ia enzima de las algas cloroficeas. La ADHE has sido hasta la fecha, una proteina
caracteristica de bacterias y de eucariotes anaerdbicos. La ADHE es una proteina esencial del
metabolismo energético en los protistas sin mitocondrias como Giardia intestinalis y Entamoeba
histolytica. Su abundancia y su alta expresion sugieren que la ADHE juega un papel importante
en el metabolismo mitocondrial del alga Polytomella, al menos en las condiciones estudiadas. La
presencia de una ADHE en un organismo aerdbico y su expresion 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 adaptacion a la vida anaerdbica.

Sometido a Journal of Biological Chemistry

TESIS CON
FALLA DE ORIGEN




Articulo VI

ARTICULO VI : REVISION

(] of mitochondrial function and biogenesis in plants and
green algae

Redox-mediated light reg

Robert van Lis and Ariane Atteia

RESUMEN

En las celulas fotosinteticas, la respiracion mitocondrial juega un papel importante no
solamente en la oscuridad, sino también en la luz. Recientemente, se han logrado avances
importantes en el enténdimiento del papel de las mitocondrias en la {uz. Es probable que los
efectos de la luz lleguen a los distintos compartimentos celulares, como la mitocondria o el
nucleo, por medio de varios mensajes redox originados en el cloroplasto. En esta revisién, 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 Photosynthectis Research
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Resultados adicionales

RESULTADOS ADICIONAL.ES (NO PUBLICADOS)

Figura A: SDS-PAGE de segunda dimension donde se comparan los complejos V de las
algas. Las mitocondrias puras de C. reinhardtii y de Polytomella sp. se extrajeron

con cloroformo.

Figura B: Alineamiento muitiple de secuencias de COXVIb de varios organismos.
Figura C: Alineamiento miultiple de las secuencias de COXVb de varios organismos.
Figura D: - Alineamientos multiples de la secuencia de COXVla de C. reinhardtii con las

secuencias de COXVa o COXVla de varios organismos.

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

Figura F : Gel de glicina-SDS-PAGE de sos dimensiones comparando los complejos I de
C. reinhardtii y Polytomella sp.

Figura G : Compéracién de los complejos respiratorios y especialmente del compejo IV de
C. reinhardtii y Polytomella sp. Se muestra también la separacién de Ias
subunidades COXlla y COXIib de Polytomelia sp.

Figura H : Analisis del contenido en citocromos en las mitocondrias de C. reinhardtii y
Polytornella sp.

Figura ! : Curvas de crecimiento de células de C. reinhardtii, cepa CW15, enlaluz y en la
cbscuridad.

Figura J : Fotos de microscopia electrénica de transmisiéon de células de la cepa CW15 de

C. reinhardtii, crecidas en la luz y en la obscuridad en los medios TAP y H3.
Figura K : Analisis de BN-PAGE en segunda dimensién de mitocondrias puras de C. -
reinhardtii, aisladas a partir de células crecidas en el medio H3 enlaluz y en la
obscuridad.
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Resultados adicionales
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Figura A1. . Gel de glicina-SDS-PAGE (15% de acrilamida) de segunda dimension de los
complejos V de C. reinhardtii (Cr) y de Polytomella sp (Ps). Mitocondrias aisladas y solubilizadas
fueron aplicadas en un gel BN-PAGE con un gradiente de poliacrilamida del 5 al 12%. Las
bandas del complejo V de la primera dimension fueron cortadas y utilizadas para la segunda
dimensién. Se observa que la MASAP de Polytomella sp. se separa de la subunidad beta,
mientras en C. reinhardtii este no es el caso. Parece que la MASAP de Polytomelia sp. tiene una
masa molecular mas ‘grande que la de C. reinhardtii. En el alga verde, para poder separar la
MASAP de la subunidad beta se requirié agregar 8 M de urea en el gel. Las proteinas por abajo
de !a subunidad alfa y arriba o alrededor de Ia subunidad gama son las proteinas adicionales del
complejo V todavia no identificadas. En C. reinhardtii, hasta 16 subunidades/proteinas 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 dimension en presencia de urea 8 M de las proteinas
extraidas con cloroformo a partir de mitocondrias puras de C. reinhardtii y mitoconudrias de
Polytomella sp. La extraccion con cloroformo libera la fraccion soluble de las mitocondrias, y
también la parte soluble F, del complejo V. A la fase acuosa de la extraccion se le adiciond n-
dodecil-maitésido al 1 %, azul de Coomassie Serva Blue G 0.25 %, y se cargd en un gel azul
nativo BN-PAGE. Se usé un gradiente de poliacrilamida del gel azul nativo del 5§ al 12 %. La
segunda dimension se llevé 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 proteinas no
identificadas no forman parte integral de la F, del complejo V en las dos algas.
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Resultados adicionales
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S.cerevisiae

C.reinhardtii
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A.thaliana
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Figura B. Alineamiento multiple de secuencias de COXVib de varios organismos. Esta

subrayada la extensién que se encuentra en plantas y en C. reinhardtii. S. cerevisiae, levadura

(Q01519); S. pombe, Schizosaccharomyces pombe (CAA21442); H. sapiens, humano (P14854);

B. taurus, bovino (PQ0429); 7. aestivum, trigo (AAM92706); O. sativa, arroz (BAB12338 ) A.

thaliana, Arabidopsis thaliana (BAAB7883); C. reinhardtii, Chlamydomonas reinhardtii

(BE122218, ChlamyEST).
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Resultados adicionales

Y
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A.thalians
C.reinhardtii

S.cerevisiae
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Seql Seq2 Seqg3 Sagd SeqsS Sug6 Seq7

q 1: S.ce. isiae 155 aa 100 46 34 25 27 21 i3

q 2 s.p D> 164 aa 100 38 27 22 24 16
Secquaence 3: M. tal'rus C an 100 85 37 3s 17
Saquence 4: H.saprians 129 aa 100 37 27 v
Sequence 5: O.sativa 169 aa 100 55 16
Sequance 6: A.thaliana 176 aa 100 17
Scquunce 7: C.reinharAtii 117 aa ico

Figura C1. Alineamiento multiple de las secuencias de COXVb de varios organismos (COXIV en
levaduras). Las cisteinas que estan involucradas en el enlace del atomo de zinc estan indicadas
con triangulos. En la secuencia de C. reinhardtii, ninguna de las tres cisteinas conservadas esta
presente. El porcentaje de similitud que guardan las secuencias entre si se indican en los
triangulos. S. cerevisiae, levadura (NP_011328); S. pombe, Schizosaccharomyces pombe
(P79010), H. sapiens, humano (P10606), B. taurus, bovino (P00428); ©O. sativa, arroz
(BAA12797); A. thaliana, Arabidopsis thaliana (AAM64879), C. reinhardtii, Chlamydomonas

reinhardtii (BG851120, ChlamyEST).
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Resultados adicionales

N

S.cerevisiae
S. pambe

B. taurus
H.sapiens
O.sativa
A.thaliana
C.reinhardtii

1: s, siae 52 aa 100 55 37 3s 34 32 26

2: sS.p 52 aa 100 41 a7 30 50
Saquence 3: B. taurus 51 aa 100 86 50 32 37
Sequaence 4: H.sapiens 51 aa 100 1) 50 a1
Sequance 5: O.sativa 53 aa 100 79 34
Saquence 6: A.thaliana 53 aa 100
Sequence 7: C.rcinhardtii 52 aa 100

Figura C2. Alineamiento multiple de las secuencias de COXVb de varios organismos (COXiV en
levaduras) mostrando unicamente la regién central, que es la conservada. La similitud de esta
parte en la secuencia de C. reinhardtii con las de animales es mas alta que con las secuencias
de plantas (vea el recuadro). El porcentaje de similitud que guardan las secuencias entre si esta
indicado con triangulos. S. cerevisiae, levadura (NP_011328); S. pombe, Schizosaccharomyces
pombe (P79010); H. sapiens, humano (P10606); B. taurus, bovino (P00428); O. sativa, arroz
(BAA12797); A. thaliana, Arabidopsis thaliana (AAM64879), C. reinhardtii, Chlamydomonas

reinhardtii (BG851120, ChlamyEST).
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Resultados adicionales

I*

B.taurus Va
H.sapiens Va
C.reinhardetii

B. taurus Va
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C.reinhardtii
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Figura D. 1, Alineamientv mililtiple de |la secuencia de COXVia de C. reinkardtii con las
secuancias de COXVa de animales. La region N-terminal de COXVia de C. reinhardtii (42 aa)
tiene una similitud mayor con las secuencias de COXVa de animales (31%) que con la parte C-
terminal (18% sobre 66 aa). 3) Alineamiento multiple de la secuencia de COXVia de C. reinhardtii
y las secuencias de COXVla de animales. En este caso, la parte C-terminal de COXVlia de C.
reinhardtii tiene una similitud mayor con las secuencias de COXVia de animales (25 % en los
ultimos 49 aa) que con la parte N-terminal (2% en los primeros 55 aa). B. taurus, bovino
(COXVa, P00426; COXVla, PO7471); H. sapiens, humano (COXVa, P20674; COXVla, Q02221);
C. reinhardtii, Chlamydomonas reinhardtii (COXVla; BG857268, ChlamyEST).
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Resultados adicionales
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Figura D. 3) Alineamiento multiple de la secuencia de COXVIla de varios organismos. La
secuencia de la COXVla parece no estar no muy conservada entre animales, plantas y
levaduras. 4) Alineamiento de COXVla de C. reinhardtii con la proteina homadloga a COX!Vva de
A. thaliana. La similitud entre las dos secuencias es de 32 % en los aminoacidos 18—88 de la
secuencia de C. reinhardtii. S.cerevisiae, levadura (CAA51479); S.pombe, Schyzosacharomyces
pombe (CAA20783); H. sapiens, humano (Q02221); B. taurus, bovino (P07471); A. thaliana,
Arabidopsis thaliana (AAK00391); C. reinhardtiii, Chlamydomonas reinhardtii (BG857268,

ChlamyEST).
TESIS CON
53 FALLA DE ORIGEN




Resultados adicionales

Figura E. Geles de glicina-SDS-PAGE (15 % de acrilamida) d2 segunda dimensién con
proteinas mitocondriales de C. reinhardtii, obtenidas a partir de células crecidas en medio de
cultivo (TAP) en la presencia y ausencia de cobre. La posicion original de los complejos en la
primera dimensién esta indicada por los niomeros romanos correspondientes. Los triangulos
abajo del gel también indican la posicién del complejo IV. A: Proteinas mitocondriales (350 ug)
de células de C. reiniiardtii crecidas en presencia de cobre en el medio de cultivo. B: Proteinas
mitocondriales (350 ng) de células de C. reinhardtii crecidas en ausencia de cobre en el medio
de cultivo. La disminucion en la acumulaci¢n del complejo IV en el proteoma mitocondrial es
notable cuando las células crecen sin cobre.
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- Resultados adicionales
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Figura F. Gel de glicina-SDS-PAGE (12% de acrilamida) de segunda dimensién con los
complejos il de C. reinhardtii (Cr) y Polytomella sp. (Ps). Mitocondrias aisladas de ambas algas
fueron aplicadas en geles de BN-PAGE con un gradiente de poliacrilamida del § al 12%. Las
bandas del compiejo IH de la primera dimensién fueron cortadas y utilizadas para la segunda
dimension. Los subunidades del complejo Il! 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 Il de C. reinhardtii, o
solamente se observa una banda adicional que no se separa adecuadamente de la banda que
coresponde a la subunidad Il. Los geles de glicina-SDS-PAGE separan mejor a las subunidades

con masas moleculares superiores a los 25 kDa. El gel fue tefiido con plata. i
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Resultados adicionales
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Figura G. Comparacion de los complejos respiratorios y especialmente del complejo IV de C.
reinhardtii (Cr) y Polytomella sp. (Ps). También se muestra la separacion de las subunidades
COXlla y COXIlb de Polytomella sp. 1) Mitocondrias puras y solubilizadas fueron aplicadas en
BN-PAGE (gradiente de 5-12% de acrilamida), para mostrar las diferencias entre los complejos.
La banda en Folytomella sp. que parece corresponder a la banda de complejo IV en C.
reinhardtii es en realidad la aldehido/alcoho! deshidrogenasa de tipo bacteriana (ADHE).
mientras el complejo IV en este alga verde forma dos o mas bandas delgadas de una masa
molecular mas pequeda que el complejo tV del alga verde (no visible en la figura). 2) Separacion
de las subunidades COX2a y COX2b del complejo IV de Polytomelia. Las dos proteinas fueron
detectadas por hibridacién tipo Western usando anticuerpos convencionales dirigidos contra
péptidos sintéticos basados en las secuencias de las dos subunidades de Polytomella sp. Las
dos subunidades se separaron en geles de tricina-SDS-PAGE (15% de acrilamida) en ia
presencia de 8M urea. 3) Perfiles de las subunidades de los complejos 1V de las dos algas en la
segunda dimension dée BN-PAGE en gales de tricina-SDS-PAGE (15% de acrilamida). Se puede
ver gue en el alga incolora, las bandas forman un barrido que indica la difusion del complejo IV
en la primera dimensién. Dicho barrido puede indicar multiples formas del complejo.
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Figura H. Analisis del contenido en citocromos en las mitocondrias de C. reinhardtii y
Polytormella sp. por espectrofotometria 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 Polvtomella sp. Las mitocodrias fueron aisladas de células de C.
reinhardti crecidas en el medio TAP (C.r.) y de células de Polytomelia sp. crecidas en acetato a
pH 6.0 (P.s.). Las mitocondrias se resuspendieron en fosfato de potasio 50 mM (pH 7.4) a una
concentracién de proteinas de 3.0 mg/ml para C. reinhardtii y de 6.0 mg/ml para Polytomella sp.
La reduccion de los citocromos se logré con la adicion de un poco de ditionita sélida. La barra
representa 0.02 unidades de absorbencia. 2) Geles de tricina-SDS-PAGE (15% de acrilamida) de
células enteras (100 pug de proteinas) de C. reinhardtii (C.r.) y Polytomella sp. (P.s.). Los geles
fueron tefidos con azul de Coomassie (C.B.) o con tetrametilbenzidina (Thomas y cols., 1978)
para visualizar la actividad de peroxidasa de los grupos hemo. Los asteriscos (*) indican la
posicion de los dos grupos hemo que pertencen al cloroplasto en C. reinhardtii, el citocromo f
(38kDa) y el citocromo bg (20kDa).
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Figura 1. Curvas de crecimiento de ceélulas de C. reinhardtii, cepa CW15 en luz y en la
obscuridad en el medio TAP y H3. Para medir la concentracion de las células, el cultivo fue
diluido 5-20x en una solucion de Lugol en 0.85 % NaCl o en una solucién de 0.85 % NacCl, pH
3.0 (utilizandc 10 mM acido tartarico como amortiguador). De esta dilucién de células, se
aplicaron 10 yl a un contador de células de Neubauer, haciéndose tres conteos independientes.
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Figura J. Micrografias electronicas de transmision de células de la cepa CW15 de C. reinhardtii,
crecidas en la luz y en la obscuridad en los medios TAP y H3. Las células fueron fijadas durante
lIa noche en 4% de! paraformaldehido, y las imagenes fueron tomadas de cortes a una
amplificacion de 5000x. El desarolio del cloroplasto, la acumulaciéon del almidén y la cantidad y
tamanio de las mitocondrias dependen de la luz y la concentracion de acetato. Las imagenes
fueron obtenidas por el Sr. Jorge Sepiulveda en ia Unidad de Microscopia Electronica del IFC.
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Figura K. Separacion de los complejos respiratorios en geles azules nativos BN-PAGE y la
resolucién de las subunidades de los complejos y de otras proteinas en geles de tricina-SDS-
PAGE (15 % de acrilamida) de segunda dimensién. 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 biogenesis mitocondrial entre las dos
condiciones experimentales. ADP/ATP, transportador de ADP/ATP; PDC, complejo de la piruvato

deshidrogenasa. .
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DISCUSION

Aislamiento de las mitocondrias de las algas C. reinhardtii y Polytomella sp. y su andlisis

en BN-PAGE

En el pasado, se han realizado pocos estudios bioquimicos de las mitocondrias de algas
cloroficeas, debido a que entre otras cosas, es dificil aislar organelos intactos en cantidades
suficientes. El protocolo para aislar las mitocondrias de las algas C. reinhardtii y Polytomella sp.
que se utilizé en este trabajo consiste en la ruptura de las células con perias de vidrio, seguida
por dos centrifugaciones y para el caso del alga fotosintética, un gradiente de densidad en
Percoll (Figura 12, Introduccion) (Ericksson y cols., 1995). Los intentos de purificar las
mitocondrias del alga incolora en gradientes de Percoll dieron resuitados 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 composicion de
los organeios, quiza en el contenido de acidos grasos y/o de proteinas.

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 mas importantes
es la ruptura con perlas de vidrio. La ruptura de las células sacudiendo manualmente la

suspension celular en presencia de las perlas, resu!td siempre mas eficiente que agitando con un

vortex. Sin embargo, resulta mas dificil controlar la ruptura de las células sacudiendo Ia

suspensidn con la mano: se corre el riesgo de rompertas demasiado y de aumentar asi la
contaminacioén por material fotesintético, ya que las membranas de los tilacoides se pegan a las
mitocondrias y/o form2n una red que atrapa a las mitocondrias. Si esto sucede, la mayoria de las
mitocondrias contaminadas no entran al gradiente, perdiéndose hasta un 90 % del material iotal.
De un litro de medio de cultivo mixotréfico (células crecidas en luz y en presencia de acetato).se
obtuvé en promedio de 2 a 3 mg de proteinas mitocondriales. Obviamente, los bajos
rendimientos en las preparaciones mitocondriales de C. reinhardtii afectan la investigacion
biogquimica de este organeio.

La pared celular de las células silvestres de C. reinhardtii es demasiado resistente como
para romperse con las perlas de vidrio. Para debilitar la pared celular, se utinzdé 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. reinhardtii (sin o con pared celular) implica un
aparato llamado BioNeb nebulizador (Glas-Col, Terre-Haute, IN) que scmete a las células a un
flujo de nitroégeno y las rompe al impactarias contra una superficie. La presién del gas determina
la fuerza aplicada para romper las células, y dependiendo del crganismo y probablemente de la
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cepa, esa presion 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 Polytomella sp. fueron solubilizadas con el
detergente n-dodecil-maltdsido 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 mas dificiles de resolver en la primera dimensién nativa. Los problemas con
las mitocondrias del alga posiblemente se deben a su distinto contenido en acidos grasos y/o
protelnas (revisado por Daum, 1985), pero también a la cantidad importante de proteinas 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
numero de componentes (véase la Introduccidn), 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 proteina mitocondrial de C. reinhardtii que de bovino o de papa.

Una buena resolucién de los complejos mitocondriales del alga verde sigue siendo un
asunto que muestra una gran variabilidad experimental, y que también parece depender de las

condiciones de crecimiento de las células.

Hallazgos novedosos de los complejes OXPHOS de C. reinhardtii

Utilizando principalmente e! método de BN-PAGE y SDS-PAGE de dos dimensiones,
logramos una descripcion bioquimica general de los principales complejos respiratorios y de
varias otras proteinas 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 logré identificar un numero substancial de

subunidades de los compiejos proteicos mitocondriales.

El caracter atipico del complejo V

Las inmunorréplicas tipo Western y ensayos de actividad enzimatica 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 (Articuio 1). Ese dato contrasta

significamente con lo que se ha observado para el complejo V de diferentes organismos, como
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mamiferos, levaduras o plantas, solubilizado con el mismo detergente (n-dodecil-maltdsido)
(Schagger y von Jagow, 1991; Jansch y cols., 1996; Schagger y Pfeiffer, 2000). De hecho, en
practicamente todos los organismos, el complejo V migra en geles nativos en multiples formas,
siendo las formas ma)}oritarias el monémero FiFo de S00-600 kDa y el subcomplejo F, (350-400-
kDa). Para observar en geles azules nativos el dimero del complejo V de Saccharomyces
cerevisiae o de bovino, la solubilizacién de las mitocondrias se tiene que hacer con bajas
concentraciones de un detergente suave, como Tritdn-X100 o digitonina. Esos dimeros
representan solamente una fraccién del complejo V total en geles azules (Arnold y cols., 1998;
Schagger y Pfeiffer, 2000). Por eso, la asociacion dimeérica del complejo V en el alga verde
parece ser mucho mas fuerte que en los otros organismos estudiados hasta la fecha. Se sabe
que la asociacién del complejo V en dimeros juega un papel importante en el control de la
biogénesis de la membrana interna mitocondrial, en particular en la formacién de las crestas

mitocondriales (Paumard y cols., 2002).

La banda que corrresponde al! complejo V de C. reinhardtii en geles nativos fue
analizada en geles desnaturalizantes de segunda dimensién (Figura A1, resultados adicionales).
De las mas de 13 proteinas separadas en esta segunda dimensién, seis fueron identificadas
como subunidades genuinas del complejo V. Esas proteinas son las subunidades 8 (60-kDa); a
(52-kDa); vy (31-kDa); 0 (24-kDa); ATP6 (21-kDa) y ATP9 (7-kDa). Las otras proteinas presentes
en |la banda del complejo V, en particular !la proteina de 60.5 kDa denominada MASAP
(Mitochondrial ATP Synthase Associated Protein) (Articulo 1) y las proteinas que tienen un peso
molecular entre 50 y 30 kDa (45, 38 y 35-kDa), no pudieron ser identificadas. La determinacion
de sus secuencias amino-terminaies permitid la busqueda de sus genes en |la base de datos
ChlamyEST. Ninguna de las secuencias de aminoacidos obtenidas (Apéndice 1) presenta
similitudes con las subunidades de los complejos V mitocondriales © con otras proteinas en los
bancos de datos disponibles a la fecha. .

Es interesante hacer notar que la MASAP y la proteina de 45-kDa fueron reportadas en
otras preparaciones enriquecidas en el complejo V de C. reinhardti. Por ejemplo, una
preparacion obtenida a partir de membranas totales del alga después de la separacién de los
complejos proteicos en gradientes de sacarosa (Atteia, 1994). En esos gradientes, el complejo V
sedimenta entre los complejos | y I, lo que podria significar que este complejo esta presente en
su forma monomérica. La disociacion del dimero del! compiejo V podria deberse a las altas
concentraciones de detergente y de sales utilizadas para solubilizar a las proteinas membranales
(5% Triton X100 y 0.5 M de fosfato de potasio). Las proteinas de 45, 38 y 35-kDa también fueron
identificadas por su secuencia amino-terminal en una fraccién de complejo V solubilizado en la
presencia de dodecil-maltésido y purificadas en una columna de intercambio aniénico (Nurani y
Franzén, 1996). Parepe entonces que la MASAP y las proteinas de 45, 38 y 35 kDa estan
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estrechamente asociadas con el complejo V. Su participacién en la estructura y funcidn del
complejo V quedan por ser explorados.

La parte soluble del complejo V de C. reinhardtii, obtenida a partir de mitocondrias
extrafdas con cloroformo, fue analizada en BN-PAGE. El perfil de segunda dimension mostro la
presencia de las subunidades a, 8, v ¥y 6, que son constituyentes tipicos de la F, (Figura A2,
resultados adicionales). Ni la MASAP ni las proteinas adicionales se encontraron asociadas con
la F;. Posiblemente, estas proteinas forman parte del sector F, membranal, o bien, su asociacién

con el sector F; no es lo suficientamente fuerte.

También es importante recordar que las subunidades a y B del complejo V en C.
reinhardtii son mas grandes que las subunidades correspondientes de plantas, mamiferos y
levaduras (Franzén y Falk, 1992; Nurani y Franzén, 1996). La subunidad a presenta en su
extremo amino-terminal una extensién de 20 aminoacidos, mientras que la subunidad B muestra
a su extremo carboxilo-terminal una extensién muy hidrofilica de 60 aminoacidos. El papel de las
extensiones en las subunidades a y B no ha sido investigado hasta la fecha. La MASAP parece
estar presente en el complejo V en la misma estequiometria que las subunidades a y B (Articulo
1, Figura A1 de lcs resultados adicionales). Esto podria indicar que la MASAP interactta con
estas dos subunidades, por medio de sus extensiones; esta supuesta interaccion no resistiria !a
disociacion inducida por el cloroformo. E! caracter dimerico del complejo V del alga verde es
posiblemente una consecuencia de fa interaccion de la MASAP entre si o con otras proteinas

desconocidas.

Uno se pregunta porqué una dimerizacion tan estable es necesaria para la complejo V
del alga C. reinhardtii, 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 dimerizacion del
complejo 'V es tan fuerte in vivo como in vitro (BN-PAGE). Se requeriran estudios bioquimicos
mas avanzados para determinar Ia actividad, la regulacion, ta estabilidad y la estructura de este
complejo. EI complejo V en las algas cloroficeas representa un reto para él futuro. Sin duda, sera
interesante tener mas informacion sobre la funcién y éstructura del complejo V en relacién con el

ambiente metabdlico.
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Caracteristicas singulares de algunas de las subunidades y de la estabilidad del

complejo IV de C. reinhardtii

.Como se mencionéd en la introduccién, varios de los genes que tipicamente se
encuentran localizados en el genoma mitocondrial, no estan presentes en el genoma
mitocondrial de las algas unicelulares C. reinhardtii y Polytomella sp.; tal es el caso de {os genes
nadal., cox2, cox3, atp6 y atp8. Dichos genes se encontraron en el DNA nuclear de estas algas

(Pérez-Martinez y cols., 2000; 2001; Funes, 2002; Artfculo IiI).
El hecho de que la subunidad COXIl, normalmente codificada por un solo gen

mitocondrial (el gen cox2), esté codificada en C. reinhardtii por dos genes nucleares (cox2a y
cox2b) (Pérez-Martinez y cols., 2001) fue un resultado inesperado. En SDS-PAGE, la subunidad
COXIl de bovino corre como una proteina de masa molecular aparente de 26 kDa (Steffens y
Buse, 1979) mientras que en el perfil de las subunidades del complejo IV de C. reinhardltii no se
puede distinguir una banda dentro de los mismos limites de masas molecuiares (Articulo |). Los
datos moleculares rebortados anteriormente acerca del gen cox2 fragmentado en C. reinhardtii
fueron completados en este trabajo con la caracterizacién de las proteinas COXlla (14-kDa) y
COXIIb (16-kDa), al identificar estas subunidades por sus secuencias de aminoacidos y por un
analisis tipo Western (Articulc !). La resolucién de la subunidad COXIll en dos polipéptidos
distintos en geles desnaturalizantes indica que el enlace entre las subunidades COXlla y COXilb
es susceptible a la accidn del SDS. Por lo tanto, se infiere que estas proteinas de !a membrana
interna mitccondrial no estan unidas de manera covalente entre si. La sacuencia aminc terminal
de la subunidad COXNa madura de C. reinhardtii coincide con el sitio de escisidn predicho con
base e=n la secuencia de aminoacidos deducida a partir del gen nuclear cox2a. En camibio, ia
degradacion de Edman de la subunidad COXIilb generé una secuencia que se encuentra a una

distancia de 96 aminoacidos del extremo amino-terminal predicho por la secuencia del gen
(Pérez-Martinez y cols., 2001). Esto parece indicar que el extremo amino-terminal de la’

subunidad COXIlb en el alga esta bloqueada (formilada o acetilada) y que ocurre un tipo de

degradacion especifica de la protelina durante el proceso de la degradacidn de Edman.
El significado de la organizacion del gen cox2 no se conoce en este momento, pero

parece ser una caracteristica de varias algas cloroficeas. Sera interesante identificar que otras
algas carecen del gen cox2 en su genoma mitocondrial. Establecer fos nexos entre esos

organismos podria ayudar en entender el significado metabdlico o evolutivo del gen cox2
fragmentado.

No solamente las subunidades COXIl, sino otras subunidades del complejo IV de C.
reinhardtii identificadas en ese trabajo exhiben caracteristicas singulares; tal es el caso de las
subunidades COXVIib, COXVa y COXVlia, codificadas por genes nucleares. Estas subunidades
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no son de membrana'y estan principalmente involucradas en la estabilidad del las subunidades
cataliticas y en el ensamble del complejo IV (Burke y Poyton, 1998). Un atomo de zinc presente
en la subunidad COXVb también parece tener una funcién 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 aminoacidos de la proteina madura COXVIb (18-kDa), no muestran
ninguna similitud con la subunidad correspondiente en animales. En los mamiferos, la subunidad
COXVIib es mas pequefia (10.1 kDa; Tanaka y cols., 1981), por lo que los 60 aminoacidos del
extremo amino-terminal en la proteina de C. reinhardlii parecen formar una extension (de
caracter bastante hidrofébico). En la subunidad COXVib de algunas plantas (Oryza sativa,
Arabidopsis thaliana; Triticum aestivum) se puede también observar una extension en el extremo
amino terminal que presenta una similitud moderada con la extension presente en la subunidad
de C. reinhardtii (Figura B, resultados adicionales). La extensién de la COXVIb parece estar
presente sélo en los crganismos fotosintéticos. Es posible que esta extension juege un papel en
el ensamble del complejo, o en ia interaccion del complejo IV con otros componentés
mitocondriales, ya que el metabclisme v los mecanismos de regulacién en aquelios organismos
que llevan a cabo fotosintesis son diferenies (Articluo Vi).

La subunidad COXVb madura del alga varde (14-kDa) contiene aproximadamente 38
aminoacidos en el extremoc amino terminal y otros 27 aminodacidos en el extremo carboxiio
terminal que muestran poca o ninguna similitud con otras subunidades COXVb , ni siquiera con
las secuencias de las proteinas de plantas. Ei alineamiento de las secuencias de las
subunidades COXVb indica una baja similitud entre los extremos amino terminales o carboxi
terminales de los orgénismos (Figura C1, resultados adicionales). La similitud entre las COXVb
aumenta en la parte central de la proteina, en una region de alrededor de 52 aminoacidos. En
esta region central, la COXVb de C. reinhardtii presenta una similitud moderada con las
secuencias de animales (39% promeadio) y plantas (34 %) (Figura C2, resultados adicionales).

Como se menciond antes, se sabe que la subunidad COXVb une un atomo de zinc.
Dicho atomo metalico esta unido a tres cistelnas muy conservadas (Rizzuto y cols., 1991). De
manera sorprendente."ninguna de las tres cisteinas esta presente en la secuencia de COXVb de
C. reinhardtii, ni siquiera cerca de las posiciones donde estan Ias cisteinas en otras secuencias.
Por lo anterior, se puqde sugerir que la subunidad no contiene zinc. Se necesitara un analisis del
complejo IV para ver si COXVb efectivamente no contiene zinc. Si este es el caso, el complejo IV
de C. reinhardtii podria servir para estudios comparativos encaminados a elucidar la funcién del

zinc en el complejc.
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La subunidad COXVia de C. reinhardtii (12 kDa) también presenta caracteristicas
atipicas: los primeros 42 aminodacidos presentan una similitud substancial con la COXVa de
mamiferos (31%) y no con la de plantas (Figura D1, resultados adicionales). La parte carboxilo
terminal exhibe una similitud de 25% con la secuencia de la subunidad COXVlia de aminales
(Figura D2, resultados adicionales). La secuencia de la COXVla parece no estar muy conservada
entre animales, plantas y levaduras (Figura D3, resultados adicionales). Usando el programa
FASTA3_T con la base de datos gbpinL de plantas (www?2.igh.cnrs.frfhome.eng.html), solamente
aparece una proteina desconocida de 102 aa en Arabidopsis (Figura D4, resultados adicionales)
que tiene una similitud significativa (32%) con la COXVliarde C. reinhardtii. Sin embargo, la
proteina de A. thaliana no exhibe similitud con la subunidad COXVa de C. reinhardtii en la
seccidon amino terminal. El caracter aparentamente hibrido de la subunidad COXVia/COXVa de
C. reinhardtii también representa una pregunta interesante sobre la organizaciéon y el ensemblaje

del complejo IV en el alga fotosintética y en las plantas.

La subunidad COXIV de mamiferos y levaduras es una proteina de aproximadamente
17-kDa 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 kDa, y ninguna presenta similitudes con la subunidad COXIV de animales o de
levaduras. Una busqueda exhaustiva en el genoma de C. reinhardtii usando la secuencia de la
subunidad IV de levadura y humano, tampoco indicd la presencia de un gen que codifique para
la subunidad COXIV. La busqueda de un gen homedélogo a la subunidad COXIV en los gaenomas
de plantas (A. thaliané, O. sativa y otras) tampoco resultd positiva, por lo que se puede inferir
que los organismos fotosintéticos no tienen una subunidad equivalente a !a subunidad COXIV de

mamiferos o de ievaduras.

Con base en ias 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 mas a las dellos animales, otras se parecen mas a las de plantas, y algunas mas no se
parecen a ninguna subunidad previamente descrita. Las subunidades desconocidas del complejo
V constituyen otro ejemplo de esto. La variabilidad en las subunidades pequefas de la citocromo
oxidasa no se puede explicar en términos de la teoria del endosimbionte, ya que las subunidades
como COXV a COXVill 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 mas grande que entre plantas (comunicacion
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 condicionas ambientales, que las obliga a contar con una
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gran capacidad de adaptacién. Por lo tanto, no es extrafio que tengan una regulacion 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 proteina esencial como la plastocianina. Esto se debe a que la funcion de la
plastocianina puede ser reemplazada por el citocromo ce (Wood, 1978), una proteina de 12-kDa
que transporta electrones de! complejo bef al fotosistema | como parte de CTE fotosintética. El
cobre también 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 COXIIb del complejo IV
disminuyen, mientras que los niveles de acumulacién de la proteina AOX aumentan (Nakamoto,
2001). En la Figura E (resultados adicionales) se ilustra que el crecimiento de C. reinhardtii sin
cobre causa que la acumulacién del cocmplejo IV disminuya hasta niveles practicamente
indetectables, mientras que los niveles de los compleios |, lll, y V no parecen estar afectados. La
disminucion drastica del contenido en complejo IV confirma que el cobre es necesario para la
estabilidad del complejo {V. El efecto de la ausencia de cobre constituye un ejemplo del uso de
BN-PAGE para analizar la biogénesis mitocondrial, y el efectc de diversas condiciones en el

medio de cultivo.

E! complejo {1l y la actividad de la peptidasa procesadora mitocondrial (MPP)

El comipiejo It de C. reinhardtii tambpién fue sujeto al analisis molecular y bioquimico. En
el articulo 1V, se reportaron las secuencias de los genes nucleares que codifican a dos
subunidades det comiglejo I, el citocromo ¢, (cyc,) y la proteina fierro-azufre tipo-Rieske (/sp).
En ese mismo articulo demostramos que en una cepa mutante de C. reinhardtii que carece-de
citocromo b (debido a una interrupcién en el gen mitocondrial cob), ninguna de las subunidades
del complejo Ul (proteinas estructurales {, Il, cyt ¢, ISP) se acumula en las membranas
mitocondriales. Sin embargo, un andlisis tipo Northern, usando sondas para detectar los
mensajeros de los genes cyc; e Isp, indicd niveles equivalentes de expresion entre la cepa
mutante y ia cepa silvestre. Por eso se puede inferir que la falta de una subunidad clave del
complejo, como el citocromo b, causa la instabilidad y !a degradacién de las otras subunidades
del complejo. Este fendbmeno es conocido como “Control por epistasis de la sintesis”™ CES (del
inglés Control by Epistasy of Synthesis) y habia sido reportado para los complejos del cloroplasto
en el alga verde (Choquet y cols., 2001). En el parrafo anterior se mostré que la inhabilidad para
sintetizar las subunidades funcionales COXi y COXIIb por Ia ausencia de cobre en el medio de
cultivo tiene un efecto similar al CES, en este caso la inestabilidad del complejo V.
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En este trabajo también se analizaron las dos proteinas estructurales del complejo Ul (las
subunidades | y II) del alga verde C. reinhardtii (Articulo 1). En plantas, ademas de sus funciones
en el transporte de electrones, el complejo llIl exhibe una actividad de peptidasa procesora,
cortando las presecuencias de las proteinas mitocondriales codificadas en el nucleo al momento
de ingresar al interior de la mitocondria (MPP)(Braun y Schmidt, 1995a). La actividad de
peptidasa ha sido localizada en las proteinas estructurales: la subunidad | presenta una actividad
equivalente a la subunidad beta de la MPP, y |a subunidad |l presenta actividad de alfa-MPP. A
partir de las secuencias en la base de datos ChlamyEST, se reconstruyeron las secuencias
probables de estas proteinas estructurales. Las secuencias obtenidas fueron alineadas con las
de otros organismos. El alineamiento multiple de las secuencias de la subunidad | indica que C.
reinhardtii si debe presentar actividad de MPP (MPP beta), ya que esta presente el motivo de
enlace de zinc (H-X-X-E-H), que se encuentra en todas las proteinas que poseen actividad MPP
beta (Kitada y cois., 1995). Sin embargo, la subunidad il del alga verde no deberia tener una
actividad de MPP alfa, ya que esta ausente la secuencia consenso (Braun y Schmitz, 1995b).
Anteriormente se habia reportado que en el hongo MNeurospora crassa, la proteina soluble
flamada PEP (peptidase enhancing protein, equivalente a la MPP alfa), presente en la matriz
mitocondrial, es importante para la actividad MPP de la proteina estructural | del compiejo
(Hawlitschek y cols., 1988). En el alga verde Euglena gracilis, |1a actividad de MPP se encuentra
tambien asociada a la proteina estructural |, pero ia subunidad MPP alfa es soluble (Braun y
Schmitz, 1995b, Brumme y cols., 1998) .

Nurani y cois. (1987) reportaron que en C. reinhardtii, la actividad de MPP es soluble.
Esto podria resultar de la disociacion de una parte de la subunidad | del complejo lll, pero es
posible que esta actividad soluble sea comparable con una actividad de MPP soluble que se
encontré en cotiledones de soya y en hojas de espinaca, ademas de la actividad integral del
complejo Il (Szigyarto y cols., 1998). Las proteinas estructurales y las subunidades de 1a MPP
son proteinas parecidas estructuralmente, pero su relacion evolutiva no es clara todavia (Braun y

Schmitz, 1995b).
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Las mitocondrias en las algas unicelulares del orden Chlamydomonadales

El alga fotosintética C. reinhardtii y el alga incolora Polytomella sp. pertenecen a la
familia de las Chlamydomonaceas, o segun la clasificaciéon de Préschold y cols. (2001) al clado
‘Reinhardtii'. Después de la observaciéon de que C. reinhardtii y Polytomella sp. estan
estrechamente relacicnadas desde el punto de vista morfolégico (Pringsheim, 1955), las
secuencias de los diferentes genes que codifican para las proteinas de la cadena respiratoria
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mitocondrial y la caracterizacion bioquimica de estas proteinas han confirmado la cercania
filogenética y evolutiva de estas dos algas (Franzén y Falk, 1992; Nurani y Franzén, 1996; Atteia
y cols,, 1997; Pérez-Martinez y cois., 2000, 2001). La secuenciacién del genoma mitocondrial de
diferentes especies de Chlamydomonas (C. reinhardtii, C. moewusii, C. eug >s) (Michaelis y
cols., 1990; Denovan-Wright y Lee, 1992) y de Polytomella parva (Fan y Lee, 2002) fue
importante para el conocimiento de las mitocondrias de las Chlamydomonaceas. Lo mismo se
aplica para el aislamiento y la caracterizacion de los genes nucleares que codifican para algunas
proteinas mitocondriales. A continuacidn se presenta una comparacion de fas mitocondrias de

las dos algas, basada en su mayor parte en datos bioquimicos.

El complejo V

Los estudios del complejo V aportan una indicacion fuerte de la cercania filogenética
entre C. reinhardtii y Polytomella. Todas las caracteristicas excepcionales mencionadas acerca
del complejo V del alga verde (véanse los parrafos supericres) también se encuentran en el aiga
incolora. En BN-PAGE, el complejo V Polytomella sp. siempre se encuentra como dimero, y su
masa molecular aparsnte es practicamente idéntica al del complejo V de C. reinhardtii. El perfil
de las subunidades del complejo V de Polytomella sp. resuelto en un gel desnaturaiizante as
similar, aunque no idéntico al de C. reinhardtii (Figura A1, resultados adicionales). No hay datos
dicponibles de secuencias de nucleétidos para las subunidades de Polytomeila sp., ya que no
existe un proyecto gendmico para dicha alga; no obstante, las secuencias amino-terminales que
se determinaron de las subunidades a y B maduras mostraron alta similitud con las de C.
reinhardlii (Atteia y cols, 1997). Ademas, un anticuerpo dirigido contra la extension C-terminal de
la subunidad B de C. reinhardtii da una reaccién cruzada con su homdéloga en Polytomella sp., lo
cual indica también ia presencia de una extension C-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 cataliticas alfa
y beta (Figura A1, resultados adicionales). Muy probablemente esa proteina es equivalente a la
MASAP de C. reinhardtii, ainque mas grande, ya que se separa completamente de la subunidad

beta.
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El complejo I!

Se ha inferido a partir de las secuencias de las proteinas estructurales del complejo il de
C. reinhardtii que la subunidad 1 tiene actividad de MPP beta y |la subunidad H carece de la
actividad MPP aifa. Se ha reportado anteriormente que el complejo Ill de Polytomella sp. no
posee las actividad de MPP (Brumme y cols., 1998) y en este sentido, Polytomella sp. se parece
a C. reinhardtii. En el trabajo de Brumme (1998) no se analizé la fraccién sofuble mitocondrial
para detectar la actividad MPP, por lo que tanto para Polytomella sp. como para C. reinhardtii, se
requeriran datos experimentales adicionales para establecer con mas detalle la organizacion
estructural de la actividad procesadora de los precursores mitocondriales en las algas

unicelulares.

En BN-PAGE, el complejo lll 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, resuitados adicionales). Para mejorar la separacion de las
subunidades de mas de 25 kDa en geles desnaturalizantes de segunda dimension, 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 varias bandas adicionales en el perfil del complejo Il dei
alga verde llama la atencién. En la posicion de las proteinas estructurales (alrededor de los 50-
kDa del complejo lll de C. reinhardtii se encuentran por lo menos cuatro bandas 2n lugar de las
dos presentes en Polytomella sp. Ademas, en la posicion de los citocromos, también aparecen
tres bandas en ei alga verde y sbélo dos en el alga incolora. En el caso del complejo il de papa
analizado en SDS-PAGE con glicina, se observaron varias bandas cercanas en la posicion de las
proteinas estructurales | y Il que representan isoformas alternas de estas dos proteinas, 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 protedlisis, porque los complejos
Il de las dos algas fueron corridos en el mismo gel. Ademas, los complejos Ili provenian de
geles azules nativos frescos; en estos tipos de geles, hay poca degradacion de proteinas, ya que
se corren en presencia de acido e-aminocaproico, un inhibidor de proteasas. Existe también la
posibilidad de la contaminacién con otras proteinas en la primera dimension, pero la intensidad
de las bandas es bastante fuerte y reproducible. EEn la gran mayoria de los geles de segunda
dimension, no habia proteinas 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 Il de C. reinhardtii y Polytomella sp. exhiben
diferencias que podrian manifestarse en la diferencia en movilidad electroforética en los geles

azules nativos.
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Anteriormente se reportaron resultados acerca del complejo il en las algas cloroficeas.
Gutiérrez-Cirlos y cols. (1999) mostraron que el citocromo b mitocondrial de Polytomella sp. tiene
una banda de absorbcién a corrida hasta el rojo. En cambio, el citocromo b del alga C. reinhardtii
tiene una banda a tipica (Atteia, 1994; Antaramian y cols., 1998). La comparacion de las
secuencias de aminoacidos del citocromo b de Polytomelia sp. y de C. reinhardtii reveléd algunos
cambios en ciertos residuos, que podrian explicar las diferencias espectroscépicas observadas
(Gutiérrez-Cirlos y cols., 1998; Antaramian y cols, 1998). Estos cambios se encuentran en los
aminoacidos cercanos a las histidinas que unen al hemo y en las glicinas altamente conservadas
que llevan a formar una cavidad mas hidrofébica y mas 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 homdéloga no-

fotosintética.

El complejo IV

En C. reinhardtii, lJa subunidad COXHl esta codificada por los genes cox2a y cox2b, cuyos
productos forman juntos una subunidad madura. En Polytomelia sp., se ha obervado lo mismo
(Perez-Martinez y cols., 2001). Ya que se conoce esie fenémeno en muy pocos organisnics, la
particion de! gen cox2 realmente es un evento Unico que claramente une filogenéticamente ai
alga verde con su homdloga incolora. Como e€n €l alga verde, en Polytomella sp. las proteinas
COXlla y COXiiL fuercn identificadas en SDS-PAGE de segunda dimensidon. Las proteinas
fueron detectadas por hibridacién tipo Western, usando anticuerpos contra los péptidos
especificos del subunidades COXlla y COXilb de Polytomelia sp. Las dos proteinas fueron bien
separadas y muestran una masa molecular aparente de 13 kDa para COXlla y de 16 kDa para
COXilb. La separacion’ de las proteinas en geles se pudo obtener al agregar 8 M de urea al gel.
(Figura G2, resultados adicionales). Es importante hacer notar que la adicién de urea no fue
necesaria para separar las subunidades COXlla y COXllb de C. reinhardtii (Articulo ). Estas
diferencias en movilidaa electroforética son interesantes, ya que las secuencias de las proteinas -
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 conformacion y/o la estabilidad de las subunidades COXlla y COXIib
entre las algas.

Otros datos eiperimentales indican diferencias en las propiedades del complejo IV de C.
reinhardtii y Polvtomella sp. en BN-PAGE. Mientras que el complejo IV del alga verde migra
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como una sola banda intensa en geles azules nativos, el complejo IV de Polytomella sp. migra
reproduciblemente como varias bandas cercanas de menor intensidad (Figura G1 y G3,
resultados adicionales). Analizando |a segunda dimension, existen por lo menos dos perfiles
distintos de las subunidades del complejo IV en Polytornella sp. en ta primera dimension: 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 podria ser
la subunidad COXIil. La protedlisis especifica de esta subunidad del complejo IV de Polytomelia
es poco probable. Ademas, en todas las condiciones de crecimiento de Polytomella sp.
analizadas hasta la fecha (acetato o etano!, pH 3.7 o 6.0), las dos formas de complejo IV se han
observado en aproximadamente la misma relacion de 1:1 (comunicacion personal, A. Atteia).

La forma mas grande del complejo IV de Polytomella sp. migra mas en BN-PAGE que el
monémero del complejo IV de C. reinhardtii. La diferencia observada se podria explicar por una
conformacion distinta de los complejos © mas probablemente por la falta de una(s) subunidade(s)
en el complejo |V del alga incolora. En el complejo IV de Polytomella sp., sélo se han detectado 8
subunidades, en lugar de las 10 presentes en C. reinhardtii.

Las cuestiones sobre el significado de las diferencias y las consecuencias para la
funcion del complejo 'V de las dos algas quedan por el momento sin respuestas. Primero habra
que indentificar todas ias subunidades del complejo IV del alga incolora, y estudiar los complejos
aislados per diferentes metddos, midiendo su  actividad, titulando con inhibidores vy
caracterizandc su rmasa molecular por espectrometria de masas. En el caso particular de
Polytomella sp., habra gque estimar la estabilidad del complejo bajc diferentes condiciones
(temperatura, detergentes etc.) e investigar la presencia/ausencia de la subunidad COXIIt.

Espectros de las mitocondrias aisladas

En este trabajo se registraron los espectros de mitocondrias aisladas del alga verde
crecida en condiciones mixotréficas (en presencia de acetato y de 1uz). Los espectros
difererciales de Ilas mitocondrias aisladas de C. reinhardtii comparados con los de las
mitocondrias aisladas de Polytomella sp. crecida en acetato, revelaron contenidos distintos de
los citocromos tipo a, b y ¢ (Figura H1, resultados adicionales). El analisis de las células enteras
y de las mitocondrias aisladas en SDS-PAGE y los estudios espectroscéopicos correspondientes
mostraron una di.‘erenlcia en el contenido en citocromo csso Soluble: e! alga verde contiene mucho
mas citocromo ¢ soluble que el alga incolora (Figura H2, resultados adicionales). Los complejos
IV de las algas también se comportan de manera distinta en BN-PAGE (migracién y diferentes
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formas del complejo). Esos datos sugieren diferencias en el transporte de electrones del
ubiquino! hacia el oxigeno en las dos aigas.

Los analisis 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 Polytomelia sp. no crece bien en acetato cuando el pH
del medio de cultivo esta por arriba de 6.0, por lo que se crecié6 a pH 6.0. El pH del medio
estandar 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 Polytornelia: el crecimiento
es menor y la acumulacion de almidén en los amiloplastos es mas alta que en las células
crecidas en etano! a pH 6.0, mientras que la diferencia es adn mas grande a pH 3.7 (Articulo II).
A pH 3.7 y creciendo en etanol, la expresion de los complejos respiratorios es mayor mientras
que el complejo V se expresa relativamente menos, y la respiracién mitocondrial exhibe un nivel
mas 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 ¢ entre las algas: las condiciones de
crecimiento en acetato a pH 6.0 son subdptimas para Polytomelia, y causan un metabolismo
mitocondrial que aparentamente resulta en una menor respiracién y en menos crecimiento
celular. Pareciera que hay una menor acumutacion de biomasa (menor concentracion de céluias)
pero una maycr acumulacién de almidon. Como ejemplo, en C. reinhardtii la acumulacién de
almiddn aumenta cuando no hay suficientes cantidades de nutrientes (Libessart y cols., 1995;
Hicks y cols., 2001).

Una aldehido/alcohol desidrogenasa de tipo bacteriano en las algas cloroficeas

En las mitocondrias de Polytomelia sp. se observd en BN-PAGE una banda de 200 kDa,
que en la segunda dimension se separd en una banda principal de 85 kDa y otras dos de 60 kDa
y 37 kDa. Estas dos proteinas juntas con la banda de 85 kDa pueden formar un complejo. Se
obtuvieron las secuencias de aminoacidos de! extremo amino-terminal y de algunos fragmentos
tripticos internos de la proteina de 85 kDa. Estas secuencias permitieron disefiar oligonucleétidos
que a su vez permitieron obtener la secuencia completa del cDNA que codifica a esta proteina.
La secuencia de aminoacidos deducida muestra alta similitud con las aldehido/aicohol
deshidrogenasas de tipo bacteriano (ADHE en bacterias; Articulo V). La proteina de Polytomella
sp. se sintetiza como una preproteina con una presecuencia de 27 aminoacidos que presenta las
caracteristicas de un péptido seftal mitocondrial (Articulo V). En todas las preparaciones
mitocondriales de Polytomella sp., analizadas an BN-PAGE, siempre se observaron cantidades
importantes de ADHE. Sin embargo, la expresion de ia ADHE depende del pH del medio de

TESIS CON

75 EATT A DI ADINTR]
Ay W Ry ]

A & LAJITT L




Discusién

cultivo, y varla en proporciones semejantes con el complejo V mitocondrial (Articuio V). Por eso
se piensa que esta integrada al metabolismo mitocondrial del alga.

En bacterias como Escherichia coli, |la ADHE es una proteina bifuncional que oxida,
bajo condiciones anaerébicas, al NADH para catalizar la conversion de acetil-CoA en aldehido y
luego en etanol (Goodlove y cols., 1989). La ADHE se ha descrito solamente en bacterias como
E. coli y Clostridium acetobutylicurm y en eucariontes amitocondriados, como Entamoeba
histolytica y Giardia lamblia.

En la base de.datos del genoma de C. reinhardtii, hemos también detectado un gen que
cadifica para una aldehido/alcohol deshidrogenasa de tipo bacteriano (Articulo V). Posiblemente,
la ADHE de C. reinhardtii presenta un péptido sefial que permite su importacion a la matriz
mitocondrial, inferido a partir de programas que predicen el destino de preproteinas en una
célula. Ya que hasta la fecha la proteina no se ha identificada bioquimicamente, no se sabe la
localizacion de la ADHE en C. reinhardtii.

La proteina ADHE en el proteoma mitocondrial del alga verde, si es que esta presente,
presenta niveles extremadamente bajos, en comparacién con el proteoma mitocondrial del alga
incolora. Sin embargeo, la secuencia de ia ADHE en C. reinhardtii esta presente en ia base de
datos ChlamyEST, lo ‘que nos indica que la proteina se expresa. A pesar de los datos sobre la
ADHE en Polytomella sp., solamente podemos especular acerca de la funcidn y el significado de

esta enzima de origen bacteriano en las mitocondrias de las algas.

Nunca antes se habia identificado una proteina de tipo ADHE en un organismo
aerobico, ya que la enzima funciona normalmente bajo condiciones anaerébicas. Se puede decir
entonces que la presencia de la ADHE en las dos algas representa un evento evolutivo muy
particular, comparable con las caracteristicas extraordinarias de los complejos IV y V. LO mas.-
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 Polytomella.

En E. coli, la presencia de oxigeno causa la degradacion de la ADHE y la disminucién
de su expresion (Clark y Cronan, 1980; Leonardo y cols., 1983). El analisis 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 atomos de hierro, es la responsable de
la alta sensibilidad de la enzima al oxigeno durante |a oxidacion catalizada por metales (MCO,
Metal-Catalyzed Oxidation) (Cabiscol 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 Polytormella sp. Las cantidades
importantes de la proteina en Polytomelia sp. bajo cualquier condicion de crecimiento indican
que en este organismo, la ADHE es estable en la presencia de oxigeno. Si la enzima en C.
reinhardtii efectivamente tiene caracteristicas similares a la de E. coli (y a |a de otras bacterias)
se puede discutir que la enzima se expresara y funcionara soélo bajo condiciones anaerdbicas,

. que podrian ocurrir bajo ciertas circunstancias, como la oscuridad (Klock y Kreuzberg, 1991).
Para poder analizar este punto con mayor profundidad, se necesitara la confirmacion 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. L.as diferencias entre la
secuencia de la ADHE de Polytomelia sp. y C. reinhardtii, que posiblemente indican una distinta
sensibilidad al oxigeno, pueden sugerir ia adaptacion de la ADHE a su funcién en la mitocondria
de Polytomella sp. Para saber mas acerca de la funcién de la ADHE en el alga verde, se
requerira de analisis tibo Northern y de mediciones de actividad de la enzima en condiciones
aerdbicas y anaerdbicas. Anteriormente se ha detectado la activiad de una aldehido
Jdeshidrogenasa depediente de la CoA (ALDH) en cloroplastos y mitocondrias (Kreuzberg y cols.,
1987). Esta ALDH normalmente no se encuentra en eucariontes,; ! unico gen que codifica para
una ALDH en C. reinhardtii es parte del gen que codifica para la ADHE. Esto indicaria la
localizacién de la ADHE en los organelos en C reinhardtii. Es interesante que también se ha
reportado la presencia de una actividad de liasa de acido piravico-acido férmico (PFL; EC
2.3.1.54) en los cloroplastos y las mitocondrias de C. reinhardtii, exclusivamente bajo
condiciones anaerébicas (Kreuzberg y cols., 1987). La PFL es una enzima, principalmente
presenie en bacterias, que cataliza la formacion de acetilCcA y acido férimico a partir de piruvatc
y CoA. Se ha alineada I~ sccuencia deducida de aminoacidos de ia PFL de C. reinhardtii
(Dumont y cols., 1993; contig 20021010.7098.1, ChlamyEST) por el programa FASTA. Resuito
que la PFL del alga verde se parece hasta 62 % a las de bacterias, como Escherichia coli,
Clostridium pasteurianum y Streptococcus mutans. En E. coli, Ja ADHE juega el papel de PFL-.--
desactivasa (Kessler y cols., 1991). Experimentos futuros habran de determinar las condiciones
requiridas para la expiresion de la ADHE en C. reinhardtii, y si también es capaz de desactivar la

PFL.

Reflexiones acerca de las mitocondrias de C. reinhardtii y Polytomelia sp.

La pérdida secundaria de la fotosintesis constituye un fendmeno muy interesante en la
evolucion de los organismos. Se piensa que las algas incoloras del género Polytomella han
evolucionado a partir de un ancestro fotosintético del clado Reinhardtii (Round, 1980) lo cual
puede explicar las miltiples similitudes entre C. reinhardtii y Polytomella sp. Las diferencias entre
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las mitocondrias que fueron descritas en este trabajo podrian explicarse como una consecuencia

de la pérdida de un cloroplasto funcionat en Polytomelia.

En ese trabajo, los datos bioquimicos originales confirman la relacién evolutiva estrecha
entre el alga incolora y el alga fotosintética, especialmente a nivel de los complejos IV y V, y de
la proteina ADHE. La presencia de esta enzima anaerdbica en las dos algas no era predecible y
muestra ain mas claramente la cercania filogenética de las dos algas.

Aparte de muchas similitudes, también existen sorprendentes diferencias en Ila
composicion de los complejos proteicos y en la funcion 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 inmunoquimicamente por andlisis tipo Western y por mediciones de consumo de
oxigeno en presencia de diferentes sustratos respiratorios y de diversos inhibidores (Reves-
Prieto y cols., 2002). También se ha mostrado que las propiedades espectroscopicas del
citocromo b del complejo lll son distintas entre las dos algas (Gutiérrez-Cirlos y cols. 1994;

1998).

La regulacion de la biogénesis mitocondrial en C. reinhardtii y Polytormella sp.

Las algas cloroficeas son muy numerosas y variadas. Sdlo en el género
Chlarnydomonas (incluyendo Chloromonas), se encuentran mas de 600 especies (Préschold y
cols., 2001), la mayoria fotosintéticas pero también algunas incoloras. Los miembros de {a clase
Chlorophyceae se encuentran en muchos habitats distintos, hasta en la nariz de los peces
(Melkonian, 1990). En el curso de la adaptacion selectiva/evolutiva, las ailgas han generado
metabolismos distintos que les permite sobrevivir en una amplia variedad de condiciones
ambientales. Se supone que las algas incoloras cloroficeas, 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 incolora Polytormnella sp., que divergio de un ancestro fotosintético relacionado
con Chlamydomonas, puede crecer en un margen muy amplio de pH acido, y puede utilizar
diferentes fuentes de carbono, como etanol, acetato, piruvato y succinato (Wise, 1955). En
contraste, C. reinhardtii no crece a pH acido (abajo de 5.5-6 0; eso se debe probablemente al pH
optimo del metabolismo fotosintético, vease mas 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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Polytomella sp. tienen efectos a nivel mitocondrial (véase el inciso anterior). La expresion del
citocromo ¢ aumenta cuando el pH externo disminuye (Articulo 1), y los niveles relativos de los
complejos de la OXPHOS son diferentes (Articulo V). Estos datos representan uno de los pocos
ejemplos de la regulacién de la biogénesis mitocondrial en las algas. El mecanismo de esta
regulacion no se conoce en este momento. Datos experimentales indican que la fuente de
carbono tiene una relacién con el pH externo: el crecimiento en acetato de las dos algas causa
una alcalinizacion 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 de! medio (Thomas
y cols., 2002). Ademas, la entrada de acético acidifica el interior de la célula (Thomas y cols.,
2002: Kurkdjian y Guern, 1989). E! crecimiento de Polytomella sp. en etanol sin amortiguador
causa una acidificacién del medio de cultivo (Articulo li; observaciones personales). Polytomella
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 adaptacion.
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 aicohol
deshidrogenasa en el citoplasma (proteina hipotética semejante a una aicohol deshidrogenasa
de zinc, contig 20021010.8185, ChlamyEST). Una diferencia importante entre las dos algas es
que las mitocondrias aisladas de Polytomella sp. exhiben un consumo de oxigeno importante en
presencia de etanol v NAD®, mientras que las mitocondrias de C. reinhardtii no respiran en
presencia de etanol (observaciones personales). La capacidad de Polytomella sp. de crecer en
etano! como sola fuente de carbono podria estar relacionada con la presencia de la ADHE. No es
imposible que la ADHE mitocondrial de Polytomel!la sp. funcione como alcohol oxidasa,
permitiendo el consumi~= da etano! por la mitocondria. Si la proteina homaéloga 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 requeriran mas estudios
sobre las ADHE de las dos algas para establecer si efectivamente la proteina esta involucrada

en la respiracion mitocondrial con etanol en el alga incolora.

La regulacion mitocondrial por luz en C. reinhardtii

Uno de los objetivos de este trabajo consistid en entender mejor el efecto de la luz sobre
ta funcion de la mitocondria en las células fotosintéticas. El metabolismo de los organismos
fotosintéticos, y en pzirticular el cloroplasto como el primer sitio de la fotosintesis, ha sido bien
estudiado. Se ha reportado muchos ejemplos acerca de la regulacion por luz, por medio del
efecto que tiene sobre el estado redox, el metabolismo del cloroplasto v la expresion de los
genes que codifican proteinas del cloroplasto (Danon y Mayfield, 1994; Allen y cols., 1995b;
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Pfannschmidt y cols., 1999a,b). No obstante, en los afios pasados se ha estudiado mas el papel

de las mitocondrias en la célula fotosintética. La mitocondria es vital, no sélo en la obscuridad,

sino también en la luz, por ejemplo, en la optimizacion de la fotosintesis y en el balance del "
estado redox celular (Articulo VI). En las plantas se sabe relativamente poco acerca de la

regulacidn por luz de la respiracion y de la biogénesis mitocondrial. Los datos disponibles

muestran generalmente que el camino respiratorio de la AOX, que no lleva a la produccién de

ATP, aumenta en la luz, mientras que en la obscuridad es mas importante el camino clasico de

los citocromos (Finnegan y cols., 1997; Svensson y Rasmusson, 2001; Articulo V!). Ademas, se

habia mostrado que un componente mitocondrial de la fotorrespiracién, 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 estan mas dedicadas a la produccién de ATP, mientras que en
{a luz aumentan ia actividad de los caminos no fosforilantes (AOX, fotorrespiracion). Ya que
involucran reductores, estas diferencias funcionales podrian contener la clave para los
mecanismos de la transduccion de la sefa! de la luz. Se propuso que el estado redox es
importante en la regulacién mitocondrial por luz, ya que este parametro, tanto en el cloroplasto
como en toda la célula, esta afectado por los reductores que se forman durante el proceso

fotosintético (Articulo VI).

Hasta la fecha, existen pocos datos concluyentes sobre la regulacién por luz de la
funcior mitocondria! v de la expresion de genas que codifican para proteinas mitoccndriales an
C. reinhardtii. S ha mostrado que luz y/o el acetatc aumentan los niveles del RNA mensajero
del citocromo c (Feiitti y cols., 2000) y que la expresion de los genes cal y ca2, que codifican
para la anhidrasa carbonica mitocondrial, se inducen al aumentar ia intensidad de luz (Villand y
cols., 1997). También, en un régimen alternado dJde luz/obscuridad, los niveles del RNA
mensajero del transportador de ADP/ATP mitocondrial (CRANT) se encuentran altos en la fase
de obscuridad y bajos en ia fase inicial de luz (Sharpe y Day, 1993). Recientemente, se ha
publicado un estudio de microarreglos de ADN donde se monitored el efecto de varias
condiciones de cultivo sobre la expresion de genes en C. reinhardtii, incluyendo el crecimiento en
la obscuridad (Lilly y cois., 2002). En ese trabajo no detectaron mayores diferencias entre el
crecimiento en la luz' y en ia obscuridad para la expresion de los genes que codifican para
componentes mitocondriales como la subunidad COXIil, la oxidasa alterna, el citocromo b y Ia

proteina H del GDC.

C. reinhardtii se ha usado extensamente como modelo para la fotosintesis, pero desde
ese punto de vista es un organismo un poco excéntrico, porque se mantiene verde en la
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obscuridad. Seria interesante ver si éso tiene implicaciones en la regulacién 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 seccion de los resuitados adicionales. Los datos adicionales de los
analisis de hibridaciones tipo Northern y Western no fueron consistentes, y por lo tanto no fueron
incluidos. Aparte de la recomendacién 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/ml), independendientemente de la
cantidad de acetato en el medio de cultivo. En la obscuridad, el crecimiento del alga depende de
la concentracién del acetato (Figura |, resultados adicionales); a concentraciones menores de 50
mM de acetato, la fuente de carbono se vueive limitante en la obscuridad. Con una
ccncentracion 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 ia clorofila. Esto puede servir para mantener el cloroplasto
lisio para reiniciar la fotosintesis rapidamente cuando regresa la luz. Se ha observado que en C.
reinhardtii, la presencia de acetato en ei medio de cultivo disminuye la participacion de la
fotosintesis €n el metabolismo celular en condicicnes de iluminaci¢n (Heifetz y cols., 2000) De
acuerdo con esns datos hemos observado que la intensidad del color verde de las células
crecidas en el medio H3 (50 mM de acetato) en la luz es considerablemente menor que Io que se
observa en e! medio TAP (17 mM de acetato). Sin embargo, la luz si permite al alga crecer hasta
densidades altas, ain en concentraciones aitas de acetato (Figura |, resultados adicionales).
Ademas, en la obscuridad las células se mueren mucho mas rapidamente después de liegar a la

densidad maxima del cultivo.

Las imagenes de microscopia electrénica de células de la cepa CW15 (que carece de
pared celular), crecidas en Ia luz y en la obscuridad en el medio TAP y H3 muestran por lo
menos dos diferencias claras. Primero, en la luz, la aita concentracidn de acetato y la obscuridad
disminuyen drasticamente la acumulacién de almidon en el cloroplasto igual que en las plantas,
mientras que ei cloroplasto mismo parece estar menos desarrollado. Segundo, la cantidad de
mitocondrias parece ser mas 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 tamafio y el desarolio del cloroplasto y sobre la acumuiacién de aimidon, y
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ademas parece disminuir la capacidad fotosintética. También, ia obscuridad aumenta ia

capacidad respiratoria, considerando que la cantidad y en algunos casos, el tamafio de las
mitocondrias es mas grande er la obscuridad, independiente de la concentracion de acetato en
el medio. Todas estas observaciones fueron reproducibles, pero la cuantificacién de las
diferencias en la acuniulacién de almidon, el estado de desarollo del cloroplasto, y la cantidad de
mitocondrias en la céluia, exhibieron cierta variabilidad experimental. Sin embargo, la tendencia

observada fué como la que se menciond 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 acido acético en
el citoplasma se disocia por el pH ligeramente basico en el mismo. Esta acidificaciéon podria tener
efectos adversos sobre la fotosintesis. El pH 6ptimo en el estroma de los cloroplastos para la
fotosintesis es de 7.8, y una acidificaciéon del estroma causa la inhibicion de la fotosintesis
(Heber y cols., 1994). Ademas, ia obscuridad puede causar ciertos niveles de anaerobiosis en
las células por la falta de generacion del oxigeno liberado por el fendmeno fotosintético (Klock y
Kreuzberg, 1991). Condiciones anaerébicas causan la acidificacién del citoplasma (Kurkdjian y
Guern, 1989), y podrian tener efectos aun mas profundos en el metabolismo de C. reinhardtii.

La luz y el pe.iil de proteinas mitocondriales en BN-PAGE

Para aislar las mitocondrias de las células crecidas en la luz y en la obscuridad, se
utilizo principalmente el medio H3, ya que la cantidad de células que se obtienen con el medio
TAP en la obscuridad es muy béja. Las mitocondrias puras obtenidas de células de la cepa que
carece de pared celular (CW15), crecidas en medic H3 en la luz y en la oscuridad, fueron
solubilizadas con n-dodecil maltdésido al 1% y aplicadas a geles BN-PAGE. La segunda
dimension desnaturalizante reveld las subunidades de los complejos, ademas de otras proteinas
(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 proteinas mitocondriales para el
analisis en BN-PAGE (hasta 1000 ug), por lo que las diferencias observadas er: la Figura K
reflejan diferencias en la composicion de las mitocondrias, no en su cantidad.

Una proteina que presenta una acumulacion diferencial en 1a luz y en la obscuridad es el
transportador de ADP/_ATP (CRANT). En la luz, la cantidad de esta proteina hidrofobica es mayor
que en la obscuridad; ia explicacidn mas sencilia es que aparentamente, en la luz mas ATP esta
siendo exportado de las mitocondrias. Es positle que por la alta concentraciéon de acetato {50
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mM), una parte importante de 1a demanda de ATP en el cloroplasto, por ejemplo para la sintesis
de aminoacidos, venga de las mitocondrias, ya que se sabe que la fotosintesis esta parciaimente

inhibida en estas condiciones. Para saber el papef del acetato en esta regulacion, se tendria que
analizar por BN-PAGE a las mitocondrias de ceélufas crecidas en el medio TAP, en distintas

condiciones de luz.
El analisis en BN-PAGE reveld otro ejemplo interesante de acumulacion diferencial. Se
trata de un complejo proteico que migra en geles azules arriba del complejo V, con una masa
molecular grande dificil de estimar. En la segunda dimensién, 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 tamafio y
su composicién polipeptidica, esta proteina probablemente coresponda al complejo de la
piruvato deshidrogenasa (PDC), con dos de sus tres subunidades mayores, E2 y E1. En {a papa.
fas subunidades principales E1, E2 y E3 tienen un peso molecuiar de 43, 78 y 58 kDa (Mitiar y
cols., 1998). Anteriormente se habia analizado el PDC en geles azules nativos, usando agarosa
en lugar de poliacritamida, para permitir ia migracién de este complejo de gran tamafio. Para
evitar {a disociacion del PDC, se tuvo que usar bajus cantidades de sales en las muestras y los
geles azules (0.05 M en lugar de 0.5 M de acido aminocaproico), ya que las subunidades de!
compiejo PDC no estan unidas covalentamente (Henderson y cols., 2000). Es probable que por
fa concentracidn de sales usadas 3l correr los geles azules nativos en este trabajo (Apéndice #I),
una parte del ccmpleje PDC se haya disociado, dejando anicamente a las subunidades E1y E2
unidas. Henderson y colegas (2000) reportaron que el compiejo PDC no entré a geles de
puliacrilamida de 3 o 4%,; el complejo PDC completo parece ser demasiado grande como para
entrar en ei gel y por eso no es visible. Sin embargo, un subcomglejo de E1 y E2 de varios miles

de kDa si parece entrar al gel (4% de acrilamida).

En las mitocondrias aisladas de células de C. reinhard!ii crecidas en el medio H3, 1a PDC
es mds abundante (Figura K, resultados adicionales) y sugiere un mayor nivel de respiracion
mitocondrial en la obscuridad que en ia 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
expresion de la PDC también esta aumentada en fa obscuridad en mitocondrias de plantas
(Budde y Randal, 1990). La pregunta es qué papel! tiene la PDC en el metabolismo de acetato;
en C. reinhardtii, el acetato entra el ciclo de glioxilato vy forma luego fosfato de triosa (Heifetz y
cols., 2000): el acetato se convierte en acetil-CoA en el glioxisorna por ia acetil-CoA sintasa
(ACS) (Eastmond y Graham, 2001). Luego, la acetil-COA se une con el glioxilato para formar
malato y después succinato, en el ciclo de glioxilato. El succinato se importa al interior de Ia

mitaocondria y se convierte en malato en el ciclo Krebs. El malato puede salir de la mitocondria
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para finalmente formar fosfatos de triosa y sacarosa. El malato también puede ser convertido en
piruvato por la enzima malica de la mitocondria y por la piruvato cinasa a partir de fosfoeno!
piruvato (Eastmond y Graham, 2001). Como la ACS, e! PDC también produce acetil-CoA por ia
conversién de piruvato en acetil-CoA, por lo que debera considerarse también el metabolismo de

piruvato en relacién con el de! acetato.

Los perfiles de las protefnas mitocondriales en la luz y en la obscuridad no presentan
grandes diferencias en la acumulacion de los complejos de la OXPHOS. Es posible que la
regulacién por luz consista en un recambio mas veloz de las proteinas, o esté presente a nivel de
ia activacion/desactivacion 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 acumululacion de la proteina, pero en nuestro caso, no se obtuvieron resultados consistentes
acerca de la regulacié'n de la AOX. Los resultados preliminares parecen indicar que la AOX se
expresa mas en la obscuridad y a altas concentraciones de acetatc. En las plantas, la AOX se
expresa mas en la luz, especialmente en condiciones fotorrespiratorias (a bajos niveles de
dibxido de carbono). Seguramente la regulacibn mitocondrial por luz serda investigada mas

profundamente en el futuro.

Varias proteinas mitocondniales mas se expresan en forma diferente en la luz y en la
obscuridad en C. reinhardtii, pero no han sido todavia identificadas. Lo que es cierto, es que la
luz tiene efectos importantes sobre ias mitocondrias del alga verde, lo que confirma la
participacién activa de estos organelos en la fotosintesis. En general, las condiciones
experimentales modifican la expresidn de las proteinas y que por lo tanto se convierten en una
herramienta poderosa para entender como las células de C. reinhardtii y Polytomella sp.

controlan su metabolismo.

Perspectivas

En el caso de C. reinhardtii, la disponibilidad de la secuencia de nucledtidos del genoma
nuclear, asi como la base de datos de los cDNAs (ChlamyEST), permitira eventualmente el
analisis y la validacion de las secuencias de todos los genes. El primer andlisis de microarreglos,
usando clonas de cDNA conocidas, fue publicado recientemente (Lilly y cols., 2002). Sin duda,
esta metodologia facilitara la diseccion del metabolismo de C. reinhardtii y la organizacién y
funcién del sistema génético y bioquimico. Sin embargo, el analisis bioquimico es indispensable
para evaluar la estructura, funcion e interaccion de los productos de los genes. En esta tesis se
han reportado principalmenta datos bioquimicos que proporcionan una base descriptiva para
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continuar con los estudios de la regulacién mitocondrial asi como de la biogénesis y de la
estructura mitocondriz! en las algas. La presencia de proteinas '‘misteriosas’ como la ADHE y la

MASAP demuestra que las mitocondrias de las algas no soélo exhiben caracteristicas

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 composicién, funcidn y regulacidon mitocondrial podria explicar ias razones bioquimicas y
fisiolégicas por las cuales las algas pierden, adquieren, o retienen ciertas funciones en sus
mitocondrias. Seguramente, el alga verde y su ‘prima cercana’' heterotréfica nos dan una buena
oportunidad de estudiar en un mismo Mmarco metabdlico los beneficios de la fotosintesis y las

adapciones en la ausencia de la misma.

TESIS CON
FALLA DE ORIGEN

85




REFERENCIAS BIBLIOGRAFICAS

TESIS CON
FALLA DE ORIGEN

86




Referencias bibliograficas

REFERENCIAS BIBLIOGRAFICAS

Abrahams JP, Leslie AGW, Lutter R and Walker JE (1994) Structure at 2.8 A resolution of F1-
ATPase from bovine heart mitochondria. Nature 370(6491), 621-628

Allen JF, Alexciev K and Hakansson G (1995b) Photosynthesis. Regulation by redox
signalling. Curr Biol 5, 869-872

Antaramian A, Funes S, Vazquez-Acevedo M, Atteia A, Coria R and Gonzalez-Halphen D
(1998) Two unusual amino acid substitutions in cytochrome b of the colorless alga Polytomella
spp.: correlation with the atypical spectral properties of the b, heme. Arch Biochem Biophys 354,

206-214

Arnold 1, Pfeiffer K, Neupert W, Stuart RA and Schagger H (1998) Yeast mitochondrial F1FO-
ATP synthase exists as a dimer: identification of three dimer-specific subunits. EMBO J 7(24),

7170-7178

Arnold S and Kadenbach B (1997) Cell respiration is controlled by ATP, an allosteric inhibitor of
cytochrome-c oxidase. Eur J Biochem 249(1), 350-354

Atkin OK, Zhang Q and Wiskich JT (2002) Effect of temperature on rales of alternative and
cytochrome pathway respiration and their relationship with the redox poise of the quinone pool.
Plant Physiol 128(1), 212-222

Atteia A, de Vitry C, Pierre Y and Popot JL (1992) Identification of mitochondrial proteins in
membrane preparations from Chlamydomonas reinhardtii. J Biol Chem 267, 226-234

Atteia A (1994) Identification of mitochondrial respiratory proteins from the green alga
Chlamydomonas reinhardtii. C R Acad Sc Paris 317, 11-1¢

Atteia A, Dreyfus G and Gonzilez-Halphen D (1997) Eicchemical characterization of the « and B
subunits of the mitochondrial F:Fo-ATPase from Polytomelia spp., a coloress relative of
Chlamydomonas reinhardtii. Biochim Biophys Acta 1320, 275-284

Bhattacharya D and Medlin L (1998) Algal phylogeny and the origin of land plants. Plant Physiol
118, 9-15

Boyer PD (1997) The ATP synthase - a splendid molecular machine. Annu Rev Biochem 66,
717-749

Brandt U (1997) Proton-translocation by membrane-bound NADH:ubiquinone-oxidoreductase
(complex 1) through redox-gated ligand conduction. Biochim Biophys Acta 1318(1-2), 79-91

Braun HP and Schmitz UK (1995a) The bifunctional cytochrome c¢ reductase/processing
peptidase complex from plant mitochondria. J Bioenerg Biomembr 27, 423-436

8raun HP and Schmitz UK (1995b) Are the 'core’ proteins of the mitochondrial bc1 complex
evolutionary reiics of a processing protease? Trends Biochem Sci 20, 171-175

Brown GC (1992) Control of respiration and ATP synthesis in mammalian mitochondria and
cells. Biochem J 284, 1-13

Brumme S, Kruft V, Schmitz UK and Braun HP (1998) New insights into the co-evolution of
cytochrome c reductase and the mitochondria! processing peptidase. J Bio/ Chem 273, 13143-

13149
TESIS CON

87 AT T A D ORIGRE [

LR == rery NS IVANALTS




Referencias bibliograficas

Budde RJ and Randall DD (1990) Pea leaf mitochondrial pyruvate dehydrogenase complex is
inactivated in vivo in a light-dependent manner. Proc Natl Acad Sci USA 87, 673-678

Burke PV and Poyton RO (1998) Structure/function of oxygen-regulated isoforms in cytochrome
c oxidase. J Exp Biol 201, 1163-1175

Cabiscol E, Aguilar J and Ros J (1994) Metal-catalyzed oxidation of Fe2+ dehydrogenases.
Consensus target sequence between propanediol oxidoreductase of Escherichia coli and alcohol
dehydrogenas i of Zymomonas mobilis. J Biol Chem 269(9), 6592-6597

Carrolt J, Shannon RJ, Fearnley IM, Walker JE and Hirst J (2002) Definition of the nuclear
encoded protein composition of bovine heart mitochondrial complex |. Identification two new
subunits. J Biol Chem 277(52), 50311-50317

Clark DP, and Cronan JE, Jr (1980) Acetaldehyde coenzyme A dehydrogenase of Escherichia
coli. J Bacteriol 144, 179-184

Choquet Y, Wostrikoff K, Rimbault B, Zito F, Girard-Bascou J, Drapier D and Wollman FA
(2001) Assembly-controlled regulation of chloroptast gene transtation. Biochem Soc Trans. 29(Pt
4), 421-426

Danon A and Mayfield SP (1994) Light-regulated translation of chloroplast messenger RNAs
through redox potential. Science 266, 17176-17179

Daum G (1985) Lipids of mitochondria. Biochirm Biophys Acta 822(1), 142

Denovan-Wright EM and Lee RW (1992) Comparative analysis of the mitochondrial genomes of
Chlamydomonas eugametos and Chlamydomonas moewusii. Curr Genet 21(3), 197-202

Douce R, Bourguignon J, Neuburger M and Rébeilté F (2001) The glycine decarboxylase
systern: a fascinating complex. Trends Plant Sci 6(4), 157-1786

Dumont F, Goric B, Gumusboga A, Bruyninx M and Loppes R (1993) Isclation and
characterization of cDNA sequences controlled by inorganic phosphate in Chlamydomonas
reinhardtit. Plant Sci 89, 565-67

Eastmond PJ and Graham IA (2001) Re-examining the role of the glyoxylate cycle in cilseeds.
Trends Plant Sci 6(2), 72-77

Eriksson M, Gardestrdm P and Samuelsson G (1995) Isolation, purification and
characterization of mitochondria from Chlamydomonas reinhardtii. Plant Physiol 107(2), 479-483

Fan J and Lee RW (2002) Mitochondrial genome of the colorless green alga Polytomella parva:
Two linear DNA molecules with homologous inverted repeat termini. Mo/ Biol Evol 19(7), 999-
1007

Felitti SA, Chan RL, Sierra MG and Gonzalez DH (2000) The cytochrome < gene from the
green alga Chlamydomonas reinhardtii. Structure and expression in wild-type cells and in obligate
photoautotrophic (dk) mutants. Plant Cell Physiol 41(10), 1149-1156

Finnegan PM, Wheian J, Harvey Millar A, Zhang Q, Kathleen Smith M, Wiskich JT and Day
DA (1997) Differential expression of the multigene family encoding the soybean mitochondrial
alternative cxidase. Plant Physiol 114, 455-466

TESIS CON
FALLA DE ORIGEN

88




Referencias bibliograficas

Follmann K, Arnold S, Ferguson-Miller S and Kadenbach B (1998) Cytochrome c oxidase
from eucaryotes but not from procaryotes is allosterically inhibited by ATP. Biochem Mol 8iol Int

45(5), 1047-1055

Franzén LG and Falk G (1992) Nucleotide sequence of cONA clones encoding the beta subunit
of mitochondrial ATP cynthase from the green alga Chlamydomonas reinhardtii: the precursor
protein encoded by the cDNA contains both an N-terminal presequence and a C-terminal
extension. Plant Mol Biol 19(5), 771-780

Funes S (2002) Transferencia de genes mitocondriales al niacleo. Implicaciones sobre la
evolucion de las ailgas cloroficeas y de los parasitos apicomplexos. Tesis de Doctorado. Instituto
de Fisiologia Celular, UNAM, México.

Gardestrém P and Lernmark U (1995) The contribution of mitochondria to energetic metabolism
in photosynthetic cells. J Bioenerg Biomemb 27, 415421

Gautheron DC (1984) Mitochondrial oxidative phosphorylation and respiratory chain: review. J
Inherit Metab Dis 7 Suppl 1, 57-61

Goodlove PE, Cunningham PR, Parker J and Clark DP (1989) Cloning and sequencing of the
fermentative alcohol-dehydrogenase-encoding gene of Escherichia coli. Gene 85, 209-214

Grigorieff, N (1998) Three-dimensional sructure of bvine NADH:uiquinone oidoreductase
(cmplex 1) at 22 A in ie. J Mol Biol 277, 1033-1046

Grossman LI and LLomax M (1997) Nuclear genes for cytochrome ¢ oxidase. Biochim Biophys
Acta 1352(2), 174-192

Gutiérrez-Cirlos EB, Antaramian A, Vazquez-Acevedo M, Coria R and Génzalez-Halphen D
(1994) A highly active ubiquinol-cytochrome ¢ reductase (bc,; complex) from the coloriess alga
Polytormelia spp., a close relative of Chliamydomonas. J 8iol Chermr 262(12), 9147-9154

Gutiérrez-Cirlos EB, Gomez-Lojero C, Vazquez-Acevedo M, Pérez-Martinez X and
Gonzilez-Halphen D (1998) An atypica! cytochrame b in the colorless alga Polytomella spp.: the
high potential by heme exhibits a double transition in the a-peak of its absorption spectrum. Arch
Biochem Biophys 353, 322-330

Higerhidll C (1997) Succinate: quinone oxidoreductases. Variations on a conserved theme.
Biochim Biophys Acta 1320(2), 107-141

Hawlitschek G, Schneider H, Schmidt B, Tropschug M, Hart! FU and Neupert W (1988)
Mitochondrial protein import: identification of processing peptidase and of PEP, a processing
enhancing protein. Cell 53, 795—806

Harris EH (1989) The Chlamydomonas sourcebook: a comprehensive guide to biology and
laboratory use. Academic Press, San Diego.

Harris EH (2001) Chlamydomonas as a model organism. Annu Rev Piant Physiol Plant Mol Biol
52, 363-406

Heber U, Wag U, Nei is S, Bailey K and Walker D (1994) Fast cytoplasmic pH
regulation in acid-strecssed leaves. Plant Cell Physiol 35, 479-488

TESIS CON
FALLA DE ORIGEN

89




Referencias bibliograficas

Heifetz PB, Fiérster B, Barry Osmond C, Giles LJ and Boynton JE (2000) Effects of acetate
on facultative autotrophy in Chlamydomonas reinhardtii assessed by photosynthetic
measurements and stable isotope analyses. Plant Physiol 122, 1439-1445

Henderson NS, Nijtr LG, Lindsay JG, L t E, Zeviani M and Holt IG (2000)
Separation of intact pyruvate dehydrogenase complex using blue native agarose gel
electrophoresis. Electrophoresis 21(14), 2925-2931

Hicks GR, Hironaka CM, Dauvillee D, Funke RP, D'Hulist C, Waffenschmidt S and Ball SG
(2001) When simpler is better. Unicellular green algae for discovering new genes and functions in
carbohydrate metabolism FPlant Physiol 127, 1334—-1338

Hoefnagel MHN, Atkin OK and Wiskich JT (1998) Interdependence between chloroplasts and
mitochondria in the light and the dark. Biochim Biophys Acta 1366, 235-255

Igamberdiev AU, Bykova NV and Garderstrém P (1997) Involvement of cyanide-resistant and
rotenone-insensitive pathways of mitochondrial electron transport during oxidation of glycine in
higher plants. FEBS Lett 412: 265-269

Igamberdiev AU, Bykova NV, Lea PJ and Garderstréom P (2001a) The role of photorespiration
in redox and energy balance of photosynthetic plant cells: a study with a barley mutant deficient
in glycine decarbexylase. Physiol Plantarum 111, 427-438

Igamberdiev AU Romanovska E and Garderstrém P (2001b) Photorespiratory flux and
mitochondrial contribution to energy and redox balance of barley leaf protoplasts in the light and
during light-dark transitions. J Plant Physiol 168: 1325-1332

Jinsch L, Kruft V, Schmitz UK and Braun HP (1996) New insights inte the composition,
molecular mass and stoichicmetry of the protein complexes cf plant mitochondria. Plant J 9, 357-

368

Kessler D, Leibrecihit | and Knappe J (1591) Ultrastructure and pyruvate formate-lyase radical
quenching property of the multienzymic AdhE protein of Escherichia coli. FEBS Lett 281, 59-63

Kitada S, Shimokata K, Niidome T, Ogishima T and ito A (1995) A putative metal-binding site
in the beta subunit of rat mitochondrial processing peptidase is essential for its catalytic activity. J
Biochem (Tokyo) 117, 1148-1150

Klock G and Kreuzberg K (1991) Compartmented metabolite pools in protoplasts from the
green alga Chilamydomonas reinhardtii: changes after transition from aerobiosis to anaerobiosis
in the dark. Biochim Biophys Acta 1073(2), 410-415

Kreuzberg K, Kloch G and Grobheiser D (1987) Subcellular distribution of pyruvate-degrading'
enzymes in Chlamydomonas reinhardtii studied by an improved protoplast fractionation
procedure. Physiol Plant 69, 481-488

Kroemer G, Petit P, Zamzami N, Vayssiere JL and Mignotte B (1995) The biochemistry of
programmed cell death. FASEB J 9(13),1277-1287

Kromer S, Stitt M and Heldt HW (1988) Mitochondrial oxidative phosphorylation participitating in
photosynthetic metabolism of a leaf cell. FEBS Lett 286, 352-356

Kromer S (1995) Respiration during photosynthesis. Ann Rev Plant Physiol Plant Mol Biol 46,

45-70Q
L TESIS CON
FALLA DE ORIGEN

S0




Referencias bibliograficas

Kurkdjian A and Guern J (1989) Iintracellular pH: measurement and importance in cell activity.

Ann Rev Plant Physiol Plant Mol Biol 40, 271-303
Laemmli UK (1970) Cleavage of structural proteins during the assembly of the head of
bacteriophage T4. Nature 227(259), 680-685

Landschutze V, Muller-Rober B and Wilimitzer L (1995) Mitochondrial citrate synthase from
potato: predominant expression in mature leaves and young flower buds. Planta 196, 756-764

Leonardo MR, Cunningham PR, and Clark DP (1993) Anaerobic regulation of the adhE gene,
encoding the fermentative alcohol dehydrogenase of Escherichia coli. J Bact 175, 870-878

Lib rt N, Maddelein M-L, Van den Koornhuyse N, Decq A, Delrue B, Mouille G, D’Hulst
C and Ball S (1995) Storage, photosynthesis and growth: The conditional nature of mutations
affecting starch synthesis and structure in Chlamydomonas. Plant Cell 7, 1117-1127

Lilly JW, Maul JE and Stern DB (2002) The Chlamydomonas reinhardtii organellar genomes
respond transcriptionally and post-transcriptionally to abiotic stimuli. Plant Cell 14(11), 2681-706

Long JJ and Berry JO (1996) Tissue-specific and light-mediated expression of the C4
photosynthetic NAD-dependent malic enzyme of amaranth mitochondria. Plant Physiol 112, 473-

482
McEwen JE, Ko C, KI kner-Grui: B and Poyton RO (1986) Nuclear functions required

for cytochrome c oxidase biogenesis in Saccharomyces cerevisiae. Characterization of mutants
in 34 complementation groups. J Biol Chem 261(25), 11872-11879

Mackenzie S and Mcintosh L (1999) Higher plant mitochondria. Plan{ Celi 11, §71-585

Martins OB, Gomez-Puycu A and Tuena de Gomez-Puyou M (1988) Properties and regu!ation
of the H*-ATP synthase of mitochondria. Biophys Chem 29(1-2), 111-117

Melkonian M (1990) Fhylum Chlorophyta Class Chlorophyceae. in: Handbook of Protoctista,
Margulis L, Corliss JO, Melkonian M, and Chapman D (Eds), Jones and Bartlett Series in Life
Sciences pubiishers, Boston, 608-616

McMillin JB and Madden MC (1989} The role of calcium in the control of respiration by muscle
mitochondria. Med Sci Sports Exerc 21(4), 406-410

Michaelis G, Vahrenholz C and Pratje E (1990) Mitochondrial DNA of Chlamydomonas
reinhardtii. the gene for apocytochrome b and the complete functional map of the 15.8 kb DNA.
Mol Gen Genet 223(2), 211-216

Millar AH, Knorpp C, Leaver CJ and Hill SA (1998) Plant mitochondrial pyruvate
dehydrogenase complex: purification and identification of catalytic components in potato.
Biochem J 334, 671-576

Mitchell P (1961) Coupling of phosphorylation 1o electron and hydrogen transfer by a
chemiosmotic type of mechanism. Nature 191,144-148

Mitchell P (1966) Chemiosmotic coupling in oxidative and photosynthetic phosphorylation. Bio/
Rev 41, 445-502

Meotiler IM (2002) A new dawn for plant mitochondrial NAD(P)H dehydrogenases. Trerids Plant -
Sci 7(6), 235-237

TESIS CON
FALLA DE ORIGEN

o1




Referencias bibliograficas

Nakamoto S$S (2001) PhD thesis in Biochemistry and Molecular Biology, University of California,
Los Angeles, 47-74

Neuburger M, Journet E-P, Bligny, R Carde JP and Douce R (1982) Purification of plant
mitochondria by isopycnic centrifugation in density gradients of Percoll. Arch Biochem Biophys
217(1), 312-323

Nurani G and Franzén LG (1996) Isolation and characterization of the mitochondrial ATP
synthase from Chlamydomonas reinhardtii. cONA sequence and deduced protein sequence of
the alpha subunit. Plant Mol Biol 31(6), 1105-1116

Nurani G, Glaser E, Knorpp K and Franzen LG (1997) Homologous and heterologous protein
import into mitochondria isolated from the green alga Chlamydomonas reinhardtii. Plant Mol Biol

35(6), 973-980
Padmasree K and Raghavendra AS (1999) Response of photosynthetic carbon assimilation in

mesophyll protoplasts to restriction on mitochondria!l oxidative metabolism: Metabolites related to
the redox status and sucrose biosynthesis. Photosynth Res 62: 231-239

Padmasree K, Padmavat hi L and Raghavendra AS (2002) Essentiality of mitochondriat
oxidative metabolism of photosynthesis: optimization of carbon assimilation and protection
against photoinhibition. Crit Rev Biochem Mol Biol 37(2), 71-119

Palmieri F (1994) Mitochondrial carrier proteins. FEBS Lett 346, 48-54

Pan, L-P, He Q and Chan S| (1991) The nature of zinc in cytochrome ¢ oxidase. J Biol Chem
266(28), 19109-19112

Paumard P, Vaillier &, Coulary B, Schaeffer J, Soubannier V, Mueller DM, Brethes D, di
Rago JP and Velours J (2002) The ATP synthase is involved in generating mitochondrial cristae

morphclogy. EMBO J 21(3), 221-230

Pérez-Martinez X, Vazquez-Acevedo S, Tolkunova E, Funes S, Claros MG, Davidson E,
King MP and Gonzéilez-Halphen D (2000) Unusual location of a mitochondrial gene. Subunit HI
of cytochrome c oxidase is encoded in the nucleus of Chlamydomonad zigae. J Biol Chem

275(39), 30144-30152

Pedersen PL, Ko YH and Hong S (2000) ATP synthases in the year 2000: evolving views about
the structures of these remarkable enzyme complexes. J Bioenerg Biomembr 32(4), 325-332

Pérez-Martinez X, Antar i A, Vazq Acevedo M, Funes S, Tolkunova E, d’Alayer J,
Claros MG, Davidson E, King MP and Gc al Halphen D (2001) Subunit I of cytochrome ¢
oxidase in chlamydomonad algae is a heterodimer encoded by two independent nuclear genes. J
Biol Chem 276(14),11302-11309

Pettigrew GW and Moore CR (1987) Cytochromes c. Biological Aspects. Springer-Verlag, Berlin
- Heidelberg - New York

Pfannschmidt T, Nilsson A and Allen JF (1999a) Photosynthetic control of chloroplast gene
expression. Nature 397, 625-628

Pfannschmidt T, Nilsson A, Tullberg A, Link G and Allen JF (1999b) Direct transcriptional
control of the chloroplast genes psbA and psaAB adjusts photosynthesis to light energy
distribution in plants. /UBMB Life 48(3), 271-276

TESIS CON
02 FALLA DE ORIGEN




Referencias bibliograficas

Pobezhimova TP and Voinikov VK (2000) Biochemical and physiological aspects of ubiquinone
function. Membr Cell Biol 13(5), 595-602

Pringsheim EG (1955) The genus Polytomella. J Protozool 2, 137-145

Préoschold T, Marin B, Schlosser UG and Melkonian M (2001) Molecular phylogeny and
taxonomic revision of Chlamydomonas (Chiorophyta). I. Emendation of Chlamydomonas
Ehrenberg and Chloromonas Gobi, and description of Oogamochlamys gen. nov. and
Lobochlamys gen. nov. Protist 152(4), 265-300

Raghavendra AS, Padmasree K and Saradadevi K (1994) Interdependence of photosynthesis
and respiration in plant cells: interactions between chloroplasts and mitochondria. Plant Sci 97, 1-
14

Reyes-Prieto A, El-Hafidi M, Moreno-Sanchez R and Gonzalez-Halphen D (2002)

Characterization of oxidative phosphorylation in the colorless chiorophyte Polytomella sp. Its
mitochondrial respiratory chain lacks a plant-like alternative oxidase. Biochim Biophys Acta

1654(3), 170-179
Rizzuto R, Sandona D, Brini M, Capaldi RA and Bisson R (1991) The most conserved

nuclear-encodad poiypeptide of cytochrome c oxidase is the putative zinc-binding subunit:
primary structure of subunit V from the slime mold Dictyostelium discoideum. Biochim Biophys

Acta 1129(1), 100-104

Rochaix JO (1995) Chlamydomonas reinhardtii as the photosynthetic yeast. Annu Rev Genet 29,
209-230

Round FE (1980) The evolution of pigmented and unpigmented unicells-a reconsideration of the
protista. Biosystems 12, 61-69

Saraste M (1999) Oxidative phosphorylation at the fin de siécle. Science 283(5407). 1488-1493
Schigger H and von Jagow G (1987) Tricine-sodium dodecy! sulfate-poiyacrylamide gel
electrophoresis for the separation of proteins in the range from 1 to 100 kDa. Anal Biochem
166(2), 368-379

Schigger H and von Jagow G (1991) Blue native electrophoresis for isolation of membrane
protein complexes in enzymatically active form. Anal Biochem 199(2), 223-31

Schiigger H and Pfeiffer K (2000) Supercomplexes in the respirarory chains of yeast and
mammalian mitochondria. EMBO J 19(8) 1777-1783

Scheibe R (1991) Redox-modulation of chloroplast enzymes. A commen principle for individual
control. Plant Physiol 96, 1-3

Sharpe JA and Day A (1923) Structure, evolution and expression of the mitochondrial ADP/ATP
translocator gene from Chlamydomonas reinhardtii. Mol Gen Genet 237(1-2),134-144

Srinivasan R and Oliver DJ (1995) Light-dependent and tissue-specific expression of the H-
protein of the glycine decarboxylase complex. Plant Physiol 109, 161-168

Steffens GJ. Buse G (1979) Studies on cytochrome ¢ oxidase, IV[1—3). Primary structure and
function of subunit Il. Hoppe Seylers Z Physiol Chem 360(4), 613-619

Svensson AS and Rasmusson AG (2001) Light-dependent gene expression for proteins in the
respiratory chain of potato leaves. Plant J 28, 73-82
TESIS CON

93 A T ADTATATL
AL. R DL onITos




Referencias bibliograficas

Szigyarto C, Dessi P, Smith MK, Knorpp C, Harmey MA, Day DA, Glaser E and Whelan J
(1998) A matrix-located processing peptidase of plant mitochondria. Plant Mol Biol 36(1), 171-181
Tamura K and Nei M (1993) Estimation of the number of nucleotide substitutions in the control
region of mitochondrial DNA in humans and chimpanzees. Mo/ Biol Evol 10(3), 5§12-526

T ka M, Y bu KT, Wei YH and King TE (1981) The complete amino acid sequence of
bovine heart cytochrome oxidase subunit VI. J Biol Chermn 256(10), 4832-4837

Thomas KC, Hynes SH and Ingledew WM (2002) Influence of medium buffering capacity on
inhibition of Saccharomyces cerevisiae growth by acetic and lactic acids. App/ Env Microbiol 68,

1616-1623

Trumpower BL (1990) The protonmotive Q cycle. Energy transduction by coupling of protcn
translocation to electron transfer by the cytochrome bc, complex. J Biol Chem 265(20), 11409-
11412

Tsukihara T, Aoyamsz H, Yamashita E, Tomizaki T, Yamaguchi H, Shinzawa-itoh K,
Nakashima R, Yaono R and Yoshikawa S {1996) The whole structure of the 13-subunit
oxidized cytochrome c oxidase at 2.8A. Science 272, 36-1144

Umbach AL and Siedow JiN (2000) The mitochondrial cyanide-resistant oxidase: structural
conservation amid regulatory diversity. Arch Biochem Biophys 378 (2), 234-245

Vanierberghe GC and Mcintosh L (1997) Alternative oxidase: From gene to function. Annu Rev
Plant Physiol Plant Mol Biol 48, 703-734

Villand P, Eriksson M and Samuelsson G (1997) Carbon dioxide and light regulation of
promoters controlling the expression of mitochondrial carbonic anhydrase in Chlamydomonas

reinhardtii. Biochem J 327, 51-57

Walker JL. and Oliver GJ (1986) Light-inducead increases in the glycine decarboxyiase
multienzyme complex fron: pea leaf mitochondria. Arch Bicchem Biophys 248, 626-638

Wilson DF (1994) Factors atfecting the rate and energetics of mitochondrial oxidative
phosphorylation. Med Sci Sports Exerc 26(1), 37-43

Wise DL (1955) Carbon sources for Polytomella caeca. J Protozool 2,156-168

Wood PM (1978) Interchangeable copper and iron proteins in alga! photosynthesis. Studies on
plastocyanin and cytochrome c-552 in Chlamydomonas. Eur J Biochem 87, 9-19

Zorov DB, Krasnikov BF, Kuzminova AE, Vysokikh My and Zorova LD (1997) Mitochondria
revisited. Alternative functions of mitochondria. S8iosci Rep 17(6), 507-520

TESIS CON
FALLA DE ORIGEN

94




APENDICES

APENDICE | SECUENCIAS

APENDICE Il MATERIALES Y METODOS

APENDICE Il ARTICULOS PUBLICADOS Y SOMETIDOS A PUBLICACION
APENDICE IV CAPITULO DE LIBRO PUBLICADO DURANTE EL DOCTORADO

TESIS CON
FALLA DE ORIGEN

95




APENDICE |
SECUENCIAS

TESIS CON
FALLA DE QRIGEN




Apéndice |

Las secuencias obtenidas en este trabajo se doposluron eon la base de da(os

DDBJ/GenBank™/EBI Data Bank con los sigui os de
AF411119 . - secuencia de traduccion (cDNA) del gen atp6 de C. reinhardtii
AF411921 - secuencia genémica de! gen atp6 de C. reinhardtii
AJ441255 - secuencia de traduccion (cDNA) del gen masap de C. reinhardtii
AF245393 - secuencia de traduccion (cDNA) del gen cyc, de C. reinhardtii
AJ417788 - secuencia genémica del gen cyc? de C. reinhardtii
AJ320239 - secuencia genémica del gen isp de C. reinhardtii
AJ495765 - secuencia de traduccion (cDNA) del gen bt-aad de Polytomelia sp.

de datos ChlamyEST:

Otras secuencias obtenidas a partir de la b

- Los contigs son secuencias ensambladas a partir de las secuencias de ChlamyEST, obtenidas

en el sitio de la red con Ila direccién (www.biology.duke.edu/chlamy genome/cgp.html).

- El aminoacido que marca el inicio de la secuencia amino terminal est2 en grueso y subrayado,
el asterisco indica el coddn de término.

- Los pesos moleculares mencionados ariba de cada secuencia se refieren los mencionados en
el articulo |

- Para obtener secuencias a partir de los numeros de contig, se puede ir al sitio

http://www . biology.duke. edu/chlamy genome/search.htmi,

seleccione la categoria ‘ACES’, entre el numero de contig y oprima '‘Search’.

Complejo |
Subunidad de 51 kDa, contig 20021010.2731.1

51 kbDa
MORTGGLVSQLAGAQLTGALQELKTGVLRAFSTAAPANGAPPPPPPPPAKTSFGGLKDEDRIFQNIYGRHDLSIKGAMS

RGDWYMTKEIIGKGRDWIIDOMKKSGLRGRGGAGFPSGLKWSFMPKASDSRPIYLVVNGDESEPGTCKDREIMRHEPHK
LVEGCLMAGVAMGARAGYIYIRGEFVQERRAVERAISEAYAKGFLGKNACGSGVDFDLMVHYGAGAYICGEETALIESL
EGKQGKPRLKPPFPAGVGLYGTPTTVTNVETVAVS PTILRRGPEWFSSFGRKNNAGTKLFCISGHVNRPVIVEEEMSIP
LKELIERHAGGVRGGWDNLLATIIPGGSSVPLLPKKICDGVLMDFDALKEAQSGLGTAAVIVMDKSTDVIDAIARLSYFY
KHESCGQCTPCREGTGWLYDIMTRMKKGDARLEEIDMLWEITKQIEGHTICALGDAAAWPVQGLIRHFRGEMEERIKSA

GGKKKLAATA™*
Subunidad desconocida, contig 20021010.2648.1

29 kba
MLKRVGQSLVPFARAGLTQTAESFRGVSSQFFDAPNGPSVKQVLIEDEWYNRQRSIFPLLDKEPYYPVDVEVAPNAVVC

GDVDIYGGASVFFGAVLRGDLNKIRLGNRSAILDRAVVHAARAVPTGLNAATLIGEKVTVEPYAVLRSCRVEPKVIIGA
RSVVCEGAVVESESILAPNSVVPPARRI PSGELWGGSPAKFIRKLTDHERDRVLDDVSTHYHNLATMFRREALEPGTGW
RDVEAWRCKLVDQGEFQWINSREQKYLMPPAARGPRRLEKLTH*
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Subunidad de 24 kDa, contig 20021010.5518.3

28 kDa
MLSRALLLAGRLAATGQQQAASTSSRAVQPLGSLLQRCNFATNSTDIFNIHKDTPENNAATSFEFSEATLKVVNDIIAR

YPPNYKQSAIIPVLDVTQQENGGWLSLAAMNRVAKLLDMAPIRVYEVATFYTMFNRTKIGKYHVQICGTTPCRLOGSQK
IEEAITKHLGIGIGOTTODGLFTLGEMECMGACVNAPMVAIADY TKGVSGFEYIYYEDLTPKDIVNILDTIKKGGKPKP

GSQYRLKAEPAGAVHGGEKWVPKDGETTLTGAPRAPYCRDLNATA™

Complejo i

Proteina estructural | (subunidad beta de
20021010.2906.1

la peptidasa procesadora mitocondrial), contig

53 kbDa
MRSLKQILRIGEASSLGLRAFGSAAKDVVATDANPFLRESNPRPSPIDHTPLLSTLPETRITTLPNGLRVATEAIPFAE

TTTLGIWINSGSRFETDANNGVAHFLEHILFKGTKNRSVKELEVEVENMGGQLNAYTGREQTCYYAKVMGKDVGKAVNI
LSDILLNSNLDARAIDKERDVILREMEEVNKQTSELVFDHLHATAFQYSPLGRTILGPVENIKSINRDQLVEYMKTHYR
GPRMVLAAAGAVNHDELVKLASDAFGSVPDEDAATSVRSLLVKEPSRFTGSYVHDRFPDASECCMAVAFKGASWTDPDS
IPLMVMOTMLGGWDKNSTVGKHSSSALVQTVATEGLADAFMAFNTNYHDTGLEFGVYGVTDRDRSEDFAYATIMSNLTRMC
FEVRDADVARAKNQLKASLMFFQDSTHHVAESIGRELLVYGRRI PKAEMFARIDAVDANAIRAVADRFIYDODMAVASA

GDVQFVPDYNWFRRRSYWLRY*

Proteina estructural |l (subunidad alfa de la peptidasa procesadora mitocondrial), contig
20021010.3079.1

48 kDa
MLGSSTSQLAPAMVRGIASSAAASTAAPVLAAKSGGLLASVFGMGGGRVEVPLSEKLPAVTEPPRTSTPATKPIVQTSS

LRSGVKVASINTVSPISSLVLFVEGGAAAET PATAGASKVLEVAAFKATANRSTFRLTRELEKIGATSFARAGRDHVAF
GVDATKLNQLEALEILADAVVNARYTYWEVRDSLDAVKEQLAAQLRNPLTAVNEVLHRTAFEGGLGHSLVVDPSVVDGE -
TNETLKEYVHSIMAPSRVVLAASGVDHAELTALATPLLNLHGNAHPAPQSRYVGGAMNIIAPTSSLTYVGLAFEAKGGA
GDIKESAAASVVKALLDEARPTMPYQRKEHEVFTSVNPFAFAYKGTGLVGVVASGAPGKAGKVVDALTAKVQSLAKGVT
DVQLATAKNMALGELRASVATAPGLAAGGGLQRPPDGQVQRERGG&GAVGPDGGGRDQLRERHD'»

Complejo I/
Subunidad COXVIib, contig 20021616.4777.1

16 kbDa
MGLENYFVARADAEVVEEEHAPPPPPPPPKKSSRKPTLESLSADELEELKNEVVSEVVDKIAGEDGTKLADFLEPELIT

APYDPRFPNRNBARHCFVRFNEYYKCLYERGEEHPRCQFYQKAYQSLCPSEWVESWQELREKGLWTGKY*
Subunidad COXVb, contig 20021010.5550.2 '

13 xDa ) .
MNRLGALSGLLARAARTCSRRWATAASGVPAELSAVGIVGQEFARQARSLHTSLTTCOGAPAEAKPSALSAEPPRKYRP

LGDKLLWHEAWMYEDKFC“”EDPIIVPSLEAERIIGVTDPEDETLVVWGILKDGEPPRQFVENGEFYVLKHVEYIKKVG
DVLEAIEGGADKAKIAK®* .

Subunidad COXVla, contig 20021 OV1A0.1 1 71 2

12 kDa
MQALRRAVSTAMPGFRRASTTAGETIDKYWAPYFPKPAVTADEAKKSVNKEMVGFMLLGPVGVAFMLYDFAVGLEEEHH

VTIPPYPWMRIRRLPGMPWGQDGLEEGHPRVATTWPPEEGAADSHH'
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Subunidad COXVlic, contig 20021010.7901.1

9 kDa
MSSALRRLSQQOAPRLTRGIKTGNVTKGGAEKYSHEEVVYGDGHHGLRKGYTYDFEHGPHYLOQPEKIPNEWSKFEYAGTGA

LYAVGLGVEPLFAVWWQQOSKLKA*

Complejo V.
Subunidad del complejo V desconocida, contig 20021010.1861.2

45 kDa
MRSAAVRVLGAQWAGVGAQEAGSRAARAFATATFVFPGVSGDASGVVSAVDALMSHDSAATGKDVADAAVALAYLGTRGN

RRVWGKVLEKAASTPLDGPSLANLSWALSAANVDHTRTLAELAGPLAASLKSLSPAQVSFAVEAVGKSGAADVELFAA

VTELAAARTADFKAADLARLLWGFGAAGVQDGKLVKAASAGLVAKAAELGGREAAQALWGLAALRRVPDAALAGALTKA.
LKAGVEAPADAAAARWALAT LAVKADAGTVKALADKAKAGVADLSAAQAVQOGGWGLAMLGDKDGAAALLGAAAAAVOKD
PTSLSPSALALLHAGAVVSGAGLPNPVSDFAAKGFGLAVEHGRHSRRSAAAAFHAKLAEAVAYANGARHRPDVASKVAS
FVSSGPDGSTLDVVVPADANTKLAVLGVEAEALASNGAVLGGSLAAARVREAQGFKVAVVPQTEFPTGAPLKQRAAAVL

GAIKKAVPGLSAMADKLSREL*
Subunidad del complejo V desconocida, contig 20021010.1014.1

38 kbDa
MLRXGAQAVLQAERAGPQOTCAAAQTAFTROFGAPAGSHDHPTTPLSPIMPGIVAIPRQVISTAASLTGKAVAGAATSS

TIRDLVTSFAEKAIISESIVKVDEVDVPFWAYWLSTAGYNSPAGFKKFAEAVKPKVAGLEPQQVTDLVVAFHKVNYFDK
DLFAAVAANISANFTKYETEQLLOVLSAFVEFGFYDATAYDDIADSITYCNHYLAPVRACPSQLASAFAAFAKYEHERG
DLFVALARGFSELSLAKLGAEERKGTVLKALRAFHRFNFWPDATEALLHAAKGLEGSLSADEAKEVEKYQKLLEDAAGG
EFKVFKEGDDVDPGVHWYGHHTQAPTGYSLYVFREALVPKQYSPASMRPIK*

Subunidad del complejoV desconocida, contig 20021010.8373.1

35 kba
MASGLLRSLGVLSRNCAGSVQOEGAVRAFATGAAPSKKDVLYNLSNPDPDAEASVKAYLTSLYKGAKLEPTTADDSLELT

SXIEXKYKAARAIVEYGLQTISVPLGYSKSDLAPVKRYAAELFR.SLAKQAGFEDPATEVSKRI.GATAATADSVKELLSKNQ
SLMSADLYARLSEAVQQVENATNATLTLDGASPAYKQFARKVEAIAKAHGIPAKLLVDVKKGAADEATS DALAKEYARW
QQHAAVKDAIAELLALKAEATAVLDKHLUKTAEQVRSEQAAVLAAAIKKAEAAKGAPWAAAFLEDVKKVQWFDACVAEN

PAVGPKVTA~*

Subunidad gama, contig 20021010.5435.1

31 kbDa
MALRNAASFLGKSdAGAAELGFSAAKTAGGEALTNAFVTDGVRHASNQAVKQRIRAIKNIGKITKAMKMVAASKMKNAQ

VAVEQSRGIVNPFVRLFGDFPAIEGKQNITVAVSSDRGLCGGLNSNIAKYTRALLKMDPTTSETTKLVSIGDKGRSQLM
RTNGEMFTHTFSETYKVRVTFAQASLIAEDLLKSNPEAVKILENKFRSAISFKPTLATILTPETLEKQLTEPSGNRLDA
YEIEASHERSDVLRDLAEFQLAATLVNAMLENNCSEHASRMSAMENSTKSAGEMLGKLTLEYNRKRQATITTELIEIIA
GASALMDA*

Subunidad delta o subunidad que confiere sensibilidad a Ia oligorﬁicina (OSCP) (Oligomycin
sensitivity conferral protein), contig 20021010.9342.1

24 kba
MLARAACLLARSAEQAQLPOIMVRTFAARAAAKTAPKAEMKLPVAPLOLSGTSGAIATLAWQVAAKENVLAKVQDELYQ'
LVEVFKSHPEIRRLATDPFLPDAFRRKVVRDMFATKDVTEVTKRLVEALAEENSLSAIVQVTLAYEELMLAHKKEVHCT
VVTAQPLDDAERAVFTKOQAQAFVDPGFKLVMKEKVDRKLLGGFVLEFEDRLVDMSQAKKLEEFNNLVPKLENDLK*

Subunidad del complejo V desconocida, contig 20021010.2291.1

19 kDa
MQRSTELVGAFQRAGAPLASPAASRQLSTLVEKFTFGSAADGPTASLGSNVKLTVKGSGKGVDVSVSAGAGSAKVSYAP

SDLRKVAASSLVLQDVSRISTAHSAFMNYLLTLTHERYSVLATWPDFTKAYGKDYYYRAHPDDLRKFYSMVDEFHRMWD
VVTEFGSLSGLASQLVPGYRVRRHNTVHPALGPATADGAVVQFLLAHAKY
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Apéndice H

1. 2D ELECTROFORESIS EN GELES NATIVOS AZULES (BN-PAGE)

Los geles nativos azules se pueden cofrer en casi cualquier camara de electroforesis
para proteinas. Las condiciones para preparar y correr la muestra dependen del tipo de
organismo, y si se utilizan proteinas 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 proteinas), o que puede a veces resuitar en la precipitacion de las proteinas en el pozo
del gel. Para mejorar la resolucion de las mitocondrias del alga fotosintética, las muestras se
aplicaron frescas o guardadas en hielo durante unos cuantos dias. No se recomienda congelar
las mitocondrias intactas ni las mitocondrias ya solubilizadas, pues la resolucién electroforética
ya no es 6ptima. Los geles se pueden preparar un dia antes de correr las muestras, protegidos

en papel plastico (Ega-Pack) y guardados a 4°C.

1.1. Gradionte para geles azules nativos

Para camaras de electroforesis GibcoBRL Vertical (VI6) (1.5 mm de espesor)

Acritamida (H%) Acrilamida (L%) gel con-
10% 12% 15% 5% 8% centrador
4%
48.5 % acritamida* i
1.5 % bis-acrilamida 38ml 46m! 57ml 1.9 ml 3.07 mi! 0.50 m!
amortiguador para el gel 3x 6.2 ml 6.2 ml 2.0mi
glicerol 80% 4.73 ml 1.2mi -
agua destilada 38mi 3.049m! 1.9ml 9.2 mli 8.1 ml 3.44 ml
TEMED 18 i 18 ul 9 ul
persulfato de amcnio (10 %) 50 pl S50 pl 32 pl
16.5 mi 16.5 mi

En el formador de gradientes

Para camaras de electroforesis BioRad Mini Protean 1l o Hoefer Mighty Small (1.5 mm de

espesor)
Acrilamida (H%) Acrilamida (L%) gel con-
10% 12% 15% 5% 8% centrador
4%
48.5 % acrilamida*
1.5 % bis-acrilamida 0.72mil 0.87 m! 1.08 m! 0.36 mi 0.58 m! 0.25 m!
amortiguador 3x 1.17 mil 1.17 ml 1.0 mi
glicerol 80% 1.0 ml 0.25 m! -
agua distilada 0.6mi 0.44mi 0.23 mi 1.7ml 1.5mi 1.75 ml
TEMED 6 ul 6 ut 6 ul
APS (10 %) 18 il 18 il 18 il
3.5mi 3.5 ml

En el formador de gradientes

* La solucién de acrilamida 48.5 % puede cristalizar a 4°C.

El gradiente de acrilamida se debe ajustar al tamafio de las proteinas o complejos
proteicos que se desean estudiar. En el caso de los complejos proteicos de mas de 100-kDa, se
recomienda usar un gradiente de poliacrilamida del § al 12 %, mientras que un gradiente cel 6 al
18 % es mas adecuadc para proteinas en el rango de 20 a 500 kDa. Alternativamente, también

pueden utilizarse geles de una sola concentracidon (12 o 15%).
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Preferentemente, usar un formador de gradientes con dos cilindros separados. El gel
concentrador pude ser pequefio: 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 separacion sin esperar que este tltimo polimerice; esto asegura una corrida constante.

PREPARACION DEL GEL

Preparar las soluciones para el gel de separacion 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 valvulas 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 solucidn de alta concentracion de acrilamida (H%) en el cilindro mas cercano
a la salida y poner una mosca magnética.

Agregar el APS a la solucion de baja concentracion en acrilamida (L%), mezclar, y
agregar en el otro cilindro del formador de gradientes. De aqui en adelante debe
trabajarse rapidamente, para preparar el gradiente del gel antes de que cualquiera de las
soluciones polimerice en el formador de gradientes o en la tuberia.

Agregar el APS a la solucion de alta concentracién de acritamida, y mezclar fuertemente
con la mosca

Bajar la velocidad de ita mosca (mezclar fuertemente impide el flujo de la solucién de
baja concentracion en la solucion de alta concentracién de acrilamida).

- Abrir la valvu'a entre los dos ciiindros.

- Remover Jlas burbujas de aire atrapadas entre los cilindros.

Abrir la valvula de salida y succionar el liquido con !a 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.

e Asegurarse que los nivel de las soluciones (en los dos cilindros) bajen a la misma
velocidad. Bajar la velocidad de la mosca si necesario.

En caso de agreg=: ia solucion del gel concentrador imediatamente: agregar e! APS a la
soluciodn y colocaria con cuidado sobre el gel de separacidon. Poner el peine.

Nota: si no se quiere agregar el gel concentrador de inmediato, poner un poco de agua
arriba del gel de separacion. Una vez que el gel ha polimerizado, quitar el agua y
agregar la solucion para el gel concentrador y poner &l peine.

Lavar de inmediato el formador de gradientes, antes de que polimericen los residuos de las

soluciones y tapen la tuberia.
Remover con mucho cuidado el peine del gel sin dahar los pozos.
Quitar el agua de polimerizacidon sacudiendo las placas. Limpiar los vidrios con pape! -

absorbente.
Si el gel no se va a usar imediatemente, dejar el peine, envolver en papel plastico (Ega-

Pack) y guardar a 4°C.

SOLUCIONES

Nota: En cada amorticuador, se puede cambiar el Bis-Tris por Imidazol (agregando solamente la

mitad de la concentracién).
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Amortiguador de geles 3x (100 ml)
acido amino-caproico 1.5 M 1968 g
Bis-Tris (MW=209.2) / imidazol 150/ 75 mM 3.14/0.51 g

Ajustar el pH a 7.0 con HC!

Amortiquador del catodo (superior) 1 (1 L

Tricina S0 mM 8.96 g

Bis-Tris / Imidazol 15/7.5 - mM 3.14/0.51 g

Azul de Coomassie Serva G 0.02 % 200 mg
Amortiguador del catodo (superior) 2 (1 L)

Tricina 50 mM 8.96 g

Bis-Tris / Imidazol 15/7.6 mM 3.14/0.51 g

Azul de Coomassie Serva G 0.002 % 20 mg
Amortiquador del anédo (inferior) (1 L)

Bis-Tris / Imidazol 50/28 mM 10.46 /1.7 g

Ajustar el pH 7.0 con HC!

Para prevenir la agregacion del azul del Coomassie Serva G que a su veZ conduciria a la
agregacién de las protainas, 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 2l Cocomassie Serva Blue G; el Coomassie Blue 250R or G de otra
marca (como Sigma, por ejempio) séio se puede usar si ha demostrado ser completamente
soluble en el amoriguador dei catodo.

1.2. Preparacion de la muestra

Para BN-PAGE, las mitocondrias de las algas unicelulares se solubilizan con n-dodecii-
p-D-maltésido durante 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 proteinas. Eso aumenta la movilidad electroforética y permite una mejor
separacion de las proteinas en comparacion con otros geles nativos.

Las proteinas solubles se preparan para BN-PAGE agregando directamente el mismo
detergente a una concentracion final del 1%. Considerando que una relacion fija (4:1) entre la
cantidad de detergente y de Azul de Coomassie, se tendra que agragar a la muestra de
proteinas solubles el Azul de Coomassie correspondiente.

1.2.1_Mitocondrias y fracciones membranales

Como se menciond anterioremente, los mejores resultados se obtuvieron con muestras
preparadas imediatamente antes de cargarias en el gel.

Los pasos para preparar las mitocondrias para Gel Azul Native son los siguientes:
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Centrifugar las mitocondrias at 4 °C (durante 5 min a la maxima velocidad en una
microcentrifuga 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
proteinas mitocondriales, el volumen final sera de ~ 200 pl. Para calcular el volumen del
amortiguador de muestra que debe agregarse en la resuspension, tomar en cuenta el
volumen de la pastilla y los volumenes de dodecil-maltésido y de amortiguador con
Coomassie que se agregaran posteriormente. Por ejemplo: una pastilla de 1 mg de
proteinas mitocondriales es de aproximadamente 25 ul, como el lauril-maitésido se
agregara a una concentracion final de 1% a partir de una solucion al 10% (20 ul); la
cantidad de colorante que se debe agregar representa Y de ia cantidad de detergente,
por lo que se agregaran 10 gyl de una solucion de azul de Coomassie al §%. Finalmente,
se tendran que agregar 145 yl de amortiguador de muestra {200 - (25+20+10)}. Asi, el
volumen total de la muestra sera de 200 pl.

Agregar el lauril-maltésido a la muestra y solubilizar invirtiendo el tubo y agitandolo en el
Voértex suavemente. A menos que haya material insoluble como almidon, la muestra
deberia volverse completamente transparente. Si esto no sucede, como se observa con
frecuencia con pastillas de membranas mitocondriales, se tendra que resuspender la
solucion con una pipeta, dejandola mas tiempo en hielo y/o agregando mas detergente.
En general 2 g de lauril-maltédsido / g proteina son suficientes para lograr una buena
solubilizacidn, pero en ocasiones se requiere mas detergente. En el caso de las
mitocondrias de Polytomella sp. se requieren hasta 4 g de detergente/g de proteina (ver
la figura que se muestra mas adelante).

Ultracentrifugar a 100,000 x g a 4 °C, 20 min (33,000 rpm en el rotor 50Ti)

Agregar el amortiguador con Coomassie Serva Blue G al sobrenadante y mezclar por

inversion. Guardar en hielo.
Nota' el volumenr: después de la ultracentrifugacion puede bajar un poco debido al

vacio.
1.2.2. Proteinas solubles

Para cargar fracciones solubles con un aitoc contenido de protelnas se puede
usar la soluciéon “well mix HB" (vea abajo). Para cargar fracciones solubies con
un conienido en proteinas bajo se usara ia solucion “weli mix LB" (vea abajo).
Correr con bajas cantidades de azul de Coomassie, ayudara en ver mejor las
proteinas de baja masa molecular. .

SOLUCIONES

Amortiguador de lavado (100 ml)

sorbitol (MW= 182.4) 250 mMm 456 g
Bis-Tris / Imidazoi 50725 mM 1.05/0.17 g
Ajustar el pH a 7.0 con HCI
Aamortiquador de muestra (50 ml)
acido amino-caproico 750 mM 4.92 g
50/25 mM 0.52/0.09 g

Bis-Tris / Imidazol

Ajustar el pH a 7.0 con HCI
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Solucién de dodecil-maltésido 10% (1 mi)

Dodecil-maltésido 10 % 100 mg
Disolver en 1 m! HO

Solucién de Coomassie Serva Blue G 91 ml
Azul de Coomassie Serva G 5 % 50 mg
Disolver en 1 mi de amortiguador de muestra

Mezcla para los pozos 1ml
HB: amortiguador de muestra 850 ul
Dodecil-maltésido 10% 100 nl
solucion de Coomassie Serva G 50 ul
LB: amortiguador de muestra 985 wul
Dodecil-maitésido 10% 10 ul
solucién de Coomassie Serva G 5 ui

1.3. Cargado y corrida del gel

La electroforesis se corre en general a 4°C, por lo cual es importante asegurarse
de que todos los amortiguadores estén equilibrados a esa temperatura. Armar la cdmara
y las placas y dejar enfriar (4°C).

Para facilitar el cargado de tas muestras, agregar el amortiguador de! catodc
sclamente en los pozos. Si se cargan muestras con el “well mix" L8, es preferible llenar
los pozos con el amortiguador del catodo sin azul de Coomassie, ya que con el HB no se
puede ver la muastra entrando el pozo. Es conveniente usar puntas largas de 200 ul
(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 S horas para los sistemas grandes. Para mejorar la visibilidad de los complejos
proteicos, es recomendable cambiar el amortiguador del catodo después de 1/3 de la
corrida por el mismo amortiguador pero conteniendo unicamente 1/10 de Azul de
Coomassie Serva G (amortiguador del catodo ). Correr hasta que el frente azul llegue a
salir del gel o hasta que se halla logrado la separacién deseada.

Notas:
- Las proteinas o los complejos proteicos deberia verse como bandas bien
definidas.
- Puede haber proteinas en el frente de corrida azul.
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Ejemplo de BN-PAGE

&= Complex | 750 kDa
e ATPase 600 kDa
) “=— Complex Ill 500 kDa

Complex IV 200 kDa
Complex Il 130 kDa

Mitocondrias enteras de Polytomella sp. (2% dodecil-maltosido)

3.5,7:
8: Mitocondrias enteras de bovino (1% dodecil-maltésido)

1,3.5
2,4,6,
1.4. Gelos de segunda dimension SDS-PAGE

La segunda dimensién desnaturaliza los complejos de la primera dimensidn y separa las
subunidades de !os complejos de acuerdo con su tamafio. Un carrit entero de i2 primera
dimensién se pone horizontalmente arriba de un gel desnaturaiizante y se corre normalmente,

Para los geles 2D, hay dos métodos disponibles: el ge! desnaturalizante tipo Laemmli

Laemmii, 1970) que usa glicina, or un gel conocido como gel de Schagger y von Jagow (1987),

que usa tricina en lugar de glicina. Los geles con tricina permiten una resolucién de bandas
definidas y una mejor separacion de las proteinas pequefas, mientras que los geles tipo
Laemmli son inas adecuados para resolver proteinas de mayor masa molecuiar.

Recomendaciones Practicas:

e Cortar un carril de un gel azul nativo e incubario por 30 min en amortiguador del catodo
(1x) con SDS al 1 % y p-mercaptoetanol al 1% en agitacién constante.

- Lavar el carrii con el amortiguador del catodo (5 x 1 min) para eliminar el p-
mercaptoetanal residual, cuya presencia podria inhibir la polimerizaciéon de |a acrilamida.

- Poner el carril arriba del vidrio mas pequefic y ensamblar las placas. Alternativamente,
ensamblar el ‘sandwich’ de placas sin apretar. insertar el gel de la primera dimension
entre los vidrios y por fin apretar y poner el sandwich verticalmente.

- Poner la solucién para el gel separador escurriéndolo a un lado del gel de la primera
dimension, 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.

e Correr el gel:a 50 V hasta que el frente azul haya penetrado el gel concentrador y

_c'i_espuéis aliJmen!ar ?JOOCV. o

- efir el gel con azul de Coomassie (R250) o con plata.
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En lugar del analisis de segunda dimension de un gel de primera dimension entero, se
pueden analizar complejos especificos 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 secuenciacién 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 proteinas.

1.4.1. Geles de tricina-SDS-PAGE

Geles grandes Minigeles
Acrilamida (ml) Stacking Acrilamida (ml) Stacking
10% _ 12% 15% (ml) (4%) 10% 12% 15% (ml) (4%)
48.5 % acrilamida 74 89 111 1.0 1.9 22 28 0.25
1.5 % bis-acrilamida
Amortiguador del gel 3x 12.0 4.0 3.0 1.0
glicerol 80% ' 7.2 - 1.8 -
agua distilada 9.4 7.9 5.7 7.0 2.3 20 1.7 1.75
TEMED 25 ul 25 pl 6 ul 6 il
APS (10 %) 150 pl 100 pl 40 pl 20 pl
36 mi 12 ml 9 mi 3 mi
SOLUCIONES
Solucién madre de_acrilamida (100 msl)
Acrilamida 48.5 % 48.5 g
Bis-acrilamida 1.5 % 1.5 o]
Amortiguador para ei gel 3 x (100 mi)
Tris am 36.33 g
SDs 0.3 % 0.3 g

Disoilver en 95 ml de agua destilada
Ajustar el pH a 8.45 con HCI. El HCI ayuda la disolucién.

Amortiguador del catodo (10 x) (500 ml)

Tris
Tricina
SDS

No es necesario ajustar el pH

1M
1M
1%
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Tris 1M 60.57 g
Ajustar el pH a 8.9 con HCI
1.4.2. Geles de glicina-SDS-PAGE
Geles grandes Minigeles
Acrilamida - Stacking Acrilamida Stacking
10%__12%_ 14% (4%) 10% 12% 14% (4%)
30 % acrilamida 12.0 144 16.8 1.6 3.0 3.6 4.2 0.4
0.8 % bis-acrilamida
Tris3 MPpHS8S8 4.5 - 1.13 -
Tris 0.5 M pH 6.8 - 3.0 - 0.75
SDS 20% 100 i - 25 pt -
Agua destilada 19.5 17.1 14.7 7.4 4.8 42 36 1.85
TEMED 25 pl 25 pl 6 ul 6 i
APS (10 %) . 150 pl 100 il 40 pl 20 p!
36 mi 12 mi S ml 3 mi
SOLUCIOMNES
Solucién madre de acrilamida (100 mi)
Acrilamida 30.0 % 30.0 a
Bis-acrilamida 0.8 % 0.8 o]

Los amortiguadores son los reportados por Laemmli (Laemmli, 1970)
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2. SOBRE-EXPRESION Y PURIFICACION DE PROTEINAS CON 6X HIS-TAGS

Para la sobre-expresion de proteinas con 6x His-tags en Escherichia coli y su
purificacion, se usé el protocolo descrito en la quinta edicion del QlAexpressionist de Qiagen.

24.C ci6n de plé idos y sobre-expresion de proteinas

En ese trabajo, los vectores de sobre-expresion (OE) usados fueron los vectores pQE30 y
PQEGO0 que tienen la extension de histidinas 6x en el extremo N-terminal y C-terminal,
respectivamente. Se siguen los siguientes pasos:

.- Escoger dos enzimas de restriccién 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
insercién unidireccional en el plasmido.

- Disefiar cebadores que incluyan los sitios de restriccién requeridos (ver el ejemplo mas
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 disefio de los oligodesoxinuciedtidos:

Oligo forward (sentido): 5°-GAC GAGCTC CIGCTGTCCG CCG CGC AC-3°
OH sitio Sacl cebador

Qligo reverse (contrasentido): 5°-CTG AAGCTT GGG CAG CTG GCT GGC GC-3°
OH sitio HinA\l! cebador

OH = overhang, secuencia adicional para asegurar el corte por las enzima de restriccion.

e Transformarias células de E. coli competantes (en este trabajo se uso la cepa XL1 Blue
MRF').

L Corroborar que axistan transformantes.
Mota: con e! vector pQE no se puede hacer el escrutamiento de colonias azules/blancas
de los transformantes. Sin embargo, se puede hacer una preparacion del plasmido y
después un analisis de restricciéon, o también se puede hacer una reaccion de PCR con
los transformantes usando los mismos cebadores que se usaron para amplificar el gen.
Una reaccidn:de PCR con células transformadas se hace de la manera siguiente: se
hierve una cantidad muy pequena de células resuspendidas en amortiguador TE (50 pl)
por 15 min, y se toma 1 ul de la suspensién como templado para la reaccion de PCR (20

ud).

e Crecer unos cultivos de § ml en medio LB con ampicilina en tubos Falcon de 15 ml a
37°C usando cada transformante positiva, agregar IPTG 1 mM cuando el cultivo llega a
una ODeoo = 0.3-Cc Guardar G.5 ml del cultivo (t=0), y dejar crecer el sobrante por 4
horas mas.

L] Después de 4 horas, tomar 0.2 ml de cuitivo (t=4). Centrifugar ambas muestras t=0 y t=4.
Resuspender las pastillas en 50 ul del amortiguador de carga 1x para SDS-PAGE, hervir,
y carrer 10-25 ul de ia muestra, dependiendo del tamario del gel.

e Después de tefiir el gel con azul de Coomassie, deberia haber una banda abundante del
tamafo de la proteina expresada en la muestra t=4. La intensidad de la banda

dependera de'la proteina estudiada.
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e Para corroborar la presencia de la extensiéon de histidinas, es recomendable hacer un
analisis de tipo Western usando un anticuerpo especifico dirigido contra dicha extension.

Si la proteina sobre-expresada no es visible en el gel y/o sn no se obtiene una sefal en el
Western, o que se puede/debe hacer es lo siguiente:

1. Secuenciar el plasmido para asegurarse que la construccion es correcta: el
6x His tag tiene que estar en fase con el gen que se clond,
2. Cambiar las condiciones de sobre-expresion, por ejemplo usar “E. coli
starter cuitures”, sobre-expresar a bajas temperaturas (por ejemplo a 25°C),
B bajar la concentracion de PTG, usar el plasmido pREP4 u otro plasmido
supresor para reprimir la sobre-expresion de la proteina hasta que se
agregue el IPTG.
Cambiar de cepa de E. coli.
Cambiar de vector de sobre-expresion.

ho

2.2, Purificacion de proteinas por afinidad de Ni-NTA

Es recomendable hacer una prueba para ver si la proteina sobreexpresada interactaga
con la columna de niquel. A este respecto, es Util llevar a cabo un analisis de tipo Western con
un anticuerpo contra la extension de His, asi no se pierde tiempo intentando purificar proteinas
que no contienen la extensién de His o que tienen dicha extensidon inaccesible.

Indicaciones practicas:

« La locatizacidbn de la proteina sobreexpresada se puede hacer por andlisis en geles
desnaturalizantes vy tincion con azul de Coomassie si el nivel de expresién es alto, sino
por analisis de tipe Western usando un anticuerpo anti-extension de His.

1. Dependiendo de! nivel de expresion de |la proteina, se escoge un volumen de cuitivo
para obtener la cantidad requerida. Se cosechan las células, y se lava la pastilla en
100 mM NaH;PO4, 10 MM Tris, 300 mM NacCl, 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 las suspensién de células en presencia de 0.1 mM PMSF. Normalmente, la
suspension se vuelve menos turbia. Se puede mejorar el rompimiento de ias células
aumentando la concentracion de lisozima (hasta 5 mg/ml) y/o diluyendo la
suspension de ceélulas.

4. Centrifugar a 8000 rpm en un rotor SS34,; la formacién de una pastilla blanca grande
(pastilla 1), normalmente indica la presencia de cuerpos de inclusion.

Transferir @l sobrenadante a tubos de ultracentrifugacién y centrifugar a 140,000 x g
durante 1 hora; la pastilla (pastilla 2) constituye la fraccidon membranal y el
sobrenadante, ia fraccion soluble.

6. Resuspender las pastillas 1 ¥y 2 en un amortiguador con urea (amortiguador de
tavado 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-PAGE, se tendra que precipitar la muestra con TCA o metanol-cloroformo (vea
abajo), ya' que el clorhidrato de guanidina se precipita en presencia de SDS.

7. Para determinar en qué fraccion se encuentra la proteina sobre-expresada, se corre
en geles de SDS-PAGE cantidades equivalentes de las proteinas de las pastillas 1,
2 y de la fraccién soluble. Se tifle el gel o se transfieren las proteinas a una
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membrana de nitrocelulosa para después hacer un analisis de tipo Western con un
anticuerpo anti-extensiéon de His o con un anticuerpo especifico contra la proteina da
interés.

Ya sea que la proteina se encuentre en la fraccién soluble o en la fracciéon membranal,
se deberia poder purificar la proteina en su estado nativo. Sin embargo, si la extension
de His esta escondida dentro de la proteina no se podra usar una columna NiINTA.

Se tendran que usar detergentes para las proteinas localizadas en las membranas. Las
protelnas en cuerpos de inclusidon se disolveran en urea o clorhidrato de guanidina, y la
purificacion se hara en condiciones desnaturalizantes.

Para producir anticuerpos, es mejor purificar la proteina sobreexpresada en condiciones
desnaturalizantes. En ese caso, células enteras de E. coli se pueden resuspgender
directamente en urea o en clorhidrato de guanidina, para después proceder como se
describe mas adelante. Sin embargo, si la proteina de interés esta localizada en los
cuerpos de inclusion sera mas facil empezar la purificacion a partir de la pastilla 1.

Estrategia para purificar una proteina sobre-expresada en condiciones desnaturalizantes

usando la resina de nique! (Ni-NTA):

1. Establecer si la proteina (de los cuerpos de inclusidn 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 ia tapa de abajo y después {a de arrriba, incubar la columna con el lisado por
una hora con agitacion. También se puede incubar en por ejempio un tubo.

4. Abrir |la columna y llevar a cabo lavados con el amortiguador de lisis ajustado a pH
8.0, 5.7,5.3y3.0.

§. Analizar las fracciches que eluyen de ja columna en un gel SDS-PAGE.

Cuando las muestras no contienen clorhidrato de guarnidina, se pueden cargar
directamente al gel SLS-PAGE. Si no, se tendra que precipitar ilas proteinas para quitar
la guanidina (vea abajo).

Para purificar en condiciones nativas una proteina sobreexpresada, seguir el manual de
Qiagen. Para puriticar la proteina en su estado nativo, se eluye con concentraciones
crecientes de imidazol. Para purificar en condiciones desnaturalizantes, se utiliza bajo
pH para eluir.

2.3. Precipitacién con metanol/cloroformo

La precipitacion con matanol/cloroformo es rapida y conveniente cuando el volumen de la
muestra es pequedo o cuando la muestra contiene pigmentos (i.e. clorofita).

Dituir la muestra en 100 ul HO
Agregar 150 ul de cloroformo y 400 ul de metanol
Agitar en el Vortex
Agregar 300 ul de H2O
Agitar en el Vortex y centrifugar a maxima velocidad (microfuga Eppendorf) durante 5
min.
Pipetear |a fase de arriba (agua/metanol); las proteinas se deben encuentrar en la
interfase.
Agregar 300 ul de metanol, vortexear y centrifugar 5 min. Descartar el sobrenadante.
Secar la pastilla; disolver la pastilla en 1x amortiguador de carga y hervir.
fa
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2.4. Precipitaciéon con TCA

Las proteinas puriﬁcadas y desnaturalizadas se pueden concentrar por precipitacion. Sin
embargo, el clorhidrtao de guanidina también precipita con el TCA.

Antes de precipitar con TCA, diluir la muestra 3 veces con agua.
Agregar 100% TCA hasta una concentracion final del 10%. Vortexear.

Dejar |1a muestra en hielo por 30 min, vortexear cada 10 min.

Centrifugar 10 min a 14,000 en un rotor SS34 o en una microfuga.

Agregar 6 volumenes de agua a fa pastilla, vortexear. La guanidina se disolvera
mientras que las proteinas se mantendran precipitadas.

Centrifugar, agregar etanol (96%) frio a la pastilla, y vortexear.

Centrifugar. Las proteinas se encuentran en la pastilia.

2.5. Amortiguador de lisis para purificar la proteina sobre-expresada a partir de
células enteras de E. coli

El amortiguador contiene urea o clorhidrato de guanidina. La urea es preferible por su facil uso,
pero a veces es necesario usar guanidina.

Urea X 8 M
Cilorhidrato de guanidina 5.5 M
NaH,PO, . 100 mM
Tris . 10 mM
NacCli 500 mM
SGlicerol . 5 Yo
Triton X-100 0.5 %
Imidazol 20 mM
B-mercaptoetanol 1 Y%

Preparar por ejemplo 100 mil de amortiguador de lisis. Repartir en alicuotas de 20 ml! y ajustar el
pH a 8.0, 6.1, 5.7, 5.3, 3.0.

Generalmente, las células enleras 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 centrifugacion de la
suspensién esta listo para la purificacion en columnas de niquel.

2.6. Amortiguador de lisis para purificar proteinas sobre-expresadas presentes en
cuerpos de inclusién

Cuando se tienen cuerpos de inclusion, los componentes siguientes son normaimente
suficientes:

Urea S, ' 8 M
Guanidina HC) 6 M
NaH;PO.4 100 mM
Tris 10 mM
NacCl 500 mM

Puede ser util emplear bajas cantidades de p-mercaptoetanol (por ejemplo 0.1 %). Continuar

como se indicod para el amortiguador de lisis para céluias enteras de E. coli.
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Polytomelia sp. growth on ethanol.
Extracellular pH affects the accumulation of mitochondrial cytochrome Cgsso.

Atteia, A, van Lis, R., Ramirez, J. and Gonzalez-Halphen, D. (2000)
Eur J Biochem 267, 2850-2858
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Polytomelila spp. growth on ethanol
Extracellular pH affects the accumulation of mitochondrial cytochrome ¢sso

Ariane Atteia,’ Robert van Lis, Jorge Ramirez and Diego Gonzlez-Halphen

ol L d de Fisiologia Celular. U ! Auid de 3] M.

Departamento de Genética

A defined medium with ethanol as sole carbon source was devised for growth of the coloriess, unicellular alga
Polytomella spp. Cell densitv on this carbon source was related to extracellular pH. An acidic pH was required for
ethanol utilization; best yields were obtained at pH 3.7. Spectroscopic analysis of the cells showed that the
concentration of cytochrome c per cell was 40% higher than at pH 6.0; the concentrations of cytochrome deoes
(cytochrome c oxidase) and bses (cytochrome bc; complex) were the same. A soluble cytochrome csso was
purified from cells grown at pH 3.7 and characterized by peptide sequencing as the 12-kDa cytochrome csso of
the mitochondrial respiratory chain. Immunoblots of total cell proteins showed higher accumulation of
cytochrome csso at pH 3.7 than at pH 6.0. RNA blot analysis gave clear evid of the abund of csso
transcript in cells grown at pH 3.7. The amount of mitochondrial proteins obtained from cells grown at pH 3.7
was twofold higher than that of cells grown at pH 6.0. Mitochondria isolated from both cell types readily
oxidized succinate. malate or ethanol. The rates of oxygen uptake were 20—-25% higher in mitochondria from
cells grown at pH 3.7. Cyanide and antimycin A inhibited respiration with succinate up to 95% in both types of
mitochondria. The participation of cytochrome ¢sso in mitochondrial electron transport from succinate to oxygen

was shown by spectral measurements.

. )

h. 1 metabolism; cytochrome ¢; extracellular pH.

Keywords: Polyromella spp.; Chl re

Unicellular algae from the genus Polviomella are found in
various habitais including fresh water ponds, meadow ditches
and greenhouse soils [11; up to now, eight distinct species have
been isolated in pure culture. The, members of the genus
Polytomella are nonpigmenled, hetcrotrophic algae that have
neither cell walls nor chloroplasts. On the basis of cemmon
physiologica! and mcrphological fcawres shared with the
photosynthetic algae Chlamydomonas, the genus Polytomella
hus been assigned to the family of the Chlamydumonaceae [2].
According to Round (3], Polvtometlla arcse from a Chlamy-
domonas-like ancestor by the loss or photosynthelic pigments
and cell wall. Recent molecular and biochemical data on
several key proteins of the mitochondrial respiratory chain and
the ATP synthase of the colorless alga Polytomella Spp- and
the photosynthetic alga Chl d have
strengthened the hypothesis of Round [4-7].

Earlier studies on Polyromella caeca have shown that this
alga can grow on different carbon sources, including organic
acids and alcohols of different chain length [8.9]. Depending on
the carbon source and culture media,.”. 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 to adapt its
metabolism to growth conditions. Hc.vever, the metabolic
pathways and bioenergetics of the algae Polyromella have not
been further studied.

In this work, we studicd the growth of Polyromella spp., a
strain isolated from green house soils, with a panicular
reference to the effect of pH. The data revealed previously

undescribed fcatures of the bioenergetics of Polyvromella that
concern the profound effect of low extracellular pH on (a)
the steady-state accumulation of the mitochondrial solubie
cytochrome ¢sso and (b) the mitochondrial respiration in cells
grown cn ethanol.

MATERIALS AND METHODS

Growth conditions

The colorless alga Polyromella spp. (198.80, E.G. Pringsheim)
was obtained from the alga collection at the University of
Gottingen (Germany). The alga was grown aerobically without
agitation at room temperature in 2-L flasks containing | L of
culture medium. All the culture media contained 1 mm
potassium phosphate (pH 7.0). 7.4 mm NH,CIl, 0.3 mm CaCla,
0.5 mm MgSO,, and the following trace elements: 1.39 pm
ZnSOQ,, 0.8 um H3;BO;, 2.65 mM MnSO,, 0.74 um FeClj,
0.16 mm CuSOy, 0.83 umM NaMoQ,. and 0.6 uMm KI. The media
used were: TAP medium (Tris base, 20 mm; the pH was
adjusted to 7.2-7.3 by adding 1 mL of glacial acetic acid.
17.4 mm acetate) [11]: TAPyus2 medium (20 mMm Tris base,
30 mm sodium acetate; the pH was adjusted to 5.2 with HCI):
EP medium (40 mMm ethanol; the pH was adjustea to 6.0 with
HC1); TEP medium (20 mMm Tris base, 40 mm ethanol; the pH
was adjusted to 7.8 with KOH); MEP medium [20 mM Mes
(pK, 6.1). 40 mm ethanol: the pH was adjusted to 5.2—5.3 using
KOH]: and REP medium (20 mMm tantaric acid; pK, values 2.93
and 4.23), pH was adjusted to 3.7 with HCI]. All the culture

dia were laved and then filtered ethanol was added (o
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EP, MEP. TEP and REP media.

Prior to cell inocuiation, thiamine and cyanocobalamin werc
added to all grow(h media to a final concentration of 20 pg-L.~
and 1 pg-LL™' respectively [12]. To follow growth, culture
media were inoculated to a cell concentration of 0.5~1 x 10*
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cells-mL~'. During growth, samples were taken to determine
cell concenl.rauon and pH (‘I’Branson pH meter). Cell number

Polytomella spp. growth on cthanol (Eur. J. Biochem. 267) 2851

frozen, thawed and uttracentrifuged for 30min at 160 000 g ina
601‘i rotor (Beckman). All steps were camried out at 4 °C.
sulfate fractionation of the soluble proteins was

was deter d using a Neub Toi bilize the
cells, Lugol’s solution (5% iodi lO% PC i iodide) was
added to the sample and when necessary, cells were il in

performed at 40, 65 and 90% saturation. Proteins that
d at 90% sawration were resuspended in 50 mm

0.3 ™M sorbitol.

Cell harvesting ’

Exponentially grown cells were harvested, washed in 0.3 M
sorbitol, 10 mm Mes, pH 6.0 (adjusted with KOH) and
resuspended in the same buffer, and used immediately for
biochemical and spectroscopic studies.

Spectroscopy

Before spectroscopic analysis, freshly harvested cells were
sonicated 4 x 1S s, at 40 W (Branson Sonifier 250, Sonic
Power Company). Visible spectra were recorded at room
temperature with a DW-2a UV/Vis SLM-Aminco spectro-
photometer modified with the OLIS DW2 CONVERSION and
oLis software (On-line Instrument System Inc.). Bilateral
curved slits with a spectral bandpass of 3 nm were used at a
scanning speed of 5.0 nm-s”!. Wavelength calibration was
made with purified horse hearn cytochrome ¢ (Type II; Sigma
Chemical Co.). Oxidation and reduction of the cytochromes
was achieved by adding, respectively, 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 ¢ was oxidized by
adding ferricyanide [13]. Ferricyanide was removed by an
overnight dialysis at 4 °C ageinst 50 mam Tris/HCI, pH 8.0.
Spectra of the cytochrome cssp were recorded before and after
reduction with ascorbate. Reduction of mitochondrial cyto-
chromes was achieved by adding 10 mm of succinate, 2.5 mm
cyanide and 2.5 um antimycin A to the mitochondria; oxida-
tion was achieved by adding a few, grains of persulfate.

Protein anaiysis

Cclls or mitochondria were solubilized in 2% SDS, 12%
sucrose after addition of 100 mn dithiothreitol [13) and boiled
for 2 nin, Polypeplides were separated on 13% acrylamide gels
in a Laemmli buffer {14]. Hemes were detected by peroxidase
activity of heme binding subunits using TMBZ as described by
Thomas er al. [15]. Immunodetection was carried out with an
ECL kit {Amersham) using antibodics against C. reinhardrii
cytochrome ¢ [13] and the B subunit of the mitochondrial
ATPase of Polytomella spp. For N-terminal amino-acid
deterniination, the cytochrome ¢, (250 pmol) was electro-
transferred onto poly(vinylidene difluoride) membranes
(Immobilon-P transfer mcmbmncs‘ Millipore) as described in
Atteia et al. [7]). For intermmal sequencing, cytochrome c¢
separated by SDS/PAGE was subjacted to trypsinolysis and
HPL.C separation. Protein sequencing was carried out by J.
d*Alayer at the Laboratoire de Microséquengage des Protéines
(Institut Pasteur, Paris, France). Apparent molecular masses
were estimated using commercial molecular mass markers
(Protein Ladder. Pharmacia. or Benchmark markers, Gibco-
BRL). Protein concentrations were determined by the method
of Markwell er al. [16]).

Purification of Pclytomelia spp. lﬁitochondrial cytochrome
Csso

Cells grown at pH 3.7 were harvested, resuspended in 20 mm
potassium phospaate, 150 mm Na2,CO;, 150 mm dithiothreitol,

Tns. 'S mm e- amino-caproic acid, 1 mmMm benzamidine, 1 mm
phenylmethanesulfonyl fluoride, pH 7.8 (buffer A) and dia-
lyzed against the same buffer. 1‘he dialyzed sample was then
Subjcclcd to a two-step io chr graphy; first,
proteins were loaded onto an anion-exchange column (DEAE-
Biogel, Sigma) equilibrated with buffer A, and those that ran
through were then loaded onto a cation-exchange column
(Bio-Rex 70, Biorad). Cytochrome ¢ was eluted from this
column with 100 mm NaCl in buffer A, and concentrated by
ultrafiltration with a Centricon-10 (Amicon).

Isolation of mitochondria and oxyg p

Polytomella spp. mitochondria were isolated from cells
harvested in their log-phase following the protocol used for
preparing coupled mitochondria from the green alga C. rein-
hardtii (17], except that the Percoll gradient centrifugation step
was omitted. The yield was approximately 4 mg of mito-
chondrial proteins per 1 g (wet weight) of cells grown at pH 6.0
and of B—10 mig for cells grown at pH 3.7. Oxygen consump-
tion of freshly prepared mitochondria was measured at 27 °C
using a Clark oxygen elecurode in a reaction vessel of 3 mL of
air-saturated rcspiration buffer (10 mM potassium phosphate
buffer, pH 7.2, 0.19- BSA, 0.25 m sorbitol, i0 mm KCI, 5 mm
MgCl,). The respiratory substrates used were succinate (10 ma1),
malate (10 mam malate, 10 inm glutamate, I ma NAD) or ethanol
(20 mm ethanol, 1 mm NALD). Measurements werc performed
with 0.25~0.35 mg of proieins per ml of assay buffer.

ments

RNA isolation and hybridization

Total RNA frcm Pulytometlc spp. was isolated using Trizol
Reagent (Gibco-BRL). RNA samples were separated on 0.22 m
formaldehyde agurose gels in Mops/formaldebhyde buffer:
20 mMm Mops, 40 mm sodium acetaic, 8 mm EDTA, pH 7.0
and 0.22 » formaldehyde, and transferred to Hybond N mem-
brane (Amersham). Approximately 10 pg of total RNA was
loaded per lane. DNA probes were labelled u>|ng the Random
Primers DNA labeling system (GibcoBRL) using [a->*P]dCTP
(DuPont). Probes were Cyc cDNA from C. reinhardii [18), and
TubBl cDNA from P agilis (now renamed F. parva} [19].
Prehybridization and hybridizations were carried out at 42 °C
in 6 x NaCUCit, 1% SDS, 50% deionized formamide.

Electron microscopy

Isolated mitochondria were fixed in 4% paraformadehyde and
2% glutaraldehyde. postfixed in 19 osmium tetroxyde and
embedded in Epon-Araldite resin.

RESULTS

The effect of the 1lut
on acetate or ethanol

Our experiments on the characterization of different mito-
chondrial protein compiexes of Polyrormella spp. (7,20.21] were
canied out with cells grown on a rich culture medium
c¢ ining 30 mm 0.2% b ypione and 0.2%

yeast extract. In this medium. the algae grew with a doubling

pPHonN F

lla spp. growth

'y

117 TESIS CON

FALLA DE ORIGEN




Apeéendice {1 Articulo (I

2852 A. Atteia er al. (Eur:‘J.‘Biovcl_lem.‘ 267)

© FEBS 2000 .

Tablc 1. Pol) ‘spp.': s 0.;, c or eth ; as sole carbon source, Initial pH values correspond to the values of extracectiular pH of a freshly
dium after cell i H final pH values. 1o the values of exu:cellullr pH when the cells have reached stationary phase. The culture media
selccled to study the ‘effect on'e: Hlular on and b of eth 8! Pol Ha spp. cells are indicated in bold type.

Cell concentration

Culture medium (mm) 0* cettsemL™Y) Initial pH Final pH
. TAP medium Acetate 17 03-0.4 7.2-7.3 7.6-7.7-
T T 20
TAP,ys.2 medium Acctate 40 1.6-1.8 5.2-5.3 7.4-7.6
- Tris 20
EP medium .- Ethanol 40 29-32 5.9-6.0 2.2-2.5
TEP medium Ethanol 40 02-03 72-73 6.9-7.0
Tris | 20
MEP medium Ethanol « 2.8-30 5.8-6.0 5.4-56
Mes 20
REP medium Ethanol 40 7.0-72 3.7-40 3.3-3.5
Tartaric acid 20

time "of 10—13.h, rcachmg a final cell concentration of
1.5-1.6 x 10° cells-mL~} (not shown). For our purposes, this
medium has not been chemically defined, and therefore could
not be used to investigate the carbon metabolism of
Polytomella. As Polytomella and Chl d are related
algae, we attempted to grow the colorless alga on TAP medium
(20 mm Tris, 17 mm acetate, and 1 mm potassium phosphate,
pH 7.2-7.3), a medium commonly used to grow the photo-
synthetic alga [11). The celi dcnsnty obtained on TAP medium
was 0.3-0.4 x 10° cellss-mL~' (Table 1); this is four to five
times lower than the cell density obtained on rich medium, and
less than 10% of Chlamydomonas grown on TAP medium
under illumination. The low growth of Polytomella on TAP

medium); under these conditions, cell densities reached values
similar to those obtained with the rich culture medmm
(Table 1),

In an early study, Wise [8) showed that P. caeca could grow
on various alcohols as carbon sources and that the highest cell
densities were obtained with cthanol. To explore if Polytomella
spp. could utilize ethanol, we tested its growth on TEP medium
in which the acetate of TAP medium was replaced by ethanol
(40 mm). In this medium, growth was poor (Table 1). By
lowering the pH from 7.2 to 6.0, growth was significantly
increased, indicating that acidic pH values are required for
cthanol utilization by Polyromella spp. The cell density
obtained on EP medium (with no additional buffer) was -~
approximately twice that of on acetate medium (TAPpus2

medium was not due to an insufficient carbon souice bec:

no further growth was observed with’'40 mm acstate. Kowever, -
the cell densities on TAP mediuin were significantly increased
when the pH of the medium was lowered. The highest cell
densities were obtained when initial pH was 5.2 (TAPpusa

[+ 1]
J

A

o
.

—e

N

Call concentration (x10°callsim)
N

medium) (Table 1, Fig. 1A). During growth, a marked acidifi-
cation (up to 3 pH units) of the culture medium was observed
(Fig. 1B). These data on the growth of Poly:omella spp. on EP
miedium indicated that ethanol uptake and cell division could

7
8

pH

4 TESIS CON
3 FALLA DE ORIGEN
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time (hours)
Spp. cells were grown on 40 mm ethanol at different values of pH in

o 2
0 40 ‘80 120 160 200
time (hours)
Fig. 1. Effcct of pHon La spp. g h on cth ] il

the presence or absence of buffer: (O) no additional buffer (EP mcdlum). (m 20 mm Mes (MEP medium); (@) 20 mm tartaric acid (REP medium).

of five i

(A) Growth curves; (B), pH curves. Curves shown are rep:
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650

600

550

wavelength (nm)

Fig- 2. Difference absorption spectra of Polyromella spp. cells grown on
cth.lnnl at pH 6.0 () and pH 3.7 (--). Cell suspensions were reduccd nnd
with di ite and persulf: are
to the nearest 0.5 nm. The cell concentration uscd was approximately

2.3 x 107 cells-mL"'.

500

take place over a wide range of pH values. At pH values below
3.0, the cells started to lose their flagella and undergo
sedimentzation.

To investigate the effect of pH on the growth of the colorless
alga on ethanol, different nonmetabolizable buffers were added
to the growth media. Growth of the alga was followed at pH 6.1
(MEP medium) and at pH 2.7 (REP medium). These buffers
maintained pH variations below 0.6 pH units. The growth

spp-

Fig. 3. A of Pol
houdrial cy €sso. (A) Whole cell
poi ides were scp. d on SDS/PAGE (13%

acryiamide) and visunlized by Coomassie blue
(left pancl, 2 x 10° cells) or TMBZ (right pan=l
4 x 10® cells; approximately 200 pg of pro-
teins). Pol lla spp. cy < is indi-
cated as cyr ¢y. Molecular mass markers were
Benchmark Markers (Cibco-BRL).

(B) Immunological reactions. Whole cell
polypeptides (200 pg of proteins) were separated
on 13% acrylamide SDS/PAGE, blotted on a
nitrocellulose membrane and pmbcd with speci-
fic ibodies for cy ial casa
(lower Llot) and the @ subunit of mitochondrial
ATPase (upper blot).

Polytomella spp. growth on ethanol (Eur: J. Biochem. 267) 2853

curves in Fig. 1A show that growth increased as the pH was
lowered. For example, cell densities at pH 3.7 were about three
times higher than at pH 6.0. Under both condmons. lhe cells
were flagellated and distributed h ly in the

In the following experiments, we examined cells grown on
ethanol at pH 6.0 and pH 3.7 inan to gain insights into
the effect of the extracellular pH on the metabolism and
bioenergetics of Polytomella spp.

Difference spectra of Polytomella spp. cells grown on
ethanol

The 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 minus persulfate-oxidized
spectra of cells (2.3 x 107 cellsmL~') exhibited absorption
peaks at 551, 566 and 606 nm (Fig. 2), indicating, respectively,
the presence of c-, b-. and a-type cytochromes in both batches
of cells. The differential spectra of purified mitochondrial
cytochrome bc, complex and cytochrome ¢ oxidase type aaj of
Polytomella spp. have been reported previously. The cyto-
chromes b and a exhibit  bands with maxima at 566 nm and
606 nm, respectively: these maxima are 4—5 nm red-shifted in
comparison to those of plants or mammals [21]. Assuming thai
the absorption peaks at 566 nm and 606 nm of the spectra in
Fig. 2 reflect the presence of mitochondrial cytochromes b (bc,
complex) and a (cytochrome c oxidase), the results indicate that
the pH of the ethanol-containing medium did not affect their
level of accumulation in Polyromelia spp. In contrast, the level
of accumulation of e-tyne cytochromes (a band at 551 nm; B
band at 519 nm) is clearly influenced by the extracellular pH.
The calculated A5 /Ass) ratios [21] for pH 6.0 and cells grown
at pH 3.7 was 0.73 and C.40, respectivzly. The pelleted cells
also indicated a difference in cytochrome content; the color of
cclls grown at pH 3.7 was pink, whereas that of cells grown at
pH 6.0 was brown.

B
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kDo
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- 67
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- 30
— 20.1
149 a0 40 450 2S00 550 600
Wml.l‘l’"‘l(ﬂﬂl)
C  Polytomelia spp. -l PN LIG|lGL F G R -
C. reinhardii 37-Q0|G P N LIG|G L F G R | -47
Wheat germ 36 - G PNUILH|G L FGR| -46
S. cerevisias 33-V{G PN L H|G I F GR| -43
Bovine 28-T|G P N L|H|G L. F G R | -38
drial C”a from cells grown at pH 3. 7. Lane 1. whole cell polypcpudes,

Fig.. 4. Polytomelia mitochondrial cytothmme r,so (A) Pur

of the

T

2ne 3, fraction of p not on

lane 2, s lane 3, p P d with 90% o
lanec 5, of p clutcd with 100 myt NaCl from cation-exchange column. Molecular mass markers were from Pharmacia. (B) Absorpnun
spectra of cytochrome ceso. Oxidized and reduced spectra of the purified 12-kDa cy The cy was by ferd . Fer
was removed by dialysis. § u were { at room in 50 mm Tris/HCI, pH 8.0. Before (—) and after (---) reducnon by few grains of
ascorbate. (C) As id of an il 1 ot Pol; ila spp. mi <y csso. The i ol an i
fragment of Polyiomella spp. i i Csso i by trypsinolysis is -with the i of h
used for ison are those of C. reinhardsii [18]; wheat [22); S. cerevisiae [23]): and bovine [24].

cytochrome cssn from other cukaryotes The

Steady-state mitochondrial cytochvome Csso accumulation is
enhanced at pH 3

To assess the nature of the cytochrome(s) ¢ whose accumulation
depended on the pH of the medium, whole cell polypeptides
were separated by SDS/PAGE stained with TMBZ to detect
hemes [15] or with Coomassie-Blue for total proteins.
Coomassie-blue * stained SDS/PAGE (Fig. 3A, left panel)
revcaled some differences in the protein pattern between cells
grown at different pH wvalues, 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 pattern
of cells grown at pH 3.7 and pH 6.0 was qualitatively the same,
exhibiting two major bands (Fig. 3A, right panel). One of these
bands was a 3N-kDa polypeptide that-was previously identified
as the membrane-bound cytochrome' ¢; [20]. The other band
was a low molecular mass cytochrome (12 kDa). so far
uncharacterized. For a similar number of celis (4 x 10°
cells), the amount of h 4 low 1 lar mass
cytochiome was significantly higher in cells grown at pH 3.7

than at pH 6.0. 11ns 12-kDa Cylochrorne cross-reacted with an
antibody raised the hondrial cytochrome csso of
the related photosynthetic alga C. reinhardtii. The immunoblot
analysis demonstrated that the level of accumulation of this
cytochrome was highly enhanced in the cells grown at pH 3.7
(Fig. 3B). In contrast, the level of accumulation of the B
subunit of the mitochondrial ATPase was not influenced by the
pH of the external medium (Fig. 3B).

The low molecular mass cytochrome was purified from cells
grown at pH 3.7. The purification procedure consisted of: (a) a
fractionation of soluble and membrane proteins; (b) ammonium
sulfate prccnpnanon steps at 40, 65 and 90% saturation; and (c)
a combination of anion- and cation-exchang;

(Fig. 4A). This isolation procedure (see Materials and mclhods)
indicated that the 12-kDa cytochrome is a soluble. basic
protein. The spectrum of the ascorbate-reduced form character-
ized by absorption peaks at 415, 520 and 550 nm, is typical of a
c-type cytochrome (Fig. 4B). The reduction by ascorbate indi-
cated a redox potential more positive than +60 mV. Attempts
to determine the N-terminal sequence of this polypeptide were

<hr
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- Tub B1

-e

- Cyc

A B8

Fig. 5. RNA blot analysis of Cyc mRNA levels. Total RNA was isolated
from Polytomella spp. cclls grown on ethanol at pH 6.0 or pH 3.7 and
hybridized as described in Materials and methods. The same blot was first
probed for Cyc mRNA and then for Tkb87 mRNA. The TubBI transcript
was used as an internal control for loading equivalent amounts of RNA, (A)
agarose gel; (B) RNA blot.

unst ful, suggesting a blocked N-terminus. Therefore, the
protein was subjected to wuypsinolysis followed by HPLC
separation of the generated fragments. The amino-acid
sequence obtained for onc of these peptides was compared
to the corresponding sequences of mitechondrial c¢ssg. The
sequence of 1! residues was 1dentical to that of the sequence of
the corresponding fragment in the cytochrome ¢ from
C. reinhardtii. and nhomologous to the sequences of mito-
chondrial cytochrome csso from wvarious sources (Fig. 4C).
Therefore, our spsctroscopic, biochemical, and lmmunochermcal
data indicated that the pH of the ethanol-co 1
regulated the accumulation of the mitochondrial cylochromc Csso-

Polytomella spp. Cyc mRNA levels are increased at pH 3.7

Total RNA was isolated from Polytomella spp. cells grown at
pH 6.0 and pH 3.7 and subjected to RNA blot analysis using
specific probes for the cytochrome cssg gene (Cyc) and the gene
encoding B-tubulin (TubB/). The TubB] gene was used as an
internal control for loading equivalent amounts of RNA in
the gels. At pH 3.7 and 6.0, we observed expression of Cyvc
gene (Fig. 5). However, Cyc mRNA steady-state levels were
significantly higher at pH 3.7.

Ultrastructure of mitochondria i d from Poly

spp. cells grown on ethanol

Polyvtomella mitochondria were isolated according to the
protocol described by Eriksson er al. [17] for the preparation
of C. reinhardrii mitochondria. Surprisingly, the yield of the
mitochondrial preparation was related to the pH of the calture
medium. Approximately 9 and 4 mg of mitochondrial proteins
could be obtained per gram of cells (wet weight) grown at

h 1 (Eur: J. Bioch 267) 2855

Polytomella spp. growth on

Fig. 8. E micr of drin isolated from Pol]
Spp. celis. h 14 were i from Pul spp. cells grown on
cthanol at pi{ 6.0 (A.B); at p!l 3.7 (C.D). Bars rcpresent 0.5 pm.

examination of the preparations of mitochondria from cells
grown at pH 6.0 and pH 3.7 revealed that the fractions con-
sisted of mitochondria comparable in size and shape (Fig. 6).
However, it was observed thau the mitochondria from c=lls
grown at pH 3.7 appeared slightly morce broken than those
grown at pH 6.0.

Structural and functional dies on mitochondria isolated
from Polytomella cells grown at pH 3.7 and 6.0

The fact that the level of accumulation of the cytochrome csso
was influenced by the extracellular pH prompted us to
investigate the structure and function of the mitochondria
isolated from Polyromella spp. cells grown at pH 6.0 and

Table 2. Oxygen uptakc by isolated mitochondria. Oxygen uptake of
mitochondria from cells grown at pH 6.0 and at pH 3.7 on different .
substrates. Oxygen uptake rates are given in nmol O; min~'.mg™* proteins.
Swandard error is shown in parentheses. Values are given as least squares
means of 4-5 experiments (F = 17.0402, P < 0.0001).

pH 6.0 pH 3.7
Succinate 74.8 (1.977) 93.0 (1.977)
+ 1 mym KCN 4.0(1.977) 4.2 (1.977)
+ 1 mm Antimycin A 3501977 4.0 1.977)
Malate 63.0 (2.210) 76.8 (1.977)
Ethanol 80.0 (1.977) 107.8 (2.210}

pH 3.7 and at pH 6.0, rcspccuvcly. Electron pe

-t
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‘ Fig. 8. d d vs. p itochondria. Protein
concentration was 8 mg-mL~'. To the samples reduced with 10 mm
succinate, 2.5 uM antimycin A and 2.5 mM cyanide were added. (=)
20— Mitochondria isolated from cells grown at pH 6.0. (—) Mitochondiia
‘ isolated from cells grown at pH 3.7, -
1 antimycin A (Table 2). The Iso for potassium cyanide, deter-’
mined with a Dixon plot, was 25—30 uMm for both preparations
15 = (not shown). Using spectroscopy, we explored the involvement
of the cytochrome cssp in the electron pathway from succinate
to oxygen in both preparations of mitochondria. Dif
‘ spectra were recorded after incubation of the mitochondiria with
10 mm succinate, 2 mm cyanide, and 2 M antimycin A. It is
noted that electron-transfer within Polyromella spp. cytochrome
4 bey plex is fully inhibited by | pm of antimycin A [21].
The succinate-reduced vs. persulfate-oxidized spectra of mito-
Q =— chondria isolated from pH 6.0 and pH 3.7 grown cells are
) N shown in Fxg. R. The Ajes/Ass) ratios were of 0.85 for the
Fig. 7. A of Pol spp- ytochr hondria isolated from cells grown at pH 6.0 and 0.52 for
€sso and small mass pol Polypeptides from those isolated from those grown at pH 3.7. These ratios were

dria were on SDS/PAGE (14% acrylamide) and visual-
ized by Coomassic blue (200 ug of protecins, left panel) or TMBZ (300 ug
of proteins, right panel), The small mass poly it that are
more abundant at pH 3.7 arc indicated with arrows. Molecular mass
markers were Benchmark Markers (Gibco-BRL).

pH 3.7. The polypeptide patterns of mitochondria isolated from
cells grown at two different pH values were explored.
Coomassie blue and TMBZ stained gels revealed differences
in the polypeptide pattern between mitochondria isolated from
cells grown at different pH values, as shown in Fig. 7. Besides
cytochrome csso, several low molecular mass polypeptides were
found to be more abundant at pH 3.7.

Mitochondria prepared from both sources readily oxidized
succinate, malate and ethanol. With all the substrates, the rate
of oxygen consumption was 20—25% higher in mitochondria
isolated from cells grown at pH 3.7 than in mitochondria from
those grown at pH 6.0 (Table 2). The respiration on ethanol
was optimal when NAD was added, ing that Pol. 1
spp. has a mitochondrial NAD +-linked alcohol denydrogenase.

Respiration with succinate by the two mitochondrial prepa-
rations was sensitive (Lp to 95%) to 1 mm of cyanide or 1 pum

similar to those obtained with whole cells. therefore indicating

-a mitochondrial location of the soluble cytcchrome css0 and its

participation in the electron transport chain.

DISCUSSION

Metabolic flexibility of Polytomella spp

In the study of the growth of Polyromella spp. the first step was
to define a culture medium in which carbon, nitrogen and
phosphate concentrations could be controlled. Satisfactory
growth was obtained on a medium derived from the chemically
defined TAP medium used for growth of the photosynthetic
alga C. reinhardrii. if the initial pH was below 7.0. We found
that Polytomella spp. grew much better at acidic pH on either
ethanol and acetate which makes this alga an acidophilic
organism. Our studies on the physiology of the heterotrophic
alga Polyromella spp. revealed some marked differences wnh
the evolutionary-rel d aiga Chl : (a) Pol:

spp.. unlike C. reinhardtii, grows poorly on acetate at pH
values near n=utrality, and (b) Polyrometla spp. can utilize
ethanol as a sole carbon source, a substrate that is very poorly
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utilized by C. reinhardtii (A. Aueia and R. van Lis, unpub-
lished data). These differences may be due to the absence of

h 1 (Eur. J. Bioch 267) 2857

Polytomella spp. g on

immunoblot analysis, and amino-acid sequencing, wc identified
thls polypepude as a soluble mitochondrial cytochrome csso.
experiments clearly indicated a higher steady-state

photosynthetic activity in the colorless alga. However,

lati of this cytochrome at pH 3.7 with respect to

ing that Polytomella species have evolved from a Chlamy-
domonas-like ancestor [3], our data suggest that in addition
to loss of its functional photosynthetic apparatus, Polyromella
has acquired new metabolic pathways.

All the physiological studies carried out on the algae of the
genus Polytomella (see above) [8—10] indicate that these algae
can cope with a wide variety of environmental conditions and

pH 6.0. In addition, we showed that the mRNA levels for the
cytochrome €530 are enhanced at low pH values. It is known
that the expressnon and/or the accumulation of solublc cyto-
chromes c in eukaryo(cs depend on the g h cc In
C. reirhardtii, it has been shown that acctate has a stronger
effect on (he regulation of the expressxon of the gene that codes
for cy! c€sso than does light i y. In the p of

therefore make Polytomella useful to investigate the h
isms used by eukaryotes to adapt to their environment.

Ethanol metabolism of the alga

As shown above, Polyromella spp. can derive energy for growth
and cell maintenance from ethanol under acndu: conditions. In
the absence of buffer in an eth 1- di (EP
medium), the growth of Polytomella spp. caused an acidifi-
cation of the extracellular medium. This acidification is not a
consequence of the uptake of ethanol, as this molecule can
permcate the cells by simple diffusion without involvement of
any carrier. The extracellular acidification observed is likely to
be a consequence of the oxidation of ethainol as shown by

acetate, the alga accumulates higher levels of Cyc mRNA than
in absence of the carbon source [18]. In §. cerevisiae, levels of
mitochondrial cytochrome cssp isoforms are affected by oxygen
tension; at increasing oxygen concentrations, the expression of
the gene Cyc7 is switched off while the expression of Cyc/ 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 Polyromella spp. to modulate the expression an
accumulation of cytochrome csso in response to extracellular
pH remain to be characterized.

Cells grown at pH 3.7 exhibit an enhanced mitochondrial

Loureiro-Dias and Santos [25] for S. cerevisiae. By of
NMR techniques, the authors showed that a product of the
oxidation of ethanol, acetic acid, accounts for the decrease of
the intracellular pH. In order to maintain pH homeostasis in
the cells, protons are expelled from the cytoplusm to the
extracellular medium by a plasma membrane HY -ATPase.

The significant aciditication ot the culture medium by
Polytomella spp. could be prevented by addition of buficr
(tartaric acid or Mes). A medium with tartaric acid as buffer
(REP medium) allowed tetter growth than an unbuffered
medium (EP medium), suggesting that growth is inhibited
at very low pH (pH 2.6-2.5). An external acidification of
S. cerevisiae cultures (from pH 6.5 to pH 3. 5) has been shown
by means of *'P NMR to cause a decrease in cytoplasmic pH
[26]. In cells grown at low pH, the amount of the. plasma
membrane HY-ATPase was higher than in cells grown at pH 6.0
[27]. Further investigation on Polytomella spp. will be needed
to determine whether extracellular pH influences the intra-
cellular pH and to ize the mechani s) used by the alga
grown at pH 3.7 to sustain a large o brane pH gradi

The steady-state levels of Cyc mRNA and cytochrome cssq are
regulated by extracellular pH

Analysis of SDS/PAGE stained with Coomassie blue or TMBZ
of whole cells showed relatively mnore low molecular mass
proteins at pH 3.7 and high molecular mass proteins at pH 6.0.
Interestingly. similar palypeptide patterns were observed with
isolated mitochondria, suggesting a regulation of mitochondrial
protein accumulation in Polytomella spp. by extracellular pH. It
has been reporied that for a number of bacteria. extracellular
pH affects the level of accumulation of distinct groups of
proteins. In Escherichia coli, the acid shock proteins expressed
after transfer of the cells from pH 6.9 to pH 4.3 represent stress
proteins induced by otmolan(y. aerobiosis or low temperature
[28]. In the acidophilic b ium Thiobacillus ferroxid . the
synlhcsns of several cellular [components, such as the 36-kDa
porin-like protein, increases in very acidic conditions [29].

resp

From our spectroscopic data. it could be inferred that the import
of apo-cytochrome ¢ into the mitochondria and the heme
attachment within the organelle takes place properly in cells
grown at pH 3.7. The Ases/css) ratio measured for isolated
hondria was ct able tc that for the total cells, indi-
Cu“llg that the pool of mitochondnal cytochrome ¢s550 was
located in mitochondria of cells grown at pH 3.7. The fact
that the cytochrome ¢ could be reduced by succinate (in the
presence of antimycin A and KCN) indicates that this cyto-
chrome participates in the classical respiratory pathway.

The fact that the mitochondrial cytochrome csso was the only
cytochrome of the classical respiratory pathway that was
overaccumulated at gH 3.7 is puzzling. Our data on oxygen
consumption indi tha: mitochondria frem cells grown at
pPH 3.7 exhibit higher respiratory rates (20-25%) than mito-
chondria from cells grown at pH 6.0. The enhanced electron
transport activities correlated with an enhanced presence of
cytochrome csso in the mitochondria. These data indicate that
mitochondrial respiratory capacity in Polyromella spp. can be
modulated by the concentration of cytochrome csso.
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The atp6 gene, encoding the ATPG subunit of F,F,-
ATP synthase, has thus far been found only as an
mtDNA-encoded gene. However, atp6 is absent l'rom
mtDNASs of some species, including that of Chl,

The F,Fg-ATP synthase/ATPase (EC 3.6.1.3) is present in
the three domains of life: archea, prokarya, and eukarya. This
membrane-bound complex catalyzes ATP synthesis using the
electroch ical gradient generated by light-driven or redox-

nas reinhardtii. Analysis of C. reinhardtii expressed se-
q tags r led three overlapping sequences that
encoded a protein with similarity to ATP6 proteins. PCR
and 5'- and 3'-RACE were used to obtain the complete
cDPDNA and genomic sequences of C. reinhardtii atp6. The
atp6 pene exhibited characteristics of a nucleus-en-
coded gene: Southern hybridization signals consistent
with nuclear localization, the presence of introns, and a
codon usage and a polyadenylation signal typical of nu-
cleur genes. The corresponding ATP6 proizin was con-
firmed as a subunit of the mitochondrial F,Fo-A’I‘P syn-
thase from C. reinhardtii by N-terminal sequencing. The
predicted ATPG polypeptide has a 107-amino acid cleav-
able mitochondrial targeting . The hy-
drophobicity of thc protein is decreased in these trans-
membrane regions that are predicted not te pariicipate
directly in proton translocation or in intersubunit con-
tacts with the multimeric ring of ¢ subunits. This is the
first example of a mitochondrial protein with more thun
two transmembrane stretcho«, directly involved in pro-
ton translocation, that is nucleus-encoded.
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driven clectron transfer chains (1). Two main structural do-
mains constitute this cligomeric protein, the membrane-bound
sector F, involved in proton translocation, and the extrinsic
domain I; that catalyzes the synthesis of ATP. The F, domain
contains five subunits in a 3a/38/19/18/1¢ stoichiometry (2).
The structure of the F, sector of the bovine enzyme has been
determined crystallographically (3). The F, portion of the ATP
synthase is less well characterized, due to its highly hydropho-
bic nature. The structure of a subcomplex of the Saccharoniyces
cerevisiae ATP synthase shews that 10 ¢ subunits are arranged
around a central stalk (4). In addition, one « subunit, also
known as ATPSE, is thought to interact with the multimeric ring
of ¢ subunits, translocating protons from the intermembrane
space to the mitochondrial matrix. Subunit a is predicted
to contain two hemichannels that are an obligate route tor
protons during ATP synthesis driven by thc chemiosmotic
gradient (5, 6).

In eukaryotic organisms, all of the subunits of the F, and a
subset of the F; portion of the ATP synthase are nucleus-
encoded and cytopl ically synth d. In most organisms,
only two or three of the hydrophobic components of the Fy,
sector are mtDNA?!-encoded. The gencs of the F, sector that are
usually found in the mitochondrial genome are atp6, atp8, and
atp9 (encoding ATP6 or subunit a, ATP8 or A6L, and ATP9 aor
subunit ¢, respectively). These genes encode highly hydropho-
bic polypeptides with multiple, putative transmembrane re-
gions (five for ATPS6, two for ATP8, and two for ATP9).

The 15.8-kb linear mitochondrial genome of the green alga C.
reinhardtii lacks several genes that arce usually present in
mitochondrinl genames, including nad3, nad4L, cox2, cox3,
atpl, atp8, and atp9 (7, 8). These seven genes encode essential
components of oxidative phosphorylation complexes and are
also absent from the mitochondrial gencmes of the related
green algae Chlamydomonas eugametos (9) and Chlorogonium
elongatum (10). The genes cox2a, cox2b, and cox3, which encode
subunits IIA, IIB, and III of eytochrome ¢ oxidase, have been
transferred to the nucleus in at least two members of the family

' The abbrevmuons used are: mtDNA mlmchondnnl DNA; Cr-ATPG,
C. reinhardtii ATPS6 of drial F F,,-ATP synthuse. EST
expressed sequence 1ag; (H>
drial targeti
bls(hydmxymel.hyl)er.hyllglymne

local hydr TS,
leoudets); Tricine, N-l2 hydraxy-l 1~
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Chlamydomonadaceae (11, 12). ‘riis gene transfer from the
mitochondria to the nucleus was accompanied by several struc-
tural changes in these genes. The proteins contain mitochon-
drial targeting sequences (MTS) and diminished overall meso-
hydrophobicity that allow the import and assembly of these
proteins in the inner mitochondrial brane.

In this work, the cDNA of the atp6 gene from C. reinhardtii
was cloned and sequenced, and the corresponding genomic
sequence was obtained. We show ‘that ofp6 is localized in the
nuclear genome. The ATPG polypeptide encoded by this afp6,
named Cr-ATPS, is hamologous to all known ATP6 proteins
and is shown to be a consti of the mitochondrial ATP
synthase of C. reinhardtii. This is the first description of an
atp6 goene that resides in the nuclear genome and the first
example of a nuclear gene that encodes a mitochondrial protein
that exhibits structural features characteristic of a proton
channel. We demonstrate that the largest decrease in hydro-
phobicity of Cr-ATP6 occurs in those transmembrane regions
that do not participate directly in proton translocation and that
are not predicted to interact with adjacent subunits. This char-
acterization of a nuclear version of a gene that is normally
present in mitochondrial genames will facilitate the allotopic
expression of mtDNA-encoded genes and its future npphcatlon
to human mitochondrial gene therapy.

EXPERIMENTAL PROCEDURES

Strain and Culture Condition=—Cell wall-less C. reinhardtii strain
CW15 was grown in TAP medium (13" with 1% surbitol (Sigma) under
continuous light, with agitation at 100 rpm. The cells were harvested nt
the Inte exponential phase of growth.

Nucleic Acid Preparation and Sequencing—Total DNA frum C. rein-
fsardtii was oblained as previously described (11) or, alternatively,
using the DNeasy Plant Mini Kit (Qiagen). Total RNA fram C. rein-
hardtii was obtained usmg the RNeasy Mini Kit (Qiagen). All suumnrd

Nucleus-encoded Subunit ATP6 Shows Decrcased Hydrophobicity

Mitochondrial Protein Analysis—Mitochondria from C. reinhardtii
were isolated as described (18). The final mitochondrial pellet was
resuspended in 35 ml of Percoll dilution buffer with a protease inhibitor

0 (0.6 mM ph 1 hylsulfonyl fluoride, 1 mm benzamidine, and
5 mMm e-nminocaproic acid). Mitochondria were diluted to a ﬁnnl con-
centration of § mg of protein/ml, solubilized in 1% dod:
and sub;ected to blue nm.xve elect.mphomgln using a gradient of 5-12%
ide (19). chain were separated in the
di ion by Tri SDS-PAGE (12% acrylamide) (20). Appar-
ent moleculnr mnsnes were calcula'ed using prestained molecular
k Pr d Protein Ladder; Invitrogen).
Protein conanrntmns were determined according to Markwell et al.
(21). The isolation of polypeptides for N-terminal sequencing was done
as previously described (22). N-terminal sequencing was carried out by
Dr.J. d'A]ayer on an Apphed Biosystems Sequencer at the Laboratoire
de Micr des Protéi Institut Pasteur, Paris.

Sequence Anal_yun in Silico—ATP6 sequences used in this work for
meschydrophobicity analysis were obtained from the SwissProt and
TrEMBL data bases at the European Bioinformaltics Institute (avail-
able on the World Wide Web at ars.ebi.ac.uk). The accession numbers
are as follows: Q31720 (Brassica napus), PO7925, Q36271 (Zea mays):
P26853 (Marchantia polymorpha); P0O5500 (Oenothera bertiana);
P05499 (Nicotiana tabacum);, Q04654 (Vicia faba);, P20599 (Triticurn
aestivum); P92547. P93298 (Arabidopsis thaliana); 021786 (Oryza sa-
tiva); Q36513 (Platymonas subcordiformis). Q35748 (Raphanus sati-
vus), Q35781 (Sorghum bicolor), Q36376, Q36379 (Helianthus annuus);
Q37623 (Prototheca wickerhamii); Q36730 (Petunia parodii); Q34008,
Q34004, QEXPH3, Q9XPH4. QITGM2 (Beta vulgaris); O79682 (Glycine
max); QIZY27 (Pedinomonas minor). QIXL97 (Solanum tuberosum);
QITCI2 (Nephroselmis olivacea); QIMGKO (Scencdesmus obliquus).
Alignments were carried out with the ClustalX program (28) with
default parameters. Protein weight matrix was Gonnet, although re-
sults abtained with Blosum and Pam were similar. The hydrophilic gnp
penalty was enabled.

Mitochondrial targeting sequence analysis utilized the prugram Mi-
taProt IT (24). The snme program was used 10 calculute the scgments
with high local hvdraphob:at) {<H>)in na dlsmnce cnn!pnqlng 13-17

h, bicity was esti d by i gench

acryl

amine acids. The

for o uverage hydr ed in

lecular biology were as described (14), wan
periormed by the Kimmel Cancer Center DNA Sequencing Facility at
Thomas Jefferson University.

Cloning of the cDNA of tie Gene atp6 from C. reinhardiii—We iden-
tified an EST clone (AV394701) €15) as a fragment of the a#pé gene [rom
C. reinhardtii, b the d d amino acid at tha ' end
of the EST exhibited high similarity with other ATP6 subunitws. The 5°
end showed senuence similarity to two additional clones (AV388269 and
AV395476) (15). Bascd un these EST sequences, two deoxyoligouucle-
otides were designed (5-GAGGGTCTTCGGCCTCTTGG-3° and 5'-
CGAAGAACGACAGCGAGAAAGG-3) and used to amplify a PCR
product of 822 nt, containing a pertion of the atp6 ¢cDNA, using a C.
reinhardtii cDNA library (16) ns template. The sequences nt the 5° and
3' ends ol the ¢cDNA were obtained following RACE PCR (17). The
primers used were ay follows: §' RACE, forward (oligotdT¥adapter) and
reverse (5'-CGCCAGAAGCGGTAGATGCC-3%); for nested PCR, for-
ward (olige adapter} and reverse (5'-GCAGCGAATGGCACCATCG-3
3’ RACE, forward (5'-CTACGTTGGCGAGTTCAACAAGC-3°) and re-
verse (oligotdTVadapter); for nested PCR, forward (56'-GTGGTCAA-

from GO to 30 amino acids and averaging the values. We used several
hydrophoebicity scales to reduce the possibility of bias.

Protein trensmembrane regions and secondary siructure were pre-
dicted uzing the programn TodPred !l (25), the PrediciPiutein Web
garver (www.es.embnet.orpg/Services/McelBia/PredictProtein/) (26}, and
tihhe ExPASy Molecular Biology Server iwww.expasy.ch).

Duta used tn analyze the a?p6 gene codon usage were obtained from
the Codon Tispge Dntabnse (www . hazusa.urip/codon/) with accession
numters [gbpln):237 for nuclear genes and [gbhpinl:21 for mitochondrial
gencs of C. reinhardtii.

RESULTS

Characterization of the atp6 cDNA from C. reinhardtii—We
identified a C. reinhardtii EST sequence as a partial fragment
of an arp6 cDNA by the similarity of the predicted translation
product with known plant ATP6 proteins. This sequence was
used to identify two additional. partially overlapping, EST
sequ as potential components of a full-length atp6 cDNA,

GAAGGCGCTGTAAGC-3") and reverse (aligo nd. ). The

of the dT/adapter and adapter deoxyoligonucleotides were described
previously (11). The ﬁruv. cDNA strand for lheue reanctions was obtained
using the kit Om L (Qi ) with a primer (5°-GAG AAG
CCC AGC TTG TAC AGA CC-3") to obtain the 5° end and oligo(dT) to
obtain the 3° end of the ¢cDNA.

Cloning of the aip6 fGene from L. reinhardtii—Three pairs of
deoxyoligonucl ides were d using the ¢cDNA seauence to
amplily the genomic sequence for the arp6 gene (5'-ACGACGAAGAAT-
ATAGATTGG-3' and 5'-CGCCAGAAGCGGTAGATCCC-3"; 5'-CATTC-
GCTGCCCAGCAGGGC-3' and 5'-GCGAAGAACGACAGCGAGAAGG-
G-3'; 5°-CCTCCAACTTGCTGGGTCTGGTG-3' and 5'~ACGAAGCTTA-
CAGTCTCCTC-3"). The PCRs were performed with the Pfu Turbo DNA
poulymerase (Stratagens). For PCR amplification, samples were denat-
ured for 5 min at 94 *C; subjected to 1Q cyeles of 10 s of denaturation nt
94 *C, 1 min af annenling at 55 °C, and 4 min of extension at 68 *C; and
subjected to 25 cycles of 10 8 of denaturation ot 94 *C, 1 min of 55 *C
annealing, aund 4 min (plus 10 s ench cycle) of 68 *C extensian. Three
different overlapping PCR products of 959, 1973, and 2030 nt were
obtained and cloned into pGEM-1 Easy Vectar {Promega) after the
nddition of terminal Adenines. R
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although portions of the predicted polypeptide lacked similar-
ity with known ATPS6 proteins. Based on these EST sequences, .
deoxyoligunucleotides were designed and used for PCR ampli-
fication. A PCR product ¢l 822 nt was cbtained using a C.
reinhardtii cDNA library as template. The sequence cf the
amplified product confirmed the co-linearity of the EST se-
quence fragiaents. The 5°- and 3’-ends of the ¢cDNA were ob-
tained by RACE PCR (17) using ¢cDNA made from C. rein-
hardtii total RNA. The full-length cDNA was PCR-amplified as
two overlapping fragments and sequenced, and a length of 2349
nt was obtained for the atp6 cDNA.

The C. reinhardtii atpt cGNA contains a 5'-untranslated
region of 27 nt followed by an open reading frame of 1014 tt
(Fig. 1A). The sequence flanking the proposed open reading
frame initiating methionine codon, AACCATGG, is a consensus
translation initiation site (A/C)A(A/CYA/C)ATG(G/C) for C. re-
inhardtii (27) 'The TAA stop codon corresponds to the one
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cDNA
3'UTR 1299 nt
5 UTR -
27 nt
gene
200 nt
cr NALQOAA PRVPOLLGRA PVALGOSGIL TGESGPRNQG '&m -61
So
h 4 b 4
Ccr AVYAQAFSTS APSY KLPG MAGEMLLGKS REGL PFA. -1
So -
cr ———————— e ——— = [T BZATUNSY] LLG1Y————— ~RFWKSQAPM DXPHAPVDDR 39
So MILNYFLFNY SSRIIASAAE AWQSVPLVST. HLPFMGAVFPS LNIHAVTVAI AMLVLVVNHES
zrewz 3 *e o+ 3 ze -3
v
cr MLPAIVDASD wre—e——eee e ceca - oo e e - . NRAA LGT——————- 56
So LNHSSAQAGN SALSGFRKSV SGFWNTQTLE RVHLEWRQLS ARSAQTDRVS LSTNRLPSAW
s 3 v 2 zw 3 &
Cr e emeececm—— ===WATALFC TILASNLLGL VRPTNIAPTSG LGFATGLGVS VWATATTLGL 103
So KALSDIQGKT TVVWSSVLFF ILLASNSPGL VPLCSAITGO AGFTLGMSIR LLSGITYLGV
eg: ww geees zew wa . . ey @3 3 3 3 2w wey

cr - YKLGFSFPGH PIP!ITPHPH AFIFVPLETI SYTFRAVSLG VRLWVNMLAG H'Z‘LLHILT!I 163
So - KRQGMRFVRL FLPSGISWPM APLFILLEST SYGFRAISLC TRLYCMNMFAS HLLLHT.FTSL

: wz e wie @ eww @ #; EN:e e EWA;EEE Ww; WEIEe @ wew@gew
(=24 ALALPFSLSF FAMVPATFAV ACLLSALVGL EYLVAVLQSG YVFSILSTVYV GEFNSVEKLAG 223
Sc SLVPVLCTPV LLGAPFTVIA ASILMALSAL ETIVAVLOSG VFCLLSGFYV TEVLRRKDE-

:w T B . . * ;v *e e - :weseses ww jee ew * -

cr PLAKVVEKAL 233
So =LASAL————

e g

Fi1G. 1. Organization of the ap6 gene of C. reinhardtii and sequence comparison of C. reinhardtii and S. obli ATPE6

A. dingram of the organization of the C. reinhardtii atp6 gene. The coding regions of the atp6 cDNA and ufpG gene are shown as boxes, the
nontranslated regions are shown as thick black lines, and introns are indicated by a thin black line. The putative mitochondrial targeting sequence
is gray and the polyandenylation signal is indicated as a vertical black bar. B, the amino acid sequence anlignment of the ATP6 proteins of the
F,Fy-ATP synthase from C. reinhardtii (Cr) and 8. obliquus (So) (28) are shown. Black triangles indicate the positions of introns in the
corresponding gene sequence of C. reinhardtii. The C. reinhardtii sequence is numbvred, using 1 as the firat amino acid of the mature protein. The
amino ncids of the MTS have negative numbers. The MTS of the C. reinhardtii protein is in doldface type. The amino-terminal sequence of muature
Cr-ATPS6 obtained by Edman degradation is boxed. *, identical amino acids: :, similar amino acids. The sequence of the mature Cr-ATPS is 39%
identicnl and 46% similar to that of the S. obliquus ATPE. UTR, untranslated remon.

present in the majority of nuclear genes (70% of the reported (Fig. 1A). Two different putative polyadenylation signals were

genes usc this stop codon), and the flanking nucleotides
GTAAG are identical to the consensus sequence (G/C)TAA(G/
A), characteristic of C. reinhardtii nuclear genes (27). The
deduced sequence predicts a Cr-ATP6 preprotein of 340

found in the Cr-ATP6 cDNA: TGTAA, the typical signal of
nuclear genes of this alga, located 15 nt before the end of the
c¢DNA sequence, and TGTAG, a variation of the most common

i 1(27),1 d 1048 nt upstream from the first polyadenyl-

acids. A BLAST scarch of the SwissProt nonredundant protein
data base using the Cr-ATP6 sequence produced the highest
similarity with the mtDNA-encoded ATP6 subunit from the
green alga S. obliquus (28, 29), algo a chlorophyte alga. The two
proteins shared 39% identity and 46% similarity (Fig. 18). The
similarity is highest at the carboxyl-terminal region of the
protein (59% similarity over amino acids 114--233).

The atp6 cDNA contains a 3’-untranslated region of 1299 nt

ation site. When total RNA was isol d and hybridized with
the atp6 probe in a Northern blot analysis, a single band of 2.4
kb was observed. This result suggested that only the orthodox
TGTAA polyadenylation site is functional in the afp6 RNA
sequence (Fig. 2C).

Genomic Sequence of atps from C. reinhardtii—The complete
genomic sequence of the atp6 gene was obmmed following PCR
amplification of three overlapping r using prim-
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Fia. 2. The aip6 gene is nucleus-localized, prosent in a single
copy, and expresied in C. reinhardti . nuclear localization of the
atpt gene. Thirty micrograms of totsl DNA trom C. reinhardtii was
electrophoresed through a 0.7% agarcae gel. The first lane (DNA) shows
the ethidium bromide-stnined gel. The subseqguent lares show Southern
blot analyser of the sume gel hybeidized with different mtDNA-encoded
tcox!, nud2, and enb) and nucleus-encoded (Cyc, AtpB. and Cox3) gene
probes. The atp6 probe hybridized with the nuclear DNA and not with
the mtDNA. B, afpG is n single copy gene. Total DNA from C. réin-
hardtii was digested with the reatriction enzymes Stul, EcoRV, and
N&il and SubJecwd to boulhem hlm. analysis wn.h n lubuled probe | for the
atp6 gene. Single hybridi were d the
presence of a gingle alpé gene C Northern blot nnnlysw af total RNA
from C. reinhordtii. Twenty micrograms of total RNA from C. rein-
hardtii was clectrophoresed through 1% agurose, 0.66 M formaldehyde
gels and subjected to Northern blot analysis with a labeled probe for the
atpG gene. A single hybridizing band of 2.4 kb was detected.

ers derived from the cDNA sequence. The 3577-nt gene con-
tained seven introns, ranging from 72 to 263 nt in length. These
introns were present in the coding regions for both the mito-
chondrial targeting sequence and the mature portion of the
protein (Fig. 1, A and B).

The atp6 Gene Is Located in the Nucleus in C. reinhardtii—
When total DNA isolated from C. reinhardtii was electrophore-
sed on agarose, the mtDNA separated as a discrete band run-
ning below the major band representing nuclear and
chloroplastic DNA (11). Southern blot analysis was carried out
to ascertain if the atp6 gene was present in the nuclear genome.
‘The lower band hybridized with three different mtDNA probes
from C. reinhardtii, coxl, nad2, and cob (7). In contrast, nu-
clear DNA hybridized with the a¢p6 gene, obtained in this
study, and three probes derived from C. reinhardtii nuclear
genes: Cyc encoding cytochrome ¢ (30), AfpB encoding the 8
subunit of the ATP synthase (16), and Cox3 encoding subunit
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Mw Subunit  N-terminal
(kDa) sequence
61.0 B AEPAAAT
51.0 (- ASDAKALD
40.2 k4 ATATFVPGVSGDASG
30.1 GAPAGSDHDHP
27.8 ATGAAPSKK
26.3 -3 ASNQAV(X/CYaRI
17.8 AKTAPKAM
15.5 ATP6 STAAQVQSGATVNSL
13.0 LSTLVEKFTFGSAAD
10.8 MKLLPESLQQEAA
9.1 EESSVANLVKS
7.8 n.d.

F16. 3. Subunit composition of the F,Fo-ATP synthase complex
from C. reinhardtii. The mitochondrial respiratory chain complexes
were separated by blue native elm:t.ruphoresls and in the second dimen-
sion by Tricine-SDS-PAGE. Shown is the ATP uynt-hnse complex after
electrophoresis on o Tnc:ne-SDS~polvuc. lamide gel. Th termi-
nal of the poly: were determined, and the identified
subunits are indicated. n.d.. not determined.

IIT of cytochrome ¢ oxidase (11) (Fig. 2A). A second Southern
blot analysis was carried out to determine whether the atp6
gene was present as a single copy gene in the genome of C.
reinhardeii. Total DINA was digested with three different re-
striction enzymes. Southern analysis utihzing an 822-nt PCR
product of the coding region of the ap6 gene as a probe,
resolved a single band in each of the restriction digests, sug-
gesting that this gene is present in a single copy in the C.
reinhardtii genome (Fig. 23).

‘The patteru of codon utilizatioa of the atp6 gene was com-
pared with the patiern of codon usage of other known nuclear,
chloroplast, and mitochondrial genes of C. reinkardtii. Euch
codon family of the a¢p6 gene favored C or G in the third
position and is thereforc typically nuclear and different from
mitochondrial and chloreplast gcnes (27) (data not shown).

ATPE Is a Constituent of F;FoATP Synthase of C. rcin-
hardiii—If the nuclear localized atp6 gene of C. reinhardtii is
expr d, the corresponding Cr-ATP6 subunit should be pres-
ent in the F,F4-ATP synthase complex. To identify the Cr-
ATPS6 subunit, isolated mitochondria from C. reinhardtii were
solubilized and subjected to blue native electrophoresis fol-
lowed by second dimension analysis by denaturing Tricine-
SDS-PAGE. The F,Fo-ATP synthase was identified by its char-
acteristic electrophoretic pattern on the second dimension gels.
Twelve different polypeptides were present in this complex
(Fig. 3). The thr.2 major subunits were identified as subunits
«, B, and v, since their apparent molecular masses are similar
to those reported previously (31). Their identities were con-
firmed by N-terminal sequence analysis of their first five amino
acids. The additional eight polypeptides were subjected to more
extensive N-terminal sequencing (Fig. 3). The 26.3-kDa sub-
unit was identified as subunit & of F,Fo-ATP synthase because
of its sequence similarity with other 5 subunits. The 15.5-kDa
polypeptide was identified as subunit ATP6, the protein prod-
uct encoded by a¢p6. since its initinl 15 amino acids matched
exactly amine acids 108-122 of the deduced protein sequence
encuded by the afp6 ¢DNA. This confirms that the atp6 gene
product is a constituent of the F,F;-ATPase complex of C.
reirzhardtii. The N-terminal sequences of the eight remaining
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Fi. 4. Plot of mesohydrophobicity
verwus maximal local hydrophobicity
for ATPEG proteins. The MitoProtll pro-
grum was used to calculate local hydro-
phobicity values (<H>) and meachydro-,
phobicity values for ATP6 proteins, using
the PRIFT scale. Proteins are distributed
on the abscissa according to their meso-
hydrophobicity value and on the ordinate
uccordmg to Lhe hydmphoblcxly of the
most k

&
I

hydr 17-1
The hy hetical b b 1m—
portable and nummponable proteins, in-
dicnted by a broad, yrayv diagonal, was
derived from Claraos et al. (39) and Pérez-
Martinez et al. (11). The following pro-
teins with their symbols were analyzed:
C. reinhardtii (A), S. obliquus (B), P. mi-
nor (C), H. annuus (D), P. subcordiformis
(E), Z. mays (F), P. wickerhamii (G), O.
sativa (H), S. tuberosum (D, N. tabacum

<H> kecal / mol

W
1

Non-Iimportable

N

), B. napus (K), T. aestivum (L), M. poly-
morpha (M), B. vulgaris (N), G. max (Q).
A. thaliana (P).

polypeptides showed no evident similarity with other ATPase
subunits, and their identities remain to be established.

Our data indicate that the mature Cr-ATP6 subunit is a
protein of 233 amino acids with an expected molecular mass of
24,577 Da and predicts that Cr-ATP6 has an MTS of 107 amino
acids, which is cleaved upon import of this polypeptide into
mitochondria. For numbering purposes, the mature protein
Cr-ATI6 is considered to start at amino acid number 1, and the
amino acids that belong to the putative MTS are numbered
accordingly (Fig. 1LB).

Hydrophobicity and Importability of the Nucleus-encoded
Subunit ATPE6 from C. reinhardtii—Mitochondrial protein im-
port studies suggest that the highest average hydrophabicity
over 60 —~80 amino acids of a polypeptide chain (rmeschydropho-
bicity), along with the maximum hydrophobicity of the putative
transmembrane segments, are useful indicators of the likeli-
hood that a protein could be imported into mitochondria (32).
We have previously shown that the transfer of genes from the
mtDNA to the nucleus in chlamydomonad algae is accompa-
nied by a decrease of these paruauacicers for the COX LA, COX
1IB, and COX III subunits of cytochrome c oxidase (11, 12). The
physical characteristics of the predicted Cr-ATP6 polypeptide
were examined in silico and compared with those of ATP6
subunits encoded by other complete plant and algal mitochon-
drial atp6 genes. Fig. 4 shows the plot of mesohydrophobicity
versus maximal loenl hydrophaobicity (<H>) for Cr-ATP6 and
for different mtDNA-encoded ATP6 seq . When ed
with several of its mitochondrial -counterparts, Cr-ATPG dxs-
plays both decreased <<H> and mesohydrophobicity. However,
other mtDNA encoded ATP6 subunits, like those from S.
vbliquus, O. sativa, and G. max, also exhibit reduced mesohy-
drophobicity and <H>.

The reduction of mesohydrophobicity and <H> depends on
two fuctors: the length of the hydrophilic loops between trans-
membrane domains and the mean hydrophobicity of ecach
transmembrane segment. The alignment of all available ATP6
sequences reveals that the distances between transmembrane
domains have not changed (results not shown). Hence, the
menn hydrophobiciuy of each transmembrane segment ought to
be reduced in Cr-ATP6. Tao determine in which regions the
hydrophobicity was diminished, hydropathy plots of Cr-ATP6
were compared with those of ATP6 sequences from plants and
algae. Analysis of Cr-ATP6 predicts that it contains at least six
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hydropbobic regions that could be transmembrane regions
(data not shown). However, topological cunsideractions argue
against the possibility that al! hydrophobic segments span the
membrane. The most precise positioning of the putative trans-
membrane helices was obtained by aligning all reported ATP6
sequences and predicting the secondary structure. This analy-
sis suggested a meaodel in which there are five transmembrane
segments, namerl A-E (Fig. §). This mode! is in accordance
with the topology of the amino and carboxyl termini and the
presence of conserved and functionally required amino acids
(33-36).

Establishing the boundaries of the five putative transmem-
brane regions allowed us to quantitote the mean hydrophobic-
ity for eaach in C. reinhardtii and mtDNA-encnded ATPEG
subunits irom other algae and plants (Fig. 6). While transmem-
brane helices D and E cahubit similar <H> values when com-
pared with the mean <H> values in helices D and E of plant
and algal mi hondrial seq ces, sigrifieant differences in
<H>> values were found in the putative transmembrane re-
gions A, B, and C, which are not believed to participate directly
in proton translocation and are not thought to interact with the
multimeric ring of ¢ subunits. This decrease was more than
50% in helices A and C of Cr-ATP6 in comparison with the
<<H> values of helices A and C of other mtDNA-encoded ATP6
subunits. We conclude that the Cr-ATPG subunit exhibits di-
minished overall hydrophobicity as compared with the majority
of mtDNA-encoded homologs and that the main decrease in
hydrophobicity occurred in those transmembrane regions that
exhibit poor sequence conservation and that seem 1ot to be
critical for proton translocation.

DISCUSSION

The Gene atp6 of . reinhardtii Exhibits Nucleus-encoded
Characteristics—The 15.8-kb linear mitochondrial genome
from C. reinhardtii lacks several genes that are typically
mtDNA-encoded, including three genes that encode subunits of
the F;Fy-ATP synthase (7). in this work, we show that the atp6
gene was transferred from the mitochondrial genome to the
pucleus in C. reinhardtii and demonstrate that the ATP6 pro-
tein is present in the mitochondrial F,F,-ATP synthase. The
atp6 gene has been previously found only in mitochondrial
genomes. This is the first biochemical and genetic evidence for
the nuclear localization of atp6. We show that the a¢p6 gene is
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nucleus-laocalized in C. reinliardtii by Southern blot hybridiza-
tion (Fig. 2A4). The a¢p6 gene exhibits all of the characteristics
of a mitochondrial gene that was functionally transferred to the
nucleus (37): a nuclear codon usage, a typical nuclear poly-
adenylation signal, the presence of introns, acquisition of a
DNA sequence encoding an amino-terminal MTS, and dimin-
ished hydrophobicity relative to many equivalent mtDNA-cn-
coded proteins.

The deduced amino acid sequence of the ATP6 cDNA and the
N-terminal sequence of the mature protein predict the exist-

ence of a 107-amino acid MTS. This MTS is likely to have been
acquired after the original mitochondrial gene was transferred
to the nuclear genome. This MTS has a low number of acidic
residues, and amino acids 2-24 are predicted to form the am-
phipathic domain necessary for import of the protein into mi-
tochondria. The methionine (Met?) adjacent to the MTS cleav-
age site of the full-length Cr-ATP8 may have been the
initiating methionine of the ancestral mitochondrial protein
before its corresponding gene was transferred to the nucleus.
The MTS is unusually long when compared with other C.
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reinhardtii MTSs, which exhibit a mean length of 30 amino
acids (38). However, we previously found that the nuclear
genes encoding COX IIA and COX I of C. reinhardtii and
Polytomella sp., proteins that ave typically encoded in the
mtDINA, are also predicted to have long MTSs, of 98 and 130
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reinchenowi (44), and the ciliates Paramecium aurelia (45) and

Tetraliymena pyriformis (46). It would be interesting to exam-

ine the sequences of ATP6 from more distantly related organ-

isms to determine whether they have reduced physical con-

strmnts for import and to determine where reductions in
hicit

amino acids (11, 12). This suggests that the mi ial
import of the more hydrophabic mitochondrial proteins, such as
COX IIA, COX III, and ATP6, may benefit from an extended
MTS.

The duplication of the MTS was found to improve the in vitro
and in vive import of hydrophobic proteins into yeast mitochon-
dria (32, 39). It was suggested that a long MTS can improve the
interaction of the precursor with the mitochondrial import
machinery. Alternatively, a long MTS could facilitate the fold-
ing of the protein to increase its importability and bly in

hydr occur in the protein.

Mecan Hydrophobicity Has Strongly Decreased in Those
Transmembrane Regions of Cr-ATP6 That Are Not Critical for
Function—The transfer of the atp6 gene from the mtDNA to
the 1 was ied by, or preceded by, a strong
decrease in the overall hydrophobicity of the encoded protein
(Figs. 4 and 5) and probably facilitates the import and assem-
bly of Cr-ATPS6 into an active F;Fg-ATP synthase. Hydropho-
bicity analyses, in combination with the alignment of all ATP6
seqt available and previous published observations (33—

the membrane.

The vast majority of the plant mitochondrial ATP6 se-
quences exhibit physical constraints that are expected to
hinder their import into mitochandria (Fig. 4), consistent with
their presence in the mitochondrial genome. In contrast, Cr-
ATPG has a lower overall hydrophobicity that allows its import
into mitaochondria, most probably through the TOM-TIM ma-
chinery (40). In addition, some mtDNA-encoded ATP6 se-
quences also’exhibit low <H> and mesohydrophobicity valuns
(S, obliquus, O. sativa, and G. nmax). These genes seem to be
“prepared,” from the hydrophobicity point of view, for transfer
to the nucleus. \We hypothesize that the ancestral Cr-ATP6
protein had a low overall hydrophobicity that enabled the atp6
gene to be functionally transferred to the nucleus.

Transfer of atp6 and Other mtDNA-encoded ATP Synthase
Subunits to the Nucleus—Mitochundrial genomes range widely
in size and gene content. Only two genes encoding components
of the mitochondrial respiratory chain are invariably present in
all mitochondrial genomes known'tn date: cob and coxI. Their
polytopic protein products are central compenents of proton-
translocating complexes: cytochrome & of Lthe be, complex and
subunit I of eytochrome ¢ oxidase. Cr-ATPE is the first example
of a mitochondrizl protein with more than two transmembrane
helices, directly involved in proton translocation, that is
nucleus-encoded.

The highly reduced 6-kb mtDNA of the parasite Plasniodinum
falciparum contains three genes encoding components of the
mitochondrial respiratory chain: cob, coxZ, and cox3 (41). At the
other end of the mtDNA size spectrum, the 60-kb mtDNA of the
flagellate Reclinomonas americana (42) encodes 23 proteins
that participate in oxidative phosphorylation. Five of these are
constituents of the F,Fo-ATP synthase complex: the proteins
encoded by the genes atpl, atp3, atpb, arp8&, and atp9. In the
mitochondrial genomes of fungi and plants, three genes encod-
ing hydrophaobic components of the F, sector of F,F,-ATP syn-
thase are usually found: atp6, atp8, and atp9. These three
genes are absent in the mtDNA of C. reinhardtii.

The relocation of C. reinhardtii atp6 to the nueleus occurred
rclatively late in evelutien, after the massive transfer of genes
from the protomitochondrion to the nucleus (13). In the evolu-
tion of the green algae, the transfer of afp6 to the nucleus
occurred after the separation of the Scenedesrnus and Prototh-
eca lineages, where afp6 is still mtDNA-encoded, from the
Chlamyd and Chlorogonium 1i o where the atp6
gene is no longer encoded in the hondrial

The trunsfer of the atp6 gene to the nuclecar genome is
unlikely to be exclusive to C. reinliardtii. Other organisms that
lack the atp6 gene in their mitochondrial genomes and that are
likely to have transferred it to the nucleus are the closely
related algae C. cugametos (9) and C. elongatum (10), the
apicomplexan organisms P. falciparum (41) and Plasmodium
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36), allowed us to predict the presence of five well defined
transmembrane regions in Cr-ATP6, named A-E (Fig. 5). The
decreased hydrophobicity occurs pred inantly in tra

brane regions A, B, and C (Fig. 6), which are poorly conserved
among other ATP6 proteins and are thought not to participate
directly in the proton translocating function of ATP6. In con-
trast, the well conserved transmembrane regions D and E
maintain similar levels of mean hydrophabicity to mtDNA-
encoded ATP6 subunits. We previously observed a similar phe-
nomenon in the COX III proteins of C. reinhard?i and Polyto-
mella sp. COX I1I is typically mtDNA-encoded but has been
transferred to the nucleus in these algae (11). The nucleus-
encoded COX III proteins showed greater diminished hydro-
phobicity in regions of the protein not in contact with the COX
I subunit. This suggests that decreases in mean hydrophobicity
of mitcchondrial proteins whose genes have been relocated to
thc nucleus are more likely to uccur in regians of the protein ot
involved in subunit-subunit interactions or in protein lunction.

Cr-ATPE6 contains several amino acids that are conserved in
all ATP6 sequences. Helix B ends in a highly conserved Pro and
contains two additional conserved amino acids, Phe% ard
Asn‘. The presence of Asn is not very comnmon in transmem-
Lrane segments, so we believe its presence may have a role in
transmembrane helix associntion through interhelical hydro-
gen bongding (47, 48). Transmembrane helices D and E contain
most of the conserved amino acids; helix D is preceded by a
highly conserved Glu'?! involved in the proton transloecation
pathway and contains the invariant amino acids Ser?*?, Leu?*?,
Gly'*3, Leu?*%, Asnl*? Ala!52, Gly%3, and His®'. There is also
an invariant Argl*® that has been previously described as a
residue involved in the protonation of the ¢ subunit oligomer.
Helix E contains the conserved Glu'®4, which is hypothesized to
be involved in proton translocation, and Tyr?'2 which may be
structurally important, after the end of this helix (Fig. 5).

Implications for Human Mitochondrial Gene Therapy—A
considerable number of human diseases have been associated
with point mutations or deletions in the mitochondrial genome
i9-51), and Straiegies to develop mitochondrianl gene thera-
pies have been suggested (52, 53). Onc promising npproach for
overcoming mutations in mtDNA-encoded proteins is to place a
wild-type copy of the affected gene in the nucleus ana target the
expressed protein to the mitochondrion to replace the defective
mtDNA-encoded protein., Such allotopic expression of a nor-
mally mtDNA-encoded gene has been successfully performed in
S. cerevisige to overcome a mutation in the mtDNA-encoded
atp8 gene (54).

Analysis of nuclear forms of proteins that are normally en-
coded in the mtDMNA may provide insights that will facilitate
the allotopic expression of genes harboring mutuations in the
mtDNA-encoded genes. The observed decreases in hydropho-
bicity of nuclear expressed COX 111 and ATP6 of C. reinhardtii
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suggest that human mitochondrial genes could potentially be
engineered for allotopic expression for gene therapy purposes
by maodifications to decrease the mean hydrophobicity of the
protein product, ly in tr brane regi that are
not highly conserved or that are known to be noncritical for
fi i Such ch would be in addition to the changes in
codon usage and the addition of an MTS-coding sequence that

-t och
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Abstract The sequence and organization of the Chla-
miydomonas reinhardtii genes encoding cytochrome ¢;
(Cycl) and the Rieske-type iron-sulfur protein ( 7Isp),
two key nucleus-encoded subunits of the mitochondrial
cytochrome bc; complex, are presented. Southern
hybridization analysis indicates that both Cyc/ and Zsp
are present as single-copy genes in C. reinhardtii. The
Cycl gene spans 6404 bp and contains six introns,
ranging from 178 to 1134 bp in size. The fsp gene spans
1238 bp and contains four smaller introns, ranging in
length {rom 83 to 167 bp. In both genes, the intron/exon
junctions follow the GT/AG rule. Internal conserved
sequences were identitied in only some of the introns in
the Cycl gene. The levels of expressicn of Isp and Cycl
genes are comparable in wild-type C. reinhardtii cells
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and in a mutant strain carrying a deletion in the mi-
tochondrial gene for cytochrome & (durm-1). Neverthe-
less, no accumulation of the nucleus-encoded
cytochrome ¢, or of core proteins I and 1l was observed
in the membranes of the respiratory mutant. These data
show that, in the green alga C. reinhardtiii, the subunits
of the cytochrome bc, complex fail to assemble properly
in the absence of cytochrome b.

Keywords Expression of nucleus-encoded genes -
Introns - Internal conserved sequences - Mitochondrial
targeting sequences - Assembly of protein complexes

Imtroduction

Ubiquinol-cytochrome ¢ reductase, or the bc; complex
(EC 1.10.2.2), is a central component of oxidative
phosphorylation in eukaryotic and many prokaryotic
orzanisms (Beiry et al. 2000). The sukaryotic form of
the cominplex catalyzes the ubiquinol-dependent reduc-
tion of cytochrome ¢ coupled with proton translocation
across the inner mitochondrial membrane. It is made up
10-11 subunits, three of which, cytochrome 5, cyto-
chrome ¢;, and a Rieske-type iron-sulfur protein (ISP),
contain redox centers. Apart from cytochrome 5, all
subunits of the bc; complex are encoded by nuclear
genes, and synthesized in the cytosol as precursors
containing mitochondrial targeting sequences (MTS).
These precursors are directed to mitochondria, import-
ed, and assembled into the mature respiratory complex
(Tzagoloff 1995).

The unicellular photosynthetic alga Chlamydomonas
reinhardtii has become a model organism for the study
of chloroplast biogenesis and flagellum assembly (Harris
2001). Its 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 #c; complex. The C. reinhardtii bc; complex is com-
posed of nine subunits (Atteia 1994a). Two genes that
encode polypeptides of the C. reinhardtii bc, complex
have been characterized: the mitochondrial cytochrome 6
gene (cob) (Michaelis et al. 1990), and a cDNA for the
Rieske-type iron-sulfur protein ( /sp; Atteia and Franzén
1996). We report here the genomic sequence of the
C. reinhardtii Isp gene and the cDNA and genomic
sequences of the Cycl gene ‘for cytochrome c;. The
expression of these genes in wild-type cells and in the
respiration-deficient mutant dum-/ was also investigated.

respectively, were subcloned in pTZ19R. Comparison of the Cyc/
cDNA sequence with the genomic sequence allowed the identifi-
cation of six introns. The region that comprised intron 6 of the
Cycl gene proved difficult to sequence, and had to be subcloned
‘independently as a Pvull fragment. ln addition, special conditions
were required during id bcq (sec below).
The sequences of the two Psil fi led using a
1.2-kb Avagl fragment that also hybndnzcd wuh the Cyvcl cDNA

probe.

DNA sequencing, sequence analysis and database accession
numbers

as performed by MWG Biotech, uslng an, AB}_

Materials and methods

Strains and culture conditions

Two C. reinhardtii strains werc used in this work: the wild-type
(137c) and the mitochondrial mutant dusn-I (Matagne ct al. 1989).
Both strains may be obtained from the Chlamydomonas Genetics
Center (Duke University, Durham, N.C.). The cells were grown in
TAP medium (Harris 1989) with agitation under continuous light,
at 25°C.

Cloning of the C. reinhardrii cDNA that encodes cytochrome ¢,

Screening of a C. reinhardtii Agt10 cDNA library (Atteia and
Franzén 1996) was done by plaque hybridization using an 800-bp
fragment of the Polyromella sp. cytochrome c; gene (Gutiérrez-
Cirlos et al.1994) as a probe. The cDNA clones isolated from the
positive plaqucs were excised from 4 phage DNA and subcloned in
the EcoRl site of the plasmid vector pTZ18U (USB).

Screening of C. reinhardtii genomic libraries and subcloning

BAC clones contai the genes for C. reinhardtii Cycl
(clone address: 37/F05) and Isp (clone address: 11/B6) were iden-
tified using as probes the respective cDNAs, and obtained from
Genome Systems Inc. (St. Louis, Mo.). The strategy used to 1solate
the 7/sp gene of amptification by PCR of the corre-

sponding genomic sequence using the BAC plasmid as templatcand

two gene-specific primers based on the 5” and 3’ ends of the cDNA
coding region, ISpPFW (5-ATGGCTCTCCGGCGAGCGGTC-39)
and IspBW (5-GCCGATCACCACCTTCTGGCC-3). Foer PCR
amplification using Pfic polymcrase (Stratagene), samples wers
denatured for $ min at 94°C, and subjected to three cycles of 1 min
denaturation at 94°C, 45 s annealing at 5§5°C, and 3 min extension
at 72°C, followed by 27 cycles of | min denaturation at 94°C, 45 s
annecaling at S8°C, and 3 min extension at 72°C. The 1.3-kb PCR
product was sequenced and then used as a probe to screen digests
of the BAC obtained with different restriction enzymes. A genomic
fragment of 2,84 kb resulting from digestion of the BAC with
BamHI was cloned in pTZ19R (USB) and scquenced. A diferent
strategy was used to obtain the C. reinhardtii Cycl genc, because
no PCR product could be obtained from the BAC genomic clones
using specific primers. Using the Cyel ¢DNA as template, the
Cyel ORF was first amplified by PCR; the primers used werc
Cycl FW (5*-ATGAGGACAAGCCTACTTCGC-3") and CyclBW
(5-GTTGACGACGTCCATGACGATGCG-3"). For PCR am-
plification using Taq polymerase {Qiagen), samples were denatured
for 5 min at 94°C and subjected to 30 cyclcs of 1| min denaturation
at 94°C, 45 s anncaling at 58°C, and 3 min extension at 72°C. The
800-bp amplification product was used as a specific probe to
identify fragments of C. reinhardiii BACs containing the cyto-
chrome ¢; gene. Two Pstl fragments of approximately 5.0 and
2.0 kb that hybridized with the 5’ aud 3’ ends of the Cyel cDNA,

Wi
PRISM3700 DNA Analyzer (Applied Biosy . Seq
intron 6 of the C. reinhardtii Cyc; gene was carrled out at the
Unidad de Biologia Molecular (Instituto de Fisiologia Celular,
UNAM) using an ABI Prism 310 Genetic Analyzer (Applicd Bio-
systems). Sequencing reactions were performed using the ABI
Prism Big Dye Terminator Cycle S i Ready R i Kit
(Applied Biosystems), with the lherrnal cychng protocol recom-
mended by the turers, which d of an initial dena-
turation at 96°C for 5 min, followed by 45 cycles of 96°C for 10 s,
50°C for S s, an extension step of 4 min at 60°C, and a final rapid
thermal ramp to 4°C. Using these conditions, the nucleotide read
length of intron 6 was extremely short, and no reliable sequence
could be obtained. In order to obtain the full-length sequence of
intron 6 on both strands, we used a cycling protocol in which 5%
DMSO was added to the reaction and the temperature of the ex-
tension step was lowered to 51°C. The sequences obtained in this
work are available in the DDBJ/EMBL/GenBank nucleotide se-
quence database under the Accession Nos. AF245393 (C. rein-
hardrii Cyc,; cDNA), AJA17788 (C. reinhardiii Cyvc, genomic
DNA), and AJ320239 (C. reinhardtii isp genomic DNA).

DINA and RNA isolation, elcctrophoresis and blotting
onto nylon membranes

Total C. reinhardtii DNA, isolated according to Newman et al.
(1990), was digested with restriction enZymes, I‘r..umraled on a
1% agarosc gel, and transferred onto Hybond-N™* membranes
(Amersham Pharmacia Biotech) accerding tc standard protocols
(Sambrook et al.1$89). Membruanes were hybridized overnight with
heinoiogous probes described below, and furither washed under
high.stringency conditions (two washes in 6.2xSSC, 0.5% SDS, at
65°C). Totai RNA was isclated frem wild-type and dum-7 cclls
using the RNeasy Mini Kit (Qiagen). Hybridization was carried out
overnight as described in Atteia et al. (2000). The membranes were
washed in I1xSSC, 0.5% SDS, and 50% formamide at 42°C for
20 min. Southern and Northern blots were hybridized with the
indicated DNA probes labeled with [2-3?P]JdCTP using a Random
Primer labeling kit (GibcoBRL).

Protein analysis

Wild-type C. reinhardiii and mutant dum-I cells were harvested
in late exponcntial phase and total membranes were purified as
described by Chua and Bennoun (1975). Chlorophyll levels were
dctermined according to Arnon (1949). Electrophoresis was con-
ducted on lincar 12%-18% polyacrylamide gradient gels contain-
ing 8 M urea (Piccioni et al.1981). Protzin samples in 80 mM
Na,C03-80 mM DTT, were solubilized with 29 SDS in the pres-
ence of 12% sucrose (Atteia et al.1992). Heme staining with TMBZ
(Fluka) was done as described by Thomas el al. (1976). Immun-
adectection was carried out using the enh ilumi
method according to lhc m:\nufaclurer s
Al h i i . The antisera used werc directed
against core 1 from Neurospora Lrarsa. and against cytochrome c,

instructions (ECL;
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haromyces cerevisiae. Ap
B were d using ially available 1
mass markers (Protein Ladder, Phammacia).

parent molecular

and core II from

Scquence analysis in silico

Sccondary structure predicti of mitochondrial targeting se-
quences (MTS) was carried out using the program Protean in the
Lasergene scquence analysis package (DNASTAR). Scquence
alignment was performed with the CLUSTAL W program (Higgins

and Sharp, 1988).

Results

Characterization of a C. reinhardtii cDNA encoding
cytochrome ¢,

A cDNA clone for Cyc/ was isolated by screening a
2gt10 library (Atteia and Franzén 1996) using a het-
erologous probe from Polyromella 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 S5’-untranslated
region of 45 bp followed by an ORF of 945 bp which
encodes the full-length apocytochrome ¢, polypeptide.
The first ATG in frame with the coding region probably
codes for the first methionine.

A.nalysis of the deduced sequence of cytochrome ¢

The cytochrome ¢, apoprotein of C. reinhardtii is syn-

thesized as a precursor of 3!4 residues with a putative:-

cleavable MTS of 70 amino acids.- The mature protein of
244 residues, with a molecular mass of 26,934, exhibits
the N-terminal sequence 'NEAADGLHAPHYPWG
previously determined (Atteia 1994b). The deduced se-
quence of the C. reinhardrii cytechrome ¢; was com-
pared with its homologs from other species (Fig. 1). The
C. reinhardrii sequence is 56—-59% identical to c,-type
cytochromes from plant sources, such as Solanum
tuberosum, and Arabidopsis thaliana. The consensus
heme-binding region (Q/E)VC(A/S)(A/S)CH is located
between residues Q,05 and H;:; Tn addition, a stretch of
15 uncharged amino acids near the C-terminus (Azz; to
S295) most probably forms a single transmembrane do-
main, and anchors the protein to the membrane and to
cytochrome 4. as observed in the three-dimensional
structures of bc; complexes crystallized from other
sources (Berry et al.2000). .

Genomic organization of the C. reinhardtii
cytochrome ¢, gene

A restriction map of the cloned DNA fragments that
contain the Cyecl gene is shown in Fig. 2. To determine
the copy number of the genes encoding cytochrome ¢y,

genomic DNA was digested with several restriction
enzymes, fractionated on an agarose gel, blotted onto
nylon membranes and hybridized with labeled cDNA
corresponding to the Cycl/ pgene ORF. Unique
hybridization bands obtained after treatment of total
C. reinhardtii DNA with different restriction enzymes
suggest that cytochrome ¢, is encoded by a single-copy
gene (data not shown).

Genomic DNA encoding the ORF of the C. rein-
hardtii cytochrome c¢; gene, as well as the 5° and 37
UTRs, was sequenced on both strands. The first and last
codons of the gene are separated by 4736 bp, which is
more than five times the length of the corresponding
cDNA. Thus, the size of the non-coding regions of the
gene considerably exceeds that of the exons. The gene is
interrupted by six relatively large introns, whose posi-
tions were assigned by comparison of the genomic se-
quence with the cDNA. All introns showed exon/intron
splice junctions that followed the GT/AG rule
(Breathnach and Chambon 198]1). The sequence of
intron 6 was difficult to obtain, and required indepen-
dent subcloning and special sequencing conditions, as
described in Materials and methods. The difficulties
are attributable to the presence of multiple copies of
the nucleotide pentamers AAGGG, AGGGG. and

AGAGG.

Genomic organization of the C. reinhardtii gene
for the Rieske-type iron-sulfur protein

We previously reported the isolation and sequencing of a
cDNA encoding the C. reinhardtii Rieske-type iron-sul-
fur protein (Atteia and Franzén 1996). Based on this
sequence, a genomic BAC clone was isolated, and a
genomic BanHI fragment of 2.84 kb was subcloned in
pTZI19R. The restriction mzp of the cloned DNA frag-
ment that contains the Zsp gene i1s shown in Fig. 2. This
sequenced fragment exhibited UTRs of 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 Cyc/ gene, the
introns in the /sp gene are relatively small, and were
easily sequenced. Southern analysis of C. reinhardrii
DNA using the /sp ORF as a probe identified fragments
of the sizes predicted in silico from the genomic DNA
sequence, and therefore supports the presence of a single
Isp gene in C. reinhardtii (data not shown).

Expression of the Cyc/ and /sp genes in wild-type
and dum-/ mutant strains

Expression of the Cyc/ and /sp genes was analyzed in
two strains of C. reinhardiii, the wild-type and the res-
piration-deficient mutant dwm-I. The dwum-I mutant
strain has a 1.5-kb deletion in the mitochondrial cyto-
chrome 4 gene ( cob), and is therefore unable to carry
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C. roinhardti
A. thalana
S. tsberosum

Fig. 1. Multiple protcin
sequence alignment of c,;-type
cytochromes. The C. reinhardtii

TR TR

c; cytochrome sequence is human
compared with ¢; cytochromes S. cerevisiao
from Arabidopsis thaliana N. crasso

(Kancko ct al.1998), Solanum
tuberosurr (Braun .

ct al.1992), human (Nishikimi .

et al.1988), Saccharomyces ;
cerevisiae (Sadler ct al.1984); C. reinhardtii

and Neurospora crassa g. :ﬁ:’:n:um

(R&misch ct al.1987). Amino by o

acid residues that are conserved uman

in at least 50% of the sequences  3- cerevisiae
N. crassa

are shown on a black
background, similar residues
are shown on a gray

background C. relnnardtit

A. thaliana
S. tuberosum
human

S. corevisiao
N. crassa

C. reinnardtii
. A thaiiana

S. tuberosum

human.

3. cerevisiae

N. crassa

C. roinhardtii
A. thaliana
3 woerosum
- human
. ‘ S. corovisiao
. . N. crassa

C. reinhardtii
A. thaiiana
S. tuberosum
human

S. cerevisiae
N. crassa

out oxidative phosphorylation (Matagne et al.1989;
Randolph-Anderson et al.1993). RNA blots loaded with
total RNA isolated from the wild-type and mutant
strains were first hybridized with a probe containing the
cob gene (Michaelis et al.1990). As expected, a band of
1.3 kb, corresponding to the cytochrcme & RNA, was
detected in thc wild-type strain, but not in the durn-7
mutant. In contrast, the levels of the Cyc? and fIsp
transcripts were comparable in both strains (data not
shown). Similar accumulation levels were also obitained
with a probe derived from the Polyromella agilis p-tub-
ulin Bl gene ( Tub BI) (Conner et al.1989), which was
used as an internal control -to check that equivalent
amounts of RNA had been 10aded in all lanes. These
results suggested that the nuclear genes Cyc/ and Isp are
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expressed in C. reinhardtii independently of the mitoc-
hondrial cob gene.

Accumulation of cytochrome bc¢; subunits

To investigate whether the b&¢, complex subunits were
present in the dwm-/ strain, total membranes were iso-
lated from wild-type C. reinhardtii cells and the respi-
ration-deficient mutant cells, and their protein contents
were analyzed by clectrophoresis on a urea/SDS-PA gel.
Figure 3 shows polyacrylamide gels stained for proteins
with Coomassie-Brilliant (panel A) and for hemes using
TMBZ (Thomas et al.1976) (panel B). The TMBZ-
stained bands in wild-type C. reinhardtii membranes
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Fig. 2 Physical map and structural organization of the C. reinhardtii . 1 2 12 .
Cycy and Isp genes. The black boxes indicate coding regions, lines .
represent introns and 5° and 3’ flanking rcglons. For the Cycy gene, kDa
only the 5” end of the 2-kb Psti (r t has been determi; the PR . 1 -
dotted line indicates the region that has not been sequenced. The 3111 .4 » 2 kDa =
putative start codon (ATG) and the in-frame stop codon (TAA) 79.4 > Sann
are shown in their respective positions. The vertical arrows indicate 61.3 » 531 »> E
the position of the codon for thez first amino acid of the mature 45.0 » : - !
protein; asterisks show the positions of the putative TGTAA . anti-core
polyadenylation sites. The positions of some of the restriction sites 4, .3 ——— <yt f
used for Southern analysis are indicated. For the Zsp gene, the - i .
unlabeled vertical lines indicate the position of the Aval restricticn i <ytc, 47 > | e—
sites
24.7 = anti-core 11
: 19.2 » Sl e €yt B,
were 1dentified (from top to bottom in Fig. 3B) as
hl. 1 -h H 3ri h. 13.2 31 >

chloroplast cytochrome f, mitochondrial cytochrome ¢,, &~
chloroplast cytochrome b4. and soluble mitochondrial zme ——eyte anti-cyte
cytochrome c¢. As shown in Fig. 3B, the TMBZ band L3 ‘
that corresponds to mitockondrial cytochrome c; is not )
detectable in the membranes isolated from the mutant A 8 c

strain dum-1. The absence of this subunit in the mutant
strain was confirmed by immunoblot analysis using an
antibody against S. cerevisiae :cvtochrome ¢, (Fig 3C).
Figure 3C also shows that antibodies raised against the
core proteins 1 and 11 recognized the corresponding su-
bunits in membranes from wild-type C. reinhardtii cells,
but not in membranes isolated from the respiratory
mutant dum-1. Taken together, these data indicated that
cytochrome c¢; and other subunits of the b¢c; complex do
not accumulate in cells in the absence of mitochondrial
cytochrome b.

Discussion
Genomic organization of the C. reinhardtii Cycl gene

We report here the complete cDNA and genomic se-
quences of the single-copy CycZ gene from C. reinhardiii,
the first cytochrome ¢, gene sequenced from a chloro-
phyte alga. The C. reinhardrii Cycl gene exhibits all the
characteristics of a mitochondrial gene that was func-
tionally transferred to the nucleus early in evolution:

Fig. 3A—-C Accumulation of cytochrome bc¢; subunits in total
membranes isolated from wnld-lypc C. reinhardtii cells and dum-1, a
mutant strain with a del in the hondrial cob genc. Total
membrane polypeptides from wild-type C. reinhardrii (1) and dum-1
(2) strains were fractionated on a 12-18% polyacrylamide gel
containing 8 M urea. Mcmbrane samples contained 20 ug chloro-
phyll cach. A Coomassie brilliant bluc stained gel. B TMB.
stained gel. € Immunoblots labeled with antibodics against several
subunits of the cytochrome bc; complex: N. crassa- anti-core I
protein antibody, and S. cerevisiae anti-core Il protein and anti-
cytochrome ¢; antibodics. The numbers indicate 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 Cycl/ genes are present in
potato plants, and are expressed differentially in various
tissues (Braun et al. 1992).

The introns in the C. reinhardtii Cycl genec show
conserved consensus sequences that surround the splic-
ing sites (Silfflow 1998). The introns in the C. reinhardtii
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Cycl gene define seven exons that seem to encode dis-
tinct functional domains of cytochrome c¢,;, a feature
previously observed in the corresponding human gene
(Suzuki et al. 1989). The MTS of the C. reinhardtii
cytochrome c¢; is encoded by exon 1 and the first 33
nucleotides of exon 2. These exons seem to encode two
distinct domains of the MTS, exon ] the “*mitochondrial
targeting signal”, and exon 2 the “‘intramitochondrial
sorting signal”. However, the region of the gene coding
for the MTS is not separated from the region encoding
the mature protein by an intron, a feature found in the
cytochrome ¢; genes from human (Suzuki et al.1989)
and potato (Wegener and Schmitz, 1993). Some addi-
tional domains can be identified in the predicted cyto-
chrome ¢, structure: a heme-binding domain (residues
Qo8 to Hj14) encoded by exon 3; two highly acidic
domains that contribute to the interaction with soluble
cytochrome c (residues E,;40 to E,s5; encoded by exons 3
and 4, and residues D339 to D46 encoded by exon 6);
and the membrane anchor domain necessary for the
functional assembly of the prot=in (residues Azg; to Sags)
encoded by the last exon.

Various internal conserved sequences (ICS) have
been described for introns of nuclear genes in C. rein-
hardiii (Liss et al. 1997; Funke et al. 1999). These ICS
are present in introns larger than 200 bp, and are located
either near the 5 splicing junctions (ICS 1), or near the
3’ splicing junctions (ICS 2) (Pérez-Martinez et al. 2002).
Only one ICS 2 (5-ATCATGAATGTAACCTCC-3") was
identified in the Cyc/t gene of C. rcinhardiii, near the 3’
splicing junction (nucleotides 420 to 436) of intron 5,
which itself is 510 bp long. In addition, a region of
intron 3 of the Cyc/ genc exhibited similarity with
an intron in the C. reinhardtii gene for the herbicide-
resistant protoporphyrinogen oxidase precursor, Ppxl
(Randolph-Anderson et al. 1998), indicating that the
sequence S-TTTCCAACCATCCTTGCAACC-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 (Silflow 1998).. The MTS is encoded by
the first exon; however, it is interrupted by intron 1
shortly before its cleavage site. The other three introns
are located in the region that encodes the mature pro-
tein. No ICS could be identified in any of these four
introns. It is striking that two C. reinhardtii nuclear
genes encoding redox subunits of the same respiratory
complex exhibit such marked differences in the length
and complexity of their introns.

Comparison of the Isp gene sequence with the Isp
cDNA sequence published earlier (Atteia and Franzén
1996) revealed some sequence differcnces in the 5° UTR.
The first 83 nucleotides previously described for the Isp
cDNA were not found in the Zsp gene sequence. These

83 nucleotides are identical to nucleotides 325 to 408 of
the C. reinhardtii solo long terminal repeat retrotrans-
poson TOCI1 sequence (Day et al.1988). Other diiter-
ences between the cDNA and genomic sequences lead to
changes in the deduced ISP sequence (Pss for Qus. Eie
for Que, Asp for Gso, Ags for Ggs, and Rgg for Egy) and
the inclusion of an additional amino acid, Toe. Three of
these differences occur in the MTS sequence. However,
they do not modify the conclusions previously drawn
regarding the structure of the C. reinhardrii ISP (Atteia
and Franzén 1996).

Biochemical characterization of the C. reinhardrii
mitochondrial respiratory mutant strain dum-17

Several 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 dum-7, which
fails to grow in the dark due to a terminal 1.5-kb dele-
tion in the ceb gene (Matagne et al.1989; Randolph-
Anderson et al. 1993). We analyzed the consequsnces of
the lack of a functional cytochrome 4 gene on the
expression and accumulation of the other subunits of the
cytochrome bc; complex. The levcls of the Cyci and Isp
transcripts were shown to be unafiected by the absence
of the mitochondrial! cob gene, indicating that the mu-
tation does nct influence the transcription of Cyc/ or
Isp. Immunoblot experiments showed that the dwmn-7
strain i< deficient in cytochiome c¢; and in two core
proieins of the bc, complex (Fig. 3). Therefore, it ap-~
pears that, in C. reinhardtii, the subunits of the bc,
complex are assembled coordinately, and that regulation
of the expression of cytochrome c¢; and the ISP takes
place at the post-transcriptional level.

In C. reinhardiii chloroplasts, the conccrted 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 some chlo-
roplast-encoded subunits of photosynthetic complexes,
known as CES proteins (Controlled by Epistasy of
Synthesis), is also regulated by the availability of other
subunits of the same complex (Choquet et al. 2001). This
work is the first to report the coordinate assembly of the
subunits of a mitochondrial respiratory complex in a
photosynthetic alga.

Analysis of the MTS encoded by the Cyc/
and 7Isp genes

The deduced amino acid sequences of the C. reinhardtiii
cytochrome ¢; and ISP, and the previously determined-
N-terminal sequences of the maturc proteins (Atteia
1994b), predict MTSs of 70 and 54 residues, respectively.
C. reinharditii MTSs exhibit large variations in size,
although they all contain regions with the potential to
form positively charged, amphiphilic alpha helices, a
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Fig. 4A, B The C. reinhardiii cytochrome ¢; MTS. A The primary
seqquence of the MTS. The arro'v indicates the cleavage site between
the MTS and the mature protein. Charged amino acids, a putative
amphiphilic alpha helix und a hydrophobic region are indicated. B
Helical-wheel projection of the C. reinhardtii cytochrome ¢; MTS,
residues 4-14. Hydrophobic residues are circled, and charged
residues are indicated by their charges

characteristic feature of MTS (von Heijne et al. 1989). In
the cytochrome ¢, MTS, residues 414 may form this
amphiphilic helix (Fig 4A, B). In the ISP MTS, residues
1—11 form a 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 resulted in the production of
the mature form of the ISP. This mature form was
protected against externally added protease, indicating
that it had been imported into the mitochondria.
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SUMMARY

Protein profiles of mitc;chondria 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
external pH. levels of an abundant, soluble, mitochondrial protein of 85-kDa and its
corresponding mRNA increased at pH 6.0 relative to pH 3.7. N-terminal and internal sequencing
of the 85 kDa mitochondrial protein together with the 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
homoiogue was also identified in the genome of Chlamydomonas reinhardtii, a photosynthetic
relative of Polytomella. ADHE reveals a complex picture of sequence similarity among
homologues. The lack of ADHE from archaebacteria indicates 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
intestinatis and Entamoeba histolytica. The abundance and expression pattern suggest an
important role for ADIiE in mitochondrial metabolism of Polytomella under the conditicns studied.
Presence of ADHE iﬁ an oxygen-respiring algal mitochondrion and coexpression at ambient
oxygen levels with respiratory chain components is unexpected and inconsistent with the view
that eukaryotes acquired ADHE genes specifically as an adaptation to an anaerobic lifestyle.
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INTRODUCTION

The colorless chlorophytes of the genus Polytomella are members of a single
moncphyletic clade, the Reinhardtii clade (1), and share a common ancestor with their
photosynthetic relatives Chlamydomonas reinhardtii and Volvox carterii (2, 3). Polytomella is
found in variocus 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 tight regulation of the
intracellular concentration of solutes and protons.

Polytomelia sp. is able to grow on ethanoi at pH below 7.0 whereby its metabolism tends
to acidify the growth medium, aithough it can also be grown under conditions where the pH is
maintained constant (8). Studies on Polytomella sp. cells grown on ethanol in the presence of
non-metabolizable buffers have shown that the external pH influences the function and
biogenesis of mitochondria. The rates of oxygen uptake in the presence of substrates like
succinate, malate or 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 (8). The steady-state accumulation of
mitochondrial proteins is also affected by the external pH. Mitochondria from cells grown at pH
3.7 contained more polypeptides of 30-kDa or less, one of which was cytochrome c (8), relative to
mitochondria from cells grown at pH 6.0. At present, the identity of the different mitochondrial
protein patterns of ceils 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 external pH
on the mitochondriai protein content in Polytomelia sp. grown on ethanol and to identify proteins
that exhibit a pH-dependernt accumulation. Here we report changes in the lave!s of oxidative
phosphorylation (OXPHOS) complexes in mitochondria isolated from Polytormella 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/alcoho! dehydrogenrase
(ADHE). A ADHE homclogue is also present in C. reinhardtii, a photcsynthetic relative of
Polytomella.

EXPERIMENTAL PROCEDURES
/solation and subfractionation of Polytomella sp. mitochondria

Polytomella sp. (198.80, E.G. Pringsheim) was grown in Erlenmeyer flasks with cotton
stoppers allowing for ample gas exchange at room temperature on ethanol at pH 3.7 and at pH
6.0, or 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) at a 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 10 sec, and centrifuged for 1 hour at 100,000 x g.

Protein Analysis

Mitochondria and mitochondrial subfractions were freshly prepared for BN-PAGE
analysis. The soluble. mitochondrial fraction was supplemented with 1% dodecyl maitoside (n-
dodecy! B-D-maltoside) 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); for 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 concentration of 5 mg/ml. The sample was
centrifuged for 20 min at 40,000 x g; the solubilized material was then supplemented with
Coomassie Serva Blue G (one half of the volume of added dodecyl mailtoside). All the samples
were loaded on BN-PAGE using acrylamide gradients of 5-12% or 5-15% (9). Staining for NADH
dehydrogenase activities 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 erhanced
chemiluminescence peroxidase method (ECL™, Amersham-Pharmacia Biotech.) using antisera
raised against the B-subunit of the bovine mltochondrial ATP synthase, the COXINA subunit of
Polytomella sp. cytochrome c oxidase, and the core | subunit of Neurospora crassa bc, complex.
Entire lanes of BN-PAGE were used to resolve the proteins in a 2D-Tricine-SDS-PAGE (15%
acrylamide) (11). For sequence determination, a lane of BN-PAGE with soluble mitochondrial
proteins (1 mg of protein) was resolved on 2D-SDS-PAGE; following electrophoresis, the proteins
were electrotransferred onto ProBlot membrane and stained with Coomassie blue R-250 (12).
The proteins of interest were excised and subjected to N-terminal or internal sequencing as
described (13). Protein concentrations were determined according to Markwell et al (14).
Prestained molecular mass markers (Invitrogen) were used.

Isolation of Polyiomella sp. ADHE cDNA

Two oligodeoxynucleotides, 5- GAG CAG AAG TCC AAG TCY GAY GAG G -3' and S'-
CTT CTC RGC RTC RGC GGA RGG -3' were designed from the N-terminal sequence (residues
Glué to Glu13 of the mature protein) and the internal sequence IS2 (Pro688 to Lys694) of
Polytormella sp. mature ADHE protein. PCR amplification was carried out using 7Tag DNA
polymerase (Qiagen). Total Polytormella sp. DNA was denatured for § min at 94°C, then
subjected to three cycles of 1 min denaturation at 94°C, 45 sec annealing at 60°C, and 3 min
extension at 72°C; and subjected to 27 cycles of 1 min denaturation at 94°C, 45 sec annealing at
682°C, and 3 min extension at 72°C. The obtained 2-kb PCR product (pAdhE) was cloned into
PGEM-T Easy Vector (Promega) and sequenced pAdhE was further used to screen a OZAP
Polytomella cDNA library. The sequence of the longest cDNA isclated (1.6 kb) from 5,000 p.f.u
screened, cverlaped the 3'-end of pAdhE PCR product by 300 bp. The 5'-end sequence cf
Polytornella sp. AGHE cDNA was determinea using tha RNA ligase-mediated rapid amplification
of cDNAs ends method (RLM-RACE, Ambion), as indicated by the provider, and using total RNA
from cells grown on acetate at pH 6.0. The gene-specific primers used were: 5- GGC TGT AAA
CGA ACT CGG AGG CGA AG -3’ (corresponding to residues Phe81 to Ser88 of the mature
protein) and 5'- GCG GCG CGG AAG ATC TTG TCG -3’ (residues Asp42 to Alad7). The PCR
steps were carried out at 60°C. Sequencing was done at the Unidad de Biologia Moiecular (IFC-
UNAM) and at MWG Biotech. Inc. (USA).

DNA and RNA analysis

Total Polytomella sp. DNA isolated according to Newman et al. (15) was digested witih
restriction enzymes, separated on a 1% agarose gel, and transferred onto Hybond-N*
membranes (Amersham Pharmacia Biotech.) using standard protocols (16). Membranes were
hybridized overnight =t 65°C with the pAdh& PCR product and washed 2 x 20 min at 65°C in 0.2
x SSC and 0.5% SDS. Total RNA from Polytomella 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 42°C in 1 x SSC and 0.5% SDS. DNA probes pAdhE (see above) and
TubB1 from Polyromella agilis (8, 17) were labeled with [a->2P] dCTP using the Random Primer
labeling kit (GibcoBRL.).

Sequence Analysis

EST clones ‘of C. reinhardtii were obtained from the ChlamyEST database at
http://iwww.bioclogy.duke.edu/chlamy genome/cgp.html using the WU-TBLASTN program. Search
for an ADHE gene in C. reinhardtii genome was done using the site http://genorme.gi-psf.org/cqi-
bin/browserlLoad/3e7f2c99428ddae8031d6856. Protein sequence data were retrieved from
Swiss-Prot + TrEMBL. (18) and GenBank, non-redundant protein sequence databases (19), using
gapped BLASTP program with default gap penalties and BLOSUM 62 substitution matrix (20).
Molecular mass and p! were calculated using the Compute pl/MW tool (21). Motif search was
done using the Integrated Protein Classification Database (iProClass) (pir.georgetown edu)
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software. Sequences were aligned with ClustalW (22). Protein logdet distances (23) were
calculated using the LDDist 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
Identification of the major OXPHOS complexes from Polytomella sp.

Mitochondria from Polytomella sp. cells grown on ethanol at pH 6.0 were solubilized with
dodecyl maitoside and analyzed on BN-PAGE. As shown in Fig. 1A, the pattern of Polytomelia
sp. mMitochondrial protein complexes contrasts with the well-characterized pattern of beef heart
mitochondrial complexes (9). The major Polytomella OXPHOS compiexes were identified by
immunoblot analysis and specific activity staining. An antiserum against subunit O of bovine
complex V (FoF;-ATP synthase) detected a single band of at least 1600-kDa on BN-PAGE (Fig.
1B). 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 NADH (10) led to the detection of two bands of ~
980 and 250-kDa exhibiting NADH dehydrogenase activity (Fig. 1B). Based cn its mobility on BN-
PAGE and on its polypeptide composition (see Fig. 2B), the 980-kDa band was identified as
complex | (NADH:Q nxidoreductase); the band of 250-kDa was not identified. The 500-kDa
protein complex was assigned to Polylomella sp. complex lHl (QHz:cyt ¢ oxidoreductase), on the
basis of its detection with an antiserum against N. crassa core | subunit. The position of complex
IV (cytochrome ¢ oxidase) was determined using an antisarurn against the COXIA subunit (28).
As shown in Fig. 1B, this antibody recegnized multiple bands on BMN-FAGE in the range of 150 to
180 kDa; none of which coincided with the strong band at 200-kDa (Fig. 18; see below).
Therefore, in contrast to complex IV from various sources, including mammais (9)., plants (11)
and C. reinhardtii (13), Polytomella compiex IV does not appear as a major band on BN-PAGE

(Fig. 1A).
External pH affects accumulation of mitochondrial protein complexes

BN-PAGE patterns of mitochondria isolated from Polytomella sp. cells grown on ethanol
at pH 6.0 and pH 3.7 were qualitatively simiiar but the relative abundance of protein complexes
differed (Fig. 2A). BN-PAGE and 2D-SDS-PAGE (Fig. 2B) showed that the levels of complex VvV
were significantly higher in mitochondria from cells grown at pH 6.0 than in mitochondria from
cells grown at pH 3.7..In contrast, the levels of respiratory complexes [, lll, and IV were lower in
mitochondria from celis grown at pH 6.0 than in mitochondria from cells grown at pH 3.7.

Besides the proteins of the OXPHOS system, several 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 BN-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 I.

2D-SDS-PAGE analysis of soluble protein complexes in Polytomella sp.

Mitochondria from cells grown on ethanol at pH 6.0 were fractionated into their soluble
and membrane-bound components and the protein complexes in the subfractions were further
separated on BN-PAGE (Fig. 3, left panel). As expected, the OXPHOS complexes were found in
the membrane fraction. In the soluble fraction, two major protein complexes 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 2D-SDS-PAGE (Fig. 3, right panel). Corresponding to the 200-kDa
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range several proteins were resoived, 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 (1S1, 1S2; see Tabie 1} did not produce significant hits in database searches. Protein spots
2 and 3 were also sutjected 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 i).

Database searching identified several protein spots on 2D gels as typical mitochondrial
proteins (Table 1). Spot 4 (60-kDa) and spot § (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 ) of the tricarboxylic acid cycle.

Identification of a Polytomella sp. cDNA encoding mitochondrial ADHE

Using primers designed from the peptides obtained from spot 1, its correspecnding cDNA
was isolated through PCR amplification, cDNA library screening and RLM-RACE. Database
searching with the cDNA sequence revealed that spot 1 corresponds to a bifunctional
aldehyde/alcohol dehydrogenase, ADHE. Polytomeilla ADHE cDNA 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, for reviewers only). The MTS lacks acidic residues, has a high
content of basic and hydroxylated residues and, conforms well to MTS prediction programs,
including MITOPROT il (29), PREDOTAR (version 0.5, www.inrz fr/predotar/} and TargetP V1
(30). The molecular mass of the mature ACHE was calculated to be 88547-Da and its pl 6.98.
Southern hybridization against total Polytomella DNA (data not shown) indicates that ADHE is

encoded by a single copy gene.

Database searching identified the two distinct enzymatic domains typica! of ADRE in the
Polytomella protein: the N-terminal region (residues Lys20 to Pro4SS5) is homologous to the
acetylating aldehyde dehydrogenase (ALDH) family, a member of the ALDH superfamily
(aldehyde:NAD® oxidoreductases, EC 1.2.1.10), whereas the C-terminal region (Lys485 to
AlaB&4) is homologous io the iron-containing alcohol dehydrogenase family (Fe-ADHE; alcohol:
NAD* oxidoreductases, EC 1.1.1.1). Polytomella ADHE exhibits high similarity (52 to 69%) to
ADHE from cyanobacteria, ciostridia and enterobacteria; the alga! protein also shows similarity
(47 to 64%) to ADHE from lactobacilli, bacilli and from the amitochondriate eukaryotes Giardia
intestinalis, Spironucleus barkhanus, Mastigamoeba balmuthii, and Entamoeba histolytica (31,
32). '

Polytomella ADHE exhibits several features characteristic of ADHE: the conserved
sequences found in CoA-acetylating ALDH, PxG(xg)P(x3)P (residues 113 to 126 of the mature
protein) (33, 35) and G(xg)D(x7)A(x7)K(x4)G(x2)C (residues 224 to 255) (33); the ALDH catalytic
center DNGxICASEQ (residues 250 to 259) (31); two nucleotide-binding sites GxGxG (residues
220 to 224) and GCG(x;)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 C-terminal ADH domain of ADHE shows high
similarity with Fe-ADH homologues that use iron to polarize the carbonyl group of acetaldehyde
during catalysis. Polytomeila sp. ADHE also exhibits the two iron-binding motifs conserved in Fe-
ADH: the signature 1 (ADH-IRON1; AIVDPSLIAALPKAAVAAGAFEAISHAVE; residues 633 to
661) is highly conserved, while the signature 2 (ADH-IRON2; GVTQSLANKVAVACDIPVGVAAA,
residues 711 to 732) lacks 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 1S2 (Asp674 to Lys694). Polytornella ADHE also contains the conserved patterns
for ADH type Il enzymes GGG(x3)D(x:)K (residues 545 to 554) and A(x:)DQC(x:)ANPRxP
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(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 Polytomella ADHE
(residues Alad466 to Gly484) is unique in that it iacks charged residues and contains several
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; BQB808648, BI873972, AV624287,
BG855351, BQ810550, BI873402 and BGB855598), 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 ac a 951 amino acids. that exhibits an N-terminai
extension of approximately 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 Il (29). C.
reinhardtii and Polytomella 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 Polytomella sp. ADHE

Northern hybridization was performed with RNA isolated from celis grown on ethano! at
pH 6.0 or 3.7, and on acetate at pH 6.0. RNA biots were probed with the pAdhE PCR product and
the TubB1 probe as an internal control for loading equivalent amounts of RNA. A single AdhE
transcript of 3.5 kb was detected in all three conditions (Fig. 4). While strong hybridizaticn signals
were observed with RNA from cells grown at pH 6.C on acetate or on ethanol, the signal obtained
with RNA from cells grown on ethanol at pH 3.7 was significantly weaker. These data show that
Polvtormella ADHE expression is strongly influenced by the pH of the cufture medium.

Phylogenetic enalyses 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, Polytomella sp. and C. reinhardtii
ADHE cluster closely tut in a position distinct from Entamoeba histolytica ADHE in the bifurcating
NJS tree. The ADHE from E. histolytica shares higher amino acid sequence identity with
homologues from Pasteurella multocida (63%) or Streptococcus pneumoniae (62%) whereas
ADHE from Polytomella sp. and C. reinhardtii are more similar to the homologue from the
thermophilic cyanobacterium Thermosynechococcus elongatus (52% and 66% identity,
respectively). Notably, the predicted C. reinhardtii ADHE shows fewer positional identities to
Polytomella sp. ADHE (57%) than to ADHE in the cyancbacterium 7. elongatus (66%), an affinity
that is represented as a shared component of similarity by the NeighborNet planar network in Fig.
5b.

DISCUSSION

ADHE in Polytomella sp. mitochondria

ADHE catalyzes the fermentative production of ethanol by two sequential NADH-
dependent reductions: of acetyl-CoA, releasing ethanol and CoASH (35-37). It is believed that
ADHE arose through an ancient gene fusion of an acetyl-CoA-dependent aldehyde
dehydrogenase and an iron-dependent alcohol dehydrogenase, probably within the same
eubacterial operon (31, 37). In Salmonelia typhimuriurm eut operon, the EutE gene encoding an
acetyl-CoA ALDH is proximal to the EutG gene that encodes 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 nave the gene
and among eukaryotes it has only been found in a few amitochondriate protists.

The presence of ADHE in Polytomella sp. was 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. coli and E. histolytica, where ADHE exists as multimers
of 20 to 60 protomers (36, 39). Comparison of the N-terminus of mitochondrial ADHE from
Polytomella to the cDNA sequence reveals that ADHE is encoded as a precursor protein with a
typical MTS that is cleaved upon impert into the organelle. Based upon sequence similarity and
the presence of conserved cofactor-binding signatures, Polytornelfla sp. ADHE is likely to perform
the same enzymatic reactions catalyzed by eubacterial ADHE.

The expression of E. coli ADHE is anaerobically regulated at both the 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 radicatls locally
generated by the active site Fe?' of the ADH domain (42, 43). In contrast to Chlamydomonas,
Polytormella ADHE iacks the conserved histidine residues in the 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 conversion of Glus668 in the
ADH domain into virtually any non-acidic residue resulted in an enzyrne active under both aerobic
and anaerobic conditions; the mutated ADHE allowed E. coli to grow aercbicaily on ethancl (44).
The presence of a glycine rasidue in the algal sequerices (Gly589 in Polytomella sp. and Gly64 1
in C. reinhardtiiy st the equivalent position of the Glu568 in the E. coli sequence or of the Ala138
in 8. typhimurium EutG protein (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, for
example it is replaced by Ala578 in the anaerobic protist £. histolytica.

External pH and the role cf ADHE in Polytormella sp. mitochondrial metabolism

External pH influences the levels of OXPHOS complexes in Polytomella cells grown on
ethanol at acidic pH. The levels of respiratory complexes |, Il and IV were shown to be noticeably
up-regutated at pH 3.7. At pH 3.7, the respiratory rates are higher than at pH 6.0, which is likely
the consequence of a higher content in respiratory complexes and also in cytochrome ¢ (8). The
ratio between the respiratory complexes and the FoF,-ATPase is clearly affected by external pH,
indicating an influence of pH on core energy metabolism in the colorless alga Polytomelia.

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
as an end product (34, 36, 37, 46). In E. coli, the adhE promoter 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 Polytormella 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 current data are compatible with the
view that Polytornella 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 upon environmental conditions.

Evolutionary considerations
ADHE genes were found in the genomes of several Gram-positive bacteria belonging to

the categories bacilli and clostridia among the Firmicutes, in several y-proteobacteria (particularly
enterics), in one actinobacterium and one cyanobacterium, in addition to the previously
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characterized sequences from several amitochondriate protists (31, 32, 47) (Fig. 5). Previous
phylogenetic analyses 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 £. histolytica ADHE seems to be the easiest
explanation (33, 47, 48)(see also Fig. 5a). The sequences from Polytomella sp. and C. reinhardtii
mitochondria make the picture somewhat more complicated because they cluster close to, but not
with the sequences from Giardia, Spironucleus, and Mastigamoeba.

Notably, the clostridial (low-GC Gram positives) sequences cluster much more ciosely to
the homologues from enterics than 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 (I and ll)
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 literature 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 evoiution cannot be
excluded a priori for this sequence sample. Even if we accept lateral gene transier 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 (tco many) to account for the differentness of ADHE from clostridia and

bacilli.

Perhaps more caution is warranted when it cormes to evidence for horizontal gene
transfer on the basis of an unusual phylogeny of an ancient enzyme, as is the case for 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 upon the rzates across
sites (RAS) models of protein evolution. But we know of no evidence to indicate that 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, §3). It 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 neighbornet graph of the ADHE protein sequence similarity shown in Fig. Sb
indicates that the ADHE data is non-treelike in many respects. This could be due to convergence,
noise, or other conflicting signal (25). In a neighbornet graph such conflicting signals in the data
become visible that are not represented in purely bifurcating trees. Notwithstanding very
complicated patterns of 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 Chlamydormonas 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 pattern designated as Type | (57). The expression of Polytomella ADHE under
aercbic conditions (Fig. 4) extends the occurrence and expression of this enzyme to aerobic
eukaryotes growing under aerobic 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 aiso occurs in chytridomycete fungi, where it is localized in hydrogenosomes (60) and
evidence for the presence of ADHE in PFiL-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. S5b) 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 Polytormella 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 fungi
(63), and some species of Chlamydomonas are endosymbionts cf large miliolid foraminifera (€4).
Thus there has bean ample opportunity during evolution for these oxygen respiring 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 tc 2n anaerobic litestyle.
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Abbreviation footnote: ADHE, aldehyde/alcohol dehydrogenase; ADH, alcohol dehydrogenase;
ALDH, aldehyde dehydrogenase; BN-PAGE, blue native polyacrylamide gel electrophoresis; Fe-
ADH, iron-dependent alcohol dehydrogenase; MTS, mitochondrial targeting sequence; OXPHOS,
oxidative phosphorylation.

Data deposition: the sequence reported in this paper has been deposited in the DDBJ/
EMBL/GenBank (accession number AJ495765).

FIGURE LEGENDS

Fig. 1. ldentification of mitochondrial protein complexes from Polytomelia sp. using BN-
PAGE. (A) 5-15% BN-PAGE of mitochondrial proteins from bovine heart (beef) (400 pug) and from
Polytornella sp. cells grown on ethanc! at pH 6.0 (P.s.) (600 pg). The most prominent bands of
bovine mitochondria correspond to the OXPHOS components: complex | (NADH:Q
oxidoreductase), complex |l (succinate:Q oxidoreductase), complex lll (QH.:cyt ¢ reductase),
complex IV (cytochrome c oxidase) and complex V' (FoF;-A TP synthase). The apparent molecular
imasses of the bovine protein compiexes are from (2, 27). {B) identification of Polytomella sp.
major CXPHOS complexes. NADH-NBT:. a BN-PAGE lane was incubated in the presence of
NADI4 and nitroblue tetrazolium; *, indicates the protein complexes that exhibit NADH
dehydrogeriase activity. Immunoblots: BN-PAGE lanes were transferred to nitrocellulose and
probed with the following antisera: b-F,, against subunit 8 of bovine FoF,-ATPase; core 1, against
N. crassa core |I; and COXIIA, against Polytomella sp. COXIIA subunit. The apparent molecular
masses of Polytomella sp. respiratory complexes were estimated using the bovine OXFHOS
complexes as markers.

Fig. 2. (A) BN-PAGE analysis of mitochondria isolated from Pol/ytomelia sp. celis grown on
ethanol at different pH. Protein complexes from mitochondria (800 ug) isolated from cells grown
on ethanol at pH 6.0 and pH 3.7 were separated on a 5-12% BN-PAGE and stained with
Coomassie blue R. (B) Two-dimensional resolution of Polytomel/ia sp. mitochondrial protein
complexes. BN-PAGE lanes (Fig. 2A) were cut and placed horizontally for subsequent resolution
of the protein complexes into their respective subunits on Tricine-SDS-gel (15% acrylamide). 2D-
SDS-PAGE were stained with Coomassie Brilliant blue R250. 1, Il1, 1V, V refers to the OXPHOS
complexes. Oblique arrows point to the 85-kDa protein (ADHE) whose accumulation is pH-
dependent.

Fig. 3. 2D-SDS-PAGE analysis of the soluble mitochondrial tel | of
Polytomella sp. Left panel, mitochondria from cells grown on ethanol at pH 6.0 were fractlona!ed
into their soluble and membrane-bound components and all the fractions were analyzed on BN-
PAGE. Mt, mitochondria (800 pg); Mb, membrane-bound proteins (BOODg) Sol, soluble proteins
(700 wg). The position of the protein complexes as identified in Figure 1 is indicated. e, indicates
the position of the 200-kDa complex. Right panel, BN-PAGE lane of the soluble fraction was
transferred horizontally on a SDS-gel (12% acrylamide). The protein spots subjected to Edman
degradation are pomted with an arrow. The determined N-terminal sequences are reported in
Table 1.

Fig. 4. RNA annlysli of ADHE levels in Polytomelia sp. Total RNA was isolated from
Polytomella sp. cells grown on acetate, pH 6.0 (1), ethanol, pH 6.0 (2) and ethanol, pH 3.7 (3).
Equivalent amounts of RNA in each lane (15 ng) were hybridized with PCR ampilification product

(pAad) and Polytomella agilis B-tubulin 1 gene (Tub B7).
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Fig. 5. Sequence similarity among ADHE proteins. Open circles indicate branches (or splits)
found in =>95/100 bootstrap repiications. Eubacterial classifications recognized at
http://www.ncbi.nim.nih.gov/Taxoncmy/ are indicated. Eukaryotic sequences are indicated in
boldface type. Underlined species names indicate that the genome sequence is available at
http://www .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 coinflicting
signals. Splits are represented as parallel lines.

Spot Mass N-terminal sequence Assignment®
number’ (kDa)
1 85 AAPAAEQKSKSDEEGLSSLKSTLNKAVAAS ADHE

1S1 : TCGLIAHDPISGYSK
I1S2 : DLSREALTQIFDALPSADAEK

2 60 Blocked n.d.

3 37 AGx(N, TY(Q.VAG,L)YN, T) RF{A,G)RIS n.d.

4 60 ATKEMRFGQD(A,V)RE(R.E)VLQ HSPE0

5 70 ADEVIGIDLVTTNS HSP70

6 45 SSXTDLKKTVAELIPAEQDR Citrate synthase

7 31 GSSSGEVGRKVTVLGAAGGIxQPL Malate
dehydrogenase

Table 1. N-terminal sequences of Pol/yromella sp. soiuble mitochondrial proteins. x,
indicates amino acids which were not identified. Residues in parenthesis indicate simultaneous
detection. 1S1 and 1S2. are two internal 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 for ADHE,
which was identified from the corresponding cDNA sequence (see text).

Additional fiqure supplied for reviewers only

Figure A. Multiple qQ 1ce alig 1t of Polytome/ia sp. ADHE with homologues from
various sources. Sequences are from Polytomelia sp. (Ps) ADHE (this work), C. reinhardtii
(Cr) ADHE (this work), Escherichia coli (Ec) ADHE (P17547); Entamoeba histolytica (Eh)
ADH2 (Q24803); Ciostridium acetobutylicum (Ca) ADHE (P33744) and
Thermosynechococcus elongatus strain BP-1 (Te) ADHE (BACO07780). 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 underiined.
Conserved patterns in the CoA-dependent ALDH domain and in the Fe-ADH domain are
indicated in bold. ., Cys nucileophile 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 signature 2 (PS00060; ADH
IRON 2) are indicated. Note the absence in Polytomella sp. ADHE sequence of the His
residues in the sequence corresponding to Fe-ADH signature 2. NBS, potential nucleotide

binding site. TESIS CON
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-------- ADH IRON 1 -~cecc—ae—
Ps ADHE AIVDPSLIAALPKAAVAAGAFEAISHAVESFVSIAASDRTKDLSREALTQIFDALPSADA~~————~—— EXVLYASTKAGMAYANAFLGV 722
Cr ADHE AIVDPOLVLNMPKKLTAWGGIDALTHALESYVSICATDYTKGLSREAISLLFKYLPRAYANGSNDYLAREKVHYAATIAGMAFANAFLGI 794
Ec ADHE  AIVDANLVMDMPKSI.CAFGGLDAVTHAMEAYVSVLASEFSDGOALQALKLLKEYLPASYHEGSKNPVARERVHSAATIAGIAFANAFLGY 721
Te AADt AIVDPDLVLHMPKKLTAYGGIDALTHALEAYVSVLSTEFTEGLALEAYKLLFTYLPRAYRLGAADPEAREKVHYAATIAGMAFANAFLGY 737
Ca ADHE AIVDAELMMKMPKGLTAYSGIDALVNSIEAYTSVYASEYTNGLALEATRLIFKYLPEAYKNGRTNEKAREKMAHASTMAGMASANAFLGL 719
Eh ADH2 AIVDPMFTMSLPKRAIADTGLDVLVHATEAYVSVMANEYTDGLAREAVKLVFENLLKSYN-—-GDLEAREKMHNAATIAGMAFASAFLGM 731

cres. 3 cee - Si.s s: wrz.ow: z.: oz s rws oz s Cir mge wwie w_mwews

ADH IRON 2 --------=
Fs ADHE TOSLANKVAVACDIPVGVAAAVLLPYVIRYNATDAPFKQAIFPSYHSPRAVADYAELANALKLG--GSTPVEKAENLAAATIEGLRSKAGV 801
Cr ADHE CHSMAHKLGAAYHVPHGLANAALISHVIRYNATDMPAKQAAFPQYEYPTAKODYADLANMLGLG--GNTVDEKVIKLIEAVEELKAKVDI 882
Ec ADHE CHSMAHKLGSQFHIPHGLANALLICNVIRYNANDNPTKQTAFSQYDRPOARRRYAEIADHLGLSAPGDRTAAKIEKLLAWLETLKAELGI 811 .
Te AADt CHSLAHKLGSTFHVPHGLANALMISHVIRYNATDAPLKQAIFPQYKYPQAKERYAQIADFLELG--GTTPEEKVERLIAAIEDLKAQLET 815
Ca ADHE CHSMAIKLSSEHNIPSGIANALLIEEVIKFNAVDNPVKQAPCPOYKYPNTIFRYARIADYIKLG--GNTDEEKVDLLINKIHELKKALNI 807
Enh ADH2  DHSMAHKVGAAFHLPHGRCVAVLLPHVIRYNG-QKPRKLAMWPKYNFYKADORYMELAQMVGLK--CNTPAEGVEAFAKACEELMKATET 815
Pa ADHE PSSLKAAFGSAAQDAKFLAVVDKLAEEAFDDQCSLANPRYPLIEDLKAILVAAHQGL=~— 858

------------ 953

Cx ADHE PPTIKEIFNDPKVDADFLANVDALAEDAFDDQCTGANPRYPLMADLKOLYLDAHAAPILPVKTLEFFSKIN
Ec ADHE FRSIREAG-— EADFLANVDKLSEDAFDDQCTGANPRYPLISELKQILLDTYYGRDYVEGETAAKKEAAPAKAEKKAKKSA 891
Te AADt PATIKEALN-- a69
Ca ADHE PTSIKDAG-—-
ENh AbDd2 ITCE 3

Figure A. Multipte sequence alignment of Polytomella sp. ADHE with homologues from
various 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 (Q24803); Clostridium acetobutylicum (Ca) ADHE (P33744) and
Thermosynechococcus elongatus strain BP-1 (Te) ADHE (BACO07780). The claavable
mitochondrial targeting sequence in Polytomella ADHE is underlined. Amino acid sequences
of Polytomella sp. ADHE determined by Edman degradation are in bold and underlined.
Conserved patterns 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 CoA-
dependent and CoA-independent ALDH; e, 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 signature 2 (PS00060; ADH
IRON 2) are indicated.- Note the absence in Polytomella sp. ADHE sequence of the His
residues in the sequence corresponding to Fe-ADH signature 2. NBS, potential nucleotide

binding site.
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Abstract
In photosyntheti 16, mitochondrial respiration is of major importance not only in the
dark but also in the light. Important progress has been achieved in our understanding of
the roles played by mitochondria in light. The light signal is likely to reach cellular
compartments such as the mitochondrion and the nucleus via various chloroplast-
originated red ages. 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 reguilation, 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, NAD"-
deperident malic enzyme; NADP-MDH, NADP"-dependent malate dehydrogenase; OAA,
oxaloacetic acid; PDC, pyruvate dehyvdrogenase complex; PGA, 3-phosphogiyvcerate; PQ,
plastoquinone; PSI/ll, Photosystem i/il; ROS. reactive oxygen species; Rubisco, ribulose 1,5-
biphosphate carboxylase/oxygenase; PS-ETC, photosynthetic electron transport chain; UQ,

ubiquinone.

Introduction

For photosynthetic organisms, light is a source of energy but also constitutes a source of
information about their environment. in eukaryotic photosynthetic celis, 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 ievel 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; Allen et al. 1995; Pfannschmidt et al. 1999b) and also influences the efficiency of
photosynthesis (Barber and Andersson 1992; Wollman 2001). /n vivo regulation via changes in
the thiol/disulfide state has been strongly implicated in the light-dependent modulation of
chioroplast enzyme activities, inciuding a number of enzymes that are part of the Calvin cycle
(Buchanan 1991; Scheibe 1991) and of translation factors of chloroplast mRNAs (Danon and
Mayfield 1994; Kim and Mayfield 1997). Different components of the photosynthetic electron
transfer chain are known to be involved in light-dependent redox regulation, for example the
plastoquinone (PQ) 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 tc optimize photosynthetic metabolism under a
variety of environmental conditions (Krémer 1995; Gardestrém and Lernmark 1995; Hoefnagel et
al. 1998; Padmasree et al. 2002). Oxidative phosphoryiation is believed to benefit photosynthesis
by balancing the cellular energy and redox status. For example, the selective inhibition of the
mitochondriat ATP synthase by oligomycin results in the partial inhibition of photosynthesis in
iluminated pea leaves (Kréomer 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; Krobmer 1995; Padmasree and Raghavendra 1999, Igamberdiev et al. 2001a, b).
Products of recent photosynthetic activity such as glycine, malate, oxaloacetic acid (OAA) or
NAD(P)H can contribute directly or indirectly to mitochondrial respiration.

Light is a very important 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
invoived 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 chioroplast and mitochondrial electron transfer
chains are similar, it is imaginable that mechanisms of redox regulaticn in the chloroplasts are
also applicable to mitochondria. in this review we will summarize the current knowledge on the
rcle playea by mitochondria in phoiosynthesis. Data have been gathered on mitochondrial light-
and redox reguiation and on the various ways in which the iight signal can reach tne
mitochondrion via redox messages (Figure 1), in an attempt to assess the role of the redox state

in mitochendrial light regulation.

Light generates reducing power - in excess

Light (400-700 nm) captured by the light-harvesting complexes in the chloroplast leads to
the transport of electrons from water tc 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 ATP/NADPH of 1.5 or more is needed (Scheibe 1991; Hoefnagel et al. 1998). A
tight regulation of chloroplast redox poise is necessary to meet the current demands for energy
and reducing equivalents, and to prevent 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/NADPH 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 the 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) (Fiugge and Heldt 1991). The
process of photorespiration constitutes a redox sink as well and will be addressed below. Proline
synthesis from giutam=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 piastocyanin) 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 NADPH 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 PQ pool (Bennoun, 1982; Peltier and Cournac, 2002).

Mitochondria as photosynthstic redox sink

Mitochondria! function in photosynthetic organisms is crucial for optimal chloroplast
metabolism. Important roles for mitochondria in photosynthesis include the production of ATP for
sucrose synthesis, the supply of carbon skeletons and metaboiites 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.

Specific features of mitochondria in photosynthetic cells

The mitochondria of plants and green algac possess a number Of additional protein
components as compared to mitochondria from mammals and most other organisms. Of specific
importance here are the glycine decarboxylase (GDC) complex, which catalyzes the
mitochondrial step of the photorespiratery pathway; the alternative rotenone-insensitive
NAD(P)H:Q cxidoreductases, which can oxidize either cytosolic or matrix NAD(P)H (Soole and
Menz 1985; Maliler, 2002); and the alternative, cyanide-resistant oxidase (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 | (rotenone-
sensitive NADH:Q oxidoreductase) or at the alternative NAD(P)H dehydrogenases, and from
FADH; oxidation at complex |l (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 pathvway. Thiz AOX pathwzy was first
proposed to be an energy overflow mechanism to enable 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 with a high respiratory
flexibility and allow the fast and efficient adaptation to changes in environmental conditions,
especially light (Gardestrém 1996; Mackenzie and Mcintosh 1999). As will be detailed later, the
expression and activity of these additional enzymes is regulated by light and development.
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Mitochondria as pari of the photorespiratory pathway

The process of photorespiration involves the oxygenic activity of the ribulose 1,5-
biphosphate carboxylase/oxygenase (Rubisco) in the chioroplast stroma under carbon dioxide-
fimiting 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 hydroxymethyi
transferase into serine, with a concomitant reduction of NAD* to NADH (Douce and Neuburger
1989; Douce et al. 2001). According to Kromer (19985), about half of the NADH that originates
from glycine oxidation is shuttled to the peroxisome while the other half is used for mitochondrial
respiration. This way, photorespiration results in a net export of reductants from the chloroplast to
the mitochondrion and the peroxisome. Indeed, 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; Igamberdiev et al. 1997). The electrons from the NADH that is formed
during glycine oxidation seem to be preferably routed via the non-phosphorylating respiratory
nathway: firstly, in C3 plants, it has been demonstrated that rotenone is relatively inefficient in
inhibiting glycine oxid=tion (Igamberdiev 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
(lgamberdiev et al. 1997). Moreover, it has been shown that in 2 GDC-deficient barliey mutant,
photorespiratory conditions lead to an over-reduction and over-energization of the cell, especially
in the chloroplast (igamberdiev et al. 2001a). Photorespiration therefore appears as an energy
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 intensiti than nec ry 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
cytochrome oxidase pathway (KCN) or in the presence 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:-ATP synthase by oligomycin enhanced photoinhibition (Kromer et al. 1988;
Saradedevi and Raghavendra 1992) and also resuited in an increase in redox status in pea
protoplasts (Padmasraée and Raghavendra 1999). These 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 nlay 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).

It was proposed that mitochondria participate in the prevention of photoinhibition also by
oxidizing cytosolic NAD(P)H via the external NAD(P)H dehydrogenases (Raghavendra et al
1994). Export from the chloroplast of malate (via the malate vailve) and DHAP (via the phosphate
translocator) can result in the production of NADPH in the cytosol (Scheibe 1987; Heineke et al,
1991; Flugge and Heldt 1991). Alternatively. 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 (Azcén-Bieto et al. 1983; Reddy et al. 1991) and green algae (Beardall et al. 1994; Xue et
al. 1996). LEDR is a photosynthesis-dependent phenomenon that is greatiy reduced in the
presence of DCMU, an inhibitor of the non-cyclic photosynthetic electron transfer (Xue et al.
1996). Igamberdiev et al. (2001b) have shown that during LEDR the levels of malate and citrate
as well as the activity of the chloroplast NADP -MDH in the barley protoplasts decline. In contrast,
during LEDR, the activity of the mitochondrial NAD -malic enzyme is increased (Igamberdiev et
al. 2001b). An increase in the AOX activity also suggests that the non-phosphorylating
mitochondrial respiraticn is involved in L.LEDR (Azcon-Bieto et al. 1983). The phenomenon of
LEDR clearly iridicates the rapid response of mitochorndria to products of photosynthetic electron
transport, especially malate. The period of enhanced mitochondrial respiration after
photosynthesis is probably required to reach steady-siate substrate levels required for dark

metabolism.
TESIS CON
Light-modulated regulation in mitochondria 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 dark, mitochondria are the only source of ATP for the photosynthetic cell. it 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 dark (Padmasree et al. 2002) could be due in part
to significant engagement of the aiternative pathway, bearing in mind that the cyt path also
continues to operate in order to provide ATP, which is necessary for optimal photosynthetic
metabclism. As detailed above, the non-phosphorylating pathways are relatively more engaged in
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periods of photorespiration. The evel 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 internal rotenone-insensitive NAD(P)H dehydrogenase was
significantly increased with potato leaf development, while the capacity of complex | and of the
external 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
photosyrithetic contribution to the cytosolic NADPH pool (Svensson and Rasmusson 2001).

The mitochondrial 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. Upon illumination of pea
leaves, the activity of the mitochondrial PDC drops to a steady state level of less than 25% 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 photosynthesis and photorespiration (Budde and Randall 1990).

Light-dependent expression of compcnents of the respiratory network

Using potato leaves, Svensson and Rasmussocn (2001) foliowed the exprassion and
accumulation of two subunits of complex |, the nuclear-encoded iron-sulfur 76-kDa subunit and
the mitochondrially-encoded NADS subunit, in parallel with subunits NDA i and NCB1 of the
internal and external rotenone-insensitive NAD(P)H dehydrogenase, respectively. Western-blot
analysis showed that the NDA1 protein was detected in mitochondria isolated frcm light-grown
plants while it was undetectable in dark treated plants; the leve!s of NDA1 were also shown to
increase during potato leaf maturation. In contrast, the levels of accumulation of the 76-kDa and
NADS9 subunits of potato complex | were comparable in light-grown and dark-treated leaves, and
remain rather constant during leaf development. Northern-blot analysis revealed that ndat 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 photosynthetic alga Chlorogonium elongatum, the number of cob gene
copies and the level of cob mMRNA were about 5-fold higher in cells grown under heterotophic
conditions than in cells grown under autotrophic conditions (Kroymann et al. 1995). Interestingly,
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 D1 protein of PS!| and the large subunit of
Rubisco, respectively (Kroymann et al. 1995). The accumulation levels of cytochrome b in the
alga grown under different conditions were not determined.

By Western blot analysis, the AOX was not detected in darkness but could be detected in
mature and senescent potato leaves (Svensson and Rasmusson 2001). Etiolated soybean
(Glycine max L..) seedlings transferred to light showed a strong increase in the levels of Aox2
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mMRNA. The correlation between the increase in Aox2 mRNA and the accumulation of AOX
protein indicates a transcriptional reguiation by light (Finnegan et al. 1997).

Light-dependent expression of mitochondrial components not involved 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 for photosynthetic genes like those
encoding the small subunit of the Rubisco (rbcS) or 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 or 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 promoter region of these nuclear
gdc genes, cis-acting elements have been identified; these DNA sequences are highly similar to
the light-responsive motifs found in several 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 due to the binding in the 5-untransiated regions of gdcT
and gdcH of light-dependent expressicn factors (Srinivasan and Oliver 1995; Vauclare et al.
1998)

In potato, the expression of the mitochondrial citrate synthase (CS) was detected in all
tissues analyzed. However, the mRNA levels were higher in phoiosynthetic tissues thar in
underground heterotrophic tissues (Landschutze et al. 1925). This possibly indicates that CS
plays a role in photosynthesis, for exampgle in the export of carben skeletons that serve in N-
assimilation. Furthermore, the mitochondrial NAD*-dependent malic enzyme (NAD-ME) that
catalyzes the conversion of malate into pyruvate, plays an essential role in photosynthetic carbon
fixation. In the C4 plant amaranth, the synthesis of the alpha subunit of the NAD-ME and the
accumulation of its corresponding mMRNA were shown to be strongly light-dependent (Long and
Berry 1996).

Redox regulation in mitochondria of photosynthetic organisms

Results of recent investigations are consistent with a critical role of the mitochondrial
redox poise in the ragulation of mitochondrial biogenesis and activity of photosynthetic
organisms. Monitoring. the effect of the mitochondrial redox status on mitochondrial function and
proiein 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 or a more active non-covalently linked
homodimer in the mitochondrial inner membrane. The monomer exhibits a cysteine residue on
the matrix side that serves as a regulatory suifhydryl/disulfide site (Umbach and Siedow 1993;
Umbach et al. 1994). It was shown that the reduction of tobacco 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 maiate. Vanlerberghe and Mcintosh (1997) have proposed that
the reduction of the AOX results from the production of reducing power (NADPH) by the activity of
isocitrate dehydrogenase or malate dehydrogenase. Certain [1-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 UQ pool (Dry et al. 1989).

The activity of CS was also shown to be sensitive to the redox state. The citrate
synthases of potato, pummelo (Citrus maxima) and A. thaliana are inactivated in crude extracts
by the strong oxidizing agent diamine while their activity is greatly stimulated by dithiothreitol
(DTT) (Stevens et al. 1997). The PDC in pea leaf mitochondria was found to be partially inhibited
by NADH and aiso by ADP (Moore et al. 1993). Glutathione has been found to influence the
activity of DNA topoisomerase in mitochondria isolated from carrot. The activity of this enzyme
was increased in the presence of reduced glutathione (GEH), while the oxidized dimer (GSSG)
caused inactivation (Konstantinov et al. 2001). These results point to a role for glutathiorie in
mitochondrial redox regutation of DNA transcription or replication.

Redcx regulation of gene expgression and protein synthesis

An experimental approach that was used te test the pessibie regulation 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 *H-UTP into RNA in isolated maize
mitochondria was found to increase in the presence of 6 mM ferricyanide while it decreased in the
presence of 5§ mM dithionite (Konstantinov et al. 1995). In potato mitochondria, RNA synthesis
was found to depend on the redox poise of the Rieske protein, a subunit of the bc; 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 bc, complex that prevents the reduction of the Rieske protein. resulted in an
increase of mitochondrial RNA synthesis, whereas KCN, which causes reduction of the chain
including the Rieske protein, decreased RNA synthesis. The redox potential at which UTP
incorporation occurred was determined by redox titration to be + 270 mV, which equals the redox
potential of the mitochondrial Rieske protein. A similar role for the chloroplast Rieske protein, a
subunit of the bef complex, was proposed earlier to regulate RNA synthesis within the chloroplast
(Pearson et al. 1993). In the experiments described above, the incorporation of *H-UTP reflects
the 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 Aox1
mMRNA to increase rapidly while mRNA levels for two proteins of the cyt path, cytochrome ¢ and
subunit | of the cytochrome c oxidase were unchanged (Vanlerberghe and Mcintosh 1994). The
increase in the Aox7 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 synthesis 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 encodes a (plant-specific) mitochondrial protein.

Protein synthesis was also found to be modulated under different modet 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 Il (thenoyitrifluoro-acetone or malonate) added alone or in combination with rotenone
(complex | inhibitor) and dicumarol! (interna! rotenone-insensitive NADH dehydrogenase inhibitor)
resulted in an inhibition of protein synthesis, as measured by >*S-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
compilex Il or a closely-associated redox component might serve as a redox sensor that could be
part of the regulaticn system of the UQ pool. it seems contradictory that under oxidizing
conditions (ferricyanide addition), RNA synthesis is increased (see above) whereas protein
synthesis is diminished. It was proposed that this difference was due to a differential regulation
depending on the lavel of gene axpression (Escobar Galvis et al. 1998):

The participation of glutathione (0GIu-Cys-Gly) in the regulation of protein synthesis in
plant mitochondria was suggested by Konstantinov et al. (1998). These authors have shown that
the incorporation of [“_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 mitbchondrial redox regulation

Molecular responses like transcription, translation, enzyme activation or apoptosis can be
regulated via redox control. Redox regulatinn of a given biological process can be typically
defined as the control exerted by the redox state of some 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 current 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 bicgenesis

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 chioroplast 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 levetl 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 thiol/disulfide redux 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) or the NADP-MDH (Ruelland and Miginiac-Maslow 1999). in
light, the activity of these enzymes is enhanced due to the reduction of regutatory 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 mMRNA, thereby allowing its translation. A well-known
example is that of psbA mMRNA which encodes the D1 protein of PSil in the unicellular alga C.
reinhardtii (Danon and Mayfield 1994).

Redox-controlled ptiosphorylation of thylakoid membrane proteins represeints a unique
system for the regulation of light energy utilization in photosynthesis and controis, for example,
the distribution of excitation energy between the photosystems | and Il (state transition) as well as
the photosystem stoichiometry (Pfannschmidt et al. 1999b; and references therein). Light-
activated thylakoid protein phasphorylation is in great part regulated by the redox state of the PQ
pooi. Light induces phosphorylation of PSIi proteins (D1, D2) by activating protein kinase(s) via
reduction of PQ (Alien et al. 1995b; Pfannschmidt et al. 1999b). In addition, protein
phosphorylation of the PSIl subunits 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 bef complex is recruited for redox sensing and signal transduction
(Wollman 1999). Subunit V of C. reinhardtii bsf complex is reversibly phosphorylated upon state
transition of the light-harvesting antennas; this subunit is proposed to play a role in the signal
transduction during reaox controlled adaptation of the photosynthetic chain (Hamel et al. 2000).
Recently, a novel plant-specific protein of 9-kDa named thylakoid soluble protein (TSP9) was
identified and shown to undergo light-dependent phosphorylation followed by a partial release
from the thylakoid membrane (Cariberg et al 2003). Previously, TSP9 was kncwn as a thylakoid
membrane associated 12-kDa phesphoprotein 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; Allen 1993).

Evidence has been provided for a coupling between the redox state of the PQ pool and
the regulation of transcription of a number of chloroplast genes (Pfannschmidt et al. $999a;
Tullberg et al. 2000) as well as nuclear genes (Pfannschmidt et al. 2001b). For example, in the
green alga Dunaliella tertiolecta, the expression of the nuclear cab genes that encode the
chilorophyll a/b binding protein is up-regulated in conditions that reduce the PQ pool (Escoubas et
al. 1995). In Arabidopsis, the PQ 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 at
1997). Also hydrogen peroxide was shown to be involved in the induction of the ascorbate
peroxidase in excess light (Karpinski et al. 1999). Indeed ,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 (Aischer 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 signal transduction via redox state for regulation of mitochondrial function and biogenesis

In light, mitochondria from photosynthetic organisms arre critical 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. Photosynthetic 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 for the light-response
of mitochondrial activity and ktiogenesis involves chioroplast-originated redox signals and
metabolites. Redox signals produced by photosynthesis can be considered light signal-
transducing molecules that relay information on the chloroplast redox state since they can be
exported to ditferent cell cornpartments (Figure 1). As said earlier, the export of reducing
equivalents from the chloroplast to the mitochondria occurs through ditferent mechanisms,
including photorespiration, the malate valve and the phosphate translocator (DHAP/PGA); the
impeortad reducing equivalents influence the mitochondrial redox state -notsbly the NADH/NAD™
ratio and the reduction state of the respiratory chain- which will 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, 1295), mainly via non-
phosphorylating pathways (Igamberdiev 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 alternative NAD(P)H
dehydrogenases and/or a specific light-dependent down-regulation of the cyt path (see below).
Besides photorespiration, other chloroplast-originated reducing equivalents can be imported 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 on the regulation of mitochondrial metabolism by
similar mechanisms of redox regulation as for the PQ pool in the chloroplast. The UQ pco! makes
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a good sansor 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 poo! 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 of the AOX by
increasing the reduction state of the UQ pool. Other components of the respiratory chain such as
the Rieske protein have been indicated as redox sensors (Wilson et al. 1996), possibly as part of
a two component redox regulation system in mitochondria, as envisioned by Allen (1993; Allen
and Raven, 1996). Recently, nuclear genes for '‘bacterial’ 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, Hakansson and Alien (1995) found
histidine and tyrosine phosphorylation in pea mitochondria as evidence for protein
phosphorylation in respiratory redox signaling. Such redox signaling likely regulates gene
expression within the mitochondria but may also regulate nuclear gene expression.

The activity of the pyruvate dehydrogenase complex (PDC) 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 PDC is known to be controlled by several 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.
it was indeed reported that the inactivation of the PDC by phosphorylation in the light was
relieved by conditions of reduced photorespiration whereas it was enhanced by NADH and NH,",
products of glycine decarboxylation (Padmasree et al., 2002 and references therein). The light-
regulation of PDC is of importance since the enzyme occupies a unique position at the interface
of several metabolic pathways, controilling the mitochondrial carbon fiow.

In light conditicns, the activity of the AOX and of CES dramatically increases. The
increased activity is the result of an enhanced synthesis of the proteins but also of 2 stimulaticn of
the enzyme activily. For example, full activation of the AOX enzyme requires the presence of
pyruvate (Miilar et al. 1993; Vanlerberghe =i al. 1925), which levels increase with the light
inhibition of the PDC. Furtherrmore, for high activity in tight, the mitochondrial AOX and CS require
reduction of cysteine disulfide groups (Stevens et al. 1997; Rhoads et al. 1998). Due to the
presence of reguiatory sulfhydryl/disulfide sites, the AOX and CS are proposed 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 (Lalci et al. 2001). In the case of plant
AOX, the reducing power (NADPH) generated by the oxidation of certain TCA-cycle substrates,
especially malate and isocitrate, has been proposed to mediate the reduction of the AOX dimer
by mitochondrial thioredoxin (Vanlerberghe et al. 1995). The mechanism that leads to the
reduction of the plant CE disulfide bonds and thus to enzyme activation is not known. The fact
that animal citrate synthases exhibit the same cysteine residues as plant citrate synthases but are
not redox-sensitive (Stevens et al. 1997) suggests that an additional, possibly light-associated
level of control is necessary in photosynthetic organisms.

The expression of a number of nuclear genes for mitochondrial proteins increases upon
illumination of plant leaves, indicating that the light signal is able to reach the nucleus. An
identical expression profile is observed between the H- and T-protein subunits of the GDC 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.
1998) likely via a two-component redox system. It is conceivable that a redox-dependent
regulation via, for example, the PQ pool can also coordinate the expression 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 via systems that respond to hydrogen peroxide itself or via
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 Arabidopsis 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 major source of photorespiratory
peroxide. .

The mechanisms that requlate 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-phosphorylating alternative
respiratory pathway (Rasmusson and Svensson, 2001). The data available suggest that the
accumulation leveis of the proteins involved in the oxidative phosphorylation are unaffected by
light (Dudley 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 GDC and the AOX
increased activity, the iatter mainly via the increased reduction of the ACX enzyme (Lennon et al.
1995). Furthermore, when the capacity of the cyt path respiration is altered (using for example,
antimycin A or cysteine), a coordinated increase in the AOX protein level is observed while the
levels of proteins of the cyt path remain stable (Vanlerberghe and Mclntosh 1997; Vanlerberghe
et al. 2002). The down-regtilation of the cyt path capacity in cysteine-treated tobacco cells seems
tc involve a process of depnosphcrylation (Vanlerberghe et al. 2002), which might occur via a two
component redox regulatory system. The regulation of the cyt path capaciiy/activity is also likely
tc be expiained by a regulation of the parnitioning of the electrons between the cyt path and the
alternative pathway at the UQ pool; in soybean cotyledons, pyruvate increases electron
partitioning through tihe alternative pathway under both state 3 and state 4 (Ribas-Carbo et al.
1995; 1997). Electron partitioning may be influenced by the cytosolic ATP/ADP ratio. During
photosynthesis, the demand for mitochondrial ATP comes for an important part from sucrose
synthesis and N-assimilation (Raghavendra et al. 1994; Gardestrém and Lenmark 1995; Kromer
1995, Hoefnagel et al. 1998), and depends therefore on the photosynthetic conditions such as
light intensity and the évailability of carbon dioxide and nutrients. Mitochondria provide most of
the cytosolic ATP for sucrose synthesis. in conditions of high ATP/ADP ratios or limiting ADP
(during 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 order to regulate the redox state and avoid too
high levels of reducing equivalents (Day and Wiskich 1995; Vanlerberghe and Mcintosh, 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 controlied. This may ce 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 small 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. elongatum, an increased expression has been observed of cytochrome b (cob) in
the dark (Kroymann et al. 1995). It 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
(PSC) 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
FADH; 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 accumulation do not inhibit mitochondrial function as weill.

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 regutatory role riot only in the chlorogiast, tut in the whole
ceil and even in whole tissuas and plants. For example, the cytoplasmic thiorecoxin h was
proposed to act as a redox mcssenger between different plant tissues wvia the phicem of for
example rice and wheat (Schurmann and Jacquot 2000). it is imaginable that oxygen plays a role
in cellular light regulation as well. For instance, the up-regulation of glycolysis by the induction of
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 ¢
oxudase (Hilton and Owen 1985).

Further ‘cross.talk’ studies wull increase our understanding of the extent to which redox
regulation is important for the adaptation of mitochondrial function and biosynthesis. The pursuit
of the role of photosynthetic redox messages, of which some have been mentioned in this review,
will likely prove 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 signal 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 mitochondriat
proteins. Redox-dependent light regulation of nuclear gene expression include two component or
similar redox reguiation, 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.

Chiloroplast 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, adeniyate status; DHA/ASC, ratio of dihydroxy
ascorbate and ascorkzte; GSSH/GSH, ratio of glutathione disulphide and reduced glutathione;
NADH/NAD, ratic of raduced versus oxidized pyridine nucleotides; DHAP, dihydroxyacetone
phosphate; ETC, electron transport chain; OAA, oxaloacetic acid; PEP, phophoeno! pyruvate;
PGA, 3-phophoglycerate; PQ, plastoguinone pool; RuBP, ribulose 1,5-biphosphate; TCRR, two
component or similar redox regulation; UQ, ubiquinone pool.

Enzymes: AOX, alternative oxidase; CS, citrate synthase; GDC, glycine decarboxylase complex:;
GO, glycolate oxidase; GP, glyceraldehyde 3-P dehydrogenase; ME, malic enzymea; MDH, maiate
dehydrogenase; MR, Mehler reaction; PDC, pyruvate decarboxylase complex; Rubisco, ribulose
1,5-biphosphate carboxylase/oxygenase.
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- hydrophobic polytopic proteins, containing two or more helices that span the
membrane. The 15.8 kb linear mitochondrial g (mtDNA) of the green alga
Chlamydomonas reinhardtii lacks several of the genes, encoding essential
components of OX-PHOS, that are typically found on mtDNA. including cox2, .
cox3 and atp6. These genes were transferred to the nucleus of this alga where

they were modified to permit their fil expr ion in the '/ aof C.
reinhardtii. In an extreme example the cox2 gene, encoding the COXII subunit,

has been split into two g prod, COX [I4 and COX [IB are

predicted to form a heterodimeric subunit. The predicted COX 1A, COX 111, and

ATPG6 polypeptides have long putative mitochondrial targeting sequences (MTS) -
and exhibit diminished physicochemical constraints jfor import into
mitochondria. The mean hydrophobicity of the nucleus-encoded proteins is
diminished, particularly in those transmembrane stretches that are thought not
to participate directly in profon translocation or in inter-subunit contacts, as
shown for the ATP6 and COXIII subunits. Based on these results, we suggest
some conclusions on the allotopic expression of human mitochondrial genes and
on the design of mitochondrial gene therapy straregies.

1. Introduction
In some members of the chlorophyte algae from the family

Chlamydomonadaceace, sevcral genes that are nommally found in the )
mitochondrial genomes. like cox2, cox3. and a#p6, naturally reside in the
nucleus. ‘The siudy of these genes, and ihe ctructul-'l changes thart allowed their
successful relocation to the nucleus, are the subject of this review. To illustrate
this transfer process, we first briefly address the large diversity of mitochondrial
genomes 'in nature, and in particuiar, thase of Chlorophycean algac. We then
summarize the evidence for the prevalent and on-going transfer of mitochondrial
genes to the nucleus, review this process in chlamydomonad algae, and address
why some genes have remained in mitochondrial genomes. We suggest that
nuclcar genes encode mitochondrial membrane proteins whose overall
hydrophobicity has decreased as compared to its mitochondria-encoded
counterparts. We also show that the hydrophobicity has decreased preferentially
. in those transmembrance regions of the protein that scem not to be critical for
- function or for inter-subunit interactions. Finally, we suggest some conclusions

for consideration when designing mitochondrial gene therapy strategics
- involving allotopic expression of mitochondrial gencs.

2. The large diversity of mitochondrial genomes in
nature

Mitochondria arc believed to have evolved trom endosymbionts [1,2] that
derived originally from frec-living a-proteobuacteria [3,4,5,6], related to the
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: contém'pofary members of the genus Rickettsia {7]. The nature of the host with

whom the endosymbiosis was established remains a matter of debate, and it is
-thought to be either an archcon or an amitochondrial eukaryote [8]. It is believed
that the éndosymbiotic event that gave rise to mitochondria occurred only once
in evolution {9], and that it was followed by a massive transfer of genes to the
nucleus, followed by a more gradual transfer [10] that seems to be an ongoing
process ['11]. This long-term migration process gave rise to the present highly
reduced mtDNAs.

Mitochondrial genomes from different species vary in size as well as in
organization. In general, they cncode ribosomal RNAs, tRNAs, and a limited set
of polypeptide subunits of OX-PHOS proton translocating complexes, plus a
variable sct of proteins involved in mitochondrial protein synthesis [5].- The
majority of mitochondrial proteins are nucleus-encoded, translated in the
cytoplasm, and translocated through a specialized import-machinery known as
the TOM-TIM complex [12]. In yeast, more than 400 mitochondrial proteins
(97% of ‘all proteins rcquired for mitochondrial function) are encoded in the
nucleus [13]. Many proteins imported into mitochondria contain a mitochondrial
targeting sequence (MTS), gencrally a small, cleavable presequence ot 20 to 40
amnino acids, capable of forming an amphiphilic a-helix, that is recognized by
the mitechondrial TOM-TIM machinery.

A wide spectrum of gene content of mitochondrial genomes is found in
nature. The 60 kb mtDNA of the flagellate Reclinomonas americana [14), "the
mitcchondrion thea: timez forgot” [15], resembies a highly reduced bacterial
genome. This mtDNA encodes 24 proteins that participate in OX-PHOS, plus a
set of 38 additional proteins involved in translation, transcription, protein
impert, and maturation. The R. americara mitochondrial genome is thought to
be the extant miDNA that most closcly resembles the proto-mitochondrial
genome. At the other end of the mtDNA complexity-spectrum, there is the
highly reduced 6 kb mtDNA of the apicomplexan parasite Plasmodium
Jalciparum, that contains only 3 genes encoding components of the
mitochondrial respiratory chain - cob, cox/, and cox3 [16,17]. cob and cox] arc
present in all mitochondrial genomes known to date. Their gene products arc
highly hydrophobic polytopic proteins that function as central components of
proton translocating complexes: cytochrome & of the bc, complex, and subunit |
of cytochrome ¢ oxidase. In the small circular mitochondrial genomes of
metazoans, including humans, 13 protein-coding genes, all encoding
components of oxidative phosphoiylation are present: nad/, nad2, nad3, nad4,
nad4l., nad5, nad6, cob, coxl. cox2, coxi. aip6, arp8 [18].

3. The mitochondrial gencmes of chlorophyccan algae
The class Chlorophyceac, members of the phylum Chlorophyta (green
algae), contains more than 355 genera and 2650 species.  Most live in
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- freshwater ‘' but there are also marine and  terrestrial species [19). The
mitochondrial genomes of 7. species of chlorophycean algae have been
scquenced, Chlamyde 2 2 [20].. S d obliquus [21,22],
Chlorogonium elongatum . [23),  Chlamydomonas . reinhardtii -{24,25], .
Nephroselmis olivacea [26),. Pedinomonas minor [26], and Prototheca
. wickerhamii [27]. Table 1 summarizes the gene content of the mitochondrial
genomes of these green: algae. The 15.8 kb lincar mtDNA from C. reinhardrii

Table 1. Gene in the ni 7-‘4 d) ial genorn ‘of Chlorophycean algac.
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- lacks several genes encoding essential components of OX-PHOS: nad3, nad4l,
cox2, cox3, atp6, and arp8, that until recently had only been characterized as
mtDNA-encoded genes. These six genes are also absent from the circular
genomes of the related green algae C. eugameros and C. elongatum. It was
hypothesized that these genes had been transferred to the nucleus in these
species. The products of two of these genes, subunit [II of cytochrome ¢
oxidase (COX 1) and subunit 6 of FFo-ATP synthasc (ATP6, cquivalent to
subunit a in Escherichia coli), are usually highly-hydrophobic polypeptides,
with 7 [28] and 5 [29,30] transmembrane stretches respectively. As outlined
below, we have demonstrated that functional amp6, cox2, and cox3 genes arc
nuclear localized in C. reinhardti {31,32,33). The modifications that enabled
these once mitochondrial gencs to become nuclear localized and fully functional
offers insights into the cveolutionary processes involved, and suggest possible
strategies for the allotopic expression of protcins as potcntial genetic therapics
for humar! mitochondrial disorders.

4. Transfer of mitochondrial genes to the nucleus

The theory of mitochondrial origin proposes that there was a gradual
transfer =f genes from the endosymbiont to the nucleus [10). This transfer of
genetic material may have happenad in the fonn of DNA or of cDNA [34]. In S.
cerevisiae, the current rate of transfer of DNNA from the mitochondria to the
nucleus is 10° times more frcquent than the rate of trancfer in the opposite
direction [33]. This suggests a favored unidirectionatl flux of genctic material
from organclles te nuclear control. Transfers of mtDNA to the nucleus can
involve fragments ranging from 31 nt [36] up to 622 kb, as in the casc of
Arabidopsis thaliana, where a complete mtDNA copy was found in the nucleus
[37]. The human genome project has also revealed transfer of large
mitochondrial fragments to the nuclcus, ranging from 106 to 14,654 bp [38).

The continous transfer of organellar DNA to the nucleus predicts that all
coding sequences should eventually be displaced from the mitochondrion [39].
However, this transfer is not always successful, since on many occasions genes
do not establish themsclves functionally in the nucleus. Numerous copies of
mitochondrial genes reside in the nucleus as pscudogenes in over 64 animal
species [40,41]. These pscudogenes’ are considered relics of anciently
transferred mtDNA that remain as molecular fossils in the nucleus [42].
Mitochondrial DNA has been transicrred to the nucleus on numerous
independent occasions, and the same gene can be sent to the nucleus at different
times in closely related organisms [9). These multiple transfers sometimes
resulted i a successful integration of the genes and their establishment as
functional gencs. In other occasions, after integration, the genes were not
activated, and remained as pseudogenes.
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Transfer of mitochondrial genes to the nucleus seems to be an ongoing

process [43], exemplified by the presence of similar genes for the same protein
. encoded in both the mitochondrial and the nuclear genomes of an organism, i.c.
- FFo-ATP synthase subunit- 9 (ATP9) of Newrospora crassa [44,45] and

cytochrome c oxidase subunit 11 (COX 1) of some higher plants [11,46]. The

functional rclocation of mitochondrial genes to the nucleus required several

steps [39,47): i) The transfer of a gene to the nucleus, while an active copy is

still retained in the mitochondria. /i) The activation of the nuclear copy of the

gene by acquisition of sequences encoding nuclear promoters, ribosome binding

sites, mitochondrial targeting sequences (MTS), and polyadenylation signals. °

These structural transformations may also be accompanied by changes in codon

usage and thc acquisition of introns. The relocalization of mitochondrial genes

to the nucleus implics the coexistence of active nuclear and mitochondrial genes

during a variable period of time, as described for the cox2 genc in some legumes

[48]. iii)’ Ilnactivation of the mitochondrial genc. Such is the case of the

mitochondrial ribosomal protecin S14 in rice, that has been transferred to the

nucleus, while the original mitochondrial copy has been interrupted by stop

codons [49]. Ultimately, the original mitochondrial gene will be climinated.
Alternatively, the'auclear copy may be the one to inactivate, resulting in the

original gene being retained in the miwochondrion and the appearance of mtDNA
pseudogenes in the nucleus [50].

The transfer of mitochondrial genes to the nucleus may confer a sclective

advantage, since nuclear genes in some organisms exhibit a lower mutation rate

[51]). This is not neccessarily truc of fungi, where mutation rates of the nuclear

and mitochoudrial genes are almost equivalent, or in plants, where nuclear genes

mutate at a higher rate than mitochondrial genes [52,53,54]. Gene transfer from
organelles 1o the nucleus is also thought to reduce the accumulation of
deleterious mutations, since the genes migrate from a predominantly asexual to

a predominantly sexual genome [55,56].

S. Transfer of mitochondrial genes to the nucleus in

chlamydomonad algae

Since the genes cox2, cox3, and afp6 were absent in the mtDNA of C.
reinhardtii, we investigated whether these genes were expressed in the nucleus.
We used the standard techniques of molecular biology to address the presence of
these genes in C. reinhardtii combined with a biochemical approach to show the
presence of the corresponding protcins in the mitochondrion. For this second
approach, we also used the colorless alga Polyromella sp. as it lacked a cell wall
and functional chloroplasts [57,58]. These characteristics allowed the isolation
of algal mitochondria free of thylakoid contaminants which facilitated the
purification of several OX-PHOS complexes [31,59,60,61]. The colorless algae
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of the genus Polytomella are closely related to C. reinhardtii, as demonstrated
by the similarities between their nucleus-encoded beta-tubulin [62] and 18S
rRNA [58,63], and mtDNA-encoded cox! genes [64].

° The combined studies with C. reinhardtii and Polytomella sp. demonstrated
that the gane cox3, encoding subunit 111 of cytochrome ¢ oxidase (COX II1), had
been transferred to the nucleus in both organisms [31]. We also found that in
both Polytomella sp. and C. reinhardtii subunit 11 of cytochrome ¢ oxidase °
(COX I1) is encoded by two scparate nuclear genes that were named cox2a and
cox2b. The cox2a gene encodes a protein, COX I1A, corresponding to the amino
terminal half of a typical single-polypeptide COX 11, that includes the two
transmemiziane  stretches. The cox2b gene encodes a protein, COX 1IB,
cquivalent to the soluble C-terminal domain of an orthodox COX Il subunit.
We proposed that the separate cox2a and cox2b genes gavé rise to a
heterodimeric COX 11 that resulted from the non-covalent assembly of the COX
11A and COX 1IB polypeptides in the mature cytochrome ¢ oxidase complex
[32]. This contrasts with the COX 1l proteins of other cukaryotes, that are single
polypeptides encoded by single genes normally localized in the mitochondrial
genome, with the exception of full-length nuclear cox2 genes in the nuclei of
some legumes. In addition, the genc arfp6 encoding subunit ATP6, an essential
component of the proton translocating Fg sector of the FFa-ATP synthase, has
also been transferred 1o the nucleus in C. reinhardrii [33]. Thercfore, the four
genes cox2a, cox2b, cox3, and arp6 where shown to reside in the nucleus in at
least some members of the fumily Chlamydomonadaceae, in contrast to the
mitochondrial location of the genes cox2, cox? and arpé in the vast mzajority of
cukaryotes. The transfer of these genes probably occurred late in evolution, after *
the massive transfer of genes from the protomiiocliondrion to the nucleus [5],
since nowadays many green algae still retain the cox2, cox3. and arp6 genes in
their mitochondrial genomes. ’

The discovery of these genes in C. reinhardtii and Polyromella sp. allows a
consideration of the specific features that accompanied their transfer from the
mitochondrion to the nucleus:

a) The export of the nucleic acid 1 { te from the mitochondria in the
form of DNA or RNA. Some genctic matcrial has been transferred to the
nucleas via RNA intermediates, shown by the presence of edited versions of
plant mitochondrial genes in the nucleus, where the mRNA has a change of
C—U when compared to the genormic sequence. [46,48,65,66]. This transfer
as RNA must have been followed by a reverse transcription step. beforc its
integration into the nuclear genome. It remains to be ascertained if the
genes arpb, cox2a, cox2b, and cox3 of chlamydomonads were transferred as
DNA or RNA intermediates. Mitochondrial cditing has not been found in
algae, and no evidence for reverse transcription activity has been found,

TESIS CON
FALLA PE ORIGEN

197




: Apéndice IV Capltulo de libro

Saledad Funes er al.

b)

<)

d)

the mitochondrial impert machinery [73]. Alternatively, a long MTS could

despite the presence of a gene encoding a putative reverse transcriptase-like

protein in the mitochondrial genome of C. reinhardtii [24). The absence of

editing suggests that the integration of an RNA-derived DNA fragment was

not. obligatory, as would be the case in an organism that required RNA .
editing for functional gene expression.

Integration into the nucleus. Intcgration into the nuclecar genome most
probably occurred in a non-coding region through nonhomologous
recombination [67], or by an end-joining mechanism [36].

Acquisition of an MTS. Random genomic DNA sequences preceding
mitochondrial genes that have been relocalized in the nucleus could provide
an MTS. Two to five % of randomly shearcd DNA sequences attached
upstream of protein genes in vitro functioned as effective MTS [68],
showing the potential case of gaining of an MTS. In some cases,
mitochondrial genes have inserted into nuclear genes, acquiring the pre-
existing MTS [48,69). MTS acquisition may also occur by duplication of
existing' targeting signals [70] or by nuclear exon shuffling [71]. The
deduced amino acid sequence located before the N-terminal sequence of the
mature COX 1A, COX 11l and ATPG6 preteins of C. reinhardtii predicts the
existence of unusually large MTSs, of 143, 119 and 107 amino acids
respectively, rich in alunines, prolines, and charged amino acids. In yeast, it
has been observed that the duplication of MTSs improves the in vitro and in
vivo import of hydrophobic proteins inte mitochondria [72]. It has also been
suggested that long MTSs can improve the interaction of the precursor with

affect the folding of the protein to inerease its importability [74]. It 1s
possible that, during import into mitochondria, the targeting scquences arc

- cleaved and maintained as components of the cytochrome ¢ oxidase

complex, as was observed with the MTSs of the Rieske subunit of yeast and
beef heart mitochondrial cytochrome bc, complexes [75,76). The function
of the targeting sequence retained in the bc; complex is not known, we
speculatc that it may act as a chapzronc for components of the enzyme
complex during assembly. A conventional N-terminal MTS is not
absolutely required for a nucleus-cncoded protein to be imported into the
mitochondrion. Scveral mitochondrial genes that were transferred to the
nucleus have become activated, and their protein products may be imported
into mitochondria in the absence of an MTS [50]. This is also the case for

- the cox2b genes of C. reinhardtii and Polytomella sp. which do not exhibit a

region encoding a putative MTS.

Acquisition of introns, promoters, and ribosome binding sites. Niost
nuclear genes in C. reinhardtii have introns, with an average number of 3.9
introns per kb of coding sequence. These introns are ofien small, ranging
from 5:/ bp to 1318 bp, with an average sizc of 219 bp [77]. We found
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introns in the genomic sequences of the chlamydomonad mitochondrial

genes that were transferred to the nucleus: 6 in cox2a of Polytomella sp., 7

in .cox2a of C. reinhardtii, 1 in cox2b of C. reinhardtii, 4 in cox3 of
Polytomella sp., 9 in cox3 of C. reinhardtii, and 7 in atp6 of C. reinhardltii.

These introns show orthodox splicing sites exhibiting the typical GT

sequence at the 5° end and an AG sequence at the 3° end. An exception was

Polytomella sp. cox2b that did not contain introns. The sequences flanking

the proposed open reading frame initiating methionine codons corresponded

to the consensus translation initiation site (A/C) A (A/C) (A/C) ATG (G/C)'
reported for C. reinhardtii [77]. We have yet to identify promoter regions in

the genomic regions upstream from these genes.

e¢) Acquisition of polyadenylation signals. In C. reirhardtii the most
common polyadenylation signal in the nuclear genes is TGTAA located 10-
20 bp upstream of the actual polyadenylation sitc [77]. This signal was
present in the cox3, cox2a. cox2b, and atp6 genes that were transferred to
the nucleus in chlamydomonad algae. These signals are distinctive features
of nuclear genes, since they are not present in mitochondrial genes.

f) Change in cedon usage. The C. reinhardtii mitochondrial genctic code is
the same as the standard gemnctic code utilized in the nucleus, which may
facilitate a continued transfer of mitochondrial genes to the nucleus.
However, the chiamydomonad algac exhibit a highly biased codon usage in
their nuclear genes. The nuclear genome of C. refnhardtii has a high GC
centent, and this feature is reflected in the pronounced codon bias, which
favors triplets with C or G in the third position. In contrast, thers is a
differcnt bias in the codon usage in the mitochondrial gcnome.
Relocalization of mitochondrial genes to the nudicus in C. reinhardtii was
followed by changes in codon usage to frequencies typicaliy found for
nuclear gencs.

£) Inactivation of the mitochoandrial gene copy., and loss of the original
mitochondrial genc. Successful transfer of genes from organelles to the
nucieus is usually followed by inactivation of the mitochondrial copy, its
conversion into a pscudogene, and its eventual loss from the mitochondrial
genome [78]. There is no evidence for the presence of cox2a, cox2b, cox3 or
atp6 genes, gene fragments, or pscudogenes in the mitochondrial genomes
of several chlamydomonads, including Polyromella sp., C. remhardlu. C.
eugameros, C. elongatum and C. moewusii.

h) The splitting of the cox2 gene into cox2a and cox2b. The gene cncodmg .
the mitochondrial COX 1l protein is absent from the mtDNA of a number of
chlamydomonad algac. We found that the gene had been split into two
pans, cox2a and cox2b, both cxpressed from the nucleus, in Polyromelia sp.
and C. reinhardrii {32]. We also observed that a cox2 gene in the mtDNA
of Scencdesmus obliquus shows strong similarities to the chlamydomonad
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cox2a gene, suggesting that the splitting of cox2 occurred prior to the
transfer of the gene to the nucleus, and that the chlamydomonad transfer of
cox2b to the nucleus is likely to have preceded that of cox2a. It is not
known if the S. obliquus mtDNA-encoded cox2a is functional, or if there is
also’ a. nuclear copy of the same gene. It is possible that the S. obliguus
cox2a was prevented from rclocating to the nucleus by the divergence of the
mitochondrial genetic code from the standard code in this organism [21,22].
In Pdiytomella sp. and C. reinhardtii the COX 1A protein contains a C-
.terrninal 20-amino acid region, lacking similarity to conventional COX I1
proteins, that had a high density of charged amino acids. The predicted
COX I1B polypeptide contains 42-amino acids at the N-terminus with a high
density of charged amino acids that are not homologous to known COX I
proteins and are not a cleavable MTS. We propose that the C-terminal
extension of COX 1A intcracts with the N-terminal extension of the COX
1IB protein and that these acquired amino acid sequences stabilize the two
COX Il subunits in the cytochrome ¢ oxidase complexes. .

‘6. Why have some genes remained in the mtDNA?

Several ideas have been put forward to explain why mitochondrial genomes
siill contain a limited sct of gencs that has not been transferrzed to the nuclcus.
One explanation has been the evolution of a different mitochondrial genetic
code in some organisms that would inhibit the functional expression of
mitochondria! genes transferred to the rucleus. Simiiarly, some mitochondrial
genes have accumulated complex processing patterns like mRNA-editing. which
would render the transferred genc inviable when relocated to the nucleus [79).
Another explanation may be that the presence of some organellar proteins in the
cytoplasm could have detrimenual cffeets {80}, including misrouting of certain
highly hydrophobic mitochondrial proteins syuthesized in the cytosol to other
cell structures, such as the cendoplasmic rcticulum [81]). An additional
cxplanation suggests that some genes have remained in the mitochondrial
genome to be rapidly regulated by the organclle redox state [82]. Finally, it has
been proposed that highly hydrophobic proteins, containing four or more helices
that span the membrane, can not be readily imported into mitochondria.
Therefore, these polytopic membrane proteins must be synthesized in siru to be
properly inserted and assembled into the inner mitochondrial membrane [74,83].
The synthesis of these hydrophobic polypeptides inside the mitochondria. may
cnsure their proper insertion in the inner membrane, giving risc to the correct
topological arrangement required for vectorial proton transiocation.

There are two universal examples of genes retained 1n the mitochondrial
genomes: the cytochrome & gene (cob), cncoding a protein with 8
transmembrane regions [84), and the cytochrome ¢ oxidasc subunit 1 (cox/),
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which encodes a protein with 12 transmembrane helices {28,76). These subunits
also bind prosthetic groups, including heme groups and metal ions. Both genes
are present in all mitochondrial genomes so far characterized. Other genes that
encode highly hydrophobic polypeptides (cox2, cox3, aip6, atp8, atp9, nadl,
nad2, nad3, nad4, nad4l, nad5 and nad6) arc also present in the majority of
mtDNASs [85]. In some yeasts, the absence of nad genes in the mitochondrial
genome is related to the lack of respiratory complex I. Those organisms that do
contain complex | retain a set of six to seven nad genes. The corresponding
proteins of the gencs rctained in mtDNAs exhibit at least two transmembrane
helices, and some of them up to 17 putative transmembrane stretches. Therefore,
it may be that physicochemical propertics (mainly hydrophobicity) are the
ultimate limiting step for the transfer of mitochondrial genes, encoding
polytopic membrane proteins, to the nucleus.

7. Nuclear genes encoding mitochondrial membrane
proteins decrease their hydrophobicity when

compared to their mitochondrial counterparts

In yeast, in vivo studies with Sytoplasmic synthesized constructs of vaciable
lengths of apocytochrome &, showed that the importability of polypeptides into
mitochondria is not strictly related to the number of transmembrane domains
[74]. Thesc studies suggested that the highest average hydrophobicity over 60 to
€0 amino acids of a polypeptide chain (mesoH), along with the maximum
hydrophoticity of the putative transmiembrane segments, arc useful indicators of
the likelihood that a protein could be imported into mitochondria. Accordingly.
mitochondrial cox2, cox3 and aip® genes frons many eucaryotes encode proteins
that exhibit physicochemical characteristics that would block the import of such
protecins if they were nucleus-cncoded. However, the corresponding nucleus-
encoded proteins of chlamydomonad aigae COX [1A, COX IIB, COX Iiif and
ATPS6, all cxhibit reduced overall hydrophobicity that allow them to be imported
into mitochondria, most probably through the TOM-TIM machinery. Figure 1
shows a mesohydrophobicity (mesoH) versus maximal local hydrophobicity
(<H>) plot for the C. reinhardtii and Polyromella sp. COX 11A, COX liB, COX
11 and ATP6 sequences as comparced to the protein products predicted from the
human mitochondrial genes nadl, nad2, nad3, nad4, nad4l., nad$, nad6, cob,
coxl, cox2, cox3, and atp6. The arp8 gene was not included since its very small
sizc, 68 aminc acids, distorts the mesoH and <H> values. In comparison with
their human miDNA-cncoded counterparts, the nucleus-encoded
chlamydomonad scquences display both decicased mesoH and <H> (Figure 1).
We propase that one of the important modifications required for nuclear genes
to cncode functional mitochondrial OX-PROS proteins is a diminished overall
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Figurce 1. Plot of mesohydrophobicity (mesoH) versus maximal local hydrophobicity
(<H>) of the OX-PHOS mitochondriai protci ied in the h mtDNA
compared to the nucleus-cncoded homelogs COX I, COX Il and” ATPG of
Chlumydomonas and Polytomeila. Arrows indicate the mitochondrial and nuclear
counterparis. Letters indicate the following scquences: A. C.reinhardtii ATP6, B. human
ATP6, C. human COB (cytechrome b), D. human COX 1, E. C. reinhardiii COX 1A, F.
Polytomella sp. COX 1A, G, human COX I\, H. C. reinhardtii COX 1B, i. Polytomella
sp. COX liB, J. C: reinhardiii COX I, K. human CCX 111, L. Folyromella sp COX I11.,
M. human NADI, N. human NAD2, O. human NAD3. P. human NAD4L, Q. human
NADA4, R. human NADS, S. humman NADG.

mesohydrophobicity of its protein product. The changes in hydrophobicity may
have occurred cither prior or subsequently to the transfer process and may allow
for the successful import and assembiy of these proteins into the mitochondrial
inner membranc.

Mitochondria recadily import hydrophobic carmrier proteins with multiple
transmembrane stretches, like the adenine nucleotide translocator. Nevertheless,
carricr proteins also scem to follow the low <H> and low mesoH rule [74].
However, the import pathway of the translocators differs greatly from the
“conservative intramitochondrial sorting pathway”,-in which polypeptides are
transferred to the mitochondrial matrix space and then sorted to its final
membrane:destination. The insertion of carrier proteins into the mitochondrial
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inner membranc is mediated through different TIM complexes, mainly the so-
calicd tiny-TIMS and the TIM22 complex [12]. This import pathway is distinct
from the onc followed by orthodox MTS-containing polypeptides.
8. Mean hydrophobicity has decreased in those
transmembrane regions that are not critical for

function .
Hydropathy analysis ot the COX 1l polypeptides of Polviomella sp. and C.
reinhardtii showed the presence of seven putative transmembranc stretches, .

numbered I to VII. The hydrophobicity of these seven helices scems to be Jower
in the chlamydomonad algac when compared with the Paracoccies denitrificans
or the bovine subunits. This was more evident when the three dimensional
structurc of COX Il from Polytomella sp. was modelled using the
crystallographic coordinates of the bovine subunit [28]. In this model (Figure 2),
shorter transmembrane stretches are observed as well as intcrruptions in the |
middle-sections of the membranc helices. The helices that are in contact with
COX | (helices 1} and III), do not exhibit significant modifications in
hydrophobicity. However, transmembrane domains I, V and Vi have
diminished their hydrophobicity by 16%, 10% and 12%, respectively. It should
be noted that domains 1'V and VII, that are the least hydrophobic in the mtDNA-
encoded COX Il proteins (AG ~1.1 kcal/mol) offer distinet behaviour: 1V
remains the same and VI has increased its hydrophobicity by 22%, although the
final hydrophobicity is not predicted to be a problem for import. This suggests
that the diminished hydrophobicity of COX Il is stronger in those regions of the
protein which scem not to be involved in subunit-subunit interactions (Figure 3).

The in silico analysis of the predicted ATP6 scquence of C. reinhardsii
revealed similar characteristics [33]. Based on multiple sequence comparisons,
sccondary structure predictions, and available biochemical data [29,30, and sce
also 118], five hydrophobic regions could be predicted as transmembranc
stretches and were named A, B, C, D and E. Hydrophobicity analysis showed
that transmembrane helices A, B and C exhibit a highly reduced mean
hydrophobicity. In fact, helix A could even be considered not to be membranc-
imbedded. A similar situation was observed for the transfer to the nucleus of the
mitochondrial sdh3 gene - encoding subunit 3 of succinate dchydrogenase - in
angiosperms: its protein product is predicted to lack one of three transmembranc
domains [86]. In contrast ATP6 trunsmembrane helices D and E, which arc
believed to interact with the multimeric ring of c¢-subunits (ATP9), and which
contain maost of the conscrved amino acids in the protein, cxhibit similar <H>
values when compared with the helices of other mitochondria-encoded ATP6

subunits.
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Figurc 2. Modcl for the structural arrangement of COX 111 from Polyromella sp. Panel
A. three dimensional structure of bovine COX I [28). The seven transmembrane helices
are indicated by roman numerals. The amino and carboxy termini are indicated by the
letters N and C, respectively. Pancl B, three dimensional model for Ps-COX 111 based on -~
the bovine structurc. Armows indicate distinct features of this polypeptide: 1) the presence
of a kink in transmecmbrane helix H, 2) a distortion in the middle-section of
transmembrane helix 1V, and 3) a shorter transmembrane helix VI .

Transmembranc domains 1l in COX [ll'and helix A in ATP6 are the most
hydrophobic, and have decreased their <H> to the greatest extent. Therelore, we
conclude that the overall decrease in-hydrophobicity in the chlamydemonad
subunits COX A, COX I11I, and ATP6 accompanicd the functional transfer of
their respective genes to the nucleus, and facilitates the import and assecmbly of
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these ‘proteins into active cytochrome ¢ oxidase and F;Fo-ATP synthasc
complexes, respectively. In addition, we propose that the selective decrcase in
the hydrophobicity of protecins encoded by nuclear genomes is stronger in those
transmembrane regions that seem not to be critical for function, assembly, or
participation in inter-subunit intcractions with other constituents of the
complexes. This conclusion has important implications for the allotopic
expression of mitochondrial genes and for future application of allotopic
cxpression to human mitochondrial gene therapy.

Figure 3. Analysis of the mean hivdrophobicity values of the seven transmembrane
regions of COX 1f]. Hydrophobicity valucs for the scven transmembrane helices of COX
11t from C. reinhardtii and Folviomella sp. (white bars) were compared with the mean
valuc of hydrophobicity of COX Il from different organisms (grey bars). In Cr-COX 111
and Ps-COX !, mean hydrophobicity is reduced in transmembranc helix | (diminished
by 10%, although not statistically significant), helix Il (diminished by 16%%), helix V
(diminished by 10%) and helix VI (diminished by 129%) as comparcd to the mean values
of <H> of plant and human transmembranc regions. Domains 111 and IV, although
exhibiting diminished hydrophobicity by 4%, has no significant variation. The same is
applicable to domain VII, whose hydrophobicity is increased by 22%, but the AG = 1.09
kecal/mol for this transmembrane scgment do not impedc the import of the protein.

9. The allotopic expression of mitochondrial genes

and the quest for human mitochondrial gene therapy

The first pathogenic mutations of the human mtDNA were described in the
pioncering works of Holt ef al.. [87] and Wallace er al.. [88]. Since then. more
than 100 unique, pathogenic mutations of mMDNA have been reported [89].
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Genetically, the mtDNA mutations fall into three categories 1) mutations in
protein encoding genes; 2) mutations in structural RNA genes such as tRNAs
and rRNAs; and 3) large-scale recarrangements (deletions or duplications) of the
mtDNA. These alterations in human mtDNA result in a broad range of clinical
outcomes.

Pathogenic mutations have been described for ncarly all protein encoding
mitochondrial genes [90]. Perhaps the most common are thosc ascociated with
Leber’s hereditary optic ncuropathy (LHON). LHON presents as acute or
subacute bilateral visual loss caused by severe bilateral optic nerve atrophy and .
is associated primarily with mutations in genes for subunits of NADH
dehydrogenase [91]. Mutations in the ATP6 gene of the mtDNA arc often
associated with two syndromes: NARP (ncurogenic muscic weakness, ataxia,
and rctinitis pigmentosa) [92] and matermnally-inherited Leigh's syndrome
(MILS; subacute nccrotizing cncephalomyelopathy) [93.94]. Other protein
coding mutations, in the mtDNA-encoded COX subunits, or cytochrome - & of
the bc; complex, present with a wide variety of clinical features, including
progressive exercise intolerance, myopathy, encephalopathies, and multi-system
disorders [95-102]. .

Several stratcgies to develop gene-based mitochondrial therapies for
mitochondrial diseases have been reviewed [103-106). Direct manipulation of
the mtDNA is presently not possible. However DNA-protein conjugates can
enter mitochondria via the protein import pathway, and chimeras of DNA
attached to polypeptide preseguences may be imported independently of its
DNA length {107.109). These techniques may cventually lead to the ability to
correct mtDNA genec mutations. Another interesting approach for overcoming
mutation in MIDNA-cncuded proteins is to place a wild-type copy of the
affected gene in the nucleus, and target the cxpressed protcin to the
mitochondrion to replace the defective mitochondrial protein. This approach
requires the nuclear cxprcssion of genes that are normally localized in the-
mtDNA, their \ynthcms in the cytoplasm, and their successful unport into the - ‘
mitochondrial inner membranc.

Allotopic expression is defined as the functional activation of a gene ina -
cellular compartment different from its original location. Such "allotopic™
expression of mitochondrial genes has been successfully performed in S.-
cerevisiae to overcome defects in mitochondrial bi4, the RNA maturase of the -
yecast mitochondrial matrix [110,111]: to study the functions of VARIL, a
subunit of the mitochondrial ribosome [112]: and with ATP8 (subunit A6L.), a
small (48 ua) hydrophobic polypeptide of the Fp component of the
mitochondrial FiFe-ATP svnthase {113]. The scquence of the a/p8 gene was
genctically engincered for nuclear cxpression, and a sequence ‘encoding a
yeast MTS was artificially attached. This a7p8 gene was expressed, and its
corresponding protein product was synthesized in the cytoplasm. imported
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into the inner mitochondrial membrane, and assembled into a functional Fo
sector of-. F;Fg-ATP synthase.

The fact that several typically mtDNA-encoded genes are nuclear-localized
in some organisms, such as chlamydomonad algae, may facilitate the eventual
allotopic expression of genes in human cells exhibiting mitochondrial diseases,
especially those associated with defects in mitochondrial a6 genes [114],
MILS and NARP [115], or thosc related with alterations in cox gencs
[95,99,100].

The ailotopic expression of mitochondrial gencs in the nucleus for genc .
therapy purposes, must be accompanied by the appropriate changes in codon
usage of the transferrcd gene, and by the addition of an appropriate MTS, These
two requirements may be necessary but not sufficient for successful allotopic
cxpression. Human mitochondrial genes may also require additional alterations
for allotopic cxpression. A decrcase in the mean hydrophobicity of the protein
product, particularly in thosc transmembrane stretches that arc not highly
conserved, and that are known to be non-critical for function may facilitate
import of these highly hydrophobic proteins. Where appropriate the
hydrophebicity of a protcin could be diminished in the same regions where
hydrophobicity has been reduced naturally in chlamydomonad algac. These
approachcs require a more detailed knowledge of the topology and function of
the proteins of interest, morc cxtensive site-directed mutagenesis of the
allotopically expressed mitochondrial gene than previously considered, and a
decp knowledge of the mechanisms of action of the coexpresscd proteins.

For genes whose simple allotopic cxpression cannot produce an active -

. mitochondria-localized protein, it may be plausible to co-express a gene that

increcases - the import of such a peotein. In ycast, somc non-imporable

polypeptides can be expiessed in the nucleus and imporied cfficienily into

mitochondria when another gence is co-expressed [73]. The naturc of these genes

is being elucidated [116,117]). Ovcrexpression of yecast karyopherin B
. Pselp/Kap121p stimulated the mitochondrial import of hydrophobic proteins :

{117]. In addition, hydrophobic mitochondrial proteins scem to be imported into

mitochondria by mcans of ribosomes attached to the mitochondrial outer

membranc: This scenario is analogous to thc ecxport of protcins to the

endoplasmic rcticulum [M. Corral-Debrinski, personal communication].

A .number of gencs cncoding highly hydrophobic polypeptides have been
retained with remarkable consistency in the mitochondrial genomes of a large
number of eukaryotes. However, certain members of the chlamydomonad algae
have relocated some of those gencs to the nucleus. As we have described above,
several structural transformations have accompanied chlamydomonad cox2,
cox3 and atp6 genes on their way to the nucleus. Two important changes arc the
usc of rclatively long MTS and the reduction of hydrophobicty of their encoded
protein products. This reduction of hydrophobicity is morc notable in those
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transmembrane regions that do not participate in proton translocation or in
subunit-subunit interactions. Human therapies using allotopic expression of
mtDNA-encoded genes, would typically require modifications to the genetic
code, and the addition of the necessary transcriptional control signals and a
region encoding an appropriate MTS. Further, one should consider reductions in
the hydrophobicity of membrane-embedded helices that are not critical for
" function and assembly to facilitate the functional import of these proteins into

mitochondria.
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Abbreviations

<H> local hydrophobicity

mesoH mesohydrophobicity

mtDNA mitochondrial DNA .

MTS mitochondrial targeting sequence MTS

nt nuclcotides

TIM-TOM translocases of the mitochondrial inner and outer

arps gene encoding subunit @ (ATP6) of the F;Fo-ATP qynthasc.
cox2 gene encoding subunit 11 (COXII) of cytochrome ¢ oxidase. -
cox3 gene encoding subunit I (COXI11) of cytochrome ¢ oxidase.’
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