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RESUMEN 
 

La levadura Debaryomyces hansenii posee una cadena respiratoria ramificada 

conformada por los complejos I, II, III y IV, una oxidasa alterna (AOX) insensible al cianuro, 

una NADH deshidrogenasa externa (NDH2e) y una glicerol-fosfato deshidrogenasa 

(MitGPDH). Las mitocondrias de esta levadura llevan a cabo una transición de la 

permeabilidad debido a que forman un canal inespecífico mitocondrial (DhMUC). La presencia 

de este canal constituye un mecanismo de desacoplamiento fisiológico de la fosforilación 

oxidativa. Además, la presencia de las oxidorreductasas alternas puede constituir un 

segundo mecanismo de este tipo. Estos mecanismos modulan la producción del ATP, evitan 

la sobreproducción de especies reactivas del oxígeno (ROS) y reciclan las pozas redox en 

condiciones de baja demanda energética (p. ej. en la fase estacionaria de crecimiento). 

En estudios previos se propone que la AOX se expresa sólo en la fase estacionaria de 

crecimiento. Lo anterior ocurre únicamente cuando D. hansenii es cultivada en presencia de 

glucosa como fuente de carbono. En cambio, al cultivarla en presencia de lactato (fuente no 

fermentable), la actividad de esta enzima aparece desde la fase exponencial y se mantiene 

sin cambio durante la fase estacionaria. Por esta razón, en este trabajo se decidió estudiar si 

en D. hansenii la fosforilación oxidativa varía en diversas fases de crecimiento.  

Para ésto se determinó el consumo de O2 y el acoplamiento respiratorio de las 

mitocondrias aisladas de las levaduras cosechadas en diferentes tiempos de cultivo, en 

presencia de diferentes donadores de electrones. Solamente con piruvato-malato se 

encontró una disminución gradual en la respiración y el acoplamiento a medida que aumentó 

el tiempo de cultivo. Este efecto no se debió a una menor cantidad y/o actividad del complejo 

I ni de los otros componentes respiratorios. Por tal motivo, se sugirió que la disminución de la 

actividad respiratoria observada pudo deberse a una baja producción de NADH matricial. 

Para explorar lo anterior, se determinaron las actividades enzimáticas de la piruvato 

deshidrogenasa y la malato deshidrogenasa (enzimas dependientes de NAD+) en muestras 

mitocondriales de las fases exponencial y estacionaria. No se encontraron diferencias en las 

actividades entre las dos fases. Cabe señalar que los ensayos se realizaron en presencia de 

NAD+ y otras coenzimas. Con base en esto, se sugirió que la baja actividad respiratoria 

observada en la fase estacionaria pudo deberse, en principio, a una menor cantidad de NAD+ 

en la matriz mitocondrial.  



 

III 
 

Bajo esta premisa, se cuantificaron nuevamente la respiración, el acoplamiento 

respiratorio y el potencial transmembranal () en presencia de piruvato-malato y agregando 

NAD+ a los ensayos. Las muestras de fase exponencial no presentaron cambios con 

respecto a las mediciones iniciales (en ausencia del NAD+). Sin embargo, las muestras de 

fase estacionaria recuperaron de manera parcial la actividad respiratoria y el acoplamiento, y 

de manera completa el  en presencia del NAD+. La recuperación completa de los primeros 

dos parámetros se observó únicamente en esferoplastos permeabilizados de la fase 

estacionaria, en los cuales las mitocondrias se encuentran in situ. En este trabajo se propone 

que la falta del NAD+ matricial pudo deberse a una fuga de éste a través del DhMUC. 

En los ensayos anteriores, el NAD+ ingresó a la matriz en condiciones donde el DhMUC 

se encuentra cerrado. Esto sugirió la posibilidad de un mecanismo de transporte específico 

para esta coenzima. En Saccharomyces cerevisiae, el NAD+ se transporta a la matriz 

mitocondrial a través de dos isoformas de un acarreador específico: Ndt1p y Ndt2p. En D. 

hansenii se encontró un posible ortólogo de este acarreador. Para determinar su posible 

participación se determinó el consumo de O2 en presencia de batofenantrolina, púrpura de 

bromocresol y piridoxal-5’-fosfato, los cuales son inhibidores del transporte del NAD+. En 

presencia de éstos, la adición del NAD+ no tuvo efecto sobre la respiración, lo que sugiere 

que no fue transportado a la matriz. 

La pérdida sugerida del NAD+ matricial en la fase estacionaria de crecimiento constituye 

un posible mecanismo de desacoplamiento fisiológico adicional a la apertura del DhMUC. 

Debido a la baja demanda energética en esta fase, este mecanismo puede disminuir, por un 

lado, la producción de ATP al abatir el  y al evitar la entrada de electrones a partir del 

complejo I y, por otro, la formación de ROS al transportar los electrones y consumir el O2 de 

forma desacoplada. 
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ABSTRACT 
 

The branched respiratory chain from Debaryomyces hansenii contains complexes I, II, 

III and IV, a cyanide-insensitive alternative oxidase (AOX), an external NADH dehydrogenase 

(NDH2e) and a glycerol-phosphate dehydrogenase (MitGPDH). In addition, this yeast species 

contains two possible physiological oxidative phosphorylation (OxPhos) uncoupling 

mechanisms: a) a branched respiratory chain, which contains non-proton pumping alternative 

oxidoreductases and b) a permeability transition, which is triggered by opening the 

mitochondrial unspecific channel (DhMUC). These mechanisms may modulate the ATP 

synthesis, prevent reactive oxygen species (ROS) overproduction and recycle redox pools 

during low energy demand situations (e.g. stationary growth phase).  

In exponential phase grown cells, OxPhos are highly coupled and both uncoupling 

mechanisms inactive. However, upon aging in culture (stationary phase), the efficiency of 

proton pumping decreases and mitochondria become partially uncoupled, probably in an 

effort to deplete oxygen in the cell without synthesizing ATP. In the stationary growth phase, 

the complex I-dependent rate of oxygen consumption and coupling are selectively decreased. 

Complex I relative content and activity are not changed in this condition. In fact, all other 

branched respiratory chain components activities remain the same as in the exponential 

phase. For this reason, it is suggested that the respiratory activity change is due to a lower 

matrix NADH production. In order to explore this, activities of pyruvate and malate 

dehydrogenases (NAD+-dependent enzymes) were measured in both growth phases. No 

differences were observed in these enzymes. Therefore, these results suggest a lack of 

matrix NAD+ in isolated mitochondria from the stationary phase. 

Here, we propose that NAD+ possibly escapes the matrix through an open DhMUC. 

When NAD+ is added back, coupled complex I-dependent respiratory activity in stationary 

phase-isolated mitochondria is recovered. This uptake occurs when DhMUC is closed and 

seems to be catalyzed by a NAD+-specific carrier, which is inhibited by bathophenanthroline, 

bromcresol purple and pyridoxal-5’-phosphate as described for S. cerevisiae. Loss of matrix 

NAD+ through an open MUC is suggested as an additional OxPhos physiological uncoupling 

mechanism.  
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1. INTRODUCCIÓN 
 

1.1. Debaryomyces hansenii como modelo de estudio 
Debaryomyces hansenii es una levadura halotolerante no patógena que suele residir 

en hábitats con alta salinidad, tales como el agua marina, de donde se aisló por primera vez 

(Norkrans y Kylin, 1969), y otros como son los quesos, la cerveza, el vino, los lácteos y 

diversos productos cárnicos (Breuer y Harms, 2006). 

Aunque facultativa, esta levadura tiene un metabolismo aeróbico mayor que la 

fermentación (Sánchez y cols., 2006). Posee una gran versatilidad para metabolizar diversas 

fuentes de carbono (glucosa, sacarosa, galactosa, glicerol, lactato, manitol, etanol, trehalosa, 

celobiosa, ribitol, succinato, gluconato, entre otras) (Breuer y Harms, 2006). Además, crece a 

bajas temperaturas (Norkrans, 1966), en distintos intervalos de pH (Norkrans, 1966; Hobot y 

Jennings, 1981) y en alta salinidad (a concentraciones de NaCl y/o KCl por encima de 2 M) 

(Norkrans, 1966; Prista y cols., 2005). 

Debido a estas cualidades, esta levadura se utiliza desde hace algunos años como 

modelo de gran interés para la investigación básica y aplicada, principalmente en el área 

biotecnológica. Además, se aprovecha en la industria para la síntesis de compuestos 

naturales y artificiales (carbohidratos y lípidos, principalmente), expresión y purificación de 

proteínas y enzimas de interés comercial, elaboración de probióticos, maduración de quesos, 

etc. (Fadda y cols., 2004; Breuer y Harms, 2006).  

 

1.2. Principales estudios en Debaryomyces hansenii  
La mayoría de los estudios básicos realizados en este microorganismo tratan sobre los 

mecanismos por los cuales se adapta a las altas concentraciones de cationes monovalentes 

(Na+ y K+) (Norkrans, 1966; Prista y cols., 1997). Al parecer, la preferencia por este tipo de 

hábitats no se debe únicamente a la capacidad de resistir al estrés osmótico, sino a que en 

estas condiciones optimiza su crecimiento (Prista y cols., 1997; Almagro y cols., 2000; 

González-Hernández y cols., 2002). Por ello se ha propuesto clasificar a este organismo 

como halófilo (González-Hernández y Peña, 2002) y no sólo como halotolerante. 

Por definición, los microorganismos halófilos son aquellos que se reproducen y 

realizan sus funciones metabólicas con  mayor eficacia en medios hipersalinos. En cambio, 

los halotolerantes, únicamente modulan sus funciones para resistir al estrés en dichas 
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condiciones (González-Hernández y Peña, 2002). D. hansenii se encuentra en medio de las 

dos clasificaciones debido a que no requiere que el medio contenga alta salinidad para poder 

crecer. En general, dos mecanismos principales son llevados a cabo por los organismos que 

resisten la hipersalinidad: el “sodio-excluyente” y el “sodio-incluyente”. El primero se lleva a 

cabo por los halotolerantes, que expulsan la mayor cantidad de sodio posible del citoplasma 

y balancean la presión osmótica con solutos compatibles (sacarosa, trehalosa, glicerol, etc.). 

La segunda es utilizada por los halófilos, que almacenan altas concentraciones de sodio en 

el interior para balancear la presión osmótica, y se sugiere que poseen diversas 

adaptaciones internas que les permiten resistir los efectos nocivos de la sal y además 

beneficiarse (González-Hernández y Peña, 2002; Sánchez y cols., 2006). 

En las membranas plasmática y vacuolar de D. hansenii existen diversos 

transportadores de cationes monovalentes involucrados en su movimiento (Hobot y Jennings, 

1981; Prista y cols., 1997). La concentración promedio de cationes monovalentes en el agua 

marina es de 600 mM y 10 mM, para el Na+ y K+, respectivamente. En presencia de 

concentraciones desiguales de Na+ y K+, esta levadura es capaz de internalizar en mayor 

cantidad al catión que se encuentre más concentrado en el exterior y expulsar del citosol la 

mayor parte del otro que se encuentre en menor concentración. Pero en presencia de 

concentraciones iguales de estos cationes, D. hansenii acumula al K+ preferentemente y con 

mayor rapidez que al Na+ (Thomé-Ortiz y cols., 1998). Cuando se cultiva en 0.6 M de NaCl, 

ambos cationes se encuentran en concentraciones similares en el interior (~150 mM Na+ y 

~100 mM K+). Por el contrario, si se incuba en ausencia de sales o en presencia de KCl, se 

observa un aumento en la concentración de K+ intracelular y el Na+ es expulsado casi por 

completo (González-Hernández y cols., 2004). 

Diversos autores describen que en D. hansenii incubada en medios con alto contenido 

de NaCl y KCl, se induce la expresión de algunas enzimas (Alba-Lois y cols., 2004) y 

aumenta la actividad de las enzimas glucolíticas y la respiración (Sánchez y cols., 2006). En 

las mitocondrias aisladas de esta levadura se sabe que las concentraciones altas de Na+ y K+ 

mejoran el rendimiento de la fosforilación oxidativa (Cabrera-Orefice y cols., 2010). Con este 

último antecedente, descrito en nuestro grupo, se inicia la caracterización de la fosforilación 

oxidativa mitocondrial de D. hansenii, como parte de un proyecto global que tiene como meta 

describir las diferencias y similitudes en los mecanismos de desacoplamiento fisiológico de la 

fosforilación oxidativa en distintas especies de levaduras (Uribe-Carvajal y cols., 2011). 
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1.3. La mitocondria y la fosforilación oxidativa. 
Las mitocondrias son organelos formados por dos membranas, una externa y otra 

interna; esta última forma una serie de invaginaciones denominadas crestas. Entre ambas 

membranas se encuentra el espacio intermembranal. El interior de la mitocondria constituye 

la matriz mitocondrial, donde se llevan a cabo diversos procesos como el ciclo de Krebs, la -

oxidación de ácidos grasos, el ciclo de la urea, oxidación de ciertos aminoácidos, entre otros 

(Nelson y Cox, 2000). 

Estos organelos poseen material genético propio (ADN) y cuentan con toda la 

maquinaria necesaria para su expresión. No obstante, las proteínas mitocondriales se 

codifican por dos genomas: el nuclear y el mitocondrial (ADNmt). El genoma mitocondrial 

codifica diversos ARN de transferencia (ARNt) y ribosomales (ARNr) y algunas subunidades 

proteicas. Sin embargo, cerca del 98% de las proteínas mitocondriales son codificadas fuera 

de ella y una vez sintetizadas, son dirigidas y transportadas a este organelo (Pfanner y 

Meijer, 1997; Chacinska y cols., 2009); tal es el caso de transportadores de solutos, 

proteínas de importación, subunidades de la cadena respiratoria, enzimas de la replicación, 

etc. Por tal motivo, es necesaria la expresión coordinada de los dos sistemas genómicos 

para que el organelo funcione de manera óptima y en respuesta a las necesidades celulares. 

La membrana mitocondrial externa (MME), además de mantener la integridad del 

organelo, es una estructura primordial en la comunicación intergenómica, la regulación 

metabólica y el transporte del organelo a través del citoplasma (unida a elementos del 

citoesqueleto) (Hirano y Vu, 2000; Boldogh y Pon, 2006). Por otro lado, la membrana 

mitocondrial interna (MMI) es una estructura con una arquitectura altamente dinámica, y 

modifica su organización en función del estado metabólico celular (Frey y cols., 2000; 

Mannella y cols. 2002). La MMI cambia su conformación para incrementar o disminuir el 

número, tamaño y forma de las crestas (Manella, 2006). Se cree que esto favorece la 

interacción y asociación de las proteínas involucradas en la fosforilación oxidativa, además 

de promover la formación de gradientes localizados (Gilkerson y cols., 2003; Manella, 2006). 

La principal característica de las mitocondrias es su especialización en la transducción 

de energía y la síntesis del adenosín trifosfato (ATP), el compuesto energético de mayor 

importancia para las células. La producción del ATP en este organelo se lleva a cabo a 

través de la fosforilación oxidativa (Nelson y Cox, 2000).  
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Los compuestos altamente reducidos (p. ej. glucosa, ácidos grasos, etc.) son 

inicialmente metabolizados en el citoplasma y los productos obtenidos son llevados al interior 

de la mitocondria donde se continúa el catabolismo utilizando diversas rutas que incluyen 

el ciclo de los ácidos tricarboxílicos (o ciclo de Krebs), la -oxidación de ácidos grasos y la 

oxidación de los aminoácidos. El resultado final de estas rutas es la producción de dos 

donadores de electrones: NADH y FADH2. Los electrones que residen en estas moléculas 

son transferidos a través de una serie de complejos de proteínas integrales de membrana, 

llamados en conjunto “cadena respiratoria”, hasta el O2, el cual se reduce a agua. Este 

proceso ocurre en la MMI (Nicholls y Ferguson, 2002).  

La cadena respiratoria tiene como finalidad la generación de un gradiente 

electroquímico de protones (H+) (Mitchell, 1961). Esto ocurre gracias al acarreo de electrones 

a través de una serie de reacciones de óxido-reducción. Esta transferencia promueve un 

bombeo vectorial de H+ a través de los complejos respiratorios desde la matriz al espacio 

intermembranal. Este fenómeno provoca que el espacio intermembranal quede positivo (lado 

P) con respecto a la matriz, que queda negativa (lado N).  

Peter Mitchell estableció el término conocido como fuerza protón-motriz (p) al 

manipular algebraicamente la ecuación de Nernst (Mitchell, 1966). Este término se puede 

interpretar como la energía que puede transformarse en trabajo útil; en este caso la 

formación de un enlace fosfodiéster para sintetizar al ATP (Nicholls y Ferguson, 2002). La 

fuerza protón-motriz, incluye los componentes químico (pH) y eléctrico () de los H+ 

separados por la MMI. Una vez generado el gradiente, éste es utilizado por la enzima F1Fo-

ATP sintasa (conocida también como complejo V), la cual es capaz de acoplar el paso de H+ 

desde el espacio intermembranal a la matriz mitocondrial con la síntesis de ATP a partir de 

adenosín difosfato (ADP) y fosfato inorgánico (Pi) (Hatefi y cols., 1962).  

La cadena respiratoria de la mayoría de las mitocondrias está formada por cuatro 

complejos “clásicos” denominados I, II, III y IV (Nicholls y Ferguson, 2002). Sin embargo, las 

mitocondrias de plantas, hongos, protozoarios y otros unicelulares, pueden contener enzimas 

respiratorias alternas (deshidrogenasas y oxidasas) involucradas en el transporte de 

electrones (Joseph-Horne y cols., 2001). La presencia de éstas da lugar a nuevos puntos de 

entrada y a la ramificación del flujo de electrones. Gracias a ésto, los electrones 

transportados pueden seguir dos vías hasta el O2: la citocrómica, si son transportados por los 

complejos III y IV; y la alterna, cuando se transfieren hacia una oxidasa alterna (AOX, por sus 

http://es.wikipedia.org/wiki/Citoplasma
http://es.wikipedia.org/wiki/Catabolismo
http://es.wikipedia.org/wiki/Ciclo_de_los_%C3%A1cidos_tricarbox%C3%ADlicos
http://es.wikipedia.org/wiki/Beta_oxidaci%C3%B3n
http://es.wikipedia.org/wiki/NADH
http://es.wikipedia.org/w/index.php?title=FADH2&action=edit&redlink=1
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siglas en inglés alternative oxidase). En las mitocondrias de los mamíferos no se han 

encontrado esta clase de enzimas, aunque sí contienen distintas proteínas de otras vías 

metabólicas que participan en el transporte de electrones (Nelson y Cox, 2000). 

 

1.3.1. Complejos respiratorios “clásicos” 
El complejo I (NADH deshidrogenasa) o NADH:ubiquinona oxidorreductasa (E.C. 

1.6.5.1) es la enzima respiratoria más grande (aprox. de 1 MDa en mamíferos y 500 kDa en 

procariontes) y contiene el mayor número de subunidades de todos los complejos 

respiratorios. Los modelos cristalográficos y las imágenes de microscopía electrónica revelan 

que este complejo posee dos dominios principales: uno hidrofóbico, embebido en la MMI y 

otro soluble, orientado hacia la matriz (Brandt, 2006; Efremov y Sazanov, 2011). 

Estructuralmente, el complejo I de los mamíferos está compuesto por alrededor de cuarenta 

y seis subunidades (catorce conservadas y alrededor de treinta y dos adicionales 

dependiendo la especie) (Nelson y Cox, 2000). Siete subunidades son codificadas por el 

ADNmt y cinco de ellas contienen a los grupos prostéticos FMN y hierro-azufre (centros Fe-

S) (Brandt y cols., 2003; Hinchliffe y Sazanov, 2005). El complejo I puede ser inhibido por 

rotenona, amital y piericidina (Nelson y Cox, 2000). Esta enzima pertenece a la familia de las 

NADH deshidrogenasas tipo I (Kerscher y cols., 2008). 

El complejo I capta los electrones acarreados por el NADH y los transfiere a un 

intermediario liposoluble llamado ubiquinona (Q) reduciéndolo a ubiquinol (QH2). Tanto la Q 

como el QH2 son intermediarios que se encuentran en la MMI y pueden difundir a través de 

ella. El complejo I toma al NADH y lo oxida a NAD+ reduciendo a su vez al grupo prostético 

FMN a FMNH2 en un único paso que implica la transferencia de dos electrones. 

Posteriormente estos electrones continúan su paso a través de siete centros Fe-S que sólo 

pueden aceptar un electrón a la vez. El último centro Fe-S, transfiere el primer electrón 

proveniente del NADH a la Q generando una de sus formas reducidas: la semiquinona (Q●-) 

(Galkin y Brandt, 2005). Esta semiquinona vuelve a reducirse por el centro Fe-S con el 

segundo electrón generando QH2. El paso de electrones en esta enzima se encuentra 

acoplado a una serie de cambios conformacionales en las subunidades del dominio 

hidrofóbico, que durante la transferencia, permiten la translocación de cuatro protones desde 

la matriz hasta el espacio intermembranal (Walker, 1992).  

http://es.wikipedia.org/wiki/Complejo_I
http://es.wikipedia.org/wiki/Complejo_I
http://es.wikipedia.org/wiki/Liposoluble
http://es.wikipedia.org/wiki/Ubiquinona
http://es.wikipedia.org/w/index.php?title=Ubiquinol&action=edit&redlink=1
http://es.wikipedia.org/wiki/FMN
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El Complejo II (succinato deshidrogenasa) o succinato:ubiquinona oxidorreductasa 

(E.C. 1.3.5.1) es una enzima que forma parte del ciclo de Krebs y no bombea protones 

(Hederstedt y Ohnishi, 1992). Este complejo recibe electrones al oxidar succinato a fumarato 

y los transfiere a través de un grupo prostético FAD, tres centros Fe-S y un grupo hemo b 

hasta la Q para formar QH2 (Ohnishi y cols., 1998; Lemire y Oyedotun, 2002). El primer 

aceptor de electrones es la flavina; posteriormente son transferidos de uno por uno a través 

de los centros Fe-S, antes de entrar a las subunidades membranales, en donde se lleva a 

cabo la reducción de la ubiquinona. En este mecanismo, un electrón se transporta del centro 

[3Fe-4S] de la subunidad Sdhb a la Q, y se produce la Q●-. La enzima debe retener este 

compuesto inestable hasta que otro electrón sea transferido para generar QH2 (Guo y 

Lemire, 2003). En los mamíferos, el complejo II está formado por cuatro subunidades 

codificadas por genes nucleares (Nelson y Cox, 2000). Esta enzima se inhibe de manera 

competitiva por malato, oxaloacetato y malonato (Hagerhall, 1997). 

El complejo III (complejo bc1) o ubiquinol:citocromo c oxidorreductasa (E.C. 1.10.2.2) 

obtiene dos electrones de la QH2 y los transfiere a un acarreador móvil de electrones 

hidrosoluble que se encuentra en el espacio intermembranal: el citocromo c (cit c). Este 

complejo transloca cuatro protones a través de la membrana por cada dos electrones 

transportados desde el ubiquinol (Hatefi y cols., 1962). En el bovino, el complejo III contiene 

once subunidades (una codificada por el ADNmt) y cuatro grupos prostéticos: dos hemos tipo 

b (bL y bH), un hemo tipo c y un centro hierro-azufre (2Fe-2S) (Covian y Trumpower, 2005). 

Este último, ubicado en una subunidad conocida como “proteína de Rieske”. El transporte de 

electrones en esta enzima, se lleva a cabo a través de un mecanismo conocido como ciclo Q, 

en el cual se transfiere un electrón al cyt c y otro se mantiene en una semiquinona hasta que 

otro ubiquinol entra y completa el ciclo (Braun y Schmitz, 1995; Darrouzet y cols., 2001). El 

complejo III tiene una forma dimérica obligatoria, ya que la forma monomérica no es 

funcional, a diferencia de los complejos I y II. Esto se debe a que las proteínas de Rieske 

sólo ejercen su función en monómeros contrarios (Covian y Trumpower, 2005). Esta enzima 

se inhibe por antimicina A, mixotiazol y estigmatelina (Nelson y Cox, 2000). 
El complejo IV (citocromo c oxidasa) o citocromo c:oxígeno oxidorreductasa (E.C. 

1.9.3.1) capta los electrones provenientes del cyt c y los transfiere al oxígeno molecular 

(½O2). Al igual que el complejo III, esta enzima también es dimérica, aunque cada monómero 

de COX es funcional. En los mamíferos, cada monómero se forma por trece subunidades, de 

http://es.wikipedia.org/wiki/Complejo_II
http://es.wikipedia.org/wiki/Succinato_deshidrogenasa
http://es.wikipedia.org/wiki/Ciclo_de_Krebs
http://es.wikipedia.org/wiki/FAD
http://es.wikipedia.org/wiki/Complejo_III
http://es.wikipedia.org/w/index.php?title=Complejo_Citocromo_bc1&action=edit&redlink=1
http://es.wikipedia.org/wiki/Complejo_IV
http://es.wikipedia.org/wiki/Citocromo_c_oxidasa
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las cuales tres (COXI, COXII y COXIII) son codificadas por el ADNmt. Este complejo, 

contiene dos grupos hemo (a y a3) y dos centros cobre (CuA y CuB) a través de los cuales se 

transfieren los electrones (Tsukihara y cols., 1995). El centro CuA se ubica en la subunidad II 

y contiene dos iones cobre que forman un complejo con los grupos tiol de dos residuos de 

cisteína que forman un centro binuclear (Tsukihara y cols., 1995). La subunidad I contiene los 

dos grupos hemo y el CuB. En esta última, el citocromo a3 y el CuB forman otro centro 

binuclear, el cual acepta los electrones que provienen del hemo a y permite la reducción de 

½O2 a H2O (Iwata y cols., 1995). Esta reducción del oxígeno molecular, implica centros redox 

que transportan un único electrón a la vez y se lleva a cabo sin la liberación de los 

intermediarios parcialmente reducidos, tales como el H2O2 o el radical hidroxilo (OH●-).  

La energía de las reacciones redox se aprovecha también en este complejo para 

impulsar la translocación de protones. Por cada cuatro electrones que atraviesan el complejo 

IV, se bombean dos protones netos al espacio intermembranal, ya que otros dos protones se 

utilizan para formar el H2O. La estequiometría del bombeo de H+ de esta enzima puede variar 

según el valor del  o las concentraciones intracelulares de nucleótidos de adenina (Frank 

y Kadenbach, 1996). A esto se le conoce como “deslizamiento” (del inglés slipping) y es un 

tipo de desacoplamiento intrínseco de la fosforilación oxidativa que no altera la transferencia 

de electrones hasta el O2 y sólo cambia el número de H+ bombeados por par de electrones 

transferidos (Azzone y cols., 1985).  

La actividad de la COX se inhibe por análogos del oxígeno, tales como cianuro (CN-), 

azida, monóxido de carbono (CO), óxido nítrico (NO), dióxido de nitrógeno (NO2), entre otros 

(Yoshikawa y Caughey, 1990). 

 

1.3.2. F1Fo-ATP sintasa 
Debido al uso de la nomenclatura de los complejos respiratorios es frecuente 

encontrar a la F1Fo-ATP sintasa (E.C. 3.6.3.14) referida como complejo V. Esta enzima se 

caracteriza por tener dos dominios principales: el F1, soluble en el lado matricial y el Fo, 

embebido en la MMI. Además, se distingue otro dominio de importancia conocido como 

brazo periférico, el cual funciona como estator y participa en la dimerización de la enzima 

(Couoh-Cardel y cols., 2010). El dominio Fo es el responsable de captar los protones del 

espacio intermembranal. Los H+ promueven la rotación de un anillo de subunidades 

(denominadas c) y posteriormente son liberados en el lado matricial. Cada especie tiene una 



 

8 
 

estequiometría constante y definida de las subunidades que conforman el anillo c (Frank, 

2011). Sin embargo, hasta donde se sabe, ésta puede variar de 8 (Watt y cols., 2010) a 15 

(Pogoryelov y cols., 2005) subunidades dependiendo del tipo de organismo. La rotación del 

anillo promueve una serie de cambios conformacionales acoplados a las subunidades 

gamma () y épsilon (), del dominio F1, que permiten la transición entre tres estados 

catalíticos responsables de la síntesis del ATP a nivel de las subunidades alfa () y beta () 

(Lutter y cols., 1993; Boyer, 2002). Las subunidades que catalizan la formación del enlace 

fosfodiéster entre el ADP y el Pi son propiamente las ; éstas atraviesan por tres importantes 

cambios conformacionales durante el ciclo catalítico.  

La relación entre los protones utilizados por el complejo V para sintetizar el ATP es de 

3-4 H+/ATP (Stock y cols., 2000; Ferguson, 2010). En condiciones energéticas ideales, la 

transferencia del par de electrones proveniente del NADH hasta el O2 permite que la cadena 

respiratoria bombee 10 H+ al espacio intermembranal, los cuales al utilizarse por el complejo 

V, permiten la síntesis de 2.5 moléculas de ATP. En el otro caso, cuando el par de electrones 

ingresa a la cadena respiratoria a través de la succinato deshidrogenasa, solo se pueden 

sintetizar 1.5 moléculas de ATP empleando los protones bombeados por los complejos III y 

IV (6 H+ totales). No obstante, dichas estequiometrías (también llamadas relaciones ATP/O o 

P/O) varían según el número de subunidades c contenidas en el anillo (Ferguson, 2010).    

  Mediante electroforesis nativa y microscopía electrónica es posible observar formas 

diméricas y oligoméricas de esta enzima (Couoh-Cardel y cols. 2010). De hecho, se sugiere 

que las estructuras oligoméricas tienen como unidad a la ATP sintasa dimérica. Además, se 

propone que esta forma dimérica del complejo V es la funcional (Couoh-Cardel y cols. 2010). 

La dimerización de esta enzima induce una marcada curvatura en la membrana interna, la 

cual se relaciona directamente con la morfología de esta última y con la formación de las 

crestas mitocondriales (Paumard y cols. 2002). Recientemente, se propone que la F1FO-ATP 

sintasa es uno de los constituyentes del poro de la transición de la permeabilidad (PTP) en 

mamíferos, levadura y Drosophila melanogaster (Bernardi y cols., 2015). Esto se describirá 

mas adelante con detalle. 

La F1Fo-ATP sintasa se inhibe por moléculas como la oligomicina, venturicidina y 

aurovertina. Estas moléculas frenan el mecanismo rotatorio o bloquean directamente a la 

subunidad F1 (Nelson y Cox, 2000). 
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1.3.3. Componentes respiratorios alternos 
La mayoría de los datos que se tienen sobre la cadena respiratoria son producto de 

estudios realizados en las mitocondrias de mamíferos (p. ej. hígado y corazón de rata y 

corazón de bovino). En estos organelos, el flujo de electrones, a partir de la poza de 

quinonas, se realiza de manera lineal hasta el O2 a través de la vía citocrómica (III-cit c-IV). 

Sin embargo, las mitocondrias de plantas, hongos, protozoarios y otros unicelulares, pueden 

contener enzimas “alternas” que catalizan las mismas reacciones que los complejos I y IV. 

Este tipo de cadenas conformadas por los complejos clásicos y las oxidorreductasas alternas 

recibe el nombre de “cadenas respiratorias ramificadas” (Kerscher y cols., 2008). Por tal 

motivo, los electrones pueden ingresar y transferirse por diversas rutas hasta el O2.  

El grupo de enzimas alternas que catalizan la oxidación del NADH reciben el nombre 

de NADH deshidrogenasas tipo II (NDH2) (Kerscher y cols., 2008); son una familia de 

enzimas periféricas ubicadas en la MMI y orientadas hacia el lado matricial (internas o NDI) o 

hacia el lado del espacio intermembranal (externas o NDE). Las NDE utilizan como sustrato 

el NADH citosólico de manera directa; las NDI pueden utilizar el NADH producido en la matriz 

mitocondrial al igual que el complejo I.  

Este tipo de proteínas son monoméricas, codificadas por genes nucleares, tienen FAD 

unido como grupo prostético, no bombean protones y su catálisis no es afectada por 

inhibidores del complejo I; en su lugar son inhibidas específicamente por flavonas (Juárez y 

cols., 2004). Estructuralmente, se reconocen cuatro dominios conservados en este tipo de 

deshidrogenasas: dos dominios de unión a dinucleótidos (que forman el sitio donde se 

transfieren los electrones del NADH al FAD) y dos hidrofóbicos (Kerscher y cols., 2008). 

Las mitocondrias de la planta Arabidopsis thaliana contienen siete NADH 

deshidrogenadas alternas, tanto NDI como NDE, cuya expresión depende de las condiciones 

del medio (luz, temperatura, humedad, etc.) (González-Meler y cols., 1999). Por otro lado, las 

mitocondrias de la levadura Saccharomyces cerevisiae, que no poseen complejo I, contienen 

tres NADH deshidrogenasas alternas (dos NDE y una NDI) que le confieren la posibilidad de 

utilizar los electrones del NADH (de Vries y Grivell, 1988; Kerscher y cols., 2008). Otros 

hongos como Neurospora crassa, Yarrowia lipolytica y Ustilago maydis tienen tanto el 

complejo I como NDH2s (Veiga y cols., 2003a; Juarez y cols., 2004). También existen 

deshidrogenasas alternas que utilizan indistintamente el NADH o NADPH como sustrato 

donador de electrones (Joseph-Horne y cols., 2001). 
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Otros componentes de las cadenas respiratorias ramificadas son las oxidasas alternas 

(AOXs), cuya función redox es equivalente a la del complejo IV, pero no bombean protones y 

no están acopladas a la síntesis de ATP (Moore y Siedow, 1991). Las AOXs se encuentran 

codificadas en el genoma nuclear y se orientan hacia el lado matricial de la MMI. La 

característica principal de las AOXs es su insensibilidad a inhibidores de la vía citocrómica; 

por ejemplo cianuro (CN-), azida, monóxido de carbono (CO), mixotiazol y antimicina A 

(Lambers, 1980; Albury y cols., 2002). Por esta razón, las AOXs confieren a diversos 

organismos una respiración resistente a cianuro (RRC) (Veiga y cols., 2003a).  

Las AOXs están presentes en plantas superiores, algas, eubacterias, nematodos e 

inclusive algunos protozoarios de vida libre, parásitos y metazoarios (Shiba y cols., 2013). 

Asimismo, esta enzima está codificada en la mayoría de los hongos y levaduras; con algunas 

excepciones como S. cerevisiae, Schizosaccharomyces pombe y Kluyveromyces lactis. Este 

tipo de oxidorreductasa tampoco se encuentra codificada en mamíferos ni en arqueas 

(Rogov y cols., 2014). Las AOXs pueden expresarse de manera constitutiva o inducible 

(dependen de la fase de crecimiento o situaciones de estrés) (Medentsev y cols., 1999; Veiga 

y cols., 2003b). Tal es el caso de Candida albicans que expresa dos isoformas de AOXs: 

AOX1a y AOX1b. La primera se expresa constitutivamente en niveles bajos, mientras que la 

otra se expresa en presencia de inhibidores de la vía citocrómica, especies reactivas del 

oxígeno (ROS por sus siglas en ingles reactive oxygen species) o cuando se satura el flujo 

de electrones a través de la vía citocrómica (Siedow y Umbach, 2000). Por otro lado, en 

plantas con órganos termogénicos, la AOX libera la energía de la transferencia de electrones 

hacia el O2 en forma de calor (Rogov y cols., 2014). En otro tipo de plantas, la actividad de la 

AOX regula a la fotosíntesis y protege a los fotosistemas en contra del estrés oxidante 

(Rogov y cols., 2014). En los parásitos protistas, la AOX es una enzima clave para su 

supervivencia y adaptación dentro del hospedero. Por ejemplo, en ciertas etapas del 

desarrollo de Trypanosoma brucei, la AOX permite la respiración al ser la única oxidasa 

terminal (Walker y cols., 2005). Como se puede apreciar, las funciones de esta enzima varían 

según el tipo de organismo que la expresa. No obstante, la AOX no solo ofrece una ruta 

alterna a la vía citocrómica sino que también permite reciclar las pozas redox y que continue 

el flujo metabólico en otras vías (Vanlerberghe y cols., 2011). 

Actualmente, la AOX es considerada como un potencial agente para el tratamiento de 

algunas disfunciones mitocondriales. Al expresar heterólogamente la AOX de Ciona 
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intestinalis o de plantas en células humanas, disminuyen la producción de ROS, la 

acumulación de lactato y la sensibilidad a pro-oxidantes en líneas celulares deficientes en 

COX (Hakkaart y cols., 2006; Matsukawa y cols., 2009; Dassa y cols., 2009). En ratones, la 

expresión heteróloga de esta enzima permite el acarreo de electrones hasta el O2 en 

presencia del CN- y disminuye la generación de ROS (El-Khoury y cols., 2013).  

Hasta el momento no se cuenta con la estructura cristalográfica de la AOX de hongos 

o levaduras, pero se sugiere que es monomérica y orientada hacia el lado matricial (Uribe-

Carvajal y cols., 2011). Sin embargo, recientemente se resolvió la estructura de la AOX de T. 

brucei (Shiba y cols., 2013). En este caso la enzima es un homodímero cuyo sitio activo se 

encuentra oculto dentro de un “haz de cuatro hélices”. En este último, se encuentra el centro 

redox que consta de dos átomos de hierro, denominado di-hierro di-carboxilato (Albury y 

cols., 2002; Shiba y cols., 2013). Además, existen dos cavidades hidrofóbicas por monómero, 

las cuales parecen constituir el sitio en donde se une el ubiquinol (Shiba y cols., 2013). En 

plantas, la AOX también es homodimérica gracias a una cisteína conservada en el extremo 

N-terminal que forma un enlace disulfuro entre los monómeros (Siedow y Umbach, 2000). 

Esta cisteína no está presente en las AOXs de hongos y levaduras, razón por la cual no son 

capaces de formar homodímeros (Rogov y cols., 2014). 

Las AOXs son inhibidas específicamente por ácidos hidroxámicos y n-alquil-galatos 

(Veiga y cols, 2003b). En contraparte, los nucleótidos de adenina (AMP, ADP) y guanina 

(GMP), incrementan su actividad por un mecanismo hasta ahora desconocido (Medentsev y 

cols. 2004); Además, en plantas, los -cetoácidos (principalmente el piruvato) incrementan 

su actividad, probablemente a través de la reducción del enlace disulfuro (Day y cols. 1995). 

Adicionalmente, es posible encontrar otras enzimas que donan electrones a la Q 

diferentes a los complejos I, II y las NDH2. Este tipo de proteínas se encuentran también en 

las mitocondrias de los mamíferos. Durante la -oxidación de los ácidos grasos, los 

electrones extraídos de los acil-CoAs por diversas acil-CoA deshidrogenasas (contienen FAD 

como grupo prostético), pueden llegar a la poza de quinonas a través de una proteína 

transferidora de electrones (ETF) y una ETF:ubiquinona oxidorreductasa (Nicholls y 

Ferguson, 2006). En otro caso, el glicerol-fosfato, liberado en la hidrólisis de triacilgliceroles, 

así como en la reducción de la dihidroxiacetona-fosfato en la glucólisis, se oxida por una 

isoforma mitocondrial de glicerol-fosfato deshidrogenasa (MitGPDH) localizada en la cara 

externa de la MMI (Nelson y Cox, 2000). Esta enzima también dona electrones a la Q.   
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1.3.4. Supercomplejos respiratorios 
El modelo original de la cadena respiratoria (o modelo de “estado fluido”) considera a 

las proteínas que la constituyen como entidades independientes y libres de difundir a lo largo 

de la MMI (Hackenbrock y cols. 1986). En este modelo, el transporte de electrones entre los 

complejos ocurre a través de moléculas acarreadoras que también difunden en la membrana 

(p. ej. la ubiquinona). Sin embargo, en las bacterias y en las mitocondrias de mamíferos, 

plantas y hongos, se describen asociaciones supramoleculares de los complejos I, III y IV, 

conocidas como “supercomplejos respiratorios” (Schägger y Pfeiffer, 2000). Este modelo, el 

cual se conoce como del “estado sólido”, propone que los complejos respiratorios forman 

heteroligómeros y que es posible la canalización de sustratos entre ellos. En este caso, la 

transferencia de electrones se puede dar a través de los sitios redox de cada complejo y de 

moléculas acarreadoras atrapadas entre éstos. Además de la canalización de sustratos, se 

proponen otras funciones para estas estructuras, por ejemplo: acelerar la catálisis de 

transferencia de electrones (Bianchi y cols., 2004), impedir la liberación de radicales libres 

(Acín-Pérez y Enríquez, 2014) y estabilizar la estructura de los complejos individuales dentro 

del supercomplejo (Lapuente-Brun y cols., 2013). 

Es posible observar las bandas que corresponden a los supercomplejos respiratorios 

por medio de la electroforesis nativa azul (BN-PAGE). Para ello, las proteínas mitocondriales 

membranales son previamente solubilizadas con detergentes suaves y neutros como la 

digitonina (Schägger, 2001). Actualmente, se cuenta con imágenes y estructuras en baja 

resolución de distintos supercomplejos respiratorios de plantas y levaduras obtenidas por 

microscopía electrónica (Dudkina y cols., 2005; Schafer y cols, 2007).  

Recientemente, se propone que los supercomplejos se organizan en estructuras de 

mayor tamaño que constituyen una red supramolecular conocida como “respirasoma”. En las 

mitocondrias de los mamíferos se observa que los respirasomas están formados por los 

supercomplejos I1III2IV4 y III2IV4 en una proporción de 2:1, respectivamente (Krause y cols., 

2004). Asimismo, se sugiere que estas estructuras forman ensambles lineales repetidos de 

alto peso molecular denominados “cuerdas respiratorias” (Wittig y cols., 2006). Sin embargo, 

otros autores consideran al respirasoma como una unidad funcional completa en la que la 

asociación de los complejos respiratorios I, III y IV (e inclusive el II) mantiene unidos al 

citocromo c y a la Q (Acin-Pérez y Enríquez, 2014). De hecho, este respirasoma se logró 
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aislar de un gel nativo y es capaz de transferir electrones desde el NADH hasta el O2, sin la 

necesidad de agregar Q y citocromo c al medio de reacción (Acín-Pérez y cols., 2008).  

Adicionalmente, existe un tercer modelo de la organización de la cadena respiratoria: el 

modelo de plasticidad (Acin-Pérez y Enríquez, 2014). En este caso se propone la 

coexistencia de complejos respiratorios y acarreadores de electrones que pueden o no 

encontrarse asociados en supercomplejos. Este modelo se ajusta de mejor forma con las 

cadenas respiratorias ramificadas en donde se sabe que el complejo II y las enzimas alternas 

no forman supercomplejos; sin embargo, los electrones que reciben pueden transferirse a 

través de la vía citocrómica. De hecho, se sugiere que los supercomplejos respiratorios están 

sujetos a un proceso dinámico de asociación-disociación que depende del estado energético 

celular y de la expresión de proteínas que sirven como chaperonas durante el ensamblaje de 

los mismos (Lapuente-Brun y cols., 2013). 

En S. cerevisiae se observan únicamente los supercomplejos III2IV1-2 debido a la 

ausencia del complejo I en esta levadura. Tampoco se observan asociaciones de las NADH 

deshidrogenasas alternas (NDH2s) con estos supercomplejos. Esto se debe posiblemente a 

que se trata de proteínas periféricas (Schägger y Pfeiffer, 2000). No obstante, en Y. lipolytica 

se observa la asociación de la NDH2 externa (NDH2e) con los complejos de la vía 

citocrómica (III y IV) (Guerrero-Castillo y cols., 2009). El supercomplejo NDH2e-III-IV es 

posiblemente el único caso descrito hasta el momento que involucra una enzima alterna. Por 

otro lado, no se tienen reportes que demuestren la asociación de la AOX con este tipo de 

estructuras (Eubel y cols. 2003). 
 

1.4. La cadena respiratoria mitocondrial de Debaryomyces hansenii 
D. hansenii posee una cadena respiratoria (Figura 1) formada básicamente por los 

complejos I, II, III y IV y una AOX insensible al cianuro e inhibida por ácido salicilhidroxámico 

(SHAM) (Veiga y cols., 2003a) y n-alquil-galatos (Sánchez y cols., 2006; Cabrera-Orefice y 

cols., 2010). Esta última se activa con AMP y es insensible al piruvato (Cabrera-Orefice y 

cols., 2014). Además, esta levadura expresa una NADH deshidrogenasa tipo II externa 

(NDH2e) sensible a flavona y una isoforma mitocondrial de glicerol-fosfato deshidrogenasa 

(MitGPDH) (Cabrera-Orefice y cols., 2014), capaces de utilizar NADH y glicerol-fosfato 

exógenos, respectivamente, como donadores de electrones (Figura 1). La presencia de las 

tres enzimas alternas permite que el flujo de electrones se encuentre ramificado (Figura 1). 
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Figura 1. Componentes de la cadena respiratoria de Debaryomyces hansenii. La transferencia de 

electrones en los complejos I, III y IV se utiliza para el bombeo de protones a través de la MMI desde la matriz al 

espacio intermembranal. A nivel de la poza de quinonas (Q/QH2), el flujo de electrones se puede desviar hacia 

la vía citocrómica a través de los complejos III y IV o a la vía alterna a través de la oxidasa alterna (AOX). NADH 

deshidrogenasa (I); succinato deshidrogenasa (II); citocromo bc1 (III); citocromo c oxidasa (IV); citocromo c (Cit 

c); NADH deshidrogenasa alterna externa (NDH2e); glicerol-3-fosfato deshidrogenasa (G3PDH). 

 

D. hansenii codifica una sola isoforma de cada una de las enzimas alternas (Veiga y 

cols., 2003; Cabrera-Orefice y cols., 2014). La NDH2e de esta levadura es homóloga con las 

tres NDH2 de S. cerevisiae y la NDH2e de Y. lipolytica. Esta secuencia está anotada como 

proteína hipotética DEHA2D07568p y corresponde a un precursor de 568 residuos (PM ~63 

kDa). El alineamiento de secuencias arroja una identidad entre las cuatro proteínas por arriba 

del 45% y una similitud por arriba del 60%. Un alineamiento adicional de los motivos 

conservados de las NDH2 muestra una gran conservación entre la secuencia de Y. lipolytica 

y la de D. hansenii (Cabrera-Orefice y cols., 2014). La MitGPDH de D. hansenii es homóloga a 

las isoformas de S. cerevisiae (Gut2p) y Y. Lipolytica (YALI0B13970p). La secuencia aparece 

como proteína hipotética DEHA2E08624p y corresponde a un precursor de 652 residuos (PM 

~72.5 kDa). El alineamiento calcula una identidad por arriba del 49% y una similitud por 

arriba del 64% entre las proteínas (Cabrera-Orefice y cols., 2014). La AOX es homóloga con 

las isoformas constitutiva (1) e inducible (2) de Y. lipolytica y C. albicans. La secuencia 

aparece como proteína hipotética DEHA2C03828p y corresponde a un precursor de 338 

residuos (PM ~39.4 kDa) con 97.1% de probabilidad de importarse a la mitocondria (Cabrera-

Orefice y cols., 2014). 
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 Por otro lado, en D. hansenii, los complejos respiratorios I, III y IV se organizan en 

forma de supercomplejos respiratorios (Cabrera-Orefice y cols., 2014), dada la presencia de 

bandas de alto peso molecular con actividad de NADH deshidrogenasa (Figura 2B) y 

citocromo c oxidasa (Figura 2C) que se observan en geles nativos azules (BN-PAGE). 

Además, la F1Fo-ATP sintasa se observa en la forma dimérica (V2) y monomérica (V) (Figura 

2D). En este estudio no se observaron bandas con actividad de complejo II, NDH2e o 

MitGPDH en las regiones de los supercomplejos (datos no mostrados) por lo que parecen 

encontrarse libres en la MMI. Con base en estos resultados, se propone que los 

componentes de la cadena respiratoria de esta levadura pueden estar organizados según el 

modelo de plasticidad (Acín-Pérez y Enríquez, 2014). 

 
 

 
 

Figura 2. Supercomplejos respiratorios encontrados en D. hansenii. (A) Las muestras mitocondriales 

solubilizadas con lauril-maltósido (LM) (para separar los complejos en su forma individual) y digitonina (Dig) 

(para preservar las asociaciones supramoleculares entre los complejos) se cargaron y corrieron en un gel nativo 

azul (BN-PAGE) de gradiente (4-12%). (B) Tinción de actividad de NADH deshidrogenasa (NDH). (C) Tinción de 

actividad de citocromo c oxidasa (COX). (D) Tinción de actividad de ATPasa (en vista negativa). I, III2, IV y V 

corresponden a los complejos respiratorios “clásicos”. NDH2e: NADH deshidrogenasa alterna externa; F1: 

Fracción soluble de la ATP sintasa; SubV: subcomplejos de ATP sintasa. Las estequiometrías de los 

supercomplejos (SC) se indican con subíndices y se estimaron con base en los pesos moleculares de los 

complejos monoméricos de Y. lipolytica (no mostrado). Imagen modificada de Cabrera-Orefice y cols., 2014. 
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1.5. Mecanismos de desacoplamiento fisiológico en levaduras 
En ausencia de síntesis de ATP (estado no fosforilante), el potencial transmembranal 

mitocondrial () se mantiene alto y la actividad de la cadena respiratoria disminuye. En esta 

condición, los electrones pasan lentamente a través de las diferentes oxidorreductasas 

aumentando la probabilidad de que los radicales libres producidos a nivel de los complejos 

respiratorios I, II y III reaccionen con el O2 y se generen especies reactivas de oxígeno (ROS) 

(Koshkin y cols., 2003; Rottenberg y cols., 2009). La sobreproducción de ROS puede 

desencadenar procesos involucrados en la muerte celular, en el envejecimiento celular y en 

el desarrollo de varios estados patológicos. No obstante, las ROS tienen implicaciones 

fisiológicas ya que participan en la señalización celular y en la regulación metabólica y  

transcripcional (Nicholls y Ferguson, 2006). 

En las mitocondrias existen mecanismos de eliminación de ROS, como la superóxido 

dismutasa, la glutatión peroxidasa, etc. Sin embargo, con el fin de prevenir la 

sobreproducción de ROS, se ha propuesto que las mitocondrias pueden mantener un alto 

flujo de electrones al activar diferentes sistemas de desacoplamiento fisiológicos de la 

fosforilación oxidativa finamente regulados (Guerrero-Castillo y cols., 2011). En general, son 

de dos tipos: disipadores del gradiente de H+ y oxidorreductasas que no bombean protones. 

El primer tipo corresponde a los canales inespecíficos mitocondriales (MUCs, por sus siglas 

en inglés mitochondrial unspecific channels) y las proteínas desacoplantes (UCPs, por sus 

siglas en inglés uncoupling proteins). En el segundo encontramos a las NADH 

deshidrogenasas tipo II (NDH2), oxidasas insensibles a cianuro (AOXs) y otras proteínas 

transferidoras de electrones que no bombean H+ (p. ej. glicerol-fosfato deshidrogenasa 

mitocondrial).    

Estos mecanismos se conocen en muchos organismos y en particular en diferentes 

especies de levaduras. S. cerevisiae y D. hansenii expresan MUCs sensibles a la 

concentración de iones y moléculas como Mg2+, Ca2+, fosfato inorgánico, ATP, entre otras 

(Uribe-Carvajal y cols., 2011). Por otro lado, Y. lipolytica posee un acarreador mitocondrial de 

oxaloacetato con actividad protonofórica; como las UCPs (Luévano-Martínez y cols., 2010). 

Además, las tres especies expresan enzimas alternas junto a los otros complejos que 

bombean H+ o bien, pueden sustituir la función redox de alguna bomba que no esté presente. 

Tal es el caso de S. cerevisiae que carece del complejo I pero la función de NADH 

deshidrogenasa es catalizada por la NDI (Guerrero-Castillo y cols., 2011).   
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1.5.1. Canales inespecíficos mitocondriales (MUCs) 
En diversos organismos, ocurre una transición de la permeabilidad (TPM) cuando un 

canal inespecífico de alta conductancia denominado canal inespecífico mitocondrial (MUC) o 

poro de transición de la permeabilidad (PTP) se abre y permite el libre paso de solutos a 

través de la MMI. Éste permite el paso de moléculas de entre 1.1 y 1.5 kDa (Jung y cols., 

1997). Una característica particular de estos poros es su fluctuación entre un estado abierto y 

otro cerrado. La apertura del canal permite que los iones fluyan libremente entre el espacio 

intermembranal y la matriz, abatiendo los gradientes químicos () y eléctricos (). En 

consecuencia, se acelera el consumo de oxígeno y las mitocondrias se hinchan (Bernardi y 

cols., 1994; Zoratti y Szabo, 1995; Manon y Guérin, 1998). Originalmente, este canal se 

describió en las mitocondrias de los mamíferos (referido como mPTP por sus siglas en inglés 

mitochondrial permeability transition pore) (Beutner y cols., 1998). Más tarde, se encontró en 

las mitocondrias de S. cerevisiae, en donde se le conoce como canal inespecífico 

mitocondrial de levadura (YMUC por sus siglas en inglés yeast mitochondrial unspecific 

channel) (Manon y Guérin, 1998).  

Hasta ahora no se conoce el papel fisiológico de estos canales, aunque su función los 

involucra en la modulación del acoplamiento de la fosforilación oxidativa, la disipación de 

energía en forma de calor, la detoxificación de las ROS, la regulación del volumen 

mitocondrial y en la muerte celular (Bernardi y Petronilli, 1996; Crompton y cols., 1999; 

DeJean y cols., 2000; Rostovtseva y cols., 2004). Diversos estudios sobre la sensibilidad del 

mPTP a iones inorgánicos como el Ca2+, sugieren su participación en la homeostasis de este 

catión (Uribe-Carvajal y cols., 2011). Dicha regulación se involucra en la transducción de 

diversas señales, la importación de proteínas mitocondriales o la termogénesis producida por 

la disipación del gradiente de H+ (Crompton y cols., 1987). 

Hipotéticamente, estos canales se forman por la interacción de diversas proteínas en 

sitios específicos entre la MMI y la MME (Figura 3). Los componentes del canal en las 

mitocondrias de mamífero suelen tener otras funciones celulares; tal es el caso del canal 

aniónico dependiente de voltaje (VDAC), el acarreador de adenín nucleótidos (ANT), la 

ciclofilina D (Cyp-D) y el acarreador de fosfatos (PiC) (Manon y cols., 1998). La propuesta de 

que estas proteínas son parte del mPTP se debe a que la TPM es específicamente 

promovida o inhibida por diversas moléculas que interactúan con ellas (Figura 3A) 

(Halestrap, 1991; Baines y cols., 2005). El VDAC es un canal localizado en la MME que 
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permite el paso de iones, sustratos y moléculas pequeñas del citosol al espacio 

intermembranal. Se sugiere como una de las partes del canal debido a la sensibilidad de la 

TPM al voltaje en estudios in vitro. En estudios de cromatografía de afinidad (usando Cyp-D 

anclada), se retiene al VDAC, unido a su vez, con el ANT (Crompton y cols., 1998).  El ANT 

se ubica en la MMI y tiene como función primordial internalizar ADP a la matriz y sacar el 

ATP sintetizado en la fosforilación oxidativa. Además, la TPM se inhibe con 

carboxiatractilósido; un inhibidor específico del translocador (Halestrap, 1991). La Cyp-D es 

una proteína matricial involucrada en el plegamiento de las proteínas que son importadas a 

este compartimento. Su participación en el mPTP se sugiere por la inhibición de la TPM por 

ciclosporina A (CsA). La CsA se une específicamente a la Cyp-D (Kroemer y cols., 1995). La 

sensibilidad de la TPM a la variación de la concentración de fosfato inorgánico sugiere que el 

PiC es otro componente del canal. Actualmente se cuenta con mayor evidencia que apoya la 

interacción de estas proteínas en mitocondrias de mamíferos (Leung y cols., 2008; Uribe-

Carvajal y cols., 2011). Por otra parte, dependiendo del tipo de mitocondria y el organismo o 

tejido de donde se obtengan, se pueden asociar otras proteínas al mPTP, p. ej., la 

hexocinasa o la creatín cinasa (Manon y cols., 1998) (Figura 3A). 

 En estudios recientes se sugiere que los dímeros del complejo V forman canales y 

participan en la formación del mPTP (Bernardi, 2013). Una de las evidencias que sustentan 

lo anterior es la asociación de la Cyp-D con la subunidad OSCP del tallo periférico (Giorgio y 

cols., 2013). En este caso, al disminuir la cantidad de OSCP se observa una menor TPM 

inducida por Ca2+, el cual es un potente activador del mPTP. Los autores consideran que al 

no ocurrir la interacción de la Cyp-D con OSCP, disminuye la probabilidad de que el mPTP 

se abra (Figura 3B panel a) y aumenta considerablemente la [Ca2+] requerida para que ocurra 

la TPM (Figura 3B panel c). En contraste, cuando ocurre la unión de la Cyp-D, la cual es 

favorecida por el Pi (Giorgio y cols., 2009) (Figura 3B panel b), incrementa la accesibilidad 

del Ca2+ a los sitios de unión a metales y permite la apertura del mPTP (Figura 3B panel d). 

La participación del complejo V en la TPM también se observa en S. cerevisiae (Carraro y 

cols., 2014) y D. melanogaster (von Stockum y cols., 2015). 

 De primera mano, se puede pensar que los modelos de la estructura del mPTP 

difieren; sin embargo, se sabe que tanto el ANT como el PiC se encuentran asociados con el 

complejo V formando el “sintasoma” (Chen y cols., 2004). Por tal motivo, no hay razón para 

eliminar aún la posibilidad de que todas las anteriores formen parte del mPTP. 
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Figura 3. Estructuras hipotéticas del PTP de mamíferos. (A) La estructura mas aceptada del mPTP se 

compone principalmente del canal aniónico dependiente de voltaje (VDAC), el acarreador de adenín nucleotidos 

(ANT), el acarreador de fosfatos (PiC) y la ciclofilina-D (Cyp-D). En algunos casos se asocian la hexocinasa II 

(HK II) y la creatín cinasa mitocondrial (CKmt) con la estructura principal. En este panel, se muestran algunos 

de los iones y moléculas que promueven la apertura o el cierre del mPTP. Membrana mitocondrial interna (MMI) 

y externa (MME) (B) Estructura propuesta por el grupo de Bernardi en donde la F1FO-ATP sintasa en su forma 

dimérica constituye directamente el mPTP. El canal se cierra en ausencia de Ca2+ y Cyp-D (a). En esta 

condición, una elevada [Ca2+] puede inducir la TPM (c). La presencia de Pi favorece la unión de la Cyp-D a la 

subunidad OSCP del tallo periférico (mostrada en rojo) (b) e induce la TPM a menor [Ca2+] (d). Imagenes 

modificadas de Zamzami y Kroemer, 2001 (A) y Bernardi, 2013 (B). 
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En las mitocondrias de S. cerevisiae, también existe un canal inespecífico de alta 

conductancia: el YMUC, equivalente al mPTP (Jung y cols., 1997). La sensibilidad del YMUC 

es diferente a la descrita para el mPTP y no se cuenta con un modelo concertado de su 

estructura. Algunos estudios sugieren que la composición del YMUC es muy similar a la del 

mPTP con la diferencia de que en levaduras no se encuentra la Cyp-D (Manon y cols., 1998). 

En trabajos de nuestro grupo se describen la participación del VDAC (Gutiérrez-Aguilar y 

cols., 2007) y del PiC (Gutiérrez-Aguilar y cols., 2009) en la TPM de esta levadura, lo que 

sugiere que tanto el mPTP como el YMUC poseen una estructura altamente conservada 

(Uribe-Carvajal y cols., 2011). 

La regulación de los canales inespecíficos varía de acuerdo con las características tanto 

del YMUC como del mPTP (Tabla A). Al comparar ambos poros se observa que son 

principalmente aniónicos y permiten el paso de moléculas de tamaño similar (Jung y cols., 

1997; Manon y cols., 1998). Ambas estructuras atraviesan las MMI y MME, por lo que deben 

encontrarse en los sitios de contacto intermembranales (Uribe-Carvajal y cols., 2011). La 

apertura del mPTP se induce cuando aumenta la concentración de fosfato inorgánico y es 

inhibida por ATP, mientras que el YMUC se cierra en presencia de Pi y se abre con ATP 

(Manon y Guérin, 1997; Pérez-Vázquez y cols., 2003). Esto sugiere que la carga energética 

controla la apertura del canal (Wallace y cols., 1994). Al abrirse éste, se disipa el  y 

permite la aceleración del flujo de electrones y la disminución de ROS. Al igual que el Pi, 

otros aniones como son el arsenato, el sulfato (Cortés y cols., 2000), el propionato y el 

decavanadato (Manon y cols., 1998) son capaces de cerrar el YMUC. Ante esto, se plantea 

la existencia de sitios específicos de interacción en los componentes del poro (Gutierrez-

Aguilar y cols., 2007; Uribe-Carvajal y cols., 2011). 

En contraste con lo observado en el mPTP, el Ca2+ no es capaz de abrir el YMUC ni 

promover la TPM por sí solo (Jung y cols., 1997). Sin embargo, las mitocondrias de S. 

cerevisiae pueden ser capaces de llevar a cabo una TPM inducida por Ca2+, cuando se 

agregan ionóforos como el ETH129 o la alameticina (Yamada y cols., 2009). En cambio, el 

Mg2+ es capaz de inhibir la transición de la permeabilidad en ambos poros (Bernardi y cols., 

1994; Pérez-Vázquez y cols., 2003). Por otro lado, el carboxiatractilósido y el ácido 

bongkrékico cierran tanto el mPTP como el YMUC (Halestrap, 1991), al unirse 

específicamente al ANT (Halestrap y Brennerb, 2003). En estudios recientes, se ha 

observado que el mersalil es capaz de inducir el hinchamiento mitocondrial, posiblemente por 
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unirse al PiC e inducirle un cambio conformacional que permite su apertura (Gutiérrez-Aguilar 

y cols., 2009). Como se mencionó, la CsA inhibe el PTP a nivel de la Cyp-D (Baines y cols., 

2005) pero no tiene actividad en el YMUC, probablemente porque en la levadura no se 

codifica esta proteína. Además, la hexil y octilguanidina cierran el YMUC a nivel del VDAC1 

(Pérez-Vázquez y cols., 2003; Gutierrez-Aguilar y cols., 2007). 

En las mitocondrias de D. hansenii ocurre una TPM modulada por la apertura y cierre 

de un MUC. En este caso el canal (DhMUC) es sensible a cambios en la concentración de 

diversos iones como el fosfato, el Ca2+, el Mg2+ y particularmente, por los cationes 

monovalentes Na+ y K+ (Cabrera-Orefice y cols., 2010). Esta sensibilidad es atípica, ya que 

no se presenta en ninguna de las mitocondrias caracterizadas. Por esta razón, se propone 

que las mitocondrias de D. hansenii poseen capacidades de adaptación que les permiten por 

un lado, resistir la alta concentración de cationes monovalentes que ingresan al citosol y por 

otro, modular y optimizar su funcionamiento sólo en presencia de éstos (Sánchez y cols., 

2008; Cabrera-Orefice y cols., 2010).  

 
Tabla A. Principales efectores de los canales inespecíficos mitocondriales de mamífero 

(mPTP), S. cerevisiae (YMUC) y D. hansenii (DhMUC) 
 

Efector mPTP YMUC DhMUC 

Fosfato + – – 

Ca2+ + – – 

Mg2+ – – – 

Na+/K+ × × – 

ATP – + + 

Ciclosporina A – × × 

Ácido Bongkrékico – – ? 

Alquil-guanidinas – – ? 

Carboxiatractilósido + – ? 

Decavanadato + – – 

Mersalil + + + 

 
*Simbología: abre el poro (+); cierra el poro (–); no tiene efecto (x); no se sabe el efecto (?) 
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1.5.2. Enzimas redox que no bombean protones 
En las cadenas respiratorias ramificadas, además de la reacción llevada a cabo por el 

complejo I, la Q puede ser reducida por diferentes oxidorreductasas que no funcionan como 

bombas de protones. Ejemplos de éstas son el complejo II, las NDH2s (internas y externas), 

la dihidroorotato deshidrogenasa mitocondrial, la flavoproteína transferidora de electrones 

(ETF:ubiquinona oxidorreductasa) y la MitGPDH. Además, el ubiquinol puede ser oxidado por 

dos diferentes rutas: la vía citocrómica (III-cit c-IV) o por la vía alterna, que consta 

únicamente de la AOX. Producto de lo anterior, existen múltiples rutas de transporte de 

electrones desde los equivalentes reductores (p. ej. NADH, succinato, glicerol-fosfato) hasta 

el O2. 

En general, se proponen diversas funciones para los componentes alternos: a) disipar la 

energía en forma de calor; b) continuar con el transporte de electrones en condiciones de 

saturación del flujo (cuando hay elevado ; c) consumir equivalentes reductores sin 

generar ATP (desacoplamiento fisiológico) y d) permitir el reciclaje de la poza de piridín 

nucleótidos y otros intermediarios para continuar con el ciclo de Krebs y otras vías asociadas 

a ésta (Lambers, 1982). Además, se sugiere que tienen un papel importante sobre la 

prevención de la formación de ROS (Popov y cols. 1997) y en la regulación del estado redox 

del citosol. 
La estequiometría del bombeo de protones acoplado a la transferencia de electrones 

depende del número de bombas que intervienen en cada ruta (Figura 4). Por tal motivo, el 

número de protones bombeados por par de electrones puede variar de 10 H+/2e- (cuando se 

utilizan los complejos I, III y IV) (Figura 4A) a cero (Figura 4E). Esto último en el caso de que 

el QH2 se genere por las NDH2i o el complejo II y se oxide por la AOX. Por ende, en estas 

reacciones redox no hay cambios en el gradiente electroquímico de protones. En el caso de 

las mitocondrias aisladas puede disminuir hasta -1 H+/2e- (Guerrero-Castillo y cols., 2011). 

Esto último se da en el caso de que los electrones sean transferidos del NADH al oxígeno 

por medio de la NDH2e y la AOX (Figura 4F). Esto se debe a que la flavina de la NDH2e 

recibe un anión hidruro del NADH, el cual es transferido a la ubiquinona para generar la 

especie QH- (ubiquinol desprotonado). Esta especie capta un protón del espacio 

intermembranal para formar QH2. Al ser oxidado el ubiquinol por la AOX, los protones son 

liberados hacia la matriz o utilizados en la formación de agua a partir de oxígeno. Como 
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resultado neto, un protón desaparece del espacio intermembranal, y disminuye así el 

gradiente electroquímico de protones.  

Cuando los complejos III y IV son las únicas bombas de protones involucradas (Figura 

4B y C) se espera que el número de protones bombeados sea el mismo (6 H+/2e-). No 

obstante, en mitocondrias aisladas un protón del espacio intermembranal es utilizado para la 

reducción de la Q a QH2 y, posteriormente, el complejo III lo regresa al mismo espacio. En 

este caso no se puede considerar como bombeado y el cociente disminuye a 5 H+/2e- 

(Guerrero-Castillo y cols. 2011). 

 
 

 
 

Figura 4. Diferencias en el número de bombas de protones que participan en el transporte de 
electrones de las cadenas respiratorias ramificadas. (A) Al tener las tres bombas activas se transportan 

10 H+/2e- al espacio intermembranal. (B) Dos bombas activas, 6 H+/2e-. (C) Dos bombas activas, 5 H+/2e-. (D) 
Una bomba activa, 4 H+/2e-; (E) cero bombas, 0 H+/2e-; (F) cero bombas, -1 H+/2e-. I, II, III2 y IV: complejos 

respiratorios “clásicos”; NDH2e: NADH deshidrogenasa alterna externa; AOX: oxidasa alterna. Imagen 

modificada de Guerrero-Castillo y cols., 2011. 
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2. PLANTEAMIENTO DEL PROBLEMA 
 

Debaryomyces hansenii contiene dos posibles mecanismos de desacoplamiento 

fisiológicos de la fosforilación oxidativa: a) el canal inespecífico mitocondrial (DhMUC) y b) la 

cadena respiratoria ramificada. Ambos se describen únicamente en mitocondrias aisladas de 

células cosechadas en la fase exponencial de crecimiento (Cabrera-Orefice y cols., 2010; 

2014). En ésta, los requerimientos energéticos celulares son elevados, por lo que el flujo de 

electrones debe ocurrir preferencialmente a través de la vía citocrómica. Lo anterior debe 

ocurrir para garantizar la mayor eficiencia de la fosforilación oxidativa posible (en términos de 

ATP producido por par de electrones transferidos al O2) (Guerrero-Castillo y cols., 2012). En 

dicho escenario deben evitarse la transferencia de electrones por las oxidorreductasas 

alternas y/o que el DhMUC se abra y se pierda el . Sin embargo, cuando las necesidades 

energéticas disminuyen (p. ej. en la fase estacionaria de crecimiento), la activación de estos 

sistema de desacoplamiento resultan más útiles.  

En primer lugar, la posibilidad de enviar electrones al oxígeno por la vía alterna (no 

acoplada con el bombeo de protones ni la síntesis del ATP) establece un consumo de 

oxígeno constante que evita la acumulación de acarreadores reducidos (NADH, FADH2, QH2, 

etc.) y de la semiquinona que puede generar anión superóxido (Guerrero-Castillo y cols., 

2011). En D. hansenii, el antecedente más importante que sugiere que hay diferencias a nivel 

de la cadena respiratoria ramificada entre diferentes fases de crecimiento es que la 

respiración resistente a cianuro se manifiesta únicamente en la fase estacionaria (en medio 

fermentable, YPD-Na+) (Veiga y cols., 2003b).   

En segundo lugar, la apertura del DhMUC abate el  y ocasiona que el consumo de 

oxígeno se mantenga alto gracias a que las bombas trabajan más rápido y desacopladas de 

la síntesis del ATP. Paradójicamente, no se cuenta con estudios reportados que describan el 

funcionamiento del MUC en situaciones de baja demanda energética. 

Por estas razones, resulta interesante estudiar la fosforilación oxidativa de esta levadura 

en la fase estacionaria de crecimiento y describir la participación de los dos sistemas de 

desacoplamiento en esta condición. 
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3. HIPÓTESIS 
 

Los sistemas de desacoplamiento fisiológico de la fosforilación oxidativa de D. hansenii 

deben activarse en la fase estacionaria de crecimiento. 

 
 
 
 
 
 
 

4. OBJETIVOS 
 

4.1. Objetivo General 
Caracterizar la fosforilación oxidativa y los sistemas de desacoplamiento 

fisiológicos mitocondriales de D. hansenii en distintas fases de crecimiento. 

 

4.2. Objetivos Particulares 
 Determinar el consumo de oxígeno y el acoplamiento respiratorio en mitocondrias 

aisladas de D. hansenii en diferentes fases y tiempos de crecimiento. 

 Comparar la actividad respiratoria de mitocondrias aisladas de células cultivadas 

en fuente de carbono fermentable y no fermentable. 

 Determinar la respiración resistente a cianuro en mitocondrias aisladas de células 

cultivadas en diferentes fases de crecimiento y fuentes de carbono. 

 Caracterizar la transición de la permeabilidad en mitocondrias aisladas de células 

cultivadas hasta la fase estacionaria de crecimiento. 
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5. MATERIALES Y MÉTODOS 
 

5.1. Materiales químicos 
Todos los materiales químicos que se utilizan son de la más alta pureza asequible 

comercialmente. Los materiales para realizar los ensayos experimentales, como D-sorbitol, 

D-glucosa, D-galactosa, Trizma® base (Tris), antiespumante A, ácido málico, ácido pirúvico, 

ácido succínico, ácido maléico, DL--glicerofosfato, ditionita de sodio, ADP, NADH, NAD+, 

rotenona, batofenantrolina, piridoxal-5’-fosfato, púrpura de bromocresol, -mercaptoetanol, 

EGTA, nistatina, n-dodecil -D-maltósido (LM), cloruro de nitrotetrazolio azul (NTB), CCCP, 

safranina-O son de Sigma Chem Co. (St. Louis, MO, EUA). La diaminobencidina (tetracloruro 

hidrato) es de Fluka.  La ProbulminTM (albúmina sérica bovina, BSA) es de Millipore (Billerica, 

MA, EUA). La bacto-peptona y el extracto de levadura, son de BD Bioxon (Franklin Lakes, 

NJ, EUA). El NaCl, KCl, MgCl2, NaCN, ácido fosfórico, ferricianuro de potasio y el ácido DL-

láctico son de J.T. Baker (Center Valley, PA, EUA). La zimoliasa 20 T es de Seigaku Corp. 

(Tokio, Japón). El azul de Coomassie G es de SERVA (Heidelberg, Alemania). La acrilamida, 

el azul de Coomassie® brillante G-250 y todos los reactivos utilizados para electroforesis son 

de BIO-RAD (Richmond, CA, EUA). 

 

5.2. Materiales biológicos 
Se utilizó la cepa Y7426 de Debaryomyces hansenii (US Department of Agriculture, 

Peoria, IL). Ésta se mantuvo en cajas de cultivo con medio sólido YPGal–NaCl (extracto de 

levadura 1%, bacto-peptona 2%, galactosa 2%, NaCl 1 M y bacto-agar 2%) a 4 °C. 

 
5.3. Cultivo de las levaduras 

Se emplearon como medios de crecimiento el YPLac–NaCl (extracto de levadura 1%, 

bacto-peptona 2%, lactato 2% y NaCl 0.6 M, pH 5.5) y el YPD-NaCl (extracto de levadura 

1%, bacto-peptona 2%, dextrosa 2% y NaCl 0.6 M). Para obtener una biomasa suficiente de 

levadura, se inocularon tres precultivos de 100 mL del medio líquido (YPD-NaCl o YPD-NaCl) 

y se colocaron en agitación continua a 250 rpm durante 24 hrs en un cuarto de temperatura 

constante (~30°C). Posteriormente, los precultivos se vaciaron en matraces con 750 mL del 

mismo medio y se continuó la incubación bajo las mismas condiciones hasta llegar a las 15, 

20, 24, 48, 72 y 96 hrs (en YPLac-NaCl) o 12, 18, 22, 48, 72 y 96 hrs (en YPD-NaCl). 
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5.4. Aislamiento de las mitocondrias 
Las células se cosechan por centrifugación y se lavan con agua bidestilada. A 

continuación, se resuspenden en el medio de aislamiento (D-sorbitol 1 M, Tris-maleato 10 

mM y BSA 0.2%, pH 6.8) y se mantienen en hielo durante diez minutos. Para la obtención de 

las mitocondrias, se homogenizan las células con perlas de vidrio (0.5 mm de diámetro). La 

levadura resuspendida se vacía en una cámara del “bead-beater” (Biospec products, EUA) 

enfriada con hielo durante media hora y se somete a cuatro ciclos de ruptura de 20 seg con 

intervalos de 2 min de reposo entre cada ciclo. Después de la homogeneización, las 

mitocondrias se aislan por centrifugación diferencial a 4°C (Cabrera-Orefice y cols., 2010), en 

una centrífuga Sorvall RC-5B y rotores FIBERlite® F21-8x50y y F14-6x250y. El primer 

homogenado se centrifuga a 5000 rpm durante 5 min; se recupera el sobrenadante y se 

centrifuga a 12,000 rpm durante 15 min. El paquete obtenido se resuspende en medio de 

aislamiento fresco con un pincel fino y a continuación se centrifuga nuevamente según lo 

descrito arriba. El paquete mitocondrial final se resuspende en 500 μL del medio de 

aislamiento a 4°C y se mantiene en hielo durante la cuantificación de proteína y los 

experimentos.  

 

5.5. Obtención de esferoplastos permeabilizados  
Los esferoplastos de D. hansenii se generaron a partir de un protocolo desarrollado para 

S. cerevisiae (Avéret y cols., 1998) con algunas modificaciones. Las células se cultivan hasta 

la fase exponencial (24 hrs) o estacionaria (96 hrs) en YPLac-NaCl. Posteriormente, se 

cosechan por centrifugación (5000 rpm, 5 min), se lavan con agua bidestilada y se vuelven a 

centrifugar. El paquete de células se resuspende en amortiguador SH (-mercaptoetanol 0.5 

M, Tris 0.1 M, pH 9.3) y se incuba durante 10 minutos a 30°C. Las células se centrifugan y se 

lavan dos veces con medio de lavado (KCl 0.5 M, Tris 10 mM, pH 7). A continuación, las 

células se resuspenden en medio de digestión (Sorbitol 1.35 M, EGTA 1 mM, fosfatos 0.2 M, 

pH 7.4) y se agrega zimoliasa 20 T (5 mg/g peso seco) para romper la pared. La progresión 

de la digestión se monitorea espectrofotométricamente a 600 nm y se detiene cuando la 

turbidez de la muestra diluida en agua bidestilada (1:10) disminuye al valor que tiene una 

dilución 1:100 del control (sin enzima). Los esferoplastos resultantes se centrifugan (2500 

rpm, 5 min) y se lavan tres veces con el amortiguador de protoplastos (sorbitol 1.2 M, Tris-

maleato 10 mM, pH 6.8) y el paquete final se resuspende en amortiguador de esferoplastos 
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(sorbitol 1 M, KCl 75 mM, MgCl2 5 mM, EGTA 0.5 mM, Tris-fosfato 20 mM, Tris-maleato 10 

mM, BSA 0.2%, pH 6.8). Para permeabilizar se adiciona nistatina (20 g/mL) a una 

suspensión de esferoplastos (1 mgProt/mL) y se burbujea aire a la solución durante 10 

minutos para consumir los sustratos respiratorios endógenos. 

 

5.6. Cuantificación de proteína 
La concentración de proteína se determina por el método de Biuret (Gornal et al., 1949) 

en un espectrofotómetro Beckman DU-50 a 540 nm. A 2 mL del reactivo de Biuret (que 

contiene CuSO4) se le añaden 125 L de desoxicolato de sodio al 5%, 350 l de agua 

destilada y 25 l de la suspensión de mitocondrias o esferoplastos. La interacción del ión 

Cu2+ con los enlaces peptídicos genera una coloración violeta cuya absorbencia es 

proporcional a la concentración de proteína de la muestra. Se emplea BSA para realizar la 

curva estándar. 

 
5.7. Consumo de oxígeno y acoplamiento respiratorio 

La velocidad del consumo de oxígeno en mitocondrias aisladas se determina en estado 

de reposo (edo. IV, en presencia de un sustrato oxidable y sin ADP) y en estado fosforilante 

(edo. III, en presencia de un sustrato oxidable y ADP) con un electrodo tipo Clark conectado 

a un oxímetro Strathkelvin Instruments® modelo 782 (North Lanarkshire, Escocia) acoplado a 

una computadora para el registro de los datos. La cámara de reacción (vol. final 1 mL) se 

mantiene a 30°C. Como medio de respiración se utiliza una solución de sorbitol desionizado 

1 M, Tris-maleato 10 mM (pH 6.8), Tris-fosfato 10 mM, KCl 75 mM y MgCl2 1 mM. Como 

sustratos respiratorios se utilizan piruvato 10 mM - malato 10 mM, succinato 10 mM, glicerol-

fosfato 10 mM o NADH 1 mM, según el ensayo. La concentración de fosfato, Mg2+ y K+ se 

modulan para abrir o cerrar el MUC (Cabrera-Orefice y cols., 2010). Para inducir el estado 

fosforilante (III) se agrega a la mezcla de reacción 500 M de ADP. Los valores del control 

respiratorio (CR) se obtienen al dividir el valor del consumo de O2 en estado III sobre el del 

estado IV. Se utiliza una concentración final de proteína mitocondrial o de esferoplastos de 

0.5 ó 1 mg/mL, respectivamente. Para inhibir específicamente a los componentes de la 

cadena respiratoria se agregan distintos inhibidores como son rotenona, flavona, antimicina 

A, cianuro y propil-galato (Cabrera-Orefice y cols., 2014). Las concentraciones de los 

sustratos e inhibidores se muestran debajo de cada figura. 
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5.8. Electroforesis nativa azul (BN-PAGE) y actividades en gel. 
La separación de los complejos respiratorios se realiza mediante electroforesis nativa 

azul (BN-PAGE) (Schägger y von Jagow, 1991; Wittig y cols., 2006). Para esto, la 

preparación mitocondrial se resuspende en un amortiguador de ácido aminocaproico 750 mM 

e imidazol 25 mM (pH 7.0) y se solubiliza con lauril-maltósido (LM) en una relación de 2 

mg/mg Prot. Después, se ultracentrifugan las muestras a 33,000 rpm durante 20 min a 4°C. A 

los sobrenadantes se les agrega azul de Coomassie 5% (10 L/mgProt) y se cargan en geles 

de gradiente de poliacrilamida (4-12 %) y se corre la electroforesis a un amperaje constante 

de 30 mA/gel aprox. tres horas a 4°C. La poliacrilamida del gel concentrador se encuentra al 

4%. En el caso de los geles BN, primero se utiliza el amortiguador del cátodo 1 (Tricina 50 

mM, imidazol 7.5 mM, azul de Coomassie G Serva 0.02 %) hasta un tercio del gel; para los 

dos tercios siguientes es necesario cambiar al amortiguador del cátodo 2 (Tricina 50 mM, 

imidazol 7.5 mM, azul de Coomassie G Serva 0.002 %). En cada carril se cargan 0.5 mgProt 

para geles grandes (17x12 cm). Al finalizar la corrida electroforética, los geles se deben 

incubar en el amortiguador de la actividad que se desea revelar o bien teñirse con azul de 

Coomassie® brillante G-250 para incrementar la definición de las bandas de proteína. 

Para determinar la actividad de NADH deshidrogenasa (NDH) se incuba al gel BN en 

una solución que contiene Tris 10 mM (pH 7.0), 0.5 mg de cloruro de nitrotetrazolio azul 

(NTB)/mL y NADH 1 mM (Vol. final 50 mL). Normalmente, la tinción de NDH se revela entre 

15 y 30 min como un precipitado de color morado. En esta reacción, el NADH puede oxidarse 

por la flavina del complejo I, NDH2 y otras deshidrogenasas dependientes de NAD+; esta 

última reduce directamente al NTB.  

Por otro lado, para determinar la actividad de citocromo c oxidasa (COX) el gel BN se 

incuba en un amortiguador de fosfatos de sodio 50 mM (pH 7.4), 10 mg de citocromo c y 20 

mg de diaminobencidina. La actividad de COX se revela entre 30 min y 2 hrs como un 

precipitado de color café oscuro. Esta tinción es específica para el complejo IV, aunque si se 

realiza en ausencia del citocromo c puede revelarse con menor sensibilidad la actividad de 

otras proteínas que contienen citocromos (p. ej. complejo III) (Wittig y cols., 2007). 

 

5.9. Contenido de citocromos 
Se determinan mediante la obtención de espectros diferenciales. Primero, se obtienen 

los espectros oxidados con mitocondrias solubilizadas con LM agregando ferricianuro de 
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potasio 0.25 mg/mL a la celda de reacción. Estos espectros se asignan como líneas basales. 

Después, se agrega ditionita de sodio en las mismas celdas para obtener los espectros 

reducidos. El barrido se realiza de 500 a 675 nm en un espectrofotómetro AMINCO DW2000. 

Se utiliza una concentración de 5 mg/mL. Se pueden utilizar mitocondrias aisladas 

directamente para estos ensayos; sin embargo la solubilización con LM incrementa la señal 

de los citocromos y además disminuye el ruido durante las lecturas. El contenido de 

citocromos por mgProt se calcula con los siguientes valores de los coeficientes de extinción 

molar: 605-630 = 16.5 mM-1 cm-1 (citocromos a+a3); 563-577 = 28 mM-1 cm-1 (citocromo b) y 

553-539 = 19.1 mM-1 cm-1 (citocromos c+c1) (Yonetani y cols., 1960; Berden y Slatter, 1970). 

 
5.10. Actividad enzimática de las deshidrogenasas dependientes de NAD+ 

Para determinar la actividad de la piruvato deshidrogenasa (PDH) y malato 

deshidrogenasa (MDH), enzimas del ciclo de Krebs, se utiliza el protocolo descrito por 

Cooney y cols. (1981) La generación de NADH se sigue espectrofotométricamente a 340 nm 

a temperatura ambiente. Para iniciar la reacción se adiciona piruvato 10 mM o malato 10 mM, 

respectivamente. En cada caso, se determinan las actividades en condiciones de sustrato 

saturantes y en presencia de NAD+ 1 mM para las dos enzimas. La concentración de 

proteína mitocondrial que se usa es de 0.5 mg/mL. Mezcla de reacción: Sorbitol 1 M, Tris-

maleato 10 mM (pH 6.8), Triton X-100 0.05%. El Triton X-100 se agrega para permeabilizar 

las mitocondrias. Sólo para medir la PDH se agrega a la mezcla de reacción Coenzima A 

0.63 mM, pirofosfato de tiamina 1 mM y ditiotreitol 1 mM. Para prevenir la reoxidación del 

NADH matricial se agrega rotenona 50 M para inhibir al complejo I. Las líneas basales se 

obtienen en ausencia de sustratos y el valor de sus pendientes se resta en cada caso. El 

coeficiente de extinción molar del NADH que se utiliza es de 6.22 x 103 (M cm)-1.  

 

5.11. Potencial transmembranal () 
El potencial transmembranal se determina con el colorante catiónico naranja de 

safranina (safranine-O). Esta molécula interactúa con la membrana mitocondrial cuando se 

genera el  (negativo al interior), cambiando de color. Los cambios se determinan a 511-

533 nm en un espectrofotómetro Aminco DW 2000 en modo dual a temperatura ambiente. En 

este caso, la absorbencia aumenta cuando hay un incremento en el  (Akerman y 

Wikström, 1976). Para estos ensayos se emplean las mismas condiciones y medio de 
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respiración que en las oximetrías; sólo se agrega naranja de safranina 10 μM a la celda de 

reacción. Se utiliza una concentración final de proteína mitocondrial de 0.5 mg/mL. Para 

abatir el , se agrega a la celda de reacción el protonóforo p-clorocarbonilcianuro 

fenilhidrazona (CCCP) 5 μM.  

  

5.12. Búsqueda, alineamiento y análisis de secuencias de proteínas 
El genoma de D. hansenii se encuentra completamente secuenciado (Dujon y cols., 

2004; Sherman y cols., 2009) y disponible en la base de datos del Centro Nacional de 

Información Biotecnológica (NCBI por sus siglas en inglés National Center for Biotechnology 

Information). Para buscar y comparar secuencias proteicas de diferentes especies se utiliza 

la interfaz web de la Herramienta Básica de Búsquedas de Alineamientos Locales (BLAST 

por sus siglas en inglés Basic Local Alignment Search Tool). Las secuencias de aminoácidos 

candidatas de D. hansenii, se alinean por pares y de manera simultánea con las de otras 

levaduras como S. cerevisiae y Y. lipolytica. Además, con esta herramienta se obtienen los 

porcentajes de identidad y similitud y otros parámetros de la comparación entre las 

secuencias de aminoácidos analizadas. 
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6. RESULTADOS 
 

Hasta este momento, la fosforilación oxidativa de D. hansenii se estudió únicamente en 

mitocondrias aisladas de células cultivadas hasta la fase exponencial tardía (24 hrs). En 

dichas muestras se encontraron dos posibles mecanismos de desacoplamiento fisiológicos: 

a) la presencia de enzimas alternas que no bombean protones y b) el DhMUC. En condiciones 

experimentales óptimas, es decir, en presencia de sustratos respiratorios, fosfato, K+ y Mg2+, 

las mitocondrias aisladas presentan acoplamiento respiratorio, sintetizan ATP y generan un 

elevado (Cabrera-Orefice y cols., 2010). Sin embargo, en esta fase de crecimiento, donde 

los requerimientos energéticos celulares son elevados, los sistemas de desacoplamiento 

deben encontrarse inactivos para evitar pérdidas de energía. Por tal motivo, se sugiere que 

estos mecanismos ofrecen una mayor utilidad en condiciones de baja demanda energética; 

por ejemplo, en la fase estacionaria de crecimiento (Guerrero-Castillo y cols., 2011). Con 

esto en mente, se caracterizó la fosforilación oxidativa y los dos posibles mecanismos de 

desacoplamiento fisiológicos en la fase estacionaria de crecimiento de esta levadura. 

 

6.1. En D. hansenii, la respiración resistente a cianuro depende de la fase de 
crecimiento y de la fuente de carbono del medio. 
La respiración resistente a cianuro (RRC) se presenta en especies que expresan a la 

oxidasa alterna (AOX) (Veiga y cols., 2000). Previamente, Veiga y cols. (2003c), encontraron 

este fenómeno únicamente en células completas de D. hansenii en la fase estacionaria de 

crecimiento. Además, reportaron la existencia del gen de la AOX en esta levadura. Sin 

embargo, en estudios recientes de nuestro grupo, se demuestra la presencia de RRC en 

mitocondrias aisladas de D. hansenii obtenidas de cultivos cosechados en la fase 

exponencial (Cabrera-Orefice y cols., 2010). Ésto nos llamó mucho la atención porque 

contrasta con lo reportado por Veiga y cols. (2003c), quienes no observaron RRC en dicha 

fase. Cabe señalar que dicho estudio se realizó en células cultivadas en YPD-NaCl (medio 

fermentable); mientras que nosotros utilizamos el YPLac-NaCl (medio no fermentable). Este 

último se utiliza para obtener una mayor cantidad de biomasa mitocondrial (Cabrera-Orefice y 

cols., 2010). Con base en lo anterior, se estudió la RRC en mitocondrias aisladas de células 

de D. hansenii cultivadas en ambos medios y en diferentes fases de crecimiento.  
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Se determinó la actividad de la AOX y su activación por AMP (Cabrera-Orefice y cols., 

2014) en diferentes tiempos de cultivo con ensayos de consumo de oxígeno. Se aislaron las 

mitocondrias de células cultivadas en YPLac-NaCl y cosechadas a las 15, 20, 24, 48, 72 y 96 

hrs; y cultivadas en YPD-NaCl y cosechadas a las 12, 18, 22, 48, 72 y 96 hrs. Los primeros 

tres tiempos de cultivo corresponden a la fase exponencial de crecimiento y los tres últimos a 

la fase estacionaria de crecimiento en cada medio. La diferencia de horas de cultivo en la 

fase exponencial se debe a que en YPD-NaCl el tiempo de duplicación es menor. Las medias 

logarítmicas en YPLac-NaCl y YPD-NaCl son 20 y 18 hrs, respectivamente. La actividad 

respiratoria se determinó antes y después de agregar NaCN 500 M (para inducir la RRC) y 

en presencia de succinato 10 mM como sustrato respiratorio. En todos los casos, se 

agregaron las concentraciones de iones inorgánicos ideales para inhibir la TPM (Tris-fosfato 

10 mM, MgCl2 1 mM y KCl 75 mM) (Cabrera-Orefice y cols., 2010). 

En el caso de las muestras obtenidas de YPLac-NaCl, la RRC fue de ~20-25% del total 

de la actividad respiratoria en todos los tiempos de cultivo (Figura 5A, círculos negros). 

Además, estos ensayos se realizaron en ausencia y presencia de AMP 1 mM para observar 

la activación de la AOX en cada fase (Figura 5A, círculos vacíos). En cada caso, la RRC 

aumentó en ~13-15% y no encontramos diferencias significativas entre los tiempos de cultivo.  

En contraste, en las muestras obtenidas de YPD-NaCl, no se observó RRC a 12 hrs de 

cultivo, ésta apareció en menor valor a las 18 hrs (~13%) y alcanzó su valor máximo a partir 

de las 22 hrs (~25%) (Figura 5B, círculos vacíos). Este último no aumentó en las muestras de 

la fase estacionaria (48, 72 y 96 hrs). La adición de AMP 1 mM no mostró efecto a las 12 hrs, 

lo que confirmó que la AOX no está presente aún (Figura 5B, círculos vacíos). A las 18 hrs, el 

AMP promovió una pequeña activación de ~5% (Figura 5B, círculos vacíos). La máxima 

activación se observó en las muestras de 22, 48, 72 y 96 hrs, en donde tuvo un valor de 

~15% (Figura 5B, círculos vacíos). 

Este resultado es interesante debido a que se observó un efecto de la fuente de 

carbono sobre la expresión de la AOX. Estos datos sugirieron que la expresión de esta 

proteína no necesariamente depende de la fase de crecimiento, como lo postulan Veiga y 

cols., (2003c). Cuando se utilizó dextrosa como fuente de carbono, la RRC máxima se 

obtuvo en la fase exponencial tardía (22 hrs), mientras que en presencia de lactato, ésta se 

encontró presente en ambas fases de crecimiento. 
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Figura 5. Respiración resistente a cianuro (RRC) en mitocondrias aisladas de D. hansenii en 
diferentes fases de crecimiento y tiempos de cultivo. El consumo de oxígeno se determinó en estado IV 

(no fosforilante) con succinato 10 mM como sustrato respiratorio. Se agregó NaCN 500 M para promover la 

RRC. Los porcentajes de la RRC de muestras de fase exponencial (exp.) y fase estacionaria (est.) obtenidas de 

células cultivadas en (A) YPLac-NaCl o (B) YPD-NaCl a diferentes tiempos de cultivo se muestran en círculos 

rellenos (●). Los porcentajes de la RRC en presencia de AMP 1 mM se muestran en círculos vacíos (○). Mezcla 

de reacción: Sorbitol 1 M, Tris-maleato 10 mM (pH 6.8), KCl 75 mM, Tris-fosfato 10 mM, MgCl2 1 mM (vol. final 

1 mL; temperatura 30 °C). Datos de tres experimentos independientes (promedio ± D.E.).  
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6.2. En D. hansenii, la actividad respiratoria dependiente del complejo I disminuye en 
la fase estacionaria de crecimiento. 
Los datos anteriores dieron la pauta para estudiar si otros componentes de la cadena 

respiratoria ramificada de D. hansenii cambian su expresión o actividad en la fase 

estacionaria. Se aislaron mitocondrias de células cultivadas a diferentes tiempos en YPLac-

NaCl (15, 20, 24, 48, 72 y 96 hrs) o YPD-NaCl (12, 18, 22, 48, 72 y 96 hrs). Se determinó el 

consumo de oxígeno en estado III y IV de las diferentes preparaciones mitocondriales (Tabla 

B y C) con cuatro sustratos diferentes: piruvato-malato 10 mM, succinato 10 mM, NADH 1 

mM y glicerol-fosfato 10 mM. Se agregó rotenona 50 M al utilizar los tres últimos sustratos 

para inhibir al complejo I. En todos los casos, se agregaron las concentraciones de iones 

inorgánicos ideales para inhibir la TPM (fosfato 10 mM, MgCl2 1 mM y KCl 75 mM) (Cabrera-

Orefice y cols., 2010).  

En presencia de la mayoría de los sustratos respiratorios (succinato, NADH y glicerol-

fosfato), las velocidades de consumo de oxígeno en la fase exponencial no mostraron 

cambios significativos, mientras que en la fase estacionaria aumentaron ligeramente (Tablas 

B y C). Además, con estos tres sustratos, los controles respiratorios (CRs) no cambiaron 

significativamente entres los tiempos de cultivo (Tablas B y C). Por otro lado, en presencia de 

piruvato-malato, las muestras de la fase exponencial presentaron el máximo acoplamiento 

respiratorio; CR 2.33 ± 0.03 y 2.2 ± 0.13, en YPLac-NaCl y YPD-NaCl, respectivamente 

(Figura 6). Con el mismo sustrato, se observó una disminución considerable en el consumo 

de oxígeno (Tablas B y C) y el acoplamiento respiratorio (Figura 6) de las preparaciones 

obtenidas de ambos medios en la fase estacionaria (48, 72 y 96 hrs). Los CRs disminuyeron 

a 1.27 ± 0.05 y 1.25 ± 0.11, en YPLac-NaCl y YPD-NaCl, respectivamente (Figura 6). Las 

velocidades de consumo de oxígeno en estado III y IV disminuyeron a valores que 

corresponden aproximadamente al 15-20% de las que se registraron en la fase exponencial 

(Tablas B y C). Durante la transición de la fase exponencial a la estacionaria, el consumo de 

oxígeno y el acoplamiento respiratorio disminuyeron únicamente en presencia de sustratos 

que alimentan al complejo I. Por el contrario, no se observaron cambios en estos parámetros 

cuando los sustratos donan electrones al complejo II, a la NDH2e o a la MitGPDH. Esto 

sugiere un posible cambio a nivel del complejo I, lo cual se describe en la siguiente sección. 

Asimismo, no se observaron cambios promovidos por la fuente de carbono. Por esta razón 

para los siguientes experimentos se utilizó sólo el YPLac-NaCl como medio de cultivo. 
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Tabla B. Velocidades de consumo de oxígeno de mitocondrias aisladas de  
células de D. hansenii cultivadas en YPLac-NaCl por diferentes tiempos. 

 

Sustrato 
Tiempo de 

cultivo 
(hrs)   

Velocidad de consumo de O2 
(natgO·(min·mgProt)-1) 

Control 
 respiratorio 

(III/IV) Estado IV* Estado III** 

 
Piruvato + malato  

 

 

15  

20 

24 

48 

72 

96 

 

115 ± 14 

116 ± 11 

120 ± 10 

74 ± 8 

42 ± 5 

22 ± 7 

 

248 ± 10 

262 ± 14 

279 ± 12 

152 ± 7 

59 ± 10 

28 ± 8 

 

2.16 ± 0.09 

2.25 ± 0.08 

2.33 ± 0.07 

2.04 ± 0.05 

1.41 ± 0.06 

1.27 ± 0.05 

Succinato 
 

15  

20 

24 

48 

72 

96 

165 ± 14 

176 ± 11 

173 ± 15 

187 ± 6 

219 ± 12 

222 ± 8 

280 ± 10 

282 ± 5 

285 ± 17 

284 ± 15 

379 ± 10 

382 ± 4 

1.69 ± 0.10 

1.60 ± 0.08 

1.64 ± 0.10 

1.52 ± 0.10 

1.73 ± 0.11 

1.72 ± 0.05 

NADH 

 

15  

20 

24 

48 

72 

96 

225 ± 14 

235 ± 16 

228 ± 5 

237 ± 12 

283 ± 4 

326 ± 7 

279 ± 15 

285 ± 13 

289 ± 13 

293 ± 10 

365 ± 9 

395 ± 4 

1.24 ± 0.15 

1.21 ± 0.14 

1.26 ± 0.04 

1.24 ± 0.08 

1.29 ± 0.06 

1.21 ± 0.03 

Glicerol-fosfato 

 

15  

20 

24 

48 

72 

96 

211 ± 12 

215 ± 8 

218 ± 6 

232 ± 8 

266 ± 14 

300 ± 16 

267 ± 11 

276 ± 15 

279 ± 13 

290 ± 12 

342 ± 10 

351 ± 15 

1.27 ± 0.10 

1.28 ± 0.09 

1.28 ± 0.09 

1.25 ± 0.01 

1.29 ± 0.12 

1.17 ± 0.13 

 

Las velocidades de consumo de oxígeno se midieron en estado de reposo (IV)* y estado fosforilante (III)**. El 

estado III se indujo al agregar ADP 500 M. Muestras de fase exponencial: 15, 20 y 24 hrs; muestras de fase 

estacionaria: 48, 72 and 96 hrs. Las concentraciones de los sustratos respiratorios fueron: piruvato + malato 10 

mM; succinato 10 mM; NADH 1 mM y glicerol-fosfato 10 mM. Mezcla de reacción igual a la de la Figura 5. Datos 

de tres experimentos independientes (promedio ± D.E.). 
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Tabla C. Velocidades de consumo de oxígeno de mitocondrias aisladas de  
células de D. hansenii cultivadas en YPD-NaCl por diferentes tiempos. 

 

Sustrato 
Tiempo de 

cultivo 
(hrs) 

Velocidad de consumo de O2 
(natgO·(min·mgProt)-1) 

Control 
respiratorio 

(III/IV) Estado IV* Estado III** 

 
Piruvato + malato  

 

 

12  

18 

22 

48 

72 

96 

 

127 ± 12 

123 ± 13 

125 ± 15 

78 ± 15 

45 ± 14 

28 ± 17 

 

250 ± 14 

270 ± 15 

275 ± 17 

149 ± 17 

65 ± 16 

35 ± 18 

 

1.97 ± 0.12 

2.19 ± 0.11 

2.20 ± 0.13 

1.91 ± 0.12 

1.44 ± 0.10 

1.25 ± 0.11 

Succinato 
 

12  

18 

22 

48 

72 

96 

166 ± 10 

174 ± 14 

178 ± 10 

180 ± 15 

202 ± 18 

210 ± 17 

275 ± 18 

286 ± 21 

295 ± 17 

289 ± 9 

314 ± 18 

345 ± 20 

1.65 ± 0.13 

1.64 ± 0.14 

1.65 ± 0.10 

1.61 ± 0.08 

1.55 ± 0.12 

1.64 ± 0.10 

NADH 
 

12  

18 

22 

48 

72 

96 

222 ± 15 

238 ± 15 

238 ± 16 

244 ± 14 

289 ± 18 

312 ± 17 

277 ± 14 

258 ± 23 

282 ± 20 

283 ± 14 

328 ± 10 

351 ± 15 

1.24 ± 0.11 

1.08 ± 0.13 

1.18 ± 0.12 

1.16 ± 0.09 

1.13 ± 0.11 

1.13 ± 0.12 

Glicerol-fosfato 
 

12  

18 

22 

48 

72 

96 

215 ± 12 

220 ± 18 

222 ± 10 

243 ± 13 

256 ± 10 

290 ± 17 

272 ± 21 

269 ± 18 

270 ± 11 

295 ± 18 

330 ± 13 

332 ± 18 

1.27 ± 0.14 

1.22 ± 0.12 

1.21 ± 0.09 

1.21 ± 0.10 

1.29 ± 0.12 

1.14 ± 0.13 

 

Las velocidades de consumo de oxígeno se midieron en estado de reposo (IV)* y estado fosforilante (III)**. El 

estado III se indujo al agregar ADP 500 M. Muestras de fase exponencial: 12, 18 y 22 hrs; muestras de fase 

estacionaria: 48, 72 and 96 hrs. Las concentraciones de los sustratos respiratorios fueron: piruvato + malato 10 

mM; succinato 10 mM; NADH 1 mM y glicerol-fosfato 10 mM. Mezcla de reacción igual a la de la Figura 5. Datos 

de tres experimentos independientes (promedio ± D.E.). 
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Figura 6. Controles respiratorios (CRs) de mitocondrias aisladas de D. hansenii en diferentes fases 
de crecimiento y tiempos de cultivo. El acoplamiento respiratorio se determinó con diferentes sustratos 

respiratorios: piruvato-malato 10 mM (cuadrados); succinato 10 mM (círculos); NADH 1 mM (triángulos) y 

glicerol-fosfato 10 mM (triángulos invertidos) en muestras mitocondriales obtenidas de células cultivadas en (A) 
YPLac-NaCl (símbolos rellenos) y en (B) YPD-NaCl (símbolos vacíos). Los tres primeros tiempos de cultivo 

corresponden a la fase exponencial (exp.) y los últimos tres a la fase estacionaria (est.). Mezcla de reacción 

igual a la de la Figura 5. Datos de tres experimentos independientes (promedio ± D.E.). 
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6.3. La cantidad y actividad del complejo I no cambian durante la fase estacionaria de 
crecimiento. 
En D. hansenii, el consumo de oxígeno promovido por sustratos que alimentan al 

complejo I disminuyó exclusivamente durante la fase estacionaria de crecimiento. La 

evidencia experimental sugirió, en principio, cambios en la cantidad o actividad del complejo I 

en dicha fase. Para explorar lo anterior, se determinó la cantidad relativa y la actividad de 

NADH deshidrogenasa (NDH) mediante la separación electroforética de los complejos 

respiratorios de las muestras obtenidas de los diferentes tiempos de cultivo por BN-PAGE. Al 

término de la electroforesis, se observó que la cantidad relativa de proteína correspondiente 

al complejo I no cambió en la fase estacionaria (48, 72 y 96 hrs) con respecto a la fase 

exponencial (15, 20 y 24 hrs) (Figura 7A). El complejo V se usó como control de carga. No se 

detectaron diferencias visibles en las cantidades de otros complejos (p. ej. IV y V) (Figura 

7A). A continuación, se realizó la tinción de NDH para determinar si la actividad del complejo 

I disminuye en la fase estacionaria, pero no se encontraron diferencias significativas (Figura 

7B). Con esta evidencia se descartó la hipótesis de que el complejo I estuviera alterado. 

Además, en estos geles nativos, se reveló la actividad de la NDH2e durante la misma tinción 

(Figura 7B). Dicha actividad fue semejante en todos los casos, lo que sugirió que esta 

enzima se expresa constitutivamente y no se altera entre las fases. Por otra parte, se realizó 

la tinción de COX y tampoco se hallaron diferencias entre las fases (Figura 7C).  
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Figura 7. Separación electroforética y actividades en geles nativos de los complejos respiratorios 
de D. hansenii en diferentes fases de crecimiento y tiempos de cultivo. Las mitocondrias aisladas se 

solubilizaron con lauril-maltósido (LM) 2 mg/mgProt y se cargaron en geles de gradiente de poliacrilamida (4-12 

%). Las fases de crecimiento y los tiempos de cultivo se muestran sobre cada carril. (A) Los solubilizados se 

cargaron en un gel BN y al término de la electroforesis se tiño con azul de Coomassie® brillante G-250. El 

complejo V se usó como control de carga.  (B) Actividad en gel de NADH deshidrogenasa (NDH). (C) Actividad 

en gel de citocromo c oxidasa (COX). I, IV y V corresponden a la NADH deshidrogenasa, citocromo c oxidasa y 

ATP sintasa, respectivamente. NDH2e: NADH deshidrogenasa alterna externa. Geles representativos de tres 

experimentos independientes. 

 

6.4. La vía citocrómica no se modifica durante el crecimiento. 
El transporte de electrones promovido por la adición de sustratos como el NADH, 

glicerol-fosfato o succinato no se afectó durante el crecimiento de las levaduras (Tablas B y 

C). Además, la cantidad relativa y actividad del complejo IV fue igual en todos los tiempos de 

cultivo (Figura 7C). Esto sugirió que la vía citocrómica se mantiene igual durante las fases de 

crecimiento. En D. hansenii, resulta difícil detectar la banda que corresponde al complejo III 

por BN-PAGE (Cabrera-Orefice y cols., 2014). Sin embargo, es posible estimar su 

concentración a través de la cuantificación de los citocromos con espectros diferenciales. 

Para el complejo III, se midieron los citocromos b y c+c1; para estimar la cantidad de 

complejo IV se cuantificaron los citocromos a+a3. Para estas cuantificaciones, se utilizaron 

únicamente dos tiempos de cultivo representativos de cada fase de crecimiento: 24 hrs y 96 

hrs; fase exponencial y estacionaria, respectivamente. Se encontró una menor cantidad de 
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citocromos b y c+c1 en la fase estacionaria (~40% menos) mientras que el contenido de 

citocromos a+a3 se mantuvo constante en ambas fases. La concentración de citocromos 

a+a3 a las 24 hrs fue de 0.217 ± 0.07 nmol/mgProt y a 96 hrs de 0.202 ± 0.13 nmol/mgProt. A 

las 24 hrs, el contenido de citocromos b y c+c1 fue de 0.318 ± 0.06 nmol/mgProt y 0.375 ± 

0.03 nmol/mgProt, respectivamente. En cambio, a las 96 hrs el contenido de citocromos b y 

c+c1 fue de 0.2 ± 0.07 nmol/mgProt y 0.227 ± 0.05 nmol/mgProt, respectivamente. No 

obstante, la actividad respiratoria a través de la vía citocrómica no resultó afectada entre las 

fases. 

 

6.5. En la fase estacionaria de crecimiento, la adición de NAD+ recupera parcialmente 
la actividad respiratoria y el acoplamiento mitocondrial. 

 Los datos mostrados hasta el momento sugirieron que la pérdida de actividad 

respiratoria y acoplamiento con los sustratos del complejo I (piruvato-malato) no se debieron 

a una menor concentración y/o actividad del complejo I, ni por cambios en la vía citocrómica. 

Con esto se propuso que, en la fase estacionaria, las deshidrogenasas dependientes de 

NAD+ del ciclo de Krebs pudieron disminuir su actividad generando menor cantidad de poder 

reductor (NADH). Por tal motivo, se determinaron las actividades de la piruvato 

deshidrogenasa (PDH) y de la malato deshidrogenasa (MDH) a las 24 (fase exponencial) y 

96 hrs (fase estacionaria) de cultivo. A las 24 hrs, las actividades de PDH y MDH fueron de 

15.7 ± 1.38 nmoles de producto/min∙mgProt y 2976 ± 88 nmoles de producto/min∙mgProt, 

respectivamente. A las 96 hrs estas actividades no mostraron cambios significativos y fueron 

para la PDH de 14.56 ± 1.53 nmoles de producto/min•mgProt y para la MDH 3010 ± 125 

nmoles de producto/min∙mgProt. Los valores de la actividad de MDH son similares a los 

reportados por Sánchez y cols., (2008). 

Al no encontrar diferencias en estas enzimas, se pensó que la menor actividad y 

acoplamiento pudieron deberse a una falta de sustratos matriciales para estas enzimas; 

particularmente de la coenzima NAD+. En un estudio previo, se describe que las mitocondrias 

aisladas del alga Polytomella sp., son incapaces de consumir oxígeno a menos que se les 

adicione NAD+ exógeno durante las mediciones (Jiménez-Suárez y cols., 2012). Por esta 

razón, se decidió agregar NAD+ (1 mM) a la mezcla de reacción y se determinó de nueva 

cuenta el consumo de oxígeno en ambas fases. 
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La adición del NAD+ no tuvo efecto sobre el consumo de oxígeno y el CR en las 

mitocondrias de fase exponencial (Tabla D), pero provocó que las mitocondrias aisladas de 

fase estacionaria tuvieran mayor actividad respiratoria y acoplamiento (Tabla D) con piruvato-

malato. Aun así, estos parámetros no alcanzaron los valores observados en la fase 

exponencial. En las muestras de fase estacionaria (96 hrs), el CR aumentó de 1.27 ± 0.05 a 

1.72 ± 0.05 con la adición del NAD+. La recuperación parcial del acoplamiento se observó 

desde las 48 hrs y se mantuvo en el mismo valor en tiempos de cultivo superiores (Figura 8). 

Se corroboró que el efecto de esta coenzima solo fuera a nivel de las deshidrogenasas que 

alimentan al complejo I, al cuantificar el consumo de oxígeno y acoplamiento con succinato. 

En este caso, no se encontraron diferencias significativas en ningún tiempo de cultivo (Figura 

8). Esto nos sugirió que, en la fase estacionaria de crecimiento, se perdió el NAD+ matricial y 

se frenó la generación de NADH por las deshidrogenasas del ciclo de Krebs. Estos 

resultados sugirieron que, cuando D. hansenii alcanza la fase estacionaria y experimenta el 

desacoplamiento relacionado con el complejo I, la adición de NAD+ puede revertirlo y 

reestablecer el consumo de O2. 
 
 

Tabla D. Efecto del NAD+ sobre la actividad respiratoria y el acoplamiento de mitocondrias 
aisladas de células de D. hansenii cultivadas durante 24 y 96 hrs. 

 

 Fase exponencial (24 h) Fase estacionaria (96 h) 

Sustratos 
Velocidad de consumo de O2 

(natgO·(min·mgProt)-1) 
CR 

(III/IV) 

Velocidad de consumo de O2 
(natgO·(min·mgProt)-1) 

CR 
(III/IV) 

Edo. IV* Edo. III** Edo. IV* Edo. III** 

 
Piruvato + malato  

     NAD+ 

    + NAD+ 

 

 

120 ± 10 

130 ± 12 

 

 

279 ± 12 

307 ± 15 

 

 

2.33 ± 0.07 

2.36 ± 0.13 

 

 

22 ± 7 

72 ± 10 

 

 

28 ± 8 

126 ± 17 

 

 

1.27 ± 0.05 

1.75 ± 0.15 

Succinato 

     NAD+ 

    + NAD+ 

 

173 ± 15 

170 ± 3 

 

285 ± 17 

270 ± 18 

 

1.64 ± 0.10 

1.59 ± 0.10 

 

222 ± 8 

215 ± 14 

 

382 ± 4 

348 ± 16 

 

1.72 ± 0.05 

1.62 ± 0.13 

 

Las velocidades de consumo de oxígeno se midieron en estado de reposo (IV)* y estado fosforilante (III)**. El 

estado III se indujo al agregar ADP 500 M. Se utilizó piruvato + malato 10 mM ó succinato 10 mM como 

sustratos respiratorios. El NAD+ se agregó a una concentración final de 1 mM. Mezcla de reacción igual a la de 

la Figura 5. Datos de tres experimentos independientes (promedio ± D.E.). 
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Figura 8. Efecto del NAD+ sobre el acoplamiento respiratorio de mitocondrias aisladas de D. 
hansenii en diferentes fases de crecimiento y tiempos de cultivo. Para cada condición se determinó el 

control respiratorio (CR) con dos diferentes sustratos respiratorios: a) piruvato-malato 10 mM (cuadrados) y b) 

succinato 10 mM (círculos). En ambos casos, los CRs en presencia de NAD+ 1 mM se muestran en símbolos 

vacíos. Mezcla de reacción igual a la de la Figura 5. Datos de tres experimentos independientes (promedio ± 

D.E.). 

 

6.6. En la fase estacionaria de crecimiento, las mitocondrias de D. hansenii pierden el 
NAD+ matricial posiblemente a través del DhMUC. 

Los resultados descritos en la sección anterior, nos hicieron pensar que el NAD+ 

matricial se fugó al citosol a través del segundo mecanismo de desacoplamiento fisiológico 

que tiene D. hansenii: el DhMUC (en su estado abierto). Para explorar esta posibilidad, se 

determinó cualitativamente el potencial transmembranal () en muestras de ambas fases 

(24 y 96 hrs) en las mismas condiciones que los ensayos de oximetría; en presencia y en 

ausencia de NAD+ 1 mM y con piruvato-malato 10 mM o succinato 10 mM como sustratos 

respiratorios. Se utilizaron dos concentraciones de fosfato para evaluar los estados abierto 

(0.4 mM) y cerrado (10 mM) del canal inespecífico.  
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En el caso de los sustratos de complejo I, el valor del a las 24 hrs, fue alto y 

estable en presencia de alto fosfato (10 mM; DhMUC cerrado) (Figura 9A, trazo a). En 

presencia de NAD+, la velocidad de generación del  fue más rápida que en la condición 

anterior, pero con un valor máximo similar (Figura 9A, trazo c). En bajo fosfato (0.4 mM; 

DhMUC abierto), no se estableció el  y el NAD+ no tuvo efecto (Figura 9A, trazos b y d). A 

las 96 hrs, en alto fosfato y en ausencia de NAD+, el valor máximo del  fue menor que el 

observado a 24 hrs (Figura 9C, trazo a). En cambio, cuando se les agregó el NAD+, el valor 

de  alcanzó el valor del mostrado a las 24 hrs (Figura 9C, trazo c). Nuevamente, en bajo 

fosfato, no se observó efecto del NAD+ ni se estableció el  (Figura 9C, trazos b y d).  

Cuando se utilizó succinato como donador de electrones, no se encontraron 

diferencias entre los tratamientos, ni entre las fases (Figura 9B, D). Para ambos tiempos de 

cultivo, en alto fosfato, se estableció un alto valor de  (Figura 9 B, D, trazos a); mientras 

que, en bajo fosfato, lo anterior no ocurrió (Figura 9 B, D, trazos c). La adición de NAD+ 

tampoco mostró efecto en ambas condiciones de fosfato y fases de crecimiento (Figura 9 B, 

D, trazos b y d). Con estos resultados se demostró que la adición del NAD+ fue importante 

sólo cuando se utilizaron sustratos generadores de NADH matricial (a través de las 

deshidrogenasas del ciclo de Krebs). 

Por otro lado, el hecho de que el NAD+ tuvo efecto en la condición del DhMUC cerrado, 

sugirió que esta molécula puede ser transportada por otra vía. Para explorar esto, se usó al 

piruvato-malato 10 mM, se agregó el NAD+ durante la medición del (a los 60 s del trazo) 

en presencia de alto fosfato y se observó un incremento súbito en su valor (Figura 10A, trazo 

a). El experimento se realizó únicamente en las muestras de fase estacionaria (96 hrs); que 

es en donde el NAD+ tuvo efecto sobre el . Este resultado sugirió que el NAD+ ingresa 

rápidamente a la matriz mitocondrial. En contraste, en bajo fosfato, la adición provocó un 

muy pequeño aumento en la señal pero no fue significativo (Figura 10A, trazo b). Para 

descartar que el incremento en la señal fuera un efecto directo sobre el canal inespecífico, 

las mitocondrias se incubaron 30 s durante el trazo en bajo fosfato y en la ausencia (Figura 

10B, trazo a) o presencia (Figura 10B, trazo b) del NAD+ y en ningún caso se observó . A 

continuación, se agregó fosfato 10 mM para establecer el  y en el caso la muestra 

incubada con NAD+ su valor fue mayor (Figura 10B, trazo b) que la control. Esto descartó la 

posibilidad de que este compuesto tuviera efecto directo sobre el DhMUC. 
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Figura 9. Efecto del NAD+ sobre el potencial transmembranal ( de mitocondrias aisladas de D. 

hansenii cosechadas en la fase exponencial y estacionaria. Mezcla de reacción: Sorbitol 1 M, Tris-

maleato 10 mM (pH 6.8) y naranja de safranina 10 M (vol. final 2 mL; temperatura ambiente). Las 

concentraciones de Tris-fosfato fueron: 0.4 mM (trazos b, d) y 10 mM (trazos a, c). Se determinó el  en 

presencia de piruvato-malato 10 mM (A) y succinato 10 mM (B) en mitocondrias de fase exponencial (24 hrs). 

Además, se determinó el  en presencia de piruvato-malato 10 mM (C) y succinato 10 mM (D) en 

mitocondrias de fase estacionaria (96 hrs). Se adicionó NAD+ 1 mM a la celda de reacción en los trazos c y d. 

Se agregaron mitocondrias 0.5 mg/mL (Mit) y CCCP 5 μM en donde se indica. Trazos representativos de tres 

experimentos independientes. 
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Figura 10. Efecto del NAD+ sobre el  de mitocondrias aisladas de D. hansenii cosechada en la 

fase estacionaria (96 hrs). Se utilizó piruvato-malato 10 mM como sustrato respiratorio. La mezcla de 

reacción es igual a la de la figura 9. (A) Concentraciones de fosfato: alto fosfato (10 mM) (trazo a) y bajo 

fosfato (0.4 mM) (trazo b). (B) Concentraciones de NAD+: 0 mM (trazo a) y 1 mM (trazo b); no se agregó fosfato 

antes de la adición marcada. En donde se indica, se agregaron mitocondrias 0.5 mg/mL (Mit), NAD+ 1 mM, 

fosfato 10 mM y CCCP 5 μM. Trazos representativos de tres experimentos independientes. 

 
 

6.7. La pérdida del NAD+ no ocurre durante el aislamiento mitocondrial y se observa 
en esferoplastos permeabilizados de D. hansenii.  
Existen dos posibilidades que pueden explicar la falta de NAD+ en las mitocondrias 

obtenidas de células cultivadas hasta la fase estacionaria sin considerar su degradación: a) 

pérdida durante el aislamiento mitocondrial por dilución o fragilidad de las mitocondrias y b) 

pérdida fisiológica a través del DhMUC. Para ésto, se determinó la actividad respiratoria en 

esferoplastos permeabilizados con nistatina. Los esferoplastos se obtienen al romper la 

pared celular de las levaduras con zimoliasa. La nistatina es una molécula que se une al 

ergosterol de la membrana celular y forma poros por donde pueden permear sustratos e 

intermediarios metabólicos (Averet y cols., 1998). En esta condición las mitocondrias se 

encuentran en el ambiente citosólico y permite extrapolar su comportamiento a la realidad 

(Avéret y cols., 1998).  

Para determinar el efecto del NAD+ sobre el consumo de O2 y el acoplamiento 

respiratorio se utilizaron esferoplastos permeabilizados obtenidos de la fase exponencial (24 

hrs) y estacionaria (96 hrs), en presencia de piruvato-malato y succinato (Tabla E). La 
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respiración de los esferoplastos fue mucho más lenta que la registrada en las mitocondrias 

aisladas, mientras que el valor del CR fue ligeramente menor; por ejemplo los esferoplastos 

permeabilizados de 24 hrs tuvieron un CR = 1.83, mientras que las mitocondrias aisladas un 

CR = 2.33 (Tablas D y E). En el caso de la fase exponencial, no se encontraron diferencias 

en estos parámetros en presencia o ausencia del NAD+ y con ambos sustratos (Tabla E). Sin 

embargo, los esferoplastos de fase estacionaria mostraron una menor actividad respiratoria y 

acoplamiento en presencia de piruvato-malato (Tabla E). Sin embargo, ambos parámetros 

aumentaron con la adición del NAD+ 1 mM (Tabla E). Cabe señalar que en este caso, los 

valores de actividad y control respiratorios regresaron a valores similares mostrados por los 

esferoplastos de fase exponencial. Esto contrasta con lo que se observó en las mitocondrias 

aisladas en donde la adición de la coenzima no recupera la respiración ni el CR al máximo 

mostrado en fase exponencial (Tabla D). Al utilizar succinato en las muestras de fase 

estacionaria, la adición de NAD+ no tuvo efecto alguno sobre los dos parámetros (Tabla E). 

 
Tabla E. Efecto del NAD+ sobre la actividad respiratoria y el acoplamiento de esferoplastos 

permeabilizados de D. hansenii obtenidos a 24 y 96 hrs. 
 

 Fase exponencial (24 h) Fase estacionaria (96 h) 

Sustratos 
Velocidad de consumo de O2 

(natgO·(min·mgProt)-1) 
CR 

(III/IV) 

Velocidad de consumo de O2 
(natgO·(min·mgProt)-1) 

CR 
(III/IV) 

Edo. IV* Edo. III** Edo. IV* Edo. III** 

 
Piruvato + malato  

     NAD+ 

    + NAD+ 

 

 

11.5 ± 0.2 

11.8 ± 1.2 

 

 

21.1 ± 2.0 

22.5 ± 3.2 

 

 

1.83 ± 0.18 

1.91 ± 0.12 

 

 

4.9 ± 1.3 

11.1 ± 1.2 

 

 

5.3 ± 1.3 

20.7 ± 3.3 

 

 

1.08 ± 0.02 

1.86 ± 0.10 

Succinato 

     NAD+ 

    + NAD+ 

 

12.6 ± 0.7 

11.9 ± 1.4 

 

18.7 ± 0.4 

17.9 ± 0.4 

 

1.49 ± 0.08 

1.51 ± 0.21 

 

12.2 ± 2.8 

13.3 ± 2.4 

 

18.5 ± 2.8 

18.8 ± 2.4 

 

1.54 ± 0.15 

1.42 ± 0.08 

 

Los esferoplastos se permeabilizaron con nistatina 20 g/mL en la presencia de aeración constante (aire 

burbujeado con una manguera). Las velocidades de consumo de oxígeno se midieron en estado de reposo (IV)* 

y estado fosforilante (III)**. El estado III se indujo al agregar ADP 5 mM. Se utilizó piruvato + malato 20 mM ó 

succinato 20 mM como sustratos respiratorios. El NAD+ se agregó a una concentración final de 5 mM. Mezcla 

de reacción: Sorbitol 1 M, Tris-maleato 10 mM (pH 6.8), KCl 75 mM, Tris-fosfato 20 mM, MgCl2 5 mM, EGTA 0.5 

mM (vol. final 1 mL; temperatura 30 °C). Datos de tres experimentos independientes (promedio ± D.E.). 
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Con base en estos resultados, se sugirió que la falta de NAD+ matricial no ocurrió 

durante el aislamiento mitocondrial, sino que ésta ocurre en las células durante su 

crecimiento. Además, se propuso que la diferencia encontrada en los esferoplastos 

permeabilizados, con respecto a los resultados en las mitocondrias aisladas, se debió a que 

en los primeros se mantuvo intacta la integridad mitocondrial. Otro dato que apoya esta 

propuesta es que en las mitocondrias de fase exponencial, que se obtuvieron por el mismo 

método de aislamiento, presentaron la máxima actividad respiratoria y acoplamiento. Si la 

fuga de NAD+ ocurrió por dilución, entonces las mitocondrias de fase exponencial debieron 

perderlo de igual manera. Sin embargo, esto no fue así, por lo que se descartó esta 

posibilidad y fortaleció la hipótesis de que el NAD+ se pierde por el DhMUC. 

 

6.8. En D. hansenii, el NAD+ se transporta hacia la matriz por un posible acarreador 
mitocondrial específico.  
Los resultados anteriores mostraron que al agregar el NAD+ a las mitocondrias aisladas, 

éste pudo ingresar a la matriz mitocondrial aún con el DhMUC cerrado (en presencia de Pi 10 

mM) (Figura 10). Esto sugiere la existencia de otro mecanismo diferente para su transporte 

hacia la matriz mitocondrial. Al revisar la literatura, se encontró que S. cerevisiae expresa dos 

isoformas (Ndt1p y Ndt2p) de un acarreador mitocondrial específico de NAD+ (Todisco y 

cols., 2006). Este transportador debe incorporar el NAD+ a la mitocondria, ya que las enzimas 

involucradas en su síntesis se encuentran en el citoplasma (Todisco y cols., 2006). Con base 

en lo anterior, se realizó una búsqueda en la base de datos del NCBI con las secuencias de 

estas isoformas para encontrar posibles secuencias candidatas de un acarreador de este tipo 

en D. hansenii. En este caso, se encontró un posible ortólogo anotado como DEHA2B09284p 

(390 residuos). La secuencia aparece anotada como un acarreador hipotético de piruvato 

similar al ANT. No obstante, esta secuencia tiene 49% de identidad y 63% de similitud con 

Ndt1p y 45% de identidad y 60% de similitud con Ndt2p. Los “E-values” para cada 

alineamiento fueron 8 x 10-102 y 2 x 10-88, respectivamente. Estos valores fueron muy 

pequeños e indicaron un excelente alineamiento y cobertura de la secuencia (83-86%). Por 

tales razones, se sugirió que la secuencia DEHA2B09284p corresponde a un acarreador de 

NAD+ que pertenece a la superfamilia de acarreadores mitocondriales. 

Para continuar la caracterización del mecanismo de transporte del NAD+, se probaron 

una serie de compuestos que inhiben el acarreo de esta molécula en S. cerevisiae. Ambas 
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isoformas se inhiben por distintos compuestos, entre ellos, la batofenantrolina (BAT), el 

púrpura de bromocresol (PBrC) y el piridoxal-5’-fosfato (Px5P) (Todisco y cols., 2006). Se 

determinó el consumo de O2 de mitocondrias aisladas de la fase estacionaria (96 hrs) en 

presencia de piruvato-malato 10 mM, con o sin NAD+ 1 mM y con los tres inhibidores (Figura 

11). El consumo de O2 control fue menor en ausencia del NAD+ y aumentó al añadírsele 

(Figura 11). En cambio, al agregarse cada uno de los inhibidores se perdió el incremento de 

actividad respiratoria en presencia del NAD+ (Figura 11). El consumo de oxígeno en ausencia 

de NAD+ no se afectó en presencia de estos inhibidores (Figura 11, barras negras). El efecto 

de estos inhibidores se exploró en mitocondrias de fase exponencial, pero no se encontraron 

cambios (datos no mostrados); ésto se debió posiblemente a que el NAD+ no tuvo efecto a 

las 24 hrs (Tabla B). Estos resultados sugieren que las mitocondrias de D. hansenii son 

capaces de incorporar al NAD+ a través de un acarreador con características similares a los 

de S. cerevisiae. Aun así, la pérdida de la coenzima (en la fase estacionaria), no ocurrió a 

través de este transportador, ya que en la otra fase se observó una considerable actividad 

respiratoria en presencia de piruvato-malato (Tabla B). 
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Figura 11. Efecto de los inhibidores del transporte de NAD+ sobre el consumo de oxígeno de 
mitocondrias aisladas de D. hansenii cosechadas en la fase estacionaria (96 hrs). Las velocidades de 

consumo de oxígeno se midieron en estado de reposo (IV) con (barras blancas) o sin (barras negras) NAD+ 1 

mM. Se utilizó piruvato + malato 10 mM como donador de electrones. Inhibidores: púrpura de bromocresol 

(PBrC) 0. 3 mM; batofenantrolina (BAT) 5 mM y piridoxal-5’-fosfato (Px5P) 5 mM. Mezcla de reacción igual a la 

de la Figura 5. Datos de tres experimentos independientes (promedio ± D.E.). 
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7. DISCUSIÓN 
 

Durante las diferentes etapas de crecimiento, las levaduras experimentan cambios 

metabólicos notables en respuesta a las necesidades energéticas. En la fase exponencial de 

crecimiento las células se dividen constantemente, por lo que deben sintetizar una gran 

cantidad de ATP para su uso en las vías anabólicas activas. Sin embargo, al entrar en la fase 

estacionaria de crecimiento, la división celular se detiene y los requerimientos de ATP 

disminuyen considerablemente (Veiga y cols., 2003; Guerrero-Castillo y cols., 2011). En esta 

situación, se sugiere que la cadena respiratoria mitocondrial puede funcionar a una velocidad 

baja, lo que promueve la formación de ROS y pérdida del control del estado redox celular 

(Guerrero-Castillo y cols., 2011; 2012). De ocurrir lo anterior, resulta en una mayor 

desventaja para las levaduras no fermentativas o Crabtree-negativas (p. ej. Y. lipolytica, D. 

hansenii, C. albicans, etc.), en donde la fosforilación oxidativa mitocondrial es la fuente 

principal de ATP (Veiga y cols., 2000). En cambio, las levaduras Crabtree-positivas 

(fermentativas), tales como S. cerevisiae, probablemente enfrentan este problema 

exclusivamente en la presencia de fuentes de carbono no fermentables (p. ej. glicerol-etanol 

y lactato). Para evitar estos efectos negativos, deben existir sistemas intrínsecos que 

mantengan alto el consumo de O2 sin generar fuerza protón-motriz (p). En conjunto, reciben 

el nombre de mecanismos de desacoplamiento fisiológicos (Guerrero-Castillo y cols., 2011) y 

deben encontrarse finamente regulados; inactivos en condiciones de alta demanda 

energética (p. ej. en la fase exponencial) y activos sólo en condiciones de baja demanda 

energética (p. ej. en la fase estacionaria) (Guerrero-Castillo y cols., 2012).  

D. hansenii contiene dos posibles mecanismos de desacoplamiento fisiológicos 

(Cabrera-Orefice y cols., 2010, 2014). El primero involucra a las oxidorreductasas alternas; 

NDH2e, MitGPDH y AOX. La transferencia de electrones a través de estas enzimas redox 

hasta el O2 es independiente de la síntesis del ATP ya que no bombean protones. Aunque 

este tipo de enzimas no tengan actividad protonofórica (como los desacoplantes clásicos (p. 

ej. CCCP o 2,4-dinitrofenol) o las UCPs), el resultado final es el aumento en la velocidad de 

consumo de O2 (Kadenbach, 2003; Guerrero-Castillo y cols., 2011). El segundo es la 

transición de la permeabilidad (TPM) provocada por la apertura del canal inespecífico 

mitocondrial (DhMUC) (Cabrera-Orefice y cols., 2010). La TPM se define como el aumento en 

el transporte inespecífico de iones y metabolitos con un peso molecular de hasta 1.5 kDa a 
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través de la MMI [62, 63]. Como resultado de esto, se disipan todos los gradientes 

electroquímicos y se promueve la entrada de agua al organelo (hinchamiento mitocondrial) 

(Manon y cols., 1998).  

En D. hansenii, estos dos mecanismos se describen en las mitocondrias aisladas de 

células cosechadas en la fase exponencial de crecimiento. Ambos se estudiaron con mayor 

detalle en este trabajo y en diferentes fases de crecimiento con el objetivo de entender  el 

desacoplamiento fisiológico en esta especie.  

En primer lugar, se estudió la actividad de la AOX, la cual se puede detectar en la fase 

exponencial de crecimiento utilizando lactato como fuente de carbono (Cabrera-Orefice y 

cols., 2010, 2014a) y se mantiene al mismo nivel durante la estacionaria (Figura 5A). Por el 

contrario, en medios que contienen glucosa, dicha actividad aparece en la fase de 

crecimiento exponencial tardía y se mantiene durante la estacionaria (Veiga y cols., 2003c). 

En nuestras manos, a tiempos menores a la media logarítmica (p. ej. 12 hrs), no se detectó la 

RRC (Figura 5B). Esto sugiere que la expresión de la AOX de D. hansenii parece estar 

controlada por la fuente de carbono y no sólo por la fase de crecimiento, como sugieren 

Veiga y cols. (2003c).  

En S. cerevisiae, el lactato se oxida directamente por dos lactato deshidrogenasas 

mitocondriales (LDH) situadas en la cara exterior de la membrana mitocondrial interna o por 

otra isoforma matricial (Chelstowska y cols., 1999; Mourier y cols., 2008; Rigoulet y cols., 

2010). Las isoformas de LDH membranales oxidan D-lactato o L-lactato a piruvato y son 

capaces de donar electrones directamente al citocromo c (Mourier y cols., 2008). En cambio, 

la isoforma matricial utiliza D-lactato para producir piruvato, en una reacción dependiente de 

NAD+ (Chelstowska y cols., 1999). D. hansenii debe contener al menos una de estas 

proteínas por su capacidad de asimilar al lactato durante el crecimiento en YPLac-NaCl. En 

presencia de esta fuente de carbono, se espera una mayor producción del ATP y un intenso 

flujo de electrones a través de la vía citocrómica, la cual podría encontrarse saturada en 

algún momento. Se propone que para evitar esto, esta especie expresa a la AOX en todas 

las fases de crecimiento (Figura 5A), lo que le permite tener una vía de escape para los 

electrones en caso de que el consumo de O2 se vuelva lento, el flujo esté saturado y 

aumenten los radicales libres. Esta función hipotética de la AOX se propone ampliamente en 

la literatura desde hace casi dos décadas (Umbach y Siedow, 2000; Veiga y cols., 2003b; 

Guerrero-Castillo y cols., 2011).  
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Sin embargo, al utilizar glucosa, ésta puede oxidarse completamente en la mitocondria o 

bien ser fermentada en el citosol y generar parte del ATP por esta vía (Sánchez y cols., 

2006). En este último escenario, la producción del ATP mitocondrial debe ser menor que con 

lactato y la cadena respiratoria no se encontraría comprometida para requerir de una vía de 

escape para los electrones. Otra premisa es que exista una modulación río arriba de la 

expresión de la AOX dependiente de la fuente de carbono. En cualquiera de los casos, se 

necesitan más estudios para entender estos comportamientos. 

La diferencia en la aparición de la respiración resistente a cianuro que se observó en 

YPD-NaCl (Figura 5B), se tradujo como una diferencia en la expresión de la AOX en esta 

levadura. Tomando en cuenta lo anterior, se exploraron las actividades y/o niveles relativos 

de otros componentes de la cadena respiratoria ramificada de D. hansenii. Las actividades y 

cantidades relativas de NDH2e, complejo I y complejo IV no cambiaron durante todo el 

crecimiento (Figura 7). En cambio, el complejo III tuvo una disminución de alrededor del 40% 

en muestras de la fase estacionaria (96 hrs) en comparación con las de exponencial (24 hrs). 

En D. hansenii, los complejos I, III y IV se organizan en forma de supercomplejos (Cabrera-

Orefice y cols., 2014). Estas asociaciones se relacionan con la canalización de electrones 

(Schägger y Pfeiffer, 2000) y estabilidad de los complejos, principalmente de la NADH 

deshidrogenasa (I) (Acín-Pérez y Enríquez, 2014). Por lo tanto, la disminución que se 

observó en el complejo III, podría afectar el ensamblaje de los supercomplejos, dejando libre 

una fracción de complejos I y IV. De ocurrir así, se esperaría una transferencia de electrones 

menor a través de la vía citocrómica al utilizar donadores de electrones para el complejo I. 

Sin embargo, hasta el momento no podemos sugerir más debido a que las actividades 

respiratorias y acoplamientos en presencia de succinato, NADH o glicerol-fosfato no se 

afectaron por la disminución del complejo III (Tabla B). Este comportamiento se pudo deber a 

que el complejo II, NDH2e o MitGPDH no forman parte de los supercomplejos en esta especie 

(Cabrera-Orefice y cols., 2014). Por estas razones, resulta atractivo explorar a futuro, la 

dinámica y ensamblaje de los supercomplejos respiratorios.  

Además, en Y. lipolytica, se describe una asociación formada entre la NADH 

deshidrogenasa alterna externa (YlNDH2e) y los complejos III y IV (Guerrero-Castillo y cols., 

2009; 2012). Esta asociación sólo se observa en la fase exponencial e impide el flujo de 

electrones desde el NADH exógeno al O2 por la vía alterna. Sin embargo, durante la fase 

estacionaria, se disocia el supercomplejo YlNDH2e-III-IV y se permite el flujo de electrones 
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por ambas vías. En D. hansenii aún no es claro si los componentes alternos se pueden 

asociar a los supercomplejos. A diferencia de lo que se reporta en Y. lipolytica, se sugiere 

que en D. hansenii no hay asociación entre la NDH2e y los complejos III y IV en la fase 

exponencial al no detectarse actividad de NDH en la región del gel donde migran estos 

complejos (Guerrero-Castillo y cols., 2009; Cabrera-Orefice y cols., 2014). Esto resulta 

interesante, porque tanto Y. lipolytica como D. hansenii poseen cadenas respiratorias 

ramificadas con idéntica composición y sin embargo, las asociaciones entre las complejos 

clásicos y los componente alternos son diferentes, al menos en la fase exponencial. En D. 

hansenii, independientemente del sustrato, los electrones son transferidos por ambas vías.  

Por otra parte, en la fase estacionaria de crecimiento, las mitocondrias presentaron una 

gran disminución en el consumo de oxígeno (Tablas B y C) y el acoplamiento (Figura 6), en 

presencia de piruvato-malato, un sustrato de complejo I. Este fenómeno no ocurrió en 

presencia de otros donadores de electrones, tales como el NADH, succinato o glicerol-fosfato 

(Tablas B y C, Figura 6). Este comportamiento fue aparentemente causado por una pérdida 

del NAD+ localizado en la matriz mitocondrial. En dicha fase, se propone que el NAD+ se 

liberó a través del DhMUC. En esta condición de baja demanda energética, el canal pudo 

abrirse para disipar el  y los gradientes electroquímicos (Palmieri y cols., 2006). En 

general, la apertura del canal y la subsecuente caída del , incrementan el consumo de O2 

al activarse las bombas (I, III y IV) de la cadena respiratoria (Manon y cols., 1998). En 

consecuencia, incrementa el flujo de electrones que entran en la cadena y llegan al O2, lo 

que disminuye considerablemente la duración de la semiquinona durante el acarreo. Con 

ésto disminuye la generación de superóxido y otras ROS, se puede mantener el control de 

las pozas redox (p. ej. NADH/NAD+) y la fosforilación oxidativa se desacopla (Kadenbach, 

2003; Guerrero-Castillo y cols., 2011). En el caso de D. hansenii, si durante la TPM hipotética 

de la fase estacionaria, se pierde además el NAD+ matricial, se previene la entrada de 

electrones por la ruta que brinda mayor rendimiento para la síntesis del ATP (I-Q-III-cit c-IV; 

10 H+/2e-). En un futuro se evaluará si el DhMUC tiene diferente sensibilidad a sus efectores 

en la fase estacionaria. Un punto adicional será determinar si la fuga del NAD+ y la apertura 

del MUC son reversibles en condiciones fisiológicas. 

Previamente, la pérdida del NAD+ matricial a través del MUC se describió en S. 

cerevisiae y en una línea celular de endotelio microvascular humano (HMEC-1) por 

Bradshaw y Pfeiffer (2006) y por Dumas y cols. (2009), respectivamente. En el primer caso, 
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el NAD+ matricial se libera únicamente en las mitocondrias hinchadas y se observa menor 

actividad respiratoria en presencia de sustratos de complejo I. La adición de NAD+ 

restableció la velocidad de consumo de oxígeno en estas mitocondrias (Bradshaw y Pfeiffer, 

2006). Por otro lado, en las células HMEC-1 se abre el canal (PTP) en presencia del A23187; 

un ionóforo de Ca2+ (Dumas y cols., 2009). En esta situación, el NAD(P)H matricial es 

liberado y también se observa hinchamiento mitocondrial. Asimismo, cuando se agrega 

ciclosporina A se previenen ambos eventos (Dumas y cols., 2009).  

En mitocondrias aisladas de células de D. hansenii cosechadas en la fase estacionaria 

de crecimiento (96 hrs), la velocidad de consumo de O2 y el acoplamiento fueron 

parcialmente restaurados con la adición de NAD+ 1 mM a la mezcla de reacción (Tabla D, 

Figura 8). Además, este efecto se exploró en esferoplastos permeabilizados (Tabla E), en 

donde ambos parámetros se observaron disminuidos en la fase estacionaria pero 

recuperaron su valor por completo con la adición de la coenzima (Tabla E). Por otro lado, se 

añadió una concentración alta de fosfato (10 o 20 mM) para mantener cerrado el DhMUC y se 

determinó el potencial transmembranal. En esta condición (96 hrs), la adición del NAD+ 

durante el trazo aumentó el (Figura 10) En este caso (con el canal inespecífico cerrado), 

las mitocondrias incorporaron el NAD+ por otro mecanismo. Con base en esto, se sugirió la 

presencia de un transportador similar al reportado en S. cerevisiae.  

En S. cerevisiae, el NAD+ se sintetiza fuera de la mitocondria y se importa por dos 

isoformas de un acarreador específico, designados Ndt1p y Ndt2p, respectivamente (Todisco 

y cols., 2006). Se sugiere que estas proteínas mueven al NAD+ a través de transporte 

unidireccional o por intercambio con nucleótidos monofosfato, tales como AMP y GMP 

(Palmieri y cols., 2006). Estas proteínas son codificadas en el núcleo y, al pertenecer a la 

superfamilia de acarreadores mitocondriales, poseen la estructura altamente conservada de 

seis hélices transmembranales (Palmieri y cols., 2011). Por medio del BLAST, se encontró un 

ortólogo anotado como DEHA2B09284p en la base de datos del NCBI. Esta secuencia 

candidata mostró una gran similitud con Ndt1p y Ndt2p. Además, el transporte de NAD+ en D. 

hansenii se inhibió por batofenantrolina, piridoxal-5'-fosfato y púrpura de bromocresol. Estos 

compuestos son inhibidores específicos de los transportadores de S. cerevisiae y A. thaliana 

(Todisco y cols., 2006; Palmieri y cols., 2009).  

Los resultados obtenidos sugieren la pérdida fisiológica del NAD+ matricial durante la 

fase estacionaria. La pérdida del NAD+ matricial se observa también en las mitocondrias de 
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Polytomella sp. (Jiménez-Suárez y cols., 2012) y de S. cerevisiae (Bradshaw y Pfeiffer, 

2006). En esta última, la fuga no se relaciona con la fase de crecimiento, sino como 

consecuencia de la apertura directa del MUC in vitro.  

En D. hansenii, parece que las mitocondrias de la fase estacionaria retuvieron parte del 

NAD+, ya que se observó un pequeño consumo de oxígeno y valor del  (Tablas B y C, 

Figuras 6 y 9) con piruvato-malato; sustratos generadores de NADH matricial. Se piensa que 

esta cantidad residual de NAD+ podría ser útil para mantener el flujo de metabolitos través 

del ciclo de Krebs y otras vías mitocondriales dependientes de NAD+ (p. ej. ciclo del 

glioxilato, oxidación de aminoácidos, etc.) de manera basal. 

Hasta el momento tenemos evidencia sólida que sugiere que la fosforilación oxidativa 

en esta levadura es diferente en las dos fases de crecimiento. Se propone que la disminución 

en la actividad del complejo I se debió a la pérdida del NAD+ por la activación del canal 

inespecífico. Esta fuga constituye un mecanismo adicional de desacoplamiento fisiológico 

que previene, en principio, la sobreproducción de ATP al desacoplar la vía con mayor 

eficiencia de bombeo de protones. Además, el hecho de que en todos los tiempos de cultivo 

se observó la misma actividad de AOX (en medio no fermentable), sugiere que la AOX no 

participa en gran medida como un mecanismo de desacoplamiento fisiológico en esta 

especie. No obstante, la función de la AOX en esta levadura debe estudiarse con mayor 

detalle para esclarecer su papel fisiológico. Finalmente, la activación del DhMUC en la fase 

estacionaria parece ser el principal mecanismo de desacoplamiento fisiológico en conjunto 

con la pérdida del NAD+. 
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8. CONCLUSIONES  
 

 

 Al cultivar a D. hansenii en lactato, la AOX se encuentra activa desde la fase 

exponencial temprana. En cambio, al cultivar la levadura en glucosa, dicha actividad 

aparece cerca de la fase estacionaria. 

 

 En la fase estacionaria disminuye el consumo de oxígeno y el acoplamiento 

respiratorio con sustratos de complejo I, sin cambiar la cantidad y actividad de los 

complejos I y IV ni las actividades de las enzimas dependientes de NAD+ estudiadas. 

 

 Debido a que la suplementación de NAD+ recupera la actividad y acoplamiento 

respiratorios en las muestras de fase estacionaria, es posible sugerir la falta de esta 

coenzima en la matriz. En este caso, el NAD+ pudo perderse a través del DhMUC. 

  

 Las mitocondrias de D. hansenii transportan NAD+ hacia la matriz por un acarreador 

similar a los Ndt1p y Ndt2p de S. cerevisiae. Dicho transporte se pierde en presencia 

de batofenantrolina, piridoxal-5’-fosfato y púrpura de bromocresol.  
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9. PERSPECTIVAS 

 
Hasta el momento se tiene una idea clara de la composición de la cadena respiratoria 

ramificada de D. hansenii y sobre las diferencias en la fosforilación oxidativa mitocondrial en 

diferentes fases de crecimiento. En este trabajo proponemos que en la fase estacionaria de 

crecimiento se abre el DhMUC, lo que parece relacionarse con la menor demanda energética. 

En este caso, iones y metabolitos matriciales (como el NAD+) pueden liberarse y disminuir el 

flujo metabólico a través de las vías que alimentan el complejo I (p. ej. ciclo de Krebs). Este 

mecanismo, por un lado, puede evitar la generación de ROS al mantener activos los puntos 

alternos de la cadena ramificada para consumir O2 y, por el otro, disminuir la síntesis del 

ATP, cuya demanda es menor. No obstante, este mecanismo debe explorarse de manera 

fisiológica y con mayor detalle. Una propuesta inicial es comprobar que efectivamente hay 

una menor cantidad de NAD+ matricial en la fase estacionaria y que dicha falta no sea 

producto de la degradación enzimática de la coenzima. Actualmente se cuenta con sondas 

fluorescentes que permiten ver la localización del NAD(H) y seguir los cambios a nivel de la 

poza. Además es necesario estudiar el papel del MUC in vivo para saber si realmente un 

mecanismo de desacoplamiento fisiológico en esta y otras especies.  

Por otro lado, el papel fisiológico de las oxidorreductasas alternas en esta y otras 

levaduras permanece en discusión. Se propone que estas enzimas aceleran el flujo de 

electrones a través de la cadena cuando la vía citocrómica está saturada y previenen la 

sobreproducción de ROS (Guerrero-Castillo y cols., 2011). En este trabajo se observó que la 

actividad de la AOX depende tanto de la fase de crecimiento como de la fuente de carbono 

(Figura 5). Por esta razón, en experimentos recientes se estudió el efecto de otras fuentes de 

carbono sobre la expresión de la AOX. Para esto, se determinó el consumo de oxígeno basal 

y en presencia de inhibidores de la vía citocrómica y alterna en células íntegras cultivadas en 

las diferentes fuentes de carbono. Con lactato o succinato se detectó la RRC en todas las 

fases de crecimiento. En cambio, con glucosa o galactosa, la RRC se detectó cerca de la 

fase estacionaria. El lactato y el succinato, no son fermentables, por lo que se espera una 

saturación de la vía citocrómica y la AOX sería una alternativa óptima para liberar electrones. 

Es por esto que proponemos que la expresión de la AOX puede estar ligada directamente 

con el flujo de electrones y de metabolitos en la mitocondria. 
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Sin embargo, en células cultivadas en glicerol, que es no fermentable, no se observó 

RRC independientemente de la fase de crecimiento. Este resultado contrastó con nuestra 

línea de pensamiento y se debe estudiar con mayor detalle. De hecho, la biomasa celular fue 

mayor en glicerol que en las otras fuentes no fermentables. Además, al romper las células de 

fase estacionaria para extraer las mitocondrias, se observó una gran cantidad de material 

insoluble en el sobrenadante, el cual pensamos que contiene una gran cantidad de lípidos. 

Este comportamiento es similar a lo descrito en otras levaduras como Y. lipolytica; una 

levadura oleaginosa al igual que D. hansenii. Y. lipolytica fabrica una gran cantidad de lípidos 

en presencia de glicerol y los almacena en forma de corpúsculos lipídicos. En este caso, 

proponemos que bajo estas condiciones D. hansenii no expresa a la AOX para mantener 

acoplada la fosforilación oxidativa y cubrir las necesidades de ATP que requiere la posible 

biosíntesis lipídica promovida por glicerol. Recientemente, se utilizan microorganismos para 

la producción de biodiesel a partir de los desperdicios de glicerol que se obtienen durante 

este proceso. Es por esto que nuestros resultados preliminares en D. hansenii sugieren que 

es una opción para producir lípidos en esta condición, lo cual es muy interesante desde el 

punto de vista biotecnológico. Por esta razón, se debe continuar con el estudio del 

metabolismo energético en esta levadura y entender los mecanismos que regulan la 

fosforilación oxidativa mitocondrial. 
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Abstract The yeast Debaryomyces hansenii is considered
a marine organism. Sea water contains 0.6 M Na+ and
10 mM K+; these cations permeate into the cytoplasm of D.
hansenii where proteins and organelles have to adapt to
high salt concentrations. The effect of high concentrations
of monovalent and divalent cations on isolated mitochon-
dria from D. hansenii was explored. As in S. cerevisiae,
these mitochondria underwent a phosphate-sensitive per-
meability transition (PT) which was inhibited by Ca2+ or
Mg2+. However, D. hansenii mitochondria require higher
phosphate concentrations to inhibit PT. In regard to K+ and
Na+, and at variance with mitochondria from all other
sources known, these monovalent cations promoted closure
of the putative mitochondrial unspecific channel. This was
evidenced by the K+/Na+-promoted increase in: respiratory
control, transmembrane potential and synthesis of ATP. PT
was equally sensitive to either Na+ or K+. In the presence of
propyl-gallate PT was still observed while in the presence
of cyanide the alternative pathway was not active enough to

generate a ΔΨ due to a low AOX activity. In D. hansenii
mitochondria K+ and Na+ optimize oxidative phosphoryla-
tion, providing an explanation for the higher growth
efficiency in saline environments exhibited by this yeast.

Keywords Branched respiratory chain . Divalent cations .

Monovalent cations .Debaryomyces hansenii .

Isolated mitochondria . Permeability transition

Introduction

Debaryomyces hansenii is normally found among the
microorganisms populating sea waters and other habitats
with low water activity where its halotolerance is an
advantage (Norkrans 1966; Norkrans and Kylin 1969).
This yeast has found diverse biotechnological applications
in recent years, such as production of dairy products and of
lytic enzymes of commercial interest (Breuer and Harms
2006). In cheese manufacturing, D. hansenii is a choice for
starter cultures as it catalyzes proteolysis and lipolysis
without fermenting sugars (Fadda et al. 2004). This yeast is
also attractive for study due to its ability to grow under
extreme conditions such as very low temperatures (Norkrans
1966), widely different pHs (Norkrans 1966; Hobot and
Jennings 1981) and high salt concentrations (Norkrans 1966,
Norkrans and Kylin 1969; Prista et al. 2005; Ramos 2006).
The genome of D. hansenii was reported by the génolevure
project (Sherman et al. 2004).

At least part of the halotolerance of D. hansenii may be
due to its potent monovalent cation transporters, present
both in the plasma membrane (Hobot and Jennings 1981;
Prista et al. 1997; Thomé-Ortiz et al. 1998) and in the
vacuole (Montiel and Ramos 2007). However, its proteins
and enzymes have to be resistant to salts, because in the
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presence of high (0.5–1.0 M) external NaCl the cytoplasmic
concentrations of monovalent cations (Na+ and K+) reach
the hundred mM range (Gónzalez-Hernández et al. 2004).
Given the choice, D. hansenii accumulates KCl instead of
NaCl (Norkrans and Kylin 1969; Thomé-Ortiz et al. 1998)
but both cations seem to have the same effects on D.
hansenii, e.g. the expression of NADP-glutamate dehydro-
genase and glutamine synthetase is modified by either Na+

or K+; this regulation has not been observed in Saccharo-
myces cerevisiae (Alba-Lois et al. 2004). The Na+/K+ effect
provides an explanation for the increase in biomass
obtained when D. hansenii is grown in the presence of
high salt concentrations (Prista et al. 1997) and fuels the
notion that D. hansenii is halophilic and not just osmoto-
lerant (Gónzalez-Hernández et al. 2004).

In the cytoplasm of D. hansenii, enzymes are not the
only structures exposed to high salts. Organelles also have
to deal with concentrations around 0.4 M NaCl/KCl (Neves
et al. 1997; González-Hernández et al. 2004). Thus, it
would be interesting to analyze the physiology and salt
adaptability of each organelle. To do this, we decided to
characterize the effect of high salt concentrations on the
isolated mitochondria from D. hansenii. We theorized that
the mitochondrial adaptation to high salt concentrations
would have to include strict regulation of cation perme-
ability; otherwise, an electrophoretic cycling of the mono-
valent cation across the inner mitochondrial membrane
would result in the depletion of the transmembrane
potential (ΔΨ) and in uncoupling (Garlid 1988). Indeed,
in mitochondria isolated from the yeast S. cerevisiae
addition of increasing concentrations of K+ or Na+ in the
presence of low phosphate results in depletion of the ΔΨ
and a decrease in the synthesis of ATP (Castrejón et al.
1997). By contrast, at high phosphate concentrations
monovalent cations do not affect the ΔΨ, and in these
conditions a Mg2+- and quinine-sensitive uptake of 86Rb+ is
observed (Castrejón et al. 2002).

The permeability transition (PT) occurs when a large
mitochondrial unspecific channel (MUC) opens in the inner
mitochondrial membrane allowing ions to flow freely into
and out from the matrix depleting chemical and electrical
gradients (Bernardi et al. 1994; Zoratti and Szabo 1995).
The most studied MUCs are those from mammalians and
from S. cerevisiae (Manon et al. 1998). The mammalian
MUC is open by Ca2+ in the presence of high phosphate
and is closed by ATP and the cyclophylin-D inhibitor
cyclosporine-A (Halestrap and Davidson 1990). In S.
cerevisiae mitochondria, both phosphate (Guérin et al.
1994) and Ca2+ (Pérez-Vázquez et al. 2003) prevent the
PT. Thus, it was of interest to determine whether Ca2+

opens or closes the D. hansenii MUC. The structure,
properties and regulating factors of the MUCs vary between
different species (Pavlovskaya et al. 2007; Brustovetsky et

al. 2002; Kusano et al. 2009). However, an organelle
normally exposed to high monovalent cation concentrations
should be able to block its own conductance to the salts
found in high concentrations.

The mitochondria from at least two salinity-adapted
yeast species, Endomyces magnusii and Yarrowia lip-
olytica, do not seem to undergo PT unless a high
concentration of Ca2+ plus the Ca2+ ionophore ETH129
are added (Deryabina et al. 2004; Kovaleva et al. 2009).

We characterized the PT in isolated mitochondria from
D. hansenii. We detected a MUC which exhibits a
sensitivity to Ca2+ and Mg2+ which was similar to the S.
cerevisiae channel. Also, the D. hansenii MUC was closed
by phosphate, although at higher concentrations than the S.
cerevisiae channel. In addition, we observed that this
channel was different to the MUCs from S. cerevisiae,
plants or mammalians, in that it was regulated by
monovalent cations, i.e. increasing concentrations of Na+

or K+ closed the D. hansenii mitochondrial channel. It is
becoming increasingly evident that the physiological role
and the control mechanisms of mitochondrial unspecific
channels may be different depending of the species under
study.

Materials and methods

Chemicals

All chemicals were reagent grade. Sorbitol, Trizma® base,
maleic acid, pyruvic acid, malic acid, NADH, NADP,
antifoam emulsion, ADP, safranine-O, hexokinase and
bovine serum albumin (BSA) type V were from Sigma
Chem Co. (St Louis, MO). Lyophilyzed glucose-6-
phosphate dehydrogenase was from Boerhinger-Manheim.

Yeast strains The yeast Debaryomyces hansenii strain
Y7426 (US Dept. of Agriculture) was used throughout this
work. The strain was maintained in Na-YPGal (1% yeast
extract, 2% bacto-peptone, 2% galactose, 1 M NaCl and 2%
bacto-agar) plate cultures.

Yeast growth media for mitochondrial isolation

Cells were grown as follows: three 100 mL pre-cultures
were prepared immersing a loophole of yeast into 100 mL
of Na-YPLac (1% yeast extract, 2% bacto-peptone, 2%
lactate, pH 5.5 adjusted with NaOH plus NaCl to reach a
final 0.6 M Na+ concentration). Antifoam emulsion 50µL/L
was added to the medium. Flasks were incubated for 36
hours under continuous agitation in an orbital shaker at
250 rpm in a constant-temperature room (30°C). Then,
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each 100 mL flask was used to inoculate 750 mL of fresh
medium. Incubation was continued for 24 h under the same
conditions. At a final optical density of 1.6–2.0, the culture
was in the mid to late logarithmic growth phase; the cells
were harvested at this stage, before they became resistant to
disruption.

Isolation of coupled mitochondria from Debaryomyces
hansenii

D. hansenii cells were collected and washed by centrifuga-
tion and suspended in distilled water. After a second
centrifugation, the cells were suspended in ice-cold isolating
medium containing 1 M sorbitol, 10 mM maleate, 0.2%
bovine serum albumin, pH 6.8 (Tris). The cells were poured
into a Bead-Beater 300 mL flask containing 70% v/v 0.5-mm-
diameter glass beads. The container was introduced in an ice-
jacketed chamber and cells were subjected to four 20 s pulses
at 2 min intervals. After homogenization, mitochondria were
isolated by differential centrifugation following a protocol
described for S. cerevisiae mitochondria (Peña et al. 1977).
The final mitochondrial pellet was resuspended in 500 μL
ice-cold isolation medium.

Some details on the isolation of mitochondria seem
pertinent as the procedure is slightly different to the usual
procedures (Uribe et al. 1985). Sorbitol was deionized
before use (Averet et al. 1998). Osmolarity was 1 OsM;
lower osmolarities resulted in uncoupled mitochondria. The
same osmolarity was used during all experiments. We did
not use zymolyase and/or lyticase to disrupt the membrane
due to the rapid inactivation of mitochondria that ensues
during the isolation procedure. Instead, we used a Bead-
Beater with a large amount (70% v/v) of glass beads. The
speed of the Bead-Beater was maintained at half maximum
by means of a rheostat, to avoid disruption and uncoupling
of mitochondria.

Protein quantification

The concentration of mitochondrial protein was determined
by the biuret method (Gornal et al. 1949). Optical
absorbance was determined at 540 nm in a Beckman DU-
50 spectrophotometer. Protein was determined using BSA
as a standard.

Oxygen consumption

The rate of oxygen consumption was measured in the
resting state (State IV) and in the phosphorylating state
(State III), using an YSI-5300 Oxygraph equipped with a
Clark-Type electrode (Yellow Springs Instruments Inc. OH)
interfaced to a chart recorder. The reaction vessel was a
water-jacketed chamber maintained at 30°C. Mitochondria,

0.5 mg protein·(mL)−1. The reaction mixture was 1 M
sorbitol, 10 mM maleate, pH 6.8 (Tris); 10 mM pyruvate-
malate was added as a substrate. Final volume was 1.5 mL.
The concentrations of phosphate (Pi) and K+ used are
indicated in the legends of each illustration. Stock solutions
were 2 M KCl or NaCl and 1 or 0.1 M phosphate buffer pH
6.8 (Tris).

Transmembrane potential (ΔΨ)

The transmembranal potential was determined using
safranine-O, following the absorbance changes at 511–
533 nm in a DW2000 Aminco spectrophotometer in dual-
wavelength mode (Akerman and Wikström 1976). We used
a final concentration of 0.5 mg protein/mL of mitochondria.
Yeast mitochondria were assayed in the respiration medium
plus 10 μM safranine-O. The concentrations of K+ and Pi
are indicated under each figure. Where indicated, the
uncoupler p-chloromethoxycarbonylcyanide phenylhydra-
zone (CCCP) was added to a final concentration of 5 μM.

ATP synthesis

An enzyme–coupled assay system containing 162.5 μg/mL
hexokinase, 2 U/mL glucose-6-phosphate dehydrogenase,
20 mM glucose, 1.4 mM NADP+, 200 μM MgCl2 and
10 mM pyruvate-malate, was used to measure the rate of ATP
synthesis. The reaction was started by adding 200 μM ADP.
The reduction of NADP+ was followed in a DW2C Aminco/
Olis spectrophotometer in dual mode at 340–390 nm (Cortés
et al. 2000). The NADPH extinction coefficient used was
6.22×103 (M·cm)−1. The lyophilized enzymes were sus-
pended prior to each experiment as follows: hexokinase was
suspended in water to 13 mg/mL and glucose-6-phosphate
dehydrogenase was suspended in a 5 mM citrate buffer pH 7
to a final concentration of 200 U/mL. Oligomycin (10 μg/mg
prot) was used to determine the basal ATP synthesis; which
was subtracted from the experimental data. The concentra-
tions of Pi are indicated in the legend to the figure.

Results and discussion

In D. hansenii mitochondria oxygen consumption
is coupled by phosphate and by monovalent cations

In all cases, the isolated mitochondria from D. hansenii
exhibited the same sensitivity to KCl or NaCl. Thus, we are
presenting mainly the results obtained with KCl. We chose
to show the K+ effect because in the presence of both
cations D. hansenii prefers to concentrate K+; faster and
with more affinity than Na+ (Thomé-Ortiz et al. 1998;
González-Hernández et al. 2004). The isolated mitochon-
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dria from D. hansenii exhibited a slow rate of oxygen
consumption both in state IV and in state III, suggesting that
the respiratory chain needed the presence of a monovalent
cation in order to work at full speed (Table 1). The role of K+

as an activator of the respiratory chain of mitochondria from
yeast (Uribe et al. 1991) and mammalians (Peña et al. 1964;
Gómez-Puyou et al. 1969; Gómez-Puyou and Tuena de
Gómez Puyou 1977) has been described. The respiratory
control (RC) is a measure of the ‘integrity’ of mitochondria
preparation and coupling efficiency between the respiratory
chain and the F1F0-ATP synthase (Nicholls and Ferguson
2001). In D. hansenii it was observed that at 0.4 mM Pi
mitochondria were uncoupled as evidenced by a RC of 1.0
(Table 1). Then, addition of different concentrations of K+

led to higher rates of oxygen consumption and to an
increased RC (Table 1) as follows: At 0 to 20 mM K+, RC
was 1.0. However, at 50 mM K+ RC was 1.33 and increased
to 1.73 at the maximum K+ concentration tested (75 mM)
(Table 1). When the phosphate concentration was raised to
4.0 mM, the rates of oxygen consumption were higher
(Table 1) and a RC of 1.27 was observed in the absence of
K+ (Table 1). Then, as different K+ concentrations were
added, the RC increased such that at 75 mM K+, RC=2.29
(Table 1). In the presence of 10 mM Pi, the rates of oxygen
consumption were similar to those obtained at 4 mM Pi
(Table 1) and the RC was 2.14 in the absence of K+, and
increased only slightly at the K+ concentrations tested
(Table 1), i.e. 10 mM Pi closed the channel without K+.
Even though Pi has the same coupling effect in D. hansenii
mitochondria as in those from S. cerevisiae (Manon and
Guérin 1997), the D. hansenii organelles need ten times
more Pi to close the unspecific channel. In isolated
mitochondria from S. cerevisiae (Gutiérrez-Aguilar et al.
2010) or mammalians (Leung and Halestrap 2008) the Pi site
has been located in the inner membrane and it has been
tentatively identified as the phosphate carrier.

In D. hansenii mitochondria, opening of a Pi/K+-sensitive
unspecific channel results in depletion of the
transmembrane potential (ΔΨ)

The oxygen consumption data suggested that there is a
MUC in D. hansenii. Another yeast species, S. cerevisiae
contains a MUC which is closed by 1–2 mM phosphate
(Manon and Guérin 1997). Thus, in order to further explore
the sensitivity of the putative MUC from D. hansenii
mitochondria to Pi, the electric transmembrane potential
(ΔΨ) was measured in the presence of 0.4, 4.0 and 10 mM
Pi (Fig. 1). At 0.4 mM Pi, the ΔΨ was low and unstable
(Fig. 1a, trace a). Then in the presence of 4.0 mM Pi the
ΔΨ became higher and gained stability (Fig. 1b, trace a)
and it reached a high, stable ΔΨ at 10 mM Pi (Fig. 1c,
trace a) or higher (Result not shown). These results
suggested that D. hansenii contain a permeability transi-
tion pore similar to that observed in S. cerevisiae
mitochondria, although the organelle from D. hansenii
requires a higher Pi concentration to close. The oxygen
consumption effects reported in Table 1 also suggested
that Pi and monovalent cations exhibit synergistic effects.
Thus, to further explore the monovalent cation effect, the
ΔΨ was measured at each of the Pi concentrations tested
and in the presence of increasing K+. At 0.4 mM Pi where
the ΔΨ was unstable, increasing concentrations of K+

resulted in higher, more stable ΔΨ, indicating that at the
low Pi concentrations the monovalent cation aided to seal
the unspecific channel (Fig. 1a, traces b to e). At 4 mM Pi,
the ΔΨ was low in the absence of K+ and increased with K+

concentrations. This result probably indicates that Pi was
able to partially close the channel, although K+ was still
needed to achieve full closure (Fig. 1b). At 10 mM Pi, the
highest concentration tested, MUC was completely closed
and the monovalent cation did not have further effects
(Fig. 1c).

Table 1 Effect of phosphate (Pi) and K+ on the rate of oxygen consumption and respiratory control of isolated mitochondria from Debaryomyces
hansenii

0.4 mM Pi 4.0 mM Pi 10.0 mM Pi

[K+] (mM) IV III RC IV III RC IV III RC

0 75±6 75.0±6 1.0 130±9 165±8 1.27 129±6 277±9 2.14

10 79±3 79.0±3 1.0 127 ± 10 191 ± 13 1.51 127±6 273 ± 14 2.16

20 79±3 79.0±3 1.0 128±8 220 ± 16 1.72 129±6 281 ± 12 2.18

50 127±3 168±5 1.33 122 ± 6 249±4 2.05 124±5 285±3 2.31

75 127±3 219 ± 1 1.73 114±9 261 ± 9 2.29 131 ± 7 293±5 2.24

The rates of oxygen consumption in resting state (IV) and phosphorylating state (III) are expressed in natgO2(min·mg prot)−1 . The respiratory
control (RC) is the III/IV quotient. Reaction mixture: 1 M sorbitol, 10 mM maleate, pH 6.8 (Tris). The subtrate was always 10 mM pyruvate-
malate. Three different phosphate (Pi) concentrations and five different KCl concentrations were used as indicated. State III was initiated by
adding 500µM ADP. Mitochondria 0.5 mg prot·(mL)−1 . Temp 30°C, final vol 1.5 mL. Data from 3 different experiments.
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The ΔΨ sensitivity to monovalent cations
does not discriminate between Na+ or K+

The possibility that K+ or Na+ exhibited different effects was
explored by measuring the ΔΨ in the presence of three
different cation concentrations and in the presence of 0.4 mM
Pi. In the absence of cations (Fig. 2 trace a), no increase in
ΔΨ was observed. In the presence of 18.75 mM Na+ (Fig. 2
trace b) or K+ (Fig. 2 trace c), a partial ΔΨ was observed.
Then, at 37.5 mM monovalent cation, the ΔΨ increased to a
higher extent regardless of whether the cation was Na+

(Fig. 2 trace d), K+ (Fig. 2 trace e), or a mixture of
18.75 mM Na+ plus 18.75 mM K+ (Fig. 2 trace f). At 75 mM
monovalent cation, a still higher ΔΨ was obtained, which
again was the same regardless of whether the cation was Na+

(Fig. 2 trace g), K+ (Fig. 2 trace h) or a mixture of 37.5 mM
Na+ plus 37.5 K+ (Fig. 2 trace i). Thus, the opening of the
MUC seemed to be equally sensitive to Na+ or to K+.

The mitochondrial permeability transition results
in decreased synthesis of ATP

In D. hansenii mitochondria, PT was triggered by lowering
Pi or K+ and resulted in lower CR and decreased ΔΨ,
leading us to propose that oxidative phosphorylation might
be optimized in the presence of increasing concentrations of
Pi and K+. When we tested the synthesis of ATP at three
different Pi concentrations and in the presence of different
concentrations of K+, we observed that the rate of synthesis

Fig. 1 Effect of K+ and phosphate on the transmembrane potential (ΔΨ)
of isolated mitochondria from D. hansenii. Reaction mixture as in Table 1
except 10µM safranine-O was added. Final vol. 2 mL; room temperature.
Pi concentrations were A 0.4 mM; B 4.0 mM and C 10.0 mM. K+

concentrations were: a, 0; b, 10 mM; c, 20 mM; d, 50 mM; e, 75 mM.
Where indicated, mitochondria (M) 0.5 mg prot (ml)−1 and CCCP
5 μM were added. Representative traces from three independent
experiments

Fig. 2 Effect of Na+ and K+ mixtures on the transmembrane
potential (ΔΨ) of isolated mitochondria from D. hansenii. Reaction
mixture as in Fig. 1. Final volume 2 mL; room temperature. 0.4 mM
Pi. Na+ and/or K+ concentrations were: a, 0; b, 18.75 mM Na+; c,
18.75 mM K+; d, 37.5 mM Na+;18.75 mM Na+ plus 18.75 mM K+;
e, f, 37.5 mM K+; g, 37.5 mM Na+ plus 37.5 mM K+; h, 75 mM Na+; i,
75 mM K+. Where indicated, mitochondria (M) 0.5 mg prot (ml)−1 and
CCCP 5 μM were added. Representative traces from three independent
experiments
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of ATP increased proportionally to Pi and/or K+, i.e. at
0.4 mM Pi a slow rate of ATP synthesis was observed
which increased as the K+ concentration was raised (Fig. 3).
At 4 mM Pi higher rates of ATP synthesis were obtained
and a slight optimization of this rate by K+ was still
observed (Fig 3). At the highest concentration of Pi tested,
a high rate of synthesis of ATP was observed which was not
further increased by the presence of different concentrations
of K+. Thus, the effect on the synthesis of ATP provide
further support to the notion that there is an unspecific
channel in D. hansenii mitochondria which is closed by
high concentrations of Pi and by intermediate concentra-
tions of monovalent cations.

The D. hansenii MUC is regulated by Ca2+ and by Mg2+

Divalent cations modulate the opening of the MUC
from different species. However, the effects are opposite
as in mammalians Ca2+ opens the MUC (Halestrap and
Davidson 1990) while in S. cerevisiae Ca2+ closes the
MUC (Pérez-Vázquez et al. 2003) probably acting at the
level of the porine (Gutiérrez-Aguilar et al. 2007). By
contrast, Mg2+ seems to close all known MUCs (Bernardi
1999; Kowaltowski et al. 1998; Pérez-Vázquez et al.
2003). Thus, we decided to characterize the effects of Ca2+

and Mg2+ on the ΔΨ in the presence of 0.4 mM Pi. In the
absence of cations (Fig. 4a trace a; Fig. 4b trace a), a low
ΔΨ was observed. In the presence of increasing Ca2+

concentrations, ΔΨ increased (Fig. 4a traces a-f); reaching
a maximum at 1 mM Ca+2. [Ca+2] above 1 mM did not
promote further changes in ΔΨ (data not shown). In regard

to Mg2+, 100 μM and 200 μM resulted in a partial increase
inΔΨ (Fig. 4b, traces a,b). AtMg2+ 500 μM and 1 mM,ΔΨ
was increased to a value near the maximum obtainable
(Fig. 4b, traces d,e). At and above 2 mMMg2+ the maximum
ΔΨ was obtained (Fig. 4b, traces f,g,h). These results suggest
that both divalent cations closed the MUC from D. hansenii,
but this closure was promoted at lower [Ca2+] than [Mg2+].

Selective inhibition of each oxidase and its effect on PT

In D. hansenii mitochondria there are two terminal
oxidases. In addition to cytochrome oxidase (COX), there

Fig. 3 Effect of K+ and phosphate on the rate of ATP synthesis
mediated by isolated mitochondria from D. hansenii. Experimental
conditions as in Table 1, 200µM ADP. In addition, an enzyme coupled
ATP assay system was included: 200 μM MgCl2, 20 mM glucose,
1.4 mM NADP+, hexokinase 162.5 μg/mL and glucose-6-phosphate
dehydrogenase 2 U/mL. Pi concentrations were: 0.4 mM (□), 4.0 mM
(■) and 10.0 mM (●). The reaction was initiated with 200 μM ADP.
Each point is the mean of four independent experiments ± SD

Fig. 4 Effect of divalent cations on the transmembrane potential
(ΔΨ) of isolated mitochondria from D. hansenii. Reaction mixture as
in Fig. 2, Pi concentration was 0.4 mM. A: Different Ca2+

concentrations were: a, 0; b, 100 μM Ca2+; c, 200 μM Ca2+; d,
500 μM Ca2+; e, 750 μM Ca2+; f, 1 mM Ca2+. B: Different Mg2+

concentrations were: a, 0; b, 100 μM Mg2+; c, 200 μM Mg2+; d,
500 μM Mg2+; e, 1 mM Mg2+; f, 2 mM Mg2+; g, 5 mM Mg2+; h,
10 mM Mg2+. Where indicated, mitochondria (M) 0.5 mg prot (ml)−1

and CCCP 5 μM. Representative traces from three independent
experiments
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is an alternative oxidase (AOX) (Veiga et al. 2003). The
presence of AOX allowed us to explore whether PT might
depend on whether electrons were accepted by COX or
AOX. Oxygen consumption experiments were conducted in
the presence of cyanide (to block COX) or propyl-gallate
(to block AOX) (Table 2). The rate of oxygen consumption
was measured in state IV and in state III. In the presence of
cyanide the rate of oxygen consumption was about one
third of the non-inhibited rate (shown in Table 1), although
increasing concentrations of K+ did promote an increase in
the rate of oxygen consumption both in state IV and state
III, such that the CR remained low (Table 2). This effect
suggests that under our conditions AOX expression was
low and thus the lack of proton pumping activity by the
blocked complexes III and IV failed to establish a high
protonmotive force. By contrast, when AOX was blocked,
the effect of K+ on the rate of oxygen consumption did lead
to an increase in RC (Table 1) to a similar extent as the
increase obtained in the absence of propyl-gallate (see
Table 1), indicating that in the absence of the (low) AOX
activity PT still occurred.

The possible physiological meaning of the unusual
sensitivity to monovalent cations observed in the D.
hansenii MUC

The monovalent cation-mediated prevention of opening of
the D. hansenii MUC has not been detected in mitochon-
dria from any other species studied so far. It had always
been considered that the permeability to these ions had to
be closely controlled in order to avoid a recycling of the
cation following a uniport mechanism for uptake and a H+

antiport mechanism for export that would result in
depletion of the electrical gradient and the consequent
mitochondrial uncoupling and loss of ATP synthesis (Garlid
1988; Castrejón et al. 1997). This monovalent cation-
mediated coupling makes sense when it is considered that

in situ, D. hansenii mitochondria are exposed to high K+ or
Na+ concentrations. It should be noted that the monovalent
cation-promoted increase in the efficiency of the oxidative
phosphorylation by D. hansenii mitochondria may explain,
at least partially the increase in the growth rate of the D.
hansenii cells when these are exposed to high concen-
trations of monovalent cations (González-Hernández et al.
2004; Sánchez et al. 2008).

As more mitochondria are isolated from different
species, it is becoming obvious that these organelles are
evolving together with the cell to adapt to the environment.
As a result, there are variations in the protein composition
of the organelle, e.g. the proteins in the respiratory chain
vary widely specially in species with branched respiratory
chains. It is noteworthy that the components of the
respiratory chain do not seem to vary at random, e.g., from
21 yeast species analyzed, 12 contain both an alternative
oxidase and complex I (Veiga et al. 2003), while there is
only one species, Pichia anomala, that contains an
alternative oxidase but no complex I (Nosek and Fukuhara
1994).

The effectors regulating the activity of the mitochondrial
unspecific channels from different species may vary widely.
In many cases, a given molecule has opposite effects in
MUCs from different species (Manon and Guérin 1998).
This could be an indication of the different functions the
MUC might have depending on the species. The mamma-
lian MUC, widely known as the permeability transition
pore (PTP) and the S. cerevisiae MUC (YMUC) are the
best characterized systems. Both channels have a molecule
cutoff size of 1.5 kDa (Zoratti and Szabó 1995; Jung et al.
1997) and some cations such as Mg2+ and alkylamines
close both MUCs (Chávez et al. 2000; Castrejón et al.
2002; Pérez-Vázquez et al. 2003). Here we demonstrated
that the D. hansenii MUC is also closed by Mg2+.
Differences in sensitivity for MUCs from different species
to cyclosporin A (CsA) have been reported (Tanveer et al.
1996; Jung et al. 1997). CsA is a potent PT inhibitor in
mammalian (Halestrap and Davidson 1990), potato (Fortes et
al. 2001) and wheat mitochondria (Pavlovskaya et al. 2007)
but has no effect on yeast (Jung et al. 1997) or brine shrimp
mitochondria (Menze et al. 2005). In the mammalian PTP, Pi
is needed for Ca2+-mediated opening, but it is also required
by CsA to inhibit opening (Halestrap and Davidson 1990). In
mitochondria from the yeast species S. cerevisiae (Velours et
al. 1977; Roucou et al. 1997) and D. hansenii (this work), Pi
always inhibits PT. Ca2+ opens the MUC in mammals
(Crompton et al. 1988; Bernardi et al. 1994), potato (Fortes
et al. 2001) and N. crassa (Brustovetsky et al. 2002) but it is
inhibitory in S. cerevisiae (Jung et al. 1997) and in D.
hansenii (this work). A Ca2+-porin interaction site has been
located both in S. cerevisiae (Gutiérrez-Aguilar et al. 2007)
and mammals (Israelson et al. 2007). The inability of Ca2+ to

Table 2 Effect of cyanide and propyl-gallate on the rate of oxygen
consumption and respiratory control of isolated mitochondria from
Debaryomyces hansenii

Cyanide Propyl Gallate

[K+] (mM) IV III RC IV III RC

0 18±0.7 19±0.8 1.02 145±9 162± 11 1.12

10 24.7±0.4 26.8± 1.2 1.08 151± 5 193± 10 1.27

20 25.5±0.3 26.8±0.3 1.05 136±3 203±4 1.50

50 28.6± 1.7 29.7± 2 1.04 144±5 221 ± 7 1.53

75 34±6 36±8 1.06 138±8 240± 13 1.73

Experimental conditions and data as in Table 1 except 100 μM
Cyanide or 25 μM propyl gallate were indicated. Data from 4–5
independent experiments.
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open the S. cerevisiae MUC might be explained if it is
considered that there is no specific carrier for Ca2+ in these
mitochondria and thus the Ca2+ uptake is slow (Uribe et al.
1992). Furthermore, addition of a Ca2+ ionophore to S.
cerevisiae mitochondria enables Ca2+ to induce PT (Jung et
al. 1997). It would be interesting to analyze the Ca2+

transport activity of the isolated mitochondria from D.
hansenii. Adding to the wide variability in the pattern of
PT in mitochondria from different species, recently it was
reported that the yeast species Yarrowia lipolytica (Deryabina
et al. 2004) and Endomyces magnusii (Kovaleva et al. 2009)
fail to undergo PT unless a high concentration of Ca2+ plus
the Ca2+ ionophore ETH129 are added. Remarkably, D.
hansenii and Y. lipolytica are closely related (Dujon et al.
2004), but the first undergoes PT while the second does so
only under very specific conditions (Kovaleva et al. 2009). A
comparison between the proteins that have been proposed to
constitute the channel might yield abundant information on
the mechanisms that lead to PT and on the control
mechanisms.
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Mitochondria from diverse species can undergo a massive permeability increase known as the permeability
transition, a process first thought to be an artifact. It is currently accepted that in the inner mitochondrial
membrane there is a Mitochondrial Unselective Channel (MUC), also known as the permeability transition
pore. Regardless of the species, MUC opening leads to uncoupling of oxidative phosphorylation. In each
species, MUC regulation appears to be different, probably as a result of the adaptation of each organism to its
specific environment. To date, the components and the putative physiological role of MUCs are still a matter of
debate. Current hypothesis suggests that proteins normally participating in diverse metabolic functions
constitute MUCs. Among these proteins, the Adenine Nucleotide Translocase and the phosphate carrier have
been proposed as putative MUC components in mammalian and yeast mitochondria. In this review, the
characteristics of MUCs from different species and strains are discussed. The data from the literature reinforce
the current notion that these channels are preserved through evolution albeit with different control factors.
We emphasize the knowledge available of Mitochondrial Unselective Channels from different yeast species.

© 2011 Elsevier B.V. and Mitochondria Research Society. All rights reserved.
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1. What are Mitochondrial Unselective Channels?

In eukaryotes, oxidative phosphorylation is a highly efficient energy
producing process located in the inner mitochondrial membrane. The
importance of this pathway is underlined by the fact that its dysfunction
is seldom compatible with cell survival (Bernardi et al., 2006). Since the
first protocols for the isolation of mitochondria were established,
diverse compoundswere used to inhibit the swelling and uncoupling of
these organelles. Later on, it was suggested that such uncoupling was
due to the opening of an unspecific pore, (Haworth and Hunter, 1979;
Hunter and Haworth, 1979a,b) eventually termed the permeability
transition pore (PTP). Opening of the PTP accelerates the onset of the
mitochondrial permeability transition (PT). PT is defined as the increase
in the unselective transport of ions and metabolites across the
mitochondrial inner membrane with a molecular mass cutoff of
1.5 kDa (Halestrap, 2009; Jung et al., 1997). Since conditions used to
isolate mitochondria inhibited PT, it was concluded that these channels
were not active during standard experimental conditions (Guerin et al.,
1994). Through theyears, thenumber of groups studying these channels
has increased steadily and now, most consider the PT as the starting
point of a series of events leading to the death of the cell.

In addition to the mammalian PTPs, many pores have been
identified in mitochondria from several eukaryotic species (Table 1).
From studies in these organisms, it has become obvious that these
channels are tightly and diversely regulated, that their opening is
reversible and that probably their physiological role is another besides
participating in cell death. Thus, to acknowledge all these properties
the term Mitochondrial Unselective Channel (MUC) was coined by
Bernard Guerin and his group while studying permeability transition
in yeast mitochondria (Manon et al., 1998).

In the species studied so far, themodulation of eachMUC is different
and appears to have evolved in response to the living conditions of each
organism, i.e.MUCmodulationmaybedifferent formitochondria froma
halophilic yeast such as Debaryomyces hansenii (Cabrera-Orefice et al.,
2010) when compared to the baker's yeast Saccharomyces cerevisiae
(Guerin et al., 1994; Manon et al., 1998). This indeed suggests that any
MUC characteristic may change according to the environment where
each species develop.

Understanding the structure, physiological role and regulation of
the MUCs from each of these organisms may help to understand the
evolution of these channels; the availability of data on the function
and structure of many MUCs will help to truly understand whether
the role of MUCs diversified through evolution and if their structure is
similar in all species.

Those MUCs that have been already characterized have many
features in common although they also possess species-specific
characteristics (Azzolin et al., 2010a). Thus in this review we attempt
to systematically analyze those general characteristics.

2. Mitochondrial Unselective Channels throughout the
eukaryotic domain

The mitochondrial permeability transition has been detected in
plant, yeast, invertebrate, fish and mammalian mitochondria (Table 1)
(Arpagaus et al., 2002; Bernardi et al., 1998; Curtis and Wolpert, 2002;
Manon et al., 1998). PT may be triggered by pathological, physiological
or experimental conditions (Haworth and Hunter, 1979; Menze et al.,
2005; Prieto et al., 1992). Upon MUC opening, mitochondria depolarize
(Crompton, 1999;Manon et al., 1998). The collapse in themitochondrial
transmembrane potential (ΔΨ) induces an immediate arrest in ATP
synthesis (Bernardi, 1999; Rossi and Lehninger, 1964).

Upon MUC opening, a futile cycle ensues, where the respiratory
complexes pump protons from the matrix to the intermembrane space
and these protons return to thematrix through the openMUC(Beauvoit
and Rigoulet, 2001). TheΔΨis not reestablished until MUC is closed
(Castrejón et al., 1997). As a result of the unselective transport of ions
and other molecules across the mitochondrial membrane, osmotically
active chemical species accumulate within the mitochondrial matrix,
causing swelling of the organelle (Halestrap, 1994).

When the opening of MUCs is restricted to a small mitochondrial
population, mitochondrial autophagy is the most likely outcome
(Lemasters, 2007; Pereira et al., 2008). When large mitochondrial
populations undergo PT, cellular homeostasis is compromised: at this
point, cytochrome c (Cyt c) is released from mitochondria, inhibiting
the respiratory chain (Grimm and Brdiczka, 2007). Then, if the cellular
ATP levels are not heavily depleted, apoptosis is likely to occur
(Nicotera et al., 2000; Skulachev, 2006). Otherwise, when cellular ATP
levels fall to less than half of the normal values, the most likely event
to occur is necrotic cell death (Crompton, 1999).

3. Yeast Mitochondrial Unselective Channels

3.1. The S. cerevisiae Mitochondrial Unselective Channel

3.1.1. Historical outline
Nearly 40 years ago, the mitochondrial permeability transition in

yeast was inadvertently reported (de Chateaubodeau et al., 1974,
1976). Then, in the 1990s, the experiments performed by various
groups led to propose the existence of a large conductance unselective
channel in this yeast. This mitochondrial pore has been termed the
Yeast Mitochondrial Unselective Channel (YMUC) (Manon et al.,
1998) and later on, the Yeast Permeability Transition Pore (yPTP)
(Jung et al., 1997). As there are other yeast species possessing MUCs
with different properties we propose to call it ScMUC. The ScMUC
opens by nucleotide triphosphate (NTP) addition and is closed by ADP
or phosphate (Guerin et al., 1994; Jung et al., 1997; Prieto et al., 1992).
The physiological role and composition of the ScMUC are still a matter

Table 1
Occurrence of Mitochondrial Unselective Channels in non-mammalian eukaryotes.

Kingdom Species Common name Reference

Animalia Danio rerio Zebra fish Azzolin et al. (2010a)
Oncorhynchus mykiss Rainbow trout Krumschnabel et al. (2005)
Lepidophthalmus louisianensis Ghost shrimp Hand and Menze (2008) and Holman and Hand (2009)
Lampetra fluviatilis Baltic lamprey Savina et al. (2006)

Plantae Zinnia elegans Zinnia Yu et al. (2002)
Solanum tuberosum Potato (tuber) Arpagaus et al. (2002)
Arabidopsis thaliana Arabidopsis Scott and Logan, 2008 and Tiwari et al. (2002)
Nicotiana tabacum Tobacco Lin et al. (2006)
Pissum sativum Pea Vianello et al. (1995)
Triticum spp. Wheat Curtis and Wolpert, (2002)
Avena sativa Oat Virolainen et al. (2002)

Fungi Saccharomyces cerevisiae Baker's yeast Jung et al. (1997)
Debaryomyces hansenii D. hansenii Cabrera-Orefice et al. (2010)
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of debate (Manon et al., 1998; Prieto et al., 1996). Nevertheless,
opening of this channel has been proposed to represent a regulatory
mechanism for energy production (Prieto et al., 1992). While some of
its structural aspects still remain obscure, mitochondrial proteins with
other metabolic roles had been suggested to play either a regulatory
or structural role in the ScMUC. Among others, the Voltage Dependent
Anion Channel (VDAC) (Gutiérrez-Aguilar et al., 2007), the phosphate
carrier (PiC) (Gutiérrez-Aguilar et al., 2010) and the Adenine
Nucleotide Translocase (ANT) (Jung et al., 1997; Roucou et al., 1995,
1997) have been proposed to form or at least to regulate this channel.

3.1.2. Strain dependent characteristics
Early studies on S. cerevisiae mitochondria from the Yeast Foam

strain evidenced the pH and Mg2+-sensitive unselective transport of
anions such as Cl− and succinate bymeasuring the swelling of isolated
mitochondria(de Chateaubodeau et al., 1974, 1976). This transport
was triggered by respiration and inhibited by antimycin. Transport of
the uncharged molecule mannitol was also observed (Velours et al.,
1977). In further studies by the same group, isolated mitochondria
were shown to transport K+, Na+, gluconate, glutamate and Cl− but
not phosphate or ammonium when incubated in the presence of ATP
or when ethanol was used as respiratory substrate (Guerin et al.,
1994). In the same work, inhibitors of the K+/H+ exchange such as
propranolol, Zn2+ and N, N-dicyclohexyl-carbodiimide but not
quinine were reported to close the channel. The degree of permea-
bilization was dependent on the pH; i.e., mitochondrial swelling was
inhibited at pH 6.5, while maximal swelling was achieved at pH 8.5.
Hence, Guerin's group proposed that the ATP, pH and respiratory
substrate-mediated mitochondrial swelling could result from the
opening of a unique channel (Guerin et al., 1994).

By the same time, Rial's group discovered a proton-uncoupling
pathway inmitochondria from theW303 laboratory strain (Prieto et al.,
1992). Transport was activated by the purine nucleotides ATP, GTP,
dATP, dGTP, and GDP, while ADP, AMP, GMP, and pyrimidine
nucleotides were ineffective. Finally, ADP was characterized as a
competitive inhibitor of the ATP-mediated transport while phosphate
inhibition was noncompetitive (Prieto et al., 1996).

The ATP-induced proton channel detected in W303 mitochondria,
and the ATP-induced unselective transport pathway in the industrial
strain Yeast Foamwere analyzed by Guerin's group who proposed that
theseweredifferent aspects of the sameMUC(Roucouet al., 1997). In an
extensive set of experiments, thepartial inhibitory effect of atractyloside
was measured in ΔΨ and oxygen consumption experiments when PT
was triggered either by ATP or GDP. The potent ScMUC activation by the
non-hydrolyzable analog GDP-βS at concentrations up to ten times
lower than those required for hydrolyzable NTP's was demonstrated.
This work further confirmed Rial's group finding suggesting that
laboratory strains exhibited a GDP-activated proton channel. This
channel was shown to be absent in the industrial strain Yeast Foam.
The basis for suchadifference is still not known, although thismaybe an
adaptation to suboptimal growth conditions (Ferea et al., 1999). During
industrial fermentations yeasts are subjected to stress (Volfson et al.,
2006; Yvert et al., 2003) probably leading to different gene expression
patterns (Varela et al., 2005). Thus, adaptive evolution can account for
the differences between laboratory and industrial strains where up to
22% of the total transcripts detected in industrial strains do not match
annotated sequences for laboratory strains (Fay et al., 2004; Ferea et al.,
1999; Townsend et al., 2003; Varela et al., 2005).

3.1.3. The ScMUC-promoted mitochondrial permeability transition
The possible relationship between ScMUC and the mammalian

permeability transition pore, that we will call mammalian MUC or
mMUC, was explored and determined to be a cyclosporin A (CsA) and
Ca2+-insensitive permeability transition (Jung et al., 1997). The effect
of Pi restriction on mitochondrial swelling, on changes of mitochon-
drial ultrastructure, and matrix solute release was described. In these

studies, carboxyatractyloside did not affect the ATP-induced transi-
tion while it had a partial inhibitory effect on the ethanol-mediated
swelling. Finally, the ScMUC pore size determination by means of the
solute size exclusion method used in mMUC (Haworth and Hunter,
1979) indicated that the ScMUC had a maximal cutoff size for solutes
larger than 1.5 kDa. This suggests that the mMUC and the ScMUC have a
diameter in the vicinity of 2.0 nm (Crompton, 1999).

During the time when the ScMUC was detected, electrophysiolog-
ical studies detected two channels in the inner mitochondrial
membrane of S. cerevisiae (Ballarin and Sorgato, 1995, 1996; Ballarin
et al., 1996). While one channel displayed a conductance of 45 pS (in
symmetrical conditions), the other presented conductance values
near 0.8 nS. Interestingly, ATP (Mg2+-free) locked the smaller channel
in a closed state, while it kept the large channel open. The possibility
that the large channel is ScMUC still remains to be tested (Ballarin and
Sorgato, 1995).

In the same years, Kinnally's group reported the existence of the so-
called Multiple Conductance Channel (MCC) in yeast inner mitochon-
drialmembranes (Lohret andKinnally, 1995a,b; Lohret et al., 1996). This
channel displayed a conductance similar to the large channel detected
by Ballarin and Sorgato (1nS). Interestingly, upon addition of peptides
matching the signal sequence of mitochondrially-targeted proteins, the
MCC displayed conductance shifts from open to fast flickering semi-
closed substates (Lohret and Kinnally, 1995b). This channel was
unequivocally proved to be unrelated to VDAC or ANT by using knock
out strains (Lohret andKinnally, 1995a; Lohret et al., 1996).MCCactivity
was lost in a Tim23 conditional mutant strain suggesting this channel
maybe the Tim23pore (Martínez-Caballero et al., 2007). To this, the role
of the PIM as the core component of the mMUC has been proposed
(Zoratti et al., 2005, 2010). This may also be the case for yeast since
protein import is powered by conditions where the ScMUC is partially
inhibited by Mg2+ (Stuart and Koehler, 2007).

3.1.4. The Ca2+-sensitive, cyclosporin A-insensitive ScMUC
The fact that yeast mitochondria lack a fast energy-linked Ca2+

transport system demonstrated that Ca2+ transport is not a universal
attribute ofmitochondria in the eukaryotic domain (Carafoli et al., 1970;
Uribe et al., 1992). Ghost shrimp also lack a Ca2+ transport system
(Holman and Hand, 2009). This could explain the absence of a Ca2+-
triggered PT in these organisms which additionally are remarkably
resistant to oxidative stress (Cortés-Rojo et al., 2007; Holman andHand,
2009; Jung et al., 1997). In mammalian mitochondria, Ca2+ transport
andPTare inhibitedwith rutheniumred butmaybe further triggered by
the addition of an uncoupler. Under such conditions, mammalian
mitochondrial PT is inhibited (not activated) by Ca2+ addition with an
IC50=0.25 mM (Bernardi et al., 1993). Since S. cerevisiae mitochondria
seem to lack an endogenous Ca2+uniporter, themost logical hypothesis
would be that Ca2+ suppresses PT in this organism. This was
demonstrated in experiments showing that Ca2+ (IC50=0.3 mM)
could control the fate of the energy derived from oxidative metabolism
through regulating the closure of the ScMUC (Table 2) (Pérez-Vázquez
et al., 2003). This is a similar (but non-physiological) value for the Ca2+-
mediated inhibition of mMUC (Bernardi et al., 1993). For S. cerevisiae
mitochondria, this valuemay be lowered to themicromolar rangewhen
in the presence of non-inhibitory levels of Mg2+ and Pi (unpublished
results).

Finally, a Ca2+ induced permeability transition in S. cerevisiae under
optimized experimental conditions was reported (Yamada et al., 2009).
This work showed that mitochondria incubated in the presence of the
Ca2+ ionophore ETH129 plus 100 μM Ca2+ and low phosphate
concentrations, suffered a collapse in ΔΨ. Similar effects were obtained
for mitochondria from Yarrowia lypolytica and Endomyces magnusii
(Kovaleva et al., 2009). This suggests that high matrix free Ca2+can
trigger PT in these yeast species, as long as mitochondria are incubated
with lowPi levels. Also, S. cerevisiaemitochondria depolarize transiently
upon Ca2+and ETH129 addition, triggeringCa2+ release (Bradshawand
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Pfeiffer, 2006). This is a typical feature of the mMUC (Ichas and Mazat,
1998). In the work by Yamada et al. (2009), the effect of Ca2+ plus the
ionophore was shown to be insensitive to dVO4. Thus it was suggested
that this oxovanadate should be reevaluated as a bona fide ScMUC
effector. However, dVO4 inhibits ScMUC as a competitor for ATP-binding
sites on putative ScMUC components (Roucou et al., 1997). This means
ATP and dVO4 should be acting at sites that are different to the Ca2+ site
that opens the ScMUC. The site of action for dVO4 has been proposed to
be located at VDAC (Gutiérrez-Aguilar et al., 2007).

The ScMUC is not sensitive to CsA. Still, S. cerevisiae expresses a
matricial cyclophilin involved in the CsA-sensitive protein folding
(Matouschek et al., 1995). While there is no apparent relationship
between this protein and the ScMUC, mammalian cyclophilin D does
interact with yeast ANT (Woodfield et al., 1998). CsA-insensitive
MUCs have also been detected in other organisms such as Drosophila
melanogaster and Triticum aestivum (wheat). Nevertheless both MUCs
are triggered by Ca2+, which makes these MUCs share traits with the
yeast and mammalian unselective channels (Virolainen et al., 2002;
von Stockum et al., 2010) (Table 2).

3.1.5. ScMUC structure–function relationships
Most of the structural characteristics of the ScMUC remain to be

determined. Proteins usually having another role in mitochondrial
physiology have been proposed to form part or at least modulate the
ScMUC (Gutiérrez-Aguilar et al., 2007, 2010; Roucou et al., 1997). The

first evidence suggesting the dispensability of VDAC as a component of
the ScMUC was suggested in experiments where mitochondria from a
ΔVDAC strain exhibited a small increase in theNADH-supportedoxygen
consumption rate upon ATP addition. This was interpreted as the
opening of the ScMUC (Roucou et al., 1997). Later reports demonstrated
that the permeability of the outer membrane to external nucleotides is
reduced 20-fold in the porin-less strain and that NADH is specifically
transported into mitochondria through the VDAC (Averet et al., 2002;
Lee et al., 1998). Thus, experiments reinforcing the notion that theVDAC
is not necessary for PT in yeast were missing. These experiments were
later performed in a wild type and ΔVDAC strain by monitoring the
opening of the ScMUC through oxygen consumption, ΔΨ and swelling
experiments. The opening of the ScMUC was triggered by Pi depletion
and the respiratory chain was fueled by ethanol thus avoiding the
diffusion issuewithNADH in theΔVDAC strain (Gutiérrez-Aguilar et al.,
2007). Indeed, PT was monitored in the mutant strain; nevertheless its
regulation by Ca2+, OG and dVO4was lost.When the same experiments
were performed in wild type yeast mitoplasts i.e., in outer membrane
depleted mitochondria, the same results were obtained (unpublished
results). This suggests that although ΔVDAC mitochondria undergo PT,
the porin is involved in the ScMUC sensitivity to Ca2+, OG and dVO4. In
other words, it is possible that VDAC is a regulatory component of the
ScMUC.

The putative role of the ANT in the ScMUC has been explored as it
has been observed that the ATP-inducedmitochondrial depolarization

Table 2
Mitochondrial Unselective Channel effectors from diverse species.

Modulator Possible target Effect MUC(s) Reference(s)

Bonkrekic acid and ADP ANT Inhibition mMUC, LfMUC and peaMUC Crompton et al. (1998) and Savina et al. (2006)
CAT and agaric acid ANT Activation mMUC García et al. (2009)
CAT ANT Partial inhibition ScMUC Roucou et al. (1995, 1997)
Ruthenium red MCU, VDAC Inhibition mMUC and ZfMUC, Azzolin et al. (2010b) and Bernardi et al. (1993)
Cyclosporin A and Sangliferin A CypD Inhibition mMUC, ZfMUC,OmMUC, LfMUC, ZeMUC,

PtMUC, AtMUC, NtMUC and peaMUC
Arpagaus et al. (2002), Azzolin et al. (2010a),
Crompton et al. (1992), Fortes et al. (2001),
Krumschnabel et al. (2005), Lin et al. (2006),
Savina et al. (2006), Scott and Logan (2008),
Tiwari et al. (2002), Vianello et al. (1995) and
Yu et al. (2002)

Hydroxy-decylubiquinone Unknown Activation mMUC Walter et al. (2002)
Ubiquinone 0,decylubiquinone Unknown Inhibition ZfMUC and mMUC Azzolin et al. (2010a) and Walter et al. (2002)
Ca2+, Cu2+,Cd2+, Pb2+ and Hg2+ Unknown Activation mMUC, ScMUC, ZfMUC, OmMUC,

GsMUCZeMUC, PtMUC, oatMUC,
wheatMUC and AfMUC

Arpagaus et al. (2002), Azzolin et al. (2010a),
Curtis and Wolpert (2002), Holman and Hand
(2009), Hunter and Haworth (1979a),
Krumschnabel et al. (2005), Menze and Hand
(2009), Menze et al. (2005), Virolainen et al.
(2002), Yamada et al. (2009) and Yu et al. (2002)

Me2+ and La3+ Unknown Inhibition mMUC, ScMUC, LfMUC, AtMUC and
DhMUC

Bernardi et al. (1993), Cabrera-Orefice et al. (2010),
Pérez-Vázquez et al. (2003), Savina et al. (2006),
Scott and Logan (2008) and Tiwari et al. (2002)

Alkylamines Unknown/VDAC Inhibition mMUC and ScMUC Gutiérrez-Aguilar et al. (2007), Pavón et al. (2009)
and Pérez-Vázquez et al. (2003)

Thiol oxidizing reagents ANT and PiC Activation mMUC, ScMUC and ZfMUC Azzolin et al. (2010a), Gutiérrez-Aguilar et al. (2010)
and Leung et al. (2008)

Maleimides ANT and PiC Inhibition mMUC and ZfMUC Azzolin et al. (2010a) and Leung et al. (2008)
dVO4 VDAC Inhibition ScMUC Gutiérrez-Aguilar et al. (2007, 2010), Manon and

Guerin (1997), Manon et al. (1998) and Roucou
et al. (1997)

As2O3 VDAC Activation mMUC and ScMUC Zheng et al. (2004)
Mitochondrial signal peptides
and mastoparan

Unknown (PIM?) Activation mMUC and oatMUC Curtis and Wolpert (2002), Kushnareva et al. (1999,
2001); Pfeiffer et al. (1995), Sokolove and Kinnally (1996)

Reactive oxygen species Specific thiols Activation mMUC, ScMUC and AfMUC García et al. (2005), Kowaltowski et al. (2000),
McStay et al. (2002) and Menze et al. (2005)

Phosphate Unknown Inhibition mMUC, ScMUC, ZfMUC and DhMUC Azzolin et al. (2010a), Basso et al. (2008),
Cabrera-Orefice et al. (2010), Chavez et al. (1997),
Guerin et al. (1994), Gutiérrez-Aguilar et al. (2007,
2010), Prieto et al. (1992)

Phosphate Unknown Activation (with Ca2+) mMUC Halestrap (2009)

Abbreviations used:MUC: Mitochondrial Unselective Channel. MCU: Mitochondrial Ca2+ uniporter, PIM: mitochondrial protein import machinery, CAT: carboxyatractyloside, m:
mammalian, Sc: Saccharomyces cerevisiae, Zf: Zebrafish, Om: Oncorhynchus mykiss, Gs: ghost shrimp, Ze: Zinnia elegans, Pt: potato tuber, Dh: Debaryomyces hansenii, At: Arabidopsis
thaliana, Nt: Nicotiana tabacum; pea: Pissum sativum and Af: Artemia franciscana.
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was partially inhibited by the addition of CAT to isolatedmitochondria
from the Yeast Foam and YPH250 strains, an opposite regulation
observed for the mMUC (García et al., 2009; Jung et al., 1997; Roucou
et al., 1997). In a mutant strain lacking the three isoforms of the ANT,
ATP still induced a drop in ΔΨ, strongly suggesting that the ANT is at
best a dispensable but regulatory component of the ScMUC (Roucou,
et al., 1997). This is the current notion for the role of the ANT in the
mMUC (Kokoszka et al., 2004; Leung and Halestrap, 2008).

Since the ScMUC is inhibited by Pi (Prieto et al., 1992) and triggered
bymersalyl, we studied the relationship between the phosphate carrier
(PiC) and the ScMUC (Cortés et al., 2000; Gutiérrez-Aguilar et al., 2010).
The effects of mersalil on mitochondria were reversed by dVO4. In
mitochondria from a ΔPiC strain, the mersalyl-induced opening of
ScMUCwas not detected,while an ATP-triggered, dVO4-sensitive PTwas
still present. In this mutant strain, high loads of phosphate (around 5-
fold) were needed to seal the channel, possibly through matrix
acidification (Velours et al., 1977). In ΔPiC mitochondria, solute size
exclusion experiments indicated that the ScMUC in the mutant strain
was smaller, with a maximal cutoff size of around 1.1 kDa as compared
to the 1.5 kDa WT-ScMUC cutoff size.

Thus the ScMUC is a complex structure whose regulation appears
to be opposite in some cases but similar to that reported for other
MUCs. It's molecular nature and possible role in cell life and death still
remains to be unequivocally established. Nonetheless, the relative
ease of use, the viability of mutants lacking mitochondrial proteins
and the possibility of expression of mutated or recombinant proteins,
make facultative yeasts such as S. cerevisiae an ideal model for the
study of MUC's.

3.2. Mitochondrial Unselective Channels in non-conventional yeasts

Attempts to find a “typical” MUC in some non-conventional yeasts
such as Pichia pastoris (González-Barroso et al., 2006), Yarrowia
lipolytica and E. magnusii have been unsuccessful due to the apparent
lack of anunspecific channelmodulated bynucleotides or byphosphate,
such as the ScMUC (Kovaleva et al., 2009; Manon et al., 1998).

In a recent report, a MUC was detected in D. hansenii (DhMUC)
(Cabrera-Orefice et al., 2010). The DhMUC is regulated by Pi, Ca2+ and
Mg2+. This yeast is considered a halophilic organism since in its
environment high levels of extracellular Na+ may permeate into the
cytosol affecting proteins and organelles. Interestingly, Na+ and K+

salts, close the DhMUC. This feature is at variance with the effect of
monovalent cations on other MUCs including the ScMUC and the
mMUC, suggesting that MUC modulation may differ as a response to
the changing environment where a given organism develops.
Experiments comparing the ScMUC and the DhMUCs showed that
both structures are sensitive to submicromolar amounts of the potent
mMUC facilitator mastoparan (Fig. 1). Mastoparan is a peptide known
to trigger PT in mitochondria from different sources (Curtis and
Wolpert, 2002; Pfeiffer et al., 1995; Sokolove and Kinnally, 1996). At
submicromolar levels, the effects of mastoparan on D. hansenii
mitochondria seem to occur at the level of the DhMUC opening since
these are reversed with micromolar amounts of decavanadate (dVO4)
(Fig. 1A trace e). Under analog conditions, the mastoparan-triggered
ScMUC is inhibited with dVO4 (Fig. 1B trace e). The mechanism of
action of this peptide has not been solved to date. Its cationic and
helical nature may suggest that mastoparan triggers MUC opening
through a similar pathway as that achieved usingmitochondrial signal
peptides (Kushnareva et al., 1999, 2001; Pfeiffer et al., 1995; Sokolove
and Kinnally, 1996).

4. The mitochondrial permeability transition in mammals

In mammals, the Mitochondrial Unselective Channel (mMUC) has
been thoroughly studied (Bernardi et al., 1998; Zoratti and Szabo,
1995). Many useful reviews on the mMUC are available to the reader

(Baines, 2009a,b; Crompton, 1999; Halestrap and Pasdois, 2009;
Lemasters et al., 2009; Rasola and Bernardi, 2007; Zoratti et al., 2005).
Since its discovery, several groups have characterized relevant
structure–function features in the mMUC suggesting an important
role in cell homeostasis and pathology (Haworth and Hunter, 1979;
Hunter and Haworth, 1979a,b; Ichas and Mazat, 1998).

Commonly, Ca2+ plus an additional effector e.g. phosphate,
oxidative stress or high pH levels are used to trigger mMUC opening
in a CsA-sensitive fashion (Bernardi, 1999). Othermolecules known to
promote mMUC opening are mastoparan or mitochondrial signal
peptides (Kushnareva et al., 1999, 2001; Pfeiffer et al., 1995; Sokolove
and Kinnally, 1996). As described above, both effectors also trigger
MUC opening in yeasts from different species (Fig. 1). The modulation
of mMUC by diverse effectors has helped to elucidate its possible
structure–function relationships and role in cell life and death (Elrod
et al., 2010; Lemasters, 2007; Malhi et al., 2006). Today, an increasing
number of reagents known either to activate or inhibit mMUC have
been described (Table 2). In addition, both in vitro and in vivo mMUC
opening correlates with the damage induced by ischemia–reperfusion
and storage–reperfusion injuries (Lemasters et al., 2009). In these
cases, addition of mMUC inhibitors has been shown to protect cells and
tissues (Correa et al., 2007; Pavón et al., 2009; Zazueta et al., 2007). It
is noteworthy to mention that PT is an organ- and tissue-dependent
phenomenon. Differences in the PT behavior of different organs and
tissues in response to diverse effectors such as Ca2+, Pi and thiol
reagents have been reported (Berman et al., 2000; Friberg et al.,
1999).

Regulated mMUC opening/closing cycles, i.e. flickering, has been
previously proposed and suggested to constitute a energetic dissipa-
tion (uncoupling) pathway (Giorgio et al., 2009; Petronilli et al., 1999,
2001); flickering occurs when an initial Ca2+ signal from the
Endoplasmic Reticulum (ER) reaches mitochondria (Rizzuto et al.,
2009). Then, transient physiological opening of the mMUC would
decrease ΔΨ and release accumulated Ca2+ (Ichas and Mazat, 1998).
The decrease inΔΨ would promote mitochondrial matrix acidifica-
tion, a strong inhibitory signal for mMUC (Bernardi et al., 1992)
activating the respiratory chain to pump protons to reestablish the
ΔΨ (Zoratti and Szabo, 1995). Ca2+ cycling would also increase the
semiquinone radical turnover rate, thus diminishing the production of
reactive oxygen species (ROS) (Ichas andMazat, 1998; Korshunov et al.,
1997). Thus,mMUCflickering could constitute a regulatedmetabolic and
ROS dissipation mechanism.

While the behavior of the mMUC is well characterized, the structure
of this entity has been difficult to establish. As for S. cerevisiae
mitochondria, solute exclusion-mediated mitochondrial shrinkage
experiments determined the mMUC solute size cutoff to be close to
1.5 kDa (Hunter and Haworth, 1979b). This means that smaller solutes
will tend to flow through mitochondria unselectively. Several proteins
and molecules exhibiting a function different to the formation of the
mMUChave been reported to constitute or at least regulate the pore: the
Voltage Dependent Anion Channel (VDAC), the Adenine Nucleotide
Translocase (ANT), the phosphate carrier (PiC), components of the
Protein Import Machinery (PIM), respiratory complex I and accessory
proteins/molecules such as cyclophilin D (CypD) (Fig. 2) have been
proposed to play either a regulatory or a structural role in the
unselective permeability(Alcalá et al., 2008; Crompton et al., 1992,
1998; Fontaine and Bernardi, 1999; García et al., 2005; Halestrap et al.,
1997; Kushnareva et al., 1999, 2001; Leung and Halestrap, 2008; Leung
et al., 2008; Palma et al., 2009; Sokolove and Kinnally, 1996; Szabo and
Zoratti, 1993; Szabo et al., 1993; Woodfield et al., 1998; Zheng et al.,
2004; Zoratti et al., 2010). Nevertheless, upon deletion of most of these
proteins, somekindof PTor PT-derived cell death still takesplace (Alcalá
et al., 2008; Baines, 2007, 2009b; Baines et al., 2005; Basso et al., 2005;
Kokoszka et al., 2004) strengthening the notion that the unspecificity of
MUCs may not be limited to the transported species, but also to its
structural components.
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5. Mitochondrial Unselective Channels in non-mammalian
animal mitochondria

Most of the studies on mitochondrial PT have been centered in
mammalian and yeast models. Nonetheless, PT has been reported in
mitochondria from many sources (Table 1).In trout hepatocytes, the
acute toxicity of Cu2+ leading to an excess in free radical formation
and cell death was described (Manzl et al., 2003, 2004). In addition to
ROS formation, an increase in intracellular free Ca2+and depletion of
the glutathione pool was monitored. Further experiments demon-
strated a Cu2+ induced-CsA-sensitive PT in rainbow trout mitochon-
dria (Table 2) (Krumschnabel et al., 2005).

In a recent report, a MUC has been detected and characterized in
Danio rerio (Azzolin et al., 2010b). This fish has been considered a very
attractive model for developmental biology studies and for under-
standing key aspects of mitochondrial diseases (Dooley and Zon,
2000; Navarro et al., 2008; Telfer et al., 2010). Zebra fishmitochondria

may be used to test novel pore inhibitors and perhaps to unveil the
molecular structure of MUCs. The ZfMUC is responsive to known MUC
effectors such as CsA, ΔΨ, pH, ruthenium red, ubiquinone analogues,
ANT ligands and dithiol reagents (Table 2) (Azzolin et al., 2010a).

As suggested for mammalian and yeast models, MUC flickering
may work as an energy dissipation mechanism (Petronilli et al., 1999,
2001; Prieto et al., 1992). This could be considered a physiological role
of MUCs and this has been also evaluated in the Baltic lamprey
Lampetra fluviatilis MUC (LfMUC) (Savina et al., 2006). During the
winter season, the LfMUC is continuously open in a low conductance
state. This has been suggested to be due to the low levels of adenine
nucleotides that possibly render the ANT inactive for nucleotide
translocation promoting unselective permeability to H+, K+ and Cl−

in a CsA, Mg2+, EGTA and ADP sensitive fashion. The low conductance
opening observed in LfMUC might be similar to that observed in the
mammalian structure (Ichas and Mazat, 1998). Upon arrival of spring,
lamprey mitochondria resume a highly oxidative metabolism prior to

Fig. 1. Opening of the DhMUC (A) and ScMUC (B) can be achieved in the presence of submicromolar amounts of the wasp venom peptide mastoparan. Experimental conditions:
(A) Debaryomyces hansenii mitochondria: 1 M sorbitol pH 6.8 (Tris–maleate), 10 mM pyruvate–malate. a: 0.4 mM Pi, b: 10 mM Pi plus 1 μM mastoparan, c: 10 mM Pi plus 0.75 μM
mastoparan, d: 10 mM Pi plus 0.5 μMmastoparan, e: 10 mM Pi plus 1 μM mastoparan and 10 μM dVO4 and f: 10 mM Pi. (B) Saccharomyces cerevisiae mitochondria: 0.6 M mannitol
pH 6.8 (Tris–maleate), 5 μL/mL ethanol. a: 0.4 mM Pi, b: 4 mM Pi plus 1 μM mastoparan, c: 4 mM Pi plus 0.75 μM mastoparan, d: 4 mM Pi plus 0.5 μM mastoparan, e: 4 mM Pi plus
1 μM mastoparan and 10 μM dVO4 and f: 4 mM Pi. The mitochondrial ΔΨ was determined spectrophotometrically using a DW2 Aminco spectrophotometer in dual mode at 511–
533 nm monitoring the changes in absorbance of 10 μM safranine-O as in Gutiérrez-Aguilar et al. (2007). 6 μM of the uncoupler FCCP was added at the end of each trace.

Fig. 2. Putative components of the mammalian MUC. To date, the only certain (but regulatory) component of this structure appears to be the mitochondrial cyclophylin (CypD).
Nevertheless, several proteins usually having another physiological role have been proposed to at least regulate such structure. VDAC: Voltage Dependent Anion Channel, PiC:
phosphate carrier, ANT: Adenine Nucleotide Translocase and TIM/TOM: pore components of the protein import machinery. Protein models were generated with PyMol software
(The PyMOL Molecular Graphics System, Version 1.2r3pre, Schrödinger, LLC).
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spawning and death of the organism. This kind of cell death induced
by oxidative damage has been reported during reperfusion injury in
mammalian mitochondria. In this scenario, the respiratory chain may
be triggering LfMUC in its high conductance state through ROS
production (Theruvath et al., 2006).

In the invertebrate Artemia franciscana no MUC was detected upon
Ca2+ addition (Hand and Menze, 2008; Menze and Hand, 2009; Menze
et al., 2005). Nevertheless, A. franciscana mitochondria show an active
Ca2+ uptake system (Menze et al., 2005). This was also the case for
Lepidophthalmus louisianensis (ghost shrimp) mitochondria, where a
permeability transition could not be triggered byCa2+addition (Holman
andHand, 2009). In both cases, PTwas achieved in the presence of Hg2+.
This was interpreted as a MUC-independent permeabilization mecha-
nism. In addition, the lack of sensitivity to Ca2+ and CsA led to suggest
that ghost shrimpmitochondria do not undergo a classical PT. It is worth
to mention that there are increasing reports that detect CsA-insensitive
mMUC opening triggered even by classical effectors (Basso et al., 2008;
García et al., 2009; Sokolove and Kinnally, 1996). This probably reflects
the currently growing notion that CsA is not a bona fide mMUC blocker
since PT is only delayed in its presence. This may be possibly because
MUC opening is achieved even in the absence of CypD (Baines et al.,
2005). In fact, it has been proposed that the main mMUC trigger is the
oxidationof critical residues inducing conformational changes facilitated
by Ca2+ in membrane proteins (Halestrap, 2009).

6. Mitochondrial Unselective Channels in plants

The presence of MUCs in plants (pMUC) from diverse species has
been reported. The first piece of evidence points to a similarmodulation
as in mammalian mitochondria: in most cases, Ca2+ is necessary to
induce a high amplitude mitochondrial swelling although the Ca2+

uptake mechanism is not evident (Curtis and Wolpert, 2002). As in the
ScMUC, the presence of Ca2+ ionophores such as A23187 is necessary
to induce the opening of a pMUC in Zinnia elegans (Yu et al., 2002). Both
Ca2+ and phosphate seem to be the only requirements to induce an
increase in mitochondrial permeability produced by pMUC opening
since CsA acts in species such as Arabidopsis thaliana and Pissum sativum
(Arpagaus et al., 2002; Lin et al., 2006; Scott and Logan, 2008; Tiwari
et al., 2002; Vianello et al., 1995) but not on potato or wheat
mitochondria, where a pMUC has also been detected (Fortes et al.,
2001; Virolainen et al., 2002). The effect of other modulators both
negative suchas spermine (Curtis andWolpert, 2002),ADP(Fortes et al.,
2001), thiol redox agents (Arpagaus et al., 2002), La3+(Scott and Logan,
2008) and ruthenium red (Fortes et al., 2001) and positive such as ROS
(Lin et al., 2006; Tiwari et al., 2002) and CAT (Vianello et al., 1995) were
tested with positive results in some but not all plant mitochondria
which makes it difficult to extrapolate about a general regulatory
mechanism in plants. All these observations suggest that the effects of
these ions andmolecules are tissue and/or species-dependent as seen in
mitochondria from other sources (Berman et al., 2000; Friberg et al.,
1999).

Studies on diverse plants lead to propose a relationship between
MUC opening and cell death. In wheat, oat and potato tuber
mitochondria, (Arpagaus et al., 2002; Curtis and Wolpert, 2002;
Virolainen et al., 2002) the opening of a Ca2+-induced pMUC produces
high amplitude swelling with subsequent Cyt c release to the cytosol.
This observation was soon confirmed in A. thaliana mitochondria
where the Ca2+-transport inhibitor, La3+, and the mMUC inhibitor,
CsA, prevented abnormalities in mitochondrial morphology that
would have resulted from pMUC opening (Scott and Logan, 2008;
Tiwari et al., 2002). The phenomenon of massive mitochondrial
fragmentation and the early events in apoptosis were related to the
release of Cyt c once the pMUCwas induced by Ca2+ (Scott and Logan,
2008). This evidence strongly suggests that plant mitochondria may
also constitute an attractive model for conducting MUC studies.

7. Concluding remarks

Mitochondrial Unselective Channels appear to be widely distrib-
uted inmany species. The regulation and possible physiological role of
these structures exhibit both, differences and similarities. Still, their
importance for cellular bioenergetics cannot be denied. An increasing
battery of evidence is building the notion of a basic conserved MUC
structure that was subjected to constant change by evolution. Thus, a
MUC from wheat or potato tuber may share some features with a
similar structure from yeast or rodents. Further comparison between
yeast and mammalian channels suggest these structures share the
same modulation by a growing set of effectors such as mastoparan.
Using non-mammalianmitochondria to study key aspects of PT seems
to be an interesting alternative, i.e. fish, plant and yeast mitochondria
may constitute effective systems for MUC pharmacological screening
and may be considered as reference models for determining the
molecular composition of a “standard” MUC, where any putative
channel component may be expressed, mutated or deleted. In the case
of fish and plant mitochondria, the presence of a MUC with high
similarity with the mMUCmay constitute an advantage. Finally, yeasts
such as S. cerevisiaemay constitute a choice model due to their ability
to grow even with dysfunctional mitochondria.
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Abstract Under non-phosphorylating conditions a high
proton transmembrane gradient inhibits the rate of oxygen
consumption mediated by the mitochondrial respiratory chain
(state IV). Slow electron transit leads to production of reactive
oxygen species (ROS) capable of participating in deleterious
side reactions. In order to avoid overproducing ROS,
mitochondria maintain a high rate of O2 consumption by
activating different exquisitely controlled uncoupling
pathways. Different yeast species possess one or more
uncoupling systems that work through one of two
possible mechanisms: i) Proton sinks and ii) Non-
pumping redox enzymes. Proton sinks are exemplified
by mitochondrial unspecific channels (MUC) and by
uncoupling proteins (UCP). Saccharomyces. cerevisiae
and Debaryomyces hansenii express highly regulated
MUCs. Also, a UCP was described in Yarrowia lipolytica
which promotes uncoupled O2 consumption. Non-pumping
alternative oxido-reductases may substitute for a pump, as in
S. cerevisiae or may coexist with a complete set of pumps as
in the branched respiratory chains from Y. lipolytica or D.
hansenii. In addition, pumps may suffer intrinsic uncoupling
(slipping). Promising models for study are unicellular para-
sites which can turn off their aerobic metabolism completely.
The variety of energy dissipating systems in eukaryote
species is probably designed to control ROS production in
the different environments where each species lives.

Keywords Uncoupling . Permeability transition .

Uncoupling protein . Branched respiratory chain .
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Introduction

In mitochondria, oxidative phosphorylation results from the
coupling between the redox-primary proton pumps in the
respiratory chain and the F1F0-ATP synthase. The redox H+

pumps create a pH gradient (ΔpH) used by the F1F0-ATP
synthase to phosphorylate ADP. The efficiency of this
system varies when electrons enter or exit the respiratory
chain at different enzymes or when the H+ gradient is used
by secondary pumps for the active transport of proteins,
ions and metabolites (Nicholls and Ferguson 2002) (Fig. 1).

Three of the four respiratory complexes in an
orthodox respiratory chain are proton pumps. These
enzymes oxidize substrates, transferring electron(s) to
the next acceptor in the chain and expelling H+(s) to the
intermembrane space. Recycling of the electron within a
given pump often results in H+/e− stoichiometries higher
than 1 (Brandt 2006; Hosler et al. 2006; Trumpower
1990). This high efficiency comes at a price, as redox
reactions involve several steps where incomplete reduc-
tions transiently convert coenzymes into reactive free
radicals (Drose and Brandt 2008; Kushnareva et al. 2002).
Therefore, when the mitochondrial ADP concentration
drops, the rate of electron flux through the respiratory
chain decreases (State IV respiration) and mitochondria
become an important source of superoxide and other
reactive oxygen species (ROS) (Chen et al. 2003). ROS
production has diverse functions, such as signaling and
apoptosis (Forman et al. 2010; Perrone et al. 2008).
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However, overproduction of ROS may lead to ageing and
disease (Drakulic et al. 2005; Wilhelm et al. 2006).

The labile nature of the superoxide radical has made
difficult the identification of all its mitochondrial sources.
Still, it is known that the ubiquinone and flavin oxido-
reduction centers produce ROS (Chen et al. 2003; Starkov et
al. 2004; Zundorf et al. 2009). During the redox ubiquinone/
ubiquinol reaction, oxidized ubiquinone is partially reduced
by one electron in the Qo site of the bc1 complex becoming a
potential superoxide source (Drose and Brandt 2008). At a
high mitochondrial transmembrane potential, semiquinone
accumulates participating in a side reactions that produce
ROS (Koshkin et al. 2003; Rottenberg et al. 2009).

In cells and mitochondria there are different enzymes that
eliminate ROS, such as Mn2+ SOD-dismutases, catalase and
glutathione peroxidases. However, ROS overproduction may
overwhelm these systems and thus different energy-
dissipating uncoupling mechanisms may be activated to
prevent such overproduction. These “physiological uncou-
pling” mechanisms would prevent ROS over-accumulation by
inducing increased electron flux (Czarna and Jarmuszkiewicz
2005; Maxwell et al. 1999).

Among plants, yeast and fungi, there are different
strategies aimed at preventing ROS overproduction
(Kowaltowski et al. 1998; Magnani et al. 2008). In different
yeast species it has been observed that oxidative phosphor-
ylation can be uncoupled by different mechanisms (Fig. 2).
Oxidative phosphorylation may be uncoupled through
dissipation of the H+ gradient through proton sinks, also
termed extrinsic uncouplers (Kadenbach 2003): these may
be channels or transporters and are represented by two well
studied systems. These are the yeast mitochondrial unspe-
cific channel (MUC) (Manon et al. 1998), which in
mammals is known as the permeability transition pore
(PTP) (Haworth and Hunter 1979), and the uncoupling
proteins (UCP) (Nicholls and Rial 1999) that specifically
dissipate H+ gradients (Fig. 3). The second respiratory
chain uncoupling mechanism, also termed intrinsic uncou-
pling (Kadenbach 2003) is the catalysis of redox reactions
without pumping protons. Non-pumping redox enzymes are
widely represented in the branched mitochondrial respira-
tory chains observed in plants and unicellular organisms
(Rasmusson et al. 2004; Umbach and Siedow 2000;
Wagner and Moore 1997). Among these enzymes, there
are type-II NADH dehydrogenases (NDH2) and alternative
oxidases (AOX). In addition, the variations in H+/e−

stoichiometry (slipping) are another source of uncoupling.

Proton dissipating pathways

The mitochondrial unselective channel

Mitochondrial unspecific channels (MUCs) have been
detected in yeast such as Saccharomyces cerevisiae (ScMUC)
(Guerin et al. 1994; Prieto et al. 1992) and Debaryomyces
hansenii (DhMUC) (Cabrera-Orefice et al. 2010). MUC
opening results in a mitochondrial permeability transition
(PT) similar to that described in mammals, i.e. a large

Fig. 1 Oxidative phosphorylation efficiency variations due to
different systems that use protons. The proton gradient generated by
the respiratory chain may be used by (a) the F1F0-ATP synthase (F0F1)
for ADP phosphorylation (b) the transport of ions or metabolites
across the inner mitochondrial membrane (IMM) either as (c)
antiporter or (c’) symporter. (d) ion uniport. RC, respiratory chain

Fig. 2 Physiological uncou-
pling systems in yeast mito-
chondria. The rate of oxygen
consumption may be accelerated
independently of the synthesis
of ATP by either depleting the
transmembrane pH gradient or
by reducing oxygen without
contributing to the proton
gradient. These mechanisms
are present in different
yeast species
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increase in conductivity that depletes electrochemical gra-
dients (Azzolin et al. 2010).

The ScMUC has been thoroughly characterized. ScMUC
opens in response to ATP, while it is closed by Pi or ADP
(Prieto et al. 1995). This suggests that ScMUC is controlled
by the phosphorylation potential (Wallace et al. 1994). In
addition, both the ScMUC (Perez-Vazquez et al. 2003) and
the DhMUC (Cabrera-Orefice et al. 2010) are closed by
Mg2+ and by Ca2+. Furthermore, the ScMUC seems to be
controlled cooperatively by Ca2+, Mg2+ and Pi [to be
published]. In S. cerevisiae, a rise in cytoplasmic [Ca2+]
precedes processes such as division, mating (Nakajima-
Shimada et al. 2000; Ohya et al. 1991); or even a death
program resembling apoptosis (Nakajima-Shimada et al.
2000; Ohya et al. 1991; Pozniakovsky et al. 2005). That is,
a rise in [Ca2+]cyt indicates that the cell is about to spend a
large amount of energy (Anraku et al. 1991; Manon and
Guerin 1998). Both the ScMUC and the DhMUC close in
response to low [ATP] or high [Pi] while in contrast, when
there is a surplus of ATP and no signals this indicates an
oncoming need for energy, yeast MUCs open, dissipating
the transmembrane potential and thus allowing the rate of
oxygen consumption to increase (Prieto et al. 1992) and the
production of ROS to decrease (Korshunov et al. 1997).

In S. cerevisiae, Ca2+ closes MUC, probably through its
interaction with the voltage-dependent anionic channel
(VDAC) (Gutierrez-Aguilar et al. 2007). The Ca2+-VDAC
interaction has also been proposed for vertebrates (Gincel et
al. 2001). In both cases, the possibility that VDAC is a
regulatory pore component has been suggested (Baines et
al. 2007; Gutierrez-Aguilar et al. 2007). In regard to the
possible component of MUC in the IMM, in S. cerevisiae it
has long been evident that Pi is a strong MUC regulator
(Azzolin et al. 2010; Cortes et al. 2000; Jung et al. 1997;
Manon and Guerin 1997; Prieto et al. 1992; Velours et al.
1977). From this, it should not be surprising that recent
evidence suggests that the mitochondrial phosphate carrier
(PiC) is a constituent of the ScMUC: in the absence of PiC,

ScMUC changes its solute size exclusion size and Pi
sensitivity (Gutierrez-Aguilar et al. 2010). In mammals,

PiC has also been proposed to be part of this channel
(Leung et al. 2008).

Different modulators of MUCs have been reported
depending on the species, strain or even tissue under study
(Berman et al. 2000; Fortes et al. 2001; Friberg et al. 1999;
Manon et al. 1998), suggesting that MUCs have evolved in
response to selective pressure, e.g. in D. hansenii, the MUC
is closed by monovalent cations (Cabrera-Orefice et al.
2010). This closure probably results in higher production of
ATP, as it correlates with increased growth rate and mass
yield (Gonzalez-Hernandez et al. 2004) and probably
constitutes an adaptation to the high Na+ contents of sea
water (Gustafsson and Norkrans 1976).

Adding to the ongoing debate on the physiological role
of MUCs, it is suggested that their role as physiological
uncouplers should be considered; i.e. MUCs probably are
highly regulated energy dissipative systems that decrease
mitochondrial gradients when the demand for energy is low.

PT does not seem to be universal. Yarrowia lypolytica
and Endomyces magnusii undergo PT only upon forced
conditions which include incubation with the Ca2+ iono-
phore ETH129 (Kovaleva et al. 2009; Yamada et al. 2009).
If MUC- mediated uncoupling is important to inhibit ROS
production, and Y. lipolytica and E. magnusii seem to lack
such a structure, then these yeast species should possess
alternative uncoupling systems. Indeed, in Y. lipolytica
mitochondria there are two such systems that might
function as uncouplers: an uncoupling protein (Luevano-
Martinez et al. 2010) and a branched respiratory chain
(Guerrero-Castillo et al. 2009; Kerscher et al. 2002).

Uncoupling proteins

Uncoupling protein (UCP)-like activities have been
detected in mitochondria from unicellular organisms, higher
eukaryotes and plants (Jarmuszkiewicz et al. 2010). The
physiological role of UCPs in unicellular organisms is still
debated: the small size of unicellular eukaryotes makes a
thermogenic role unlikely, as it is impossible to form a
temperature gradient between the cell and the environment
although, in Acanthamoeba castellanii UCP expression
does increase in cells growing at 4 °C (Jarmuszkiewicz et
al. 2004). Here, it is proposed that unicellular UCPs are
capable of decreasing the mitochondrial ΔΨ with the aim
of decreasing production of ROS. Also, in unicellular
organisms resistance to exogenous ROS is enhanced by
UCP activity (Kowaltowski et al. 1998; Ricquier 2005),
probably because UCP decreases endogenous ROS
production (Krauss et al. 2005) and thus detoxifying
enzymes are free to deal with the exogenous species: e.g.
strains of Candida albicans devoid of UCP are less
invasive that the wild type (Cavalheiro et al. 2004; Cheng
et al. 2007).

Fig. 3 Proton Sinks. Two proton sink systems are exemplified. Once
the (a) Respiratory chain establishes a proton gradient, protons may be
returned to the matrix through (b) unspecific channels or through (c)
uncoupling proteins that are specific protonophores
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In addition to the available functional evidence,
recently a protein exhibiting UCP-like activity was
identified in Y. lipolytica (Luevano-Martinez et al.
2010). The UCP activity was regulated similarly to the
UCP1 from brown adipose tissue. After an extensive
phylogenetic search for a UCP ortholog in this yeast, it
was demonstrated that the mitochondrial oxaloacetate
carrier (OAC) from Y. lipolytica is a bona fide UCP. The
Y. lipolytica OAC displayed both, a sulfate/oxaloacetate
transport and a UCP behavior. It is noteworthy that in the
unicellular organisms where UCP activity has been
reported, the green algae Chlamydomonas reinhardtii,
the amoeba Dictyostelium discoideum (DictyBase) and
the yeast Candida albicans (Cavalheiro et al. 2004;
Jarmuszkiewicz et al. 2002) the only UCP-like proteins
seem to be the mitochondrial oxaloacetate carriers (results
not published). In regard to whether a UCP might prevent
ROS overproduction, in Y. lipolytica, it has been demon-
strated that this protein is over-expressed in the stationary
phase, where a degree of uncoupling would be needed to
maintain a high rate of oxygen consumption in the
absence of ATP synthesis (Luevano-Martinez et al. 2010).

Redox enzymes that do not pump protons

Branched mitochondrial respiratory chains

Redox enzymes lacking pumping activity are constituted by
a single protein subunit. These enzymes probably appeared
early in the reducing world, before the appearance of
oxidative phosphorylation, fulfilling the need to detoxify
oxygen from the vicinity of enzymes and membranes.
Some prokaryotes still use oxidoreductase-mediated detox-
ification of oxygen to protect their fragile nitrogen reducing
enzymes (Flores-Encarnacion et al. 1999).

Alternative redox enzymes do not contribute to the
proton gradient. Branched mitochondrial respiratory
chains may contain a number of different enzymes that
donate electrons to the quinone pool including complex I
(the only proton pump), succinate dehydrogenase, glyc-
erol phosphate dehydrogenase, dihydroorotate dehydro-
genase and internal or external type II NADH
dehydrogenases. Then the electrons in reduced ubiquinol
follow two possible pathways reaching either the cyto-
chrome pathway (complexes III and IV), or the alterna-
tive oxidase (AOX). In these respiratory chains, different
electron pathways may be envisioned that bypass energy-
conserving respiratory complexes I, III and/or IV, i.e.
branched chains seem to be able to reduce oxygen while
using 0, 1, 2 or 3 proton pumps (Fig. 4).

In mitochondria, the most widely distributed mono-
subunit redox enzymes are type II NADH dehydrogenases

(NDH2) and alternative oxidases (AOX). NDH2s may be
located on either surface of the IMM. External NDH2s
(NDH2e) oxidize cytosolic NADH, while internal NDH2s
(NDH2i) oxidize NADH from the matrix in a rotenone-
insensitive reaction. The structure (Fisher et al. 2007; Fisher
et al. 2009; Gonzalez-Meler et al. 1999; Kerscher 2000;
Melo et al. 2004; Schmid and Gerloff 2004) and kinetics
(Fisher et al. 2009; Velazquez and Pardo 2001) of NDH2s
from different organisms have been reported. AOX is a
single subunit enzyme (Albury et al. 2002; Andersson and
Nordlund 1999; Berthold et al. 2000; Moore and Siedow
1991). AOX activity is regulated by nucleotides, by
dimerization and/or by α-ketoacids (Hoefnagel et al.
1995; Millar et al. 1993; Millenaar et al. 1998). Some
yeast species contain two AOX isoforms, one being
constitutively expressed and a second one induced by stress
(Siedow and Umbach 2000). It is noteworthy that AOX is
present only in fungi that express complex I, possibly
because in a respiratory chain without Complex I, any
electron reaching AOX would be totally unproductive
(Joseph-Horne et al. 2001).

In mitochondria with alternative components, the path-
way that electrons follow has to be strictly controlled. A
direct reaction between NDH2, ubiquinone and AOX
would result in a non-productive, uncoupled pathway, i.e.
no protons would be pumped. Furthermore, at the external
face of the inner membrane, NDH2 receives the hydride
from NADH and takes one H+, transferring both hydrogen
atoms to ubiquinone. Then ubiquinone is regenerated by
AOX which in turn transfers its hydrogen atoms to oxygen
producing water. This sequence of reactions results in the
dissipation of a H+, i.e. it has a H+/e− pumping stoichiom-
etry of −0.5. Therefore, when energy is required, alternative
redox enzymes need to be isolated from each other,
probably by binding to the proton-pumping complexes. In
contrast, when phosphorylation is not active, as in the
stationary phase, the non-producing electron transfer
between NDH2 and AOX would be useful to maintain a
high rate of oxygen consumption at a high transmembrane
potential, preventing semiquinone accumulation and decreasing
ROS formation (Joseph-Horne et al. 2001).

Proton/electron stoichiometry variations. Slipping

Non-branched respiratory chains seem to use other
mechanisms to regulate the efficiency of oxidative
phosphorylation (van Dam et al. 1990). Uncoupling
may result from increased proton conductance at the lipid
bilayer (Luvisetto and Azzone 1989; Luvisetto et al.
1991). A second mechanism would be the decrease in
the efficiency of a respiratory pump (slipping) (Pietrobon
et al. 1981; Pietrobon et al. 1983). Intrinsic uncoupling or
slipping is defined as a decrease in the efficiency of a

326 J Bioenerg Biomembr (2011) 43:323–331



proton pump (decrease of the H+/e or H+/ATP stoichiometry)
resulting in a diminished P/O ratio (Kadenbach 2003).

Slipping has been reported in cytochrome c oxidase
(Azzone et al. 1985; Frank and Kadenbach 1996). The
F1F0-synthase can also undergo slipping, hydrolyzing ATP
without pumping protons (Feniouk et al. 2005). In
addition, protons can reenter the matrix through the pumps
without moving electrons backwards or making ATP
(Pietrobon et al. 1983).

Slipping accelerates the rate of oxygen consumption as
more electrons are needed to maintain a high ΔpH.
Normally in the proton pump the chemical reaction and
the transport of protons are tightly coupled, while during
slipping both processes become independent (Mourier et al.
2010). Upon slipping, the rate of electron flux increases
while the proton motive force remains constant and energy
is dissipated as heat (Kadenbach 2003).

In S. cerevisiae mitochondria, a remarkable change in
the stoichiometry of proton pumping has been described.
Feeding the respiratory chain with substrates for different
quinone reductases leads to an increase in the rate of

oxygen consumption without increasing the rate of ATP
phosphorylation (Mourier et al. 2010). This phenomenon
has been termed active leak and is probably due to
slipping of an oxidative phosphorylation pump, although
an increase in the proton conductance of the bilayer has
not been ruled out.

Interactions between the cytoplasm and mitochondria
regulate the efficiency of oxidative phosphorylation

At any given moment the cell´s energy needs determine
which metabolic pathways are activated or inhibited (Devin
and Rigoulet 2007). The catabolism/anabolism activity
ratio is determined by metabolic fluxes (Cascante et al.
1994; Moreno-Sanchez et al. 2010; Ovadi and Saks 2004;
Srere 1987). Upon oxygenation, the rate of glycolysis
decreases. This may be explained by the allosteric
regulation of glycolytic enzymes by ATP and fructose
2,6-bisphosphate and by the competition for ADP and for
reducing equivalents observed between glycolysis and

Fig. 4 In a branched respiratory chain the number of proton pumps
participating in electron transfer may vary from three to zero. In branched
respiratory chains electrons may follow different routes to reach oxygen.
Thus the number of proton pumps involved may change: a complexes I,
III and IV: three proton pumps are involved. b from succinate
dehydrogenase through the cytochrome pathway, two proton pumps. c
from NDH2e through complexes III-IV; two proton pumps, although
H+/e− is 2.5 instead of 3 as in (b). d from complex I though AOX; one
pump. e from succinate dehydrogenase through AOX; No proton pumps

participate. f NDH2e through AOX; zero proton pumps participate and
in addition, the combined activity of NDH2e with AOX would consume
a H+ from the intermembrane space, yielding a negative stoichiometry
of −0.5 H+/e−. Numbers I, II, III2 and IV represent each of the four
respiratory complexes; NDH2e, external NADH dehydrogenase; AOX,
alternative oxidase; IMM, inner mitochondrial membrane. Protons in
red are used for ubiquinone reduction in the intermembrane side of the
IMM, i.e. they do not contribute (c) or contribute negatively to the H+/
e− stoichiometry (f)
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oxidative phosphorylation (Beauvoit et al. 1993; Gosalvez
et al. 1974).

In Saccharomyces cerevisiae, glycolysis is the main
source of ATP; however, in the presence of non-
fermentable substrates oxidative phosphorylation becomes
the main energy source. During fermentation the genes that
encode for oxidative metabolism enzymes stop their
expression (Takeda 1981), e.g. glucose addition inhibits
the expression of cytochrome c (Thevelein 1994; Zitomer
and Nichols 1978), while glycolytic intermediates are
accumulated to induce the expression of glycolytic
enzymes (Boles et al. 1993).

In S. cerevisiae the addition of glucose induces the
transition to fermentative metabolism, where glycolysis
is increased and oxidative phosphorylation is decreased
(den Hollander et al. 1986). This is the Crabtree effect.
There are both Crabtree-positive and negative yeast
species. Recent sudies indicate that fructose1,6-bisphos-
phate inhibits oxygen consumption through an interaction
with complexes III and IV. In contrast, physiological
concentrations of glucose 6-phosphate and fructose 6-
phosphate stimulate the respiratory flux, possibly inducing
slipping (Diaz-Ruiz et al. 2008).

Unicellular organisms other than yeast

Protists make up the bulk of the eukaryotes, while
vertebrates and fungi represent only a small fraction.
Protists present a wide variety of physiological properties.
There are very few bioenergetics studies on these organ-
isms. Giardia lamblia (Hashimoto et al. 1994) and
Entamoeba histolytica (Tovar et al. 1999) have lost their
mitochondria. Other protists, such as some Trichomonadi-
dae and ciliates, have organelles called hydrogenosomes,
which are related to mitochondria (de Souza et al. 2009;
Mather and Vaidya 2008).

Unicellular parasites have evolved to adapt their metab-
olism for survival within the host. Depending on the
environment and stage in their life cycle, Plasmodium,
Trypanosoma and Leishmania can make a complete switch
from a glycolytic to an aerobic metabolism and back, such
that in Plasmodium falciparum the activities of complex III,
IV and dihydroorotate dehydrogenase, are 10 times higher
in the sexual than in the asexual stage (Monzote and Gille
2010). Likewise, mitochondria have adapted to the meta-
bolic conditions found within the host, e.g. in the mosquito,
Plasmodium gametocytes are aerobic and mitochondria are
typical. In contrast, in the vertebrate host, sporozoites and
merozoites are adapted to microaerophilia and contain few,
underdeveloped mitochondria (Segura and Blair 2003).

Throughout the trypanosomatid life cycle, mitochondrial
activity varies widely (Schneider 2001). In the bloodstream,

these protozoans are anaerobic while in the gut of the insect
they perform oxidative phosphorylation. In Toxoplasma
most energy is obtained from glycolysis, although the
mitochondrial DNA sequence of these parasites shows
significant differences from the mammalian host, suggest-
ing possible drug targets (Monzote and Gille 2010).
Remarkably, the mitochondrial DNAs from trypanosoma-
tids and Apicomplexa lack genes for transfer RNA (Mather
and Vaidya 2008).

Concluding remarks

Aerobic metabolism is at the same time highly efficient and
very dangerous. The reactive oxygen species produced by
the respiratory chain can react with, and damage different
components of the cell. Diverse mechanisms have evolved
to prevent the deleterious effect of ROS. There are many
detoxifying enzymes such as glutathione reductase, super-
oxide dismutase or catalase. In addition, upriver from these
reactions, there are diverse mitochondrial systems designed
to prevent ROS overproduction. These systems promote
physiological uncoupling to ensure that the redox enzymes
in the respiratory chain work at a fast rate, thus preventing
reactive intermediates from participating in collateral
reactions.

There are two mitochondrial uncoupling mechanisms: a)
Those that dissipate the pH gradient and b) Non-productive
redox reactions. Both mechanisms are widely spread in
nature. Physiological proton sinks are the uncoupling
proteins and the mitochondrial unspecific channels, while
non productive redox reactions are catalyzed by redox/non-
pumping alternative dehydrogenases and by orthodox
complexes that undergo slipping.

The relationship between the cytoplasmic and the
mitochondrial metabolic pathways needs to be better
understood. The ability of some products from glycolysis
to regulate oxidative phosphorylation is illustrative. The
comparison between Crabtree positive and Crabtree nega-
tive yeast species may help understand the mechanisms and
consequences of these interactions.

Understanding the mechanisms underlying the control
and production of ROS may help to select more resistant
organisms for biotechnological applications. Also, various
ROS-related diseases have to be understood in order to
design better treatments. In this light, it seems useful to
know that uncoupling prevents ROS production.

During evolution, each eukaryote species preserved one
or more ROS overproduction-prevention mechanism(s).
Yeast species are ideal to study each mechanism. Other
unicellular organisms may be helpful to understand their
ability to shut down aerobic metabolism without being
overwhelmed by ROS production.
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In the branched mitochondrial respiratory chain from Yarrowia lipolytica there are two alternative oxido-
reductases that do not pump protons, namely an external type II NADH dehydrogenase (NDH2e) and the al-
ternative oxidase (AOX). Direct electron transfer between these proteins is not coupled to ATP synthesis and
should be avoided in most physiological conditions. However, under low energy-requiring conditions an
uncoupled high rate of oxygen consumption would be beneficial, as it would prevent overproduction of re-
active oxygen species (ROS). In mitochondria from high energy-requiring, logarithmic-growth phase cells,
most NDH2e was associated to cytochrome c oxidase and electrons from NADH were channeled to the cyto-
chromic pathway. In contrast, in the low energy requiring, late stationary-growth phase, complex IV concen-
tration decreased, the cells overexpressed NDH2e and thus a large fraction of this enzyme was found in a
non-associated form. Also, the NDH2e–AOX uncoupled pathway was activated and the state IV external
NADH-dependent production of ROS decreased. Association/dissociation of NDH2e to/from complex IV is
proposed to be the switch that channels electrons from external NADH to the coupled cytochrome pathway
or allows them to reach an uncoupled, alternative, ΔΨ-independent pathway.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Mitochondria from fungi, plants and parasites often contain
branched respiratory chains, constituted by orthodox and
“alternative” redox enzymes present in different stoichiometries
[1–3]. In mitochondria from Yarrowia lipolytica the respiratory chain
is composed by the four multi-subunit complexes (I to IV) found in
animals and plants, plus an external type II NADH dehydrogenase
(NDH2e) and an alternative oxidase (AOX) [4]. Both NDH2e and
AOX are single-subunit peripheral oxido-reductases that lack
proton-pumping activity [5,6].

Branched respiratory chains may include different alternative
dehydrogenases that reduce ubiquinonewithout contributing to the pro-
ton gradient. Thus, ubiquinone may be reduced by complex I, succinate-
dehydrogenase, glycerol-phosphate dehydrogenase, dihydroorotate-

dehydrogenase or by internal or external NDH2s [7,8]. All these en-
zymes use flavin in the redox reaction [9–11]. Fromubiquinol, electrons
can reach either complexes III/IV (cytochromic pathway) or an AOX
[12]. The many pathways available open the possibility that electrons
may reach oxygen with different proton-pumping stoichiometries,
even passing only through enzymes that do not translocate protons at
all [13], i.e. the ADP:O ratio can vary widely in branched respiratory
chains [14].

Structural models of AOX, whether monomeric or dimeric
[15–17], suggest it has regulatory sites for nucleotides and/or for
α-ketoacids [18,19]. Some yeast species contain only one AOX,
which is activated under stress. Other species contain two isoforms
of AOX, one constitutive but expressed at low levels and another
one inducible under stress [16]. Remarkably, no species is known
where the absence of complex-I and the presence of AOX coexist; it
has been proposed that such a combination would lead to
uncontrolled uncoupling [1,4].

Unless uncoupled respiration is desired, energy-requiring cells
must avoid pairing non proton-pumping dehydrogenases with AOX
[1]. Therefore, it is of interest to define the usefulness of the non-
pumping enzymes. These enzymes might prove useful in medicine
and biotechnology; alternative NDH2i (internal NDH2) has been
expressed in mammalian cells to partially substitute for a non-
functional complex I [20]. In addition, NDH2 has been expressed in
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aerobic fungi or yeast harboring complex I deficiencies with the aim
to analyze mitochondrial function [21,22].

Alternative component activity must be tightly regulated in
response to the energy requirements or to the redox state of the
cell. In different species of yeast, AOX is over-expressed under stress
[23] or in the stationary growth phase [24]. Channeling electrons
between a proton-pumping complex and an alternative component
would prevent excessive wastage of energy and thus functional
associations such as complex I-AOX [25] or NDH2-complexes III/IV
[26] have been proposed. In addition, some redox enzymes might
alternate between a bound, electron-channeling state and a free,
non-channeling state in order to regulate the proton pumping
efficiency of the respiratory chain and thus the ADP:O.

Y. lipolytica mitochondria were isolated from cells grown to either
the high-energy requiring logarithmic growth phase (log-phase) or
the low-energy requiring stationary growth phase (stat-phase)
[27–29]. It was observed that in the log-phase, NDH2e-derived
electrons were channeled to the cytochromic pathway and NDH2e
was bound to complex IV, probably in a complex III/complex IV
super-complex. In contrast, in the stat-phase the NDH2e–AOX
uncoupled-electron transfer pathway was activated, most likely as a
result of the dissociation of NDH2e from complex IV. In these
conditions ROS production was largely inhibited, suggesting a
physiologic role for uncoupling.

2. Experimental procedures

2.1. Materials

NADH, Glycerol-phosphate, n-propylgallate, n-β-D-dodecylmaltoside,
digitonin, mannitol, pyruvate, malate, cytochrome c, antimycin-A,
rotenone and CCCP were from Sigma Chem. Co. (St. Louis, MO, USA).
Coomassie blue Gwas from Serva (Heidelberg, Germany). The polyclonal
antibody against Y. lipolyticaNDH2e (anti-YlNDH2e) was a kind gift from
Dr. Stefan Kerscher, Zentrum der Biologischen Chemie, Frankfurt
University, (Germany). Monoclonal antibodies against cytochrome c
oxidase subunits II and III from S. cerevisiae were from Mitoscience
(Eugene, OR, USA).

2.2. Strains, culture and isolation of yeast mitochondria

The strains used in this work were the wild type: Y. lipolytica E150
(MatB his1-1 ura3-302 leu2-270 xpr2-322) and the Δndh2e mutant
(GB5.2) [30]. All strains were a kind gift from Prof. Ulrich Brandt,
ZBC, Frankfurt University (Germany). Cells were grown in YD (Yeast
extract 1%, glucose 2%) [31] at 160 rpm, 30 °C for 15 or 96 h to be
harvested at the logarithmic or late stationary growth phases,
respectively. Cells were washed and re-suspended in 5 mM MES,
0.6 M mannitol, 0.1% BSA (pH 6.8, triethanolamine) and disrupted
using a Bead Beater cell homogenizer (Biospec Products, OK, USA)
with 0.45 mm glass beads (3×20 s pulses separated by 40 s resting
periods). To isolate mitochondria, the homogenate was subjected to
differential centrifugation [32] and protein concentration was
determined by biuret [33]. Mitochondrial intactness was evaluated
by measuring the respiratory controls which were between 2.0 and
3.0 [34]. The integrity of the external mitochondrial membrane was
determined by reduction of diaminobenzidine in the presence of
10 μM antimycin A and cytochrome c either permeabilized with
0.1 mg/mg protein n-β-D-docecylmaltoside or not. Diaminobenzidine
reduction was measured by absorbance changes at 490 nm. In non-
permeabilized mitochondria the reaction was 9-fold less than in the
presence of detergent. In addition, in the presence of external NADH
as a substrate, rotenone inhibited less than 6% of the total oxygen
consumption, indicating that external NADH was oxidized mainly
by NDH2e.

2.3. Oxygen consumption measurements

The rate of oxygen uptake was measured in an oxygen meter
model 782 (Warner/Strathkelvin Instruments) with a Clark type
electrode in a 0.1 mL water-jacketed chamber at 30 °C [35] and data
were analyzed using the 782 Oxygen System software (Warner/
Strathkelvin Instruments). External NADH-dependent respiration
was measured in the presence of rotenone in order to inhibit reverse
electron transfer from ubiquinol to complex I; rotenone binds to the
ubiquinone binding site of complex I [36]. Pyruvate plus malate was
used to generate internal NADH which is oxidized by complex I.
Cyanide or antimycin A was used to inhibit cytochrome c oxidase or
the Qi site of complex III, respectively. Since both cyanide and
antimycin A inhibit the cytochrome pathway, electrons are diverted
towards AOX. The reaction mixture contained 0.6 M mannitol, 5 mM
MES (pH 6.8), 20 mMKCl, 4 mMphosphate (the Tris salt was obtained
using phosphoric acid and adjusting to pH 6.8 with Tris) and 1 mM
MgCl2. Mitochondria were added to a final concentration of 0.5 or
1.0 mg protein/mL. Respiratory controls using either external NADH
or succinate were determined in the presence of 2.5 μM rotenone.

2.4. Protein separation by native electrophoresis and in-gel activities

BN- and CN-PAGE were performed as described [37,38].
Mitochondria were solubilized with 2 g n-dodecyl-β-D-maltoside
(LM)/g protein, or 4 g digitonin (Dig)/g protein at 4 °C and
centrifuged at 100,000 g at 4 °C for 25 min. Protein concentration of
the supernatants was determined and 0.4 mg protein per well was
loaded on 4–12% polyacrylamide gradient gels. For both BN and
CN-PAGE digitonin (0.025%) was added to the gel preparation. The
cathode buffer for CN-PAGE contained 0.01% LM and 0.05% deoxycho-
late as described in [39]. In-gel NADH:NBT oxido-reductase activity
was determined by incubating the native gels in a mixture containing
10 mM Tris (pH 7.0), 0.5 mg nitro blue tetrazolium bromide (NBT)/mL
and 1 mMNADH [40]. In-gel cytochrome c oxidase activity was deter-
mined using diaminobenzidine and cytochrome c as described in
[41].

2.5. Ion exchange chromatography and enzymatic activities of the
fractions

Mitochondria were solubilized with 0.8 g/g prot n-β-D-
dodecylmaltoside (LM) in 1 mM Mg–SO4, 1 mM PMSF, 50 mM
HEPES, pH 8.0 plus 50 μg/mL TLCK (Tosyl-lysyl-chloromethyl ketone).
The solubilizate was centrifuged at 100,000×g for 30 min and layered
on top of a previously equilibrated DEAE-Sepharose column [42].
Once loaded, the column was washed with 3 volumes of 1 mM
MgSO4, 50 mM Tris, pH 8.0 and proteins were eluted with a
0–400 mM NaCl gradient. Fractions of 1 mL were collected. The
protein concentration in each fraction was estimated spectrophoto-
metrically at 280 nm. For NADH dehydrogenase or cytochrome c
oxidase activities, 20 μL of each fraction was placed in a well within
a micro plate in the presence of the substrate and an electron acceptor
and the reaction was followed in a multimodal micro plate reader
Synergy Mix, Biotek (VT, USA). Enzyme assays: a) NADH dehydroge-
nase, following the reduction of nitro blue tetrazolium bromide (NBT)
at 570 nm. The reaction mixture was 10 mM Tris, pH 7.0, 1 mM
NADH, 0.5 mg/mL NBT; b) Cytochrome c oxidase was measured in
50 mM phosphate buffer (sodium) pH 7.4, 2.5 mg/mL horse heart
cytochrome c, 1 mg/mL diaminobenzidine and cytochrome c
reduction was followed at 490 nm.

2.6. Immunoassays

Ion exchange chromatography fractions were loaded onto a nitro-
cellulose membrane for dot blot immunodetection with antibodies
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against either NDH2e from Y. lipolytica or COXII from S. cerevisiae.
Blots were quantified using the Image-J software. Also from
SDS-Tricine-PAGE, proteins were electro-transferred onto a
nitrocellulose membrane (BioRad, Hercules, CA, USA) for immunode-
tection. Membranes were washed, blocked, and incubated with
anti-YlNDH2e [30] (1:1000 for 1 h), using an alkaline phosphatase-
conjugated anti-rabbit IgG (1:3000 for 2 h) as secondary antibody. A
monoclonal antibody against subunit III of cytochrome c oxidase
(COX III) from S. cerevisiae was used.

2.7. Cytochrome measurements using differential spectrophotometry

Mitochondria (2 mg prot/mL) were added to homogenization
buffer without BSA. Absorbance spectra were recorded from 500 to
680 nm in a DW2000 Aminco Spectrophotometer in the presence of
ferricyanide to obtain the oxidized spectra, which was assigned as
base line. Then, the reduced spectrum was recorded after addition
of sodium dithionite to the sample cuvette. Absorption coefficients
were: cytochrome b, ε562–575 nm=28.5 mM−1 cm−1 [43]; cyto-
chrome a+a3, ε603–630 nm=24 mM−1 cm−1 [44].

2.8. Reactive oxygen species measurements

Reactive oxygen species production rates in freshly purified
mitochondria were measured using the Amplex Red Hydrogen
peroxide/peroxidase method [45] in a Synergy HT multi-mode
micro plate reader, Biotek (VT, USA). Hydrogen peroxide formation
was determined following resorufin fluorescence as in [46]. Reaction
mixture: 0.6 M mannitol, 5 mM MES (pH 6.8), 20 mM KCl, 10 mM
phosphate, 1 mM MgCl2, 10 μM Amplex Red (Invitrogen, Molecular
Probes, Eugene, OR, USA), 0.1 units/mL horseradish peroxidase and
100 units/mL superoxide dismutase and 0.5 mM NADH or 10 mM
pyruvate plus 10 mM malate as substrates. Mitochondria were
added to a final concentration of 60 μg protein/well (0.3 mg prot/mL).

3. Results

3.1. In Y. lipolytica mitochondria, direct electron transfer between
alternative respiratory chain components is observed only in the
stationary phase

In yeast, the need for ATP is high in the logarithmic growth phase
(log-phase) and decreases when the cells enter the stationary growth
phase (stat-phase) [27]. Consequently, in the log-phase a high rate of
oxygen consumption is needed to replenish the electrochemical
proton gradient consumed by the synthesis of ATP. In contrast, in
the stat-phase less ATP is needed, so a high rate of oxygen
consumption would be possible only if a certain degree of uncoupling
is promoted [13,14]. The branched mitochondrial respiratory chain
from Y. lipolytica can probably be uncoupled to different extents,
depending on the number of proton pumps participating in the
electron pathway followed from different substrates to oxygen [13].
To test for possible electron routes, cells were harvested at two
different growth phases and the respiratory activity of isolated
mitochondria was evaluated (Fig. 1). The rate of oxygen consumption
did not change with the growth phase, although it was always lower
using pyruvate plus malate, which are complex I substrates (Fig. 1-A)
thanwhen using external NADH,which is oxidized byNDH2e (Fig. 1-B).
In contrast, the electron pathway for NDH2e was different depending
on the growth phase, as evidenced by the sensitivity to different
respiratory inhibitors. In either stage, when using a substrate for
complex I, the rate of oxygen consumption was partially inhibited by
cyanide (complex IV inhibitor) or by propyl-gallate (AOX inhibitor)
and only in the presence of both inhibitors did the rate of oxygen
consumption approach complete inhibition. Thus, it seems that the
electrons from complex I flow through both the cytochrome pathway

and the AOX pathway (Fig. 1-A). In contrast, when NADH was used to
feed electrons to NDH2e, the respiratory pathway was different
depending on the growth stage of the cell (Fig. 1-B). In mitochondria
from log-phase cells, cyanide inhibited most oxygen consumption,
while propyl-gallate had negligible effects; the inhibition pattern
changed in the stat-phase, where both cyanide and propyl-gallate
exhibited partial effects. Again, the simultaneous addition of both
inhibitors abolished oxygen consumption completely (Fig. 1-B). Thus,
in the log phase the electrons from NDH2e are channeled to the
cytochrome pathway and cannot reach AOX, while in the stationary
phase the NDH2e to AOX pathway becomes active.

3.2. NDH2e-dependent oxygen consumption is uncoupled in
mitochondria from Y. lipolytica in the stationary growth-phase

In mitochondria from Y. lipolytica cells grown to either the log- or
the stat-phase, the channeling of electrons through NDH2e into the
cytochrome pathway was further analyzed by evaluating coupling
(Fig. 2). That is, measuring the rate of oxygen consumption in state
III and in state IV, as well as the resulting respiratory controls
(RC = state III/state IV). In the presence of pyruvate–malate, both
the rates of oxygen consumption and the RCs remained high, both
in the log-phase and the stat-phase (i.e., RClog=2.3±0.1 and
RCstat=2.13±0.2) (Fig. 2-A). In contrast, when the NADH-

Fig. 1. Effect of oxygen consumption inhibitors on mitochondria isolated from cells
grown to the logarithmic or stationary phase. Experimental conditions: 0.6 M
mannitol, 5 mM MES, 20 mM KCl, 4 mM phosphate, 1 mM MgCl2, pH 6.8. Oxygen
consumption was measured with a Clark electrode in a closed water-jacketed chamber
at 30 °C. Rates of respiration were calculated in the presence of 5 mM pyruvate plus
malate (A) or 1 mM NADH in the presence of 2.5 μM rotenone (B). Additions as
indicated: without inhibitors, in the presence of 100 μM cyanide, 50 μM
n-propylgallate or both. Columns indicate mean±SD (n=5).
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supported respiration was measured, coupling was dependent on the
growth phase as follows: in the log-phase, RClog=1.82±0.06, while
in the stat-phase there was no increase in the respiration rate after
the addition of ADP (Fig. 2-B). Therefore, it may be concluded that
in the stat-phase an uncoupled pathway where electrons enter the re-
spiratory chain at NDH2e, was activated. The NADH-dependent
uncoupling was not due to an increase in permeability of the inner
mitochondrial membrane, since the response to pyruvate–malate
remained intact.

The above results indicate that an NDH2e-dependent uncoupled
pathway is activated in the stationary phase, opening the question
on whether other non-coupled pathways become active. In this
regard, it is known that complex II is not a proton pump, and thus a
complex II to AOX pathway would also be fully uncoupled. Thus, we
also explored the behavior of electrons coming from succinate
(Fig. 2-C). In contrast to the results with NADH, in the presence of
succinate the response to ADP was lost only partially in mitochondria
from the stationary cells, i.e., RClog=1.9±0.1, RCstat=1.4±0.1. That
is, even though the RC decreased, it was not abolished, suggesting
that even in the stat-phase the electrons from complex II are partially
reaching the cytochrome pathway. If there is a physical association
between complex II and the III–IV super-complex, this association
must be very labile, as it has not been observed in native gel electro-
phoresis from neither Y. lipolytica nor from other mitochondria
[26,47]. Altogether the above data indicate that in Y. lipolytica a
specific NDH2e–ubiquinone–AOX pathway is active in the stat-
phase but not in the log-phase.

3.3. In the stationary growth-phase NDH2e is found either free of
associated to complex IV

It was previously reported that in spite of the differences in
isoelectric points, NDH2e and complex IV co-elute from an ion-
exchange chromatography column and also, association of NDH2e
with a super-complex III/IV was proposed by native gel experi-
ments [26]. This association was proposed to be the structural
basis for the electron channeling between NDH2e and the cyto-
chrome pathway observed in mitochondria isolated from log-
phase grown cells [26].

In order to determine the mechanism for the loss of electron
channeling detected in the stationary growth phase (Figs. 1 and 2),
we tested whether the association between NDH2e and complex IV
varied depending on the growth phase of the cells (Fig. 3). Mitochon-
dria from cells in the log (Fig. 3-A) or in the stat-phase (Fig. 3-B) were
solubilized and loaded into two independent DEAE-Biogel-A ion-
exchange chromatography columns. The concentration of LM used
to solubilize was 0.8 mg/mg protein where, contrary to what happens
at 2 mg LM/mg protein, supramolecular interactions are partially pre-
served (Fig. 3). The NADH dehydrogenase activities did vary slightly
between the log (Fig. 3-A) and the stationary (Fig. 3-B) growth
phase. However, it was difficult to evaluate the change in the specific
NDH2e activity due to interference caused by complex I and other
enzymes capable of oxidizing NADH. In order to subtract all NADH
dehydrogenase activities that were not due to NDH2e it was decided
to run a homogenate from a Δndh2e strain through the same column
as theWT samples (Fig. 3-C). The Δndh2e sample expressed all NADH
activities except NDH2e, and thus it was subtracted from the activi-
ties of the WT strain, aiming to obtain a good estimate of the

Fig. 2. Respiratory controls of mitochondria isolated from cells grown to the logarith-
mic or stationary phase. Reaction mixture: as in Fig. 1 except for the inhibitors. Mito-
chondria were added to a final concentration of 1 mg prot/mL from cells harvested in
the log- (Log) or the stat-phase (Stat). Respiratory substrates were: A) 5 mM pyruvate
plus malate; B) 1 mM NADH; C) 10 mM succinate. Where indicated, 1 mM ADP was
added. When NADH or succinate was used, 2.5 μM rotenone was added to the reaction
mixture. Representative traces are shown (n=5).
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NDH2e activity in the log and the stationary growth phases respec-
tively (Fig. 3-D). Subtraction resulted in 3 peaks of NDH2e which
eluted at 150, 190 and 230 mMNaCl. Peaks at 150 and 230 mM close-
ly correspond to two of the peaks observed for cytochrome c oxidase
activity in Fig. 3-A. In stat-phase, 4 peaks of NDH2e resulted after

subtraction of the ΔNDH2e (Fig. 3-D). The first one, eluted at
80 mM NaCl, corresponds to the overexpressed, free-fraction of
NDH2e, while the other 3 seem to be the same as in the log-phase.
These results were confirmed when the activity profile from the
wild type strain in the log-phase (Fig. 3-A) was subtracted from

Fig. 3. Ion-exchange chromatographic elution activity and protein profiles of mitochondria from cells harvested at different growth phases. Mitochondrial extracts were loaded on a
DEAE-Biogel A gel ion-exchange chromatography column previously equilibrated, washed and eluted using a 0–400 mM NaCl gradient. 1 mL fractions were collected and enzyme
activities were measured as described in [26]. NADH dehydrogenase activity (filled symbols); cytochrome c oxidase activity (empty symbols). Samples were mitochondria from
(A) Log-phase grown cells; (B) Stat-phase grown cells; (C) ΔNDH2e cells. (D) Differential trace for NADH dehydrogenase activity, A minus C (●) and B minus C (■). (E) Differential
of stat-phase minus log-phase NADH dehydrogenase activity; both activities were measured from the wild type preparation. (F) Dot blot analysis was conducted on the fractions
and results were plotted for NDH2e (G) and for cytochrome c oxidase (H). A representative experiment is shown (n=2).
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the profile from the wild-type strain in stat phase (Fig. 3-B) and in
the subtraction (Fig. 3-E) a peak corresponding to a free NDH2e
was observed at 80 mM NaCl, i.e. at the same ionic strength as
in Fig. 3-D. The results suggest that upon reaching the late sta-
tionary phase, a large proportion of NDH2e is detached from com-
plex IV.

In regard to complex IV, it was observed that it eluted in two peaks
regardless of the growth phase, suggesting that it eluted as a
super-complex in the first peak while the second peak represented
the monomeric form of cytochrome c oxidase (Fig. 3-A and B). This
elution pattern of cytochrome c oxidase was not detected in an earlier
report using a higher detergent: protein ratio in the chromatography
column [26]. Nonetheless, the total activity of cytochrome c oxidase
seemed to decrease in the stat-phase (Fig. 3-B) as compared to the
log-phase (Fig. 3-A). Thus, the release of NDH2e resulting from the
increase in this protein combined with a decrease in complex IV
might be the mechanism that turns off electron channeling to the
cytochromic pathway.

To further characterize the putative growth phase-related
redistribution of NDH2e, we performed a dot-blot assay for each of
the fractions from the chromatography columns using an anti-
Y. lipolytica NDH2e antibody and an anti-S. cerevisiae COXII subunit
antibody to detect the distribution of NDH2e and complex IV in the
elution profiles (Fig. 3-F). The immunochemical results confirmed
the data obtained from the activity measurements, i.e. in the log-
phase most NDH2e co-elutes with complex IV, while in the stat-
phase a large proportion of NDH2e dehydrogenase runs free, exiting
the column earlier, while only a fraction seems to co-elute with
complex IV (Fig. 3-G). In addition, in stat-phase there seems to be
an increase in the total amount of NDH2e (Fig. 3-G). When the
complex IV immunoblots were quantitated, the presence of two
populations of complex IV was observed in both growth phases,
suggesting that in addition to the monomeric form of complex IV, a
supercomplex containing complex IV was preserved in the column
(Fig. 3-H). In addition, in the stat-phase the amount of complex IV
seems to decrease (Fig. 3-H).

3.4. In gel activities and spectrophotometric assays confirm that the
concentration of NDH2e increases while complex IV decreases

The NDH2e activity seemed to be much higher in the stat-phase
than in the log-phase. An increase in the expression of this enzyme
would explain the presence of free NDH2e. In addition, an increase
in the NDH2e/COX ratio would result from either an increase in
NDH2e or a decrease in complex IV. In order to test whether the
NDH2/complex IV ratio was increased in the stationary growth
phase, in-gel NADH dehydrogenase and cytochrome c oxidase
activities of digitonin-solubilized mitochondria were measured after
hrCN-PAGE (Fig. 4-A). In-gel activity of NADH dehydrogenase stained
four bands: the higher molecular mass band was complex I, while the
next two bands, marked as NDH2e and NDH2e*, were stained due to
the activity of the alternative NADH dehydrogenase, since they were
absent in the electrophoretic pattern of the NDH2e deletion mutant.
These two bands probably represent bound and free populations of
NDH2e. The fourth, lower band, present in all gels, might correspond
to the activity of an NADPH dehydrogenase, as it was previously iden-
tified by LC-MS/MS analysis [26] and it also appeared in the ΔNDH2e
mutant. As expected, cytochrome c oxidase in-gel activity revealed
several bands probably corresponding to diverse complex
IV-containing super-complexes. The lower band corresponds to
monomeric complex IV and the upper bands to different complex
IV-containing super-complexes.

In the stat-phase an increase in the band marked as NDH2e was
observed, which probably corresponds to the free form of the
alternative dehydrogenase, while the band marked as NDH2e* did
not seem to change as compared with that observed in the
log-phase (Fig. 4-A). In parallel, a decrease in cytochrome c oxidase
activity was detected in the stat-phase, suggesting that complex IV
may be down-regulated at the same time as NDH2e expression
increases (Fig. 4-A). In addition, western blots of subunit III of
cytochrome c oxidase indicated that complex IV was found at lower
concentrations in the stat- than in the log-phase (Fig. 4-B). To confirm
whether complex IV decreased in the stat-phase, the absorption

Fig. 3 (continued).
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spectra of cytochromes b and aa3 and the activity of cytochrome c
oxidase were measured (Fig. 5). The concentration of cytochrome b
remained almost constant, while cytochrome a+a3 decreased from
0.07 nmol/mg protein in the log-phase to 0.03 nmol/mg protein in
the stat-phase (Fig. 5-A). In these same conditions the rate of oxygen
consumption using ascorbate and TMPD also decreased during the
stat-phase (Fig. 5-B). Altogether, the differences in the in-gel
activities (Fig. 4-A), the decreased complex IV contents detected by
western blot (Fig. 4-B) and the absorbance spectra (Fig. 5), are
consistent with an increase in the NDH2e:complex IV ratio that in
turn would lead to accumulation of non-associated NDH2e that
would be free to reduce AOX.

3.5. In mitochondria from cells in the stationary phase, NADH oxidation
produces less reactive oxygen species

The uncoupled (NDH2e–AOX) respiratory pathway increased
during the stat-phase, although a fraction of NDH2e was still
interacting with the cytochrome pathway (Fig. 3). Thus, in the
stat-phase the electrons from NDH2e are probably fed to both the cy-
tochromes and the AOX instead of being channeled to the cytochrome

bc1 complex. At high ΔΨ, complex III has been reported to be an
important source of reactive oxygen species (ROS) [48]; therefore,
the activation of the alternative pathway would be a most desirable
mechanism to decrease the rate of ROS production. To test this
hypothesis, the rate of hydrogen peroxide formation was measured
in mitochondria isolated from cells either in the log- or the stat-
growth phase using NADH or pyruvate–malate as substrates (Fig. 6).
In the presence of NADH, mitochondria from log-grown cells
exhibited a large rate of ROS production, while those from cells in
the stat-phase decreased ROS production, as expected from the
activation of the NDH2e–AOX pathway. In contrast it was observed
that the pyruvate–malate-supported rate of H2O2 production was
lower and not modified by the growth phase (Fig. 6). In addition,
rotenone blocked electron transfer at the level of complex I,
promoting an increase in ROS production from this complex (Fig. 6)
as expected from data in the literature [49].

4. Discussion

Depending on the growth phase and metabolic requirements,
yeast cells undergo large variations in energy needs [27]. In contrast
to multiplying cells, quiescent cells need less ATP, and in this situation
a fully coupled, slow respiratory chain would overproduce ROS [50].
In order to increase the rate of oxygen uptake in the stat-phase, the
respiratory chain must be partially uncoupled from ATP synthesis.
Indeed, uncoupling devices such as the mitochondrial permeability
transition and the action of uncoupling proteins have been described
[51,52]. Here, the possible existence of a third uncoupling mechanism
was explored, namely the activation of an alternate electron transfer
pathway in which NADH is oxidized by an alternative dehydrogenase
and oxygen is reduced by an alternative oxidase. This alternate route
does not pump protons, and therefore does not contribute to ΔΨ
build-up. In mitochondria from Arabidopsis thaliana, the activation
of the alternative pathway seems to depend on the pyruvate-
mediated stimulation of AOX [19]. Pyruvate or other ketoacids
activate AOX at a cysteine residue (C127) located just upstream of
the membrane-embedded region [53]. This residue is not present in
the Y. lipolytica AOX and thus ketoacids do not activate this enzyme.
Lack of ketoacid-activation is also observed in the AOX from
Acanthamoeba castellanii [54].

The energy requirements in a cell should vary widely from the
early log-phase, where anabolism is very active and supports rapid
rates of cell division and growth, to the stat-phase, a low-energy
mode when cells do not grow or reproduce [27]. In quiescent cells
fully coupled mitochondria would maintain a high transmembrane
potential and low rate of oxygen consumption, overproducing ROS
[55]. In these conditions, an increase in the NADH/NAD+ ratio
would down-regulate catabolic pathways both in the cytoplasm and
within the mitochondrial matrix. Thus, in the stat-phase the
combined activities of the alternative components or the respiratory
chain would be most advantageous, as an uncoupled electron flux
would be rapid and independent of ΔΨ, decreasing the rate of ROS
production and reestablishing the balance in the NADH/NAD+ couple
needed for an active metabolism.

In the log-phase NADH-derived electrons are channeled to the
cytochromic pathway and not to the non-productive AOX. This was
demonstrated by the complete inhibition of oxygen consumption
mediated by cyanide and by the presence of a high respiratory
control. Electron channeling to cytochromes is probably due to the
physical interaction of NDH2e with complex IV [26]. By contrast, in
the low energy-requiring stationary growth phase, NADH was
allowed to reach the alternative electron pathway, as indicated by
the partial resistance to cyanide and by the loss of respiratory control.
Activation of the alternative pathway was probably due to the
combination of the increased expression of NDH2e and the down-
regulation of complex IV, which led to the accumulation of high levels

Fig. 4. Activity and protein amounts of NDH2e and complex IV. (A) In-gel NADH dehy-
drogenase (NDH) or cytochrome c oxidase (COX) activities were qualitatively deter-
mined after hrCN-PAGE of mitochondria isolated from cells grown to the log-phase
(15 h) or to the stat-phase (90 h). In addition to complex-I and NDH2e, other dehydro-
genases were detected. The most intensely colored band corresponds to complex I.
NDH2e activity could be assigned due to the lack of staining in a Δndh2e mutant strain
(GB5.2). Two bands corresponding to the alternative enzyme marked as NDH2e and
NDH2e* probably correspond to a cytochromic pathway-interacting form and to a
free form. I, complex I; IV, complex IV; SC, super-complexes; (B) Western blot of isolat-
ed mitochondria for detection of NDH2 and the complex IV subunit COXIII in different
growth phases. Numbers indicate time of growth (hours) from the wild type strain; GB,
Δndh2e mutant strain. A representative gel and blot are shown (n=3).
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of free NDH2e. Once released, NDH2e may reduce a non-localized
ubiquinone pool which in turn, could be oxidized by AOX.

In bacteria, the contribution of different terminal oxidases to
respiration depends heavily on the carbon/energy source [56,57]. By
contrast, in mitochondria different respiratory pathways may be
switched on and off through dynamic interactions between respirato-
ry enzymes [25]. Through this mechanism, proton pumping would be
adjusted to best fit the energy-needs of the cell. In the log-phase, the
ability of NDH2e to replenish the cytoplasmic NAD+ pool would be
dependent on the utilization of ATP. However, it may be speculated
that in the stat-phase a non-attached NDH2e is needed to oxidize
cytoplasmic NADH regardless of a constantly high proton-motive
force or the lack of ATP. In other organisms there is ample evidence
indicating that AOX is activated in the stat-phase, releasing
respiration from ATP production and preventing ROS overproduction
[58,59].

Different supercomplexes were detected in mitochondria from
Podospora anserina at different life stages, allowing to switch on and
off selective respiratory pathways that involved either AOX or
complexes III/IV [25]. In Y. lipolytica grown to the log-phase, NDH2e
is bound to super-complex III/IV. In contrast, in the stationary phase
overexpressed NDH2e would saturate the binding sites in complex
IV, which is present in lower concentrations. The free fraction of
NDH2e would not channel electrons to the cytochrome pathway,

Fig. 5. Differential spectra and cytochrome c oxidase activity. (A) Dithionite-reduced minus ferricyanide-oxidized absorbance spectra of mitochondria from cells grown to the
logarithmic or to the stationary growth phase. 2 mg/mL mitochondria were added to the reaction mixture described in Fig. 1 and spectra were recorded in an Aminco/Olis
DW2000 spectrophotometer. Wavelength limits were 500 and 680 nm. The baseline was recorded after ferrycyanide addition to the reference cuvette. Then, two or three grains
of dithionite were added to the sample cuvette and the reduced differential spectrum was recorded. Dashed lines indicate the cytochrome b and cytochromes a+a3 peaks.
Representative spectra are shown (n=5). (B) cytochrome c oxidase activity was measured by cyanide-sensitive oxygen consumption in the presence of 5 mM ascorbate, 1 μM,
TMPD (Tethrametyl-phenylene-diamine) and 10 μM antimycin A in the same reaction mixture as for Fig. 1.

Fig. 6. Reactive oxygen species produced in isolated mitochondria. The production of
hydrogen peroxide was measured following resorufin fluorescence in a multiwell
microplate reader (Biotek) and the fluorescence increase slope is reported. Reaction
mixture: 0.6 M mannitol, 5 mM MES, 20 mM KCl, 0.5 mM MgCl2, 4 mM Pi, 10 μM
Amplex Red, 0.1 units/mL horseradish peroxidase, 100 units/mL superoxide dismutase
in the presence of 10 mM pyruvate and 10 mM malate or 0.25 mM NADH. Where indi-
cated rotenone was 25 μM. Mean fluorescence±SD (n=5).

360 S. Guerrero-Castillo et al. / Biochimica et Biophysica Acta 1817 (2012) 353–362

image of Fig.�5
image of Fig.�6


but instead, reach a non-localized ubiquinone-pool, thus activating
the AOX pathway. This alternate electron pathway results in uncou-
pling of oxidative phosphorylation preventing the overproduction of
ROS.
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The branched respiratory chain inmitochondria from the halotolerant yeast Debaryomyces hansenii contains the
classical complexes I, II, III and IV plus a cyanide-insensitive, AMP-activated, alternative-oxidase (AOX). Two
additional alternative oxidoreductases were found in this organism: an alternative NADH dehydrogenase
(NDH2e) and a mitochondrial isoform of glycerol-phosphate dehydrogenase (MitGPDH). These monomeric
enzymes lack proton pump activity. They are located on the outer face of the inner mitochondrial membrane.
NDH2e oxidizes exogenous NADH in a rotenone-insensitive, flavone-sensitive, process. AOX seems to be constitu-
tive; nonetheless, most electrons are transferred to the cytochromic pathway. Respiratory supercomplexes contain-
ing complexes I, III and IV in different stoichiometries were detected. Dimeric complex V was also detected. In-gel
activity of NADH dehydrogenase, mass spectrometry, and cytochrome c oxidase and ATPase activities led
to determine the composition of the putative supercomplexes. Molecular weights were estimated by com-
parison with those from the yeast Y. lipolytica and they were IV2, I–IV, III2–IV4, V2, I–III2, I–III2–IV, I–III2–IV2,
I–III2–IV3 and I–III2–IV4. Binding of the alternative enzymes to supercomplexes was not detected. This is the
first report on the structure and organization of the mitochondrial respiratory chain from D. hansenii.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The halotolerant, non-pathogenic, oleaginous yeast Debaryomyces
hansenii is found in the sea and other hyperosmotic habitats [1,2].
D. hansenii grows in various environmental conditions including different
salt concentrations [3–5], low temperatures [3] and different pHs [3,6]. In
addition,D. hansenii assimilatesmany different carbon sources [7–9]. The
ability of this yeast to synthesize and store lipids is used in biotechnology
to make products of commercial interest, such as cheese [2,10].

D. hansenii has high aerobicmetabolism and low fermentative activity
which are enhanced by high extracellular NaCl or KCl [11–13]. Isolated
D. hansenii mitochondria undergo permeability transition due to
the opening of a mitochondrial unspecific channel (MUC) [14]. Both,
the MUCs from D. hansenii (DhMUC) and S. cerevisiae (ScMUC) are

regulated by effectors such as phosphate, Mg2+ or Ca2+ [14–19].
The DhMUC is the only MUC reported to date that is closed by Na+ or
K+ [14] probably accounting for themonovalent cation coupling effects
observed in whole yeast [12,13].

Themammalian oxidative phosphorylation system contains the four
“orthodox” respiratory complexes (I, II, III and IV) plus the F1FO-ATP
synthase (complex V) [20]. In addition to the above, mitochondria
from plants, fungi, protozoa and some animals may contain “alternative”
redox enzymes that substitute or coexist with the classical complexes;
e.g. alternative NADH dehydrogenases and oxidases [21–25]. In fungi a
mammalian-like respiratory complex may be substituted by an alterna-
tive enzyme, e.g. in S. cerevisiae complex I the oxidoreductase activity
was substituted by an internal alternative NADH dehydrogenase [26,27].

The fungal alternative oxidases (AOXs) are single subunit proteins
bound to the matrix side of the inner mitochondrial membrane (IMM)
[28–31]. The cyanide-resistant AOX transfers electrons from ubiquinol
to oxygen. AOX is inhibited by hydroxamic acids and by n-alkyl-gallates
[29,32]. The presence of AOX constitutes an uncoupled branch of the
respiratory chain probably designed to prevent substrate overload
and overproduction of reactive oxygen species (ROS) [25,28,33–36].

Alternative type II NADH dehydrogenases (NDH2s) transfer electrons
from NADH to ubiquinone without pumping protons [37]. NDH2s are
monomeric proteins bound to the inner (NDH2i) or the outer (NDH2e)
face of IMM [21,37]. NDH2s are not sensitive to rotenone, but instead
are specifically inhibited by flavone [38].
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The mitochondrial isoform of glycerol-phosphate dehydrogenase
(MitGPDH) is another component of branched respiratory chains
[39,40]. MitGPDH oxidizes glycerol-phosphate to dihydroxyacetone-
phosphate and reduces ubiquinone. Also, this protein is located on
the outer face of the IMM [41]. The peripheral proteins NDH2s, MitGPDH
and AOX are not proton pumps [21,29,40].

Twomajor models describe the structure/function relationship of
the respiratory chain. The fluid or random collision model proposes
that respiratory complexes float freely within the IMM and electron
transport occurs through the diffusible carriers ubiquinone and
cytochrome c [42]. On the other hand, the solid model proposes
that respiratory complexes are organized into stable hetero-oligomers
(supercomplexes or “respirasomes”) that channel electrons between
them [43–46]. There are data that support each model [47]. Kinetic
studies show that each respiratory complex can bepurified individually,
retaining activity [42]. By contrast, blue native gel polyacrylamide
electrophoresis (BN-PAGE) reveals the existence of supercomplexes
composed of several respiratory complexes [48]. Respiratory super-
complexes can be observedwhen solubilizingmitochondrial membranes
with small amounts of mild detergents such as digitonin [44]. The
presence of respiratory supercomplexes has been well documented
in mammals [48,49], plants [43,46,50] and different yeast species
[51–54]. Additionally, a thirdmodel has been proposed: the plasticity
model, where respiratory complexes undergo a dynamic association-
dissociation process and isolated supercomplexes transfer electrons
from NADH to oxygen [55]. The plasticity model suggests that complex
association/dissociation regulates oxidative phosphorylation [55,56].

Here, the mitochondrial respiratory chain of D. hansenii, which
has been reported to contain all four mammalian-like respiratory
complexes [57] plus a putative stationary-phase-inducible AOX, was
characterized [58,59]. This branched respiratory chain contains all
the complexes reported [59] plus an external NDH2 and a glycerol-
phosphate dehydrogenase. In addition, association of these complexes
in different supercomplexes was observed.

2. Materials and methods

2.1. Chemicals

All chemicalswere reagent grade. D-sorbitol, D-mannitol, D-glucose,
D-galactose, glycerol, Trizma®base (Tris),malic acid, pyruvic acid, citric
acid, maleic acid, DL-α-glycerophosphate, NADH, ATP, ADP, rotenone,
flavone, antimycin A, propyl-gallate, digitonin, n-dodecyl β-D-maltoside
(laurylmaltoside), Nitrotetrazolium blue chloride and antifoam A
were from Sigma Chem Co. (St Louis, MO). Bovine serum albumin
(ProbulminTM) was from Millipore. Yeast extract and bacto-peptone
were fromBDBioxon. DL-lactic acid, H3PO4, NaCN, KCl,MgCl2 andethanol
were from J.T. Baker. 3,3′-Diaminobenzidine tetrahydrochloride hydrate
was from Fluka. Coomassie Blue G was from SERVA (Heidelberg,
Germany). Coomassie® brilliant blue G-250 and electrophoresis reagents
were from BIO-RAD (Richmond, CA).

2.2. Biologicals

D. hansenii Y7426 strain (US Dept. of Agriculture) was used
throughout this work. The strain was maintained in YPGal-NaCl
(1% yeast extract, 2% bacto-peptone, 2% D-galactose, 1 M NaCl
and 2% bacto-agar) plate cultures. Yarrowia lipolytica E150 strain
was also used. This strain was maintained in YD (1% yeast extract
and 2% D-glucose and 2% bacto-agar) plate cultures.

2.3. Yeast culture and isolation of coupled mitochondria

D. hansenii cells were grown as follows: pre-cultures were prepared
inoculating 100 mL of YPLac-NaCl medium (1% yeast extract, 2% bacto-
peptone, 2% lactic acid, pH 5.5 adjusted with NaOH and adding NaCl to

reach 0.6 MNa+) containing antifoamA emulsion 50 μL/L. Pre-cultures
were grown for 36 h under continuous agitation in an orbital shaker at
250 rpm at 29 °C. Then, each pre-culture was used to inoculate a
750 mL flask with the same medium. Incubation was continued for
24 h (i.e. medium to late logarithmic phase). D. hansenii mitochon-
dria were isolated as reported previously [14]. Mitochondria from
Y. lipolytica were isolated as in [51].

2.4. Protein quantification

Mitochondrial protein was measured by the Biuret method [60].
Absorbance was determined at 540 nm in a Beckman DU-50 spectro-
photometer. Bovine serum albumin was used as a standard.

2.5. Oxygen consumption

The rate of oxygen consumption was measured in a YSI-5300
Oxygraph equippedwith a Clark-Type electrode (Yellow Springs Instru-
ments Inc., OH) interfaced to a chart recorder. The sample was placed in
a water-jacketed chamber at 30 °C. The phosphorylating state (III) was
induced with 0.5 mM ADP. The reaction mixture was 1 M sorbitol,
10 mM maleate (pH was adjusted to 6.8 with Tris), 10 mM Tris-
phosphate (Pi), 0.5 mM MgCl2 and 75 mM KCl. Mitochondrial protein
(Prot) was 0.5 mg/mL; final volume was 1.5 mL. The concentrations of
different respiratory substrates and inhibitors are indicated in the
legends to the figures.

2.6. Blue native (BN) and 2D SDS-Tricine electrophoresis

BN-PAGE was performed as described in the literature [49]. The
mitochondrial pellet was suspended in sample buffer (750 mM
aminocaproic acid, 25 mM imidazole (pH 7.0)) and solubilized
with 2.0 mg n-dodecyl-β-D-maltoside (laurylmaltoside, LM)/mg
Prot, or 4.0 mg digitonin (Dig)/mg Prot at 4 °C for 1 h and centrifuged
at 33,000 rpm at 4 °C for 25 min. The supernatants were loaded on
4–12% (w/v) polyacrylamide gradient gels. Protein, 0.25 or 0.5 mg per
lane was added to 8.5 × 6 cm or 17 × 12 cm gel sizes, respectively.
The stacking gel contained 4% (w/v) polyacrylamide. Also, 0.025%
digitonin was added to the gel preparation to improve protein
band definition [61]. For 2D SDS-Tricine-PAGE, complete lanes from
the BN-gels were loaded on 12% polyacrylamide gels to resolve the
subunits that constitute each complex. 2D-gels were subjected to
Coomassie-staining [61] and silver-staining [62,63]. Apparent molecu-
lar weights were estimated using Benchmark Protein (Invitrogen, CA)
and Precision Plus ProteinTM (BIO-RAD, Richmond, CA) standards.

2.7. In-gel enzymatic activities

In-gel NADH/nitrotetrazolium blue chloride (NTB) oxidoreductase
activity was determined incubating native gels in a mixture of 10 mM
Tris (pH 7.0), 0.5 mg NTB/mL and 1 mM NADH [64]. Inhibitors such as
rotenone and flavone were not able to act on their target enzymes in
the gel assays, probably due to dilution into the BN-gel incubation
medium, their hydrophobicity or their specific inhibition sites on the
protein i.e. the indicator (NTB) seems to receive electrons from flavin
prosthetic groups [65], far from the inhibitor blocking sites (near the
ubiquinone site) [66,67] (result not shown). In-gel cytochrome c
oxidase (COX) activity was determined using diaminobenzidine
and cytochrome c [68]. Cyanide was useful to inhibit COX (Result not
shown), but cannot use to unveil the alternative oxidase because
there is no method available to measure AOX in-gel activity. In-gel
ATPase activity was measured as in [61]. Oligomycin was not able to
inhibit this activity (Result not shown) as previously reported in [68].
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2.8. Protein search, alignment and sequence analysis

We used the BLAST website and the NCBI database to search and
compare protein sequences from alternative respiratory enzymes. We
used the known protein sequences from other yeasts [69–71] to search
for possible NDH2s, AOXs and/or MitGPDHs in theD. hanseniiNCBI data-
base. The identified D. hansenii sequences were aligned against those
from S. cerevisiae, Y. lipolytica and/or C. albicans using Clustal W 2.0
[72]. The BLAST analysis also indicated the percentages of identity and
similarity between amino acid sequences.

2.9. Western blotting

Mitochondrial samples were diluted in 0.5 mL sample buffer
(500 mM Tris pH 6.8, 10% glycerol, 10% SDS, 0.05% 2-β-
mercaptoethanol and 0.01% bromophenol blue) and boiled for
5 min [73]. SDS-Tricine-PAGE was performed in a 10% polyacrylamide
gel. Proteins were electrotransferred to PVDF membranes for immuno-
blotting using 25 mM potassium phosphate, 25 mM sodium phosphate,
12 mMTris, 192 mMglycine and 20%methanol, pH 7.0 [74].Membranes

were blocked with 0.5% albumin in TBS/T (50 mM Tris, 100 mM NaCl,
pH 7.6, and 0.1% Tween 20) for 1 h and incubated overnight at 4 °C
with the primary antibody (monoclonal mouse antibody against the
AOX from thehigher plant Sauromatumguttatum [75]). Then,membranes
werewashedwith TBS/T and incubated at room temperature for 1 hwith
the horseradish peroxidase (HRP)-conjugated secondary antibody (HRP
anti-mouse-igG). Antibodies were diluted in TBS/T. Once themembranes
werewashed, the bandswere developedby chemiluminescence (ECL kit)
[76].

2.10. Mass spectrometry

From the BN-gels or 2D SDS-Tricine gels, the indicated bands were
excised and sent for protein sequence identification by LC-MS to the
University Proteomics Laboratory of the Instituto de Biotecnología,
UNAM (Cuernavaca, Morelos, Mexico). Peptides were analyzed in a
LC-MS system constituted by an Accela microflux liquid chromatogra-
pher (Thermo-Fisher Co., San Jose, CA, USA) with a splitter (1/20), a
LTQ Orbitrap Velos mass spectrometer (Thermo-Fisher Co., San Jose,
CA, USA) and a nano-electrospray ionization (ESI) system. After tryptic
digestion, samples were analyzed in a tandem high-resolution mass
spectrometer. Mascot and Protein-Prospector algorithms were used to
search all spectrometric results against the NCBInr database. Protein
sequence coverage (%) is shown in Tables 3 and 5.

3. Results

3.1. D. hansenii contains a branched mitochondrial respiratory chain

To define the composition of the respiratory chain from D. hansenii,
we measured the rate of oxygen consumption in isolated mitochondria
using different substrates and inhibitors. To prevent the mitochondrial
permeability transition (PT), 10 mM phosphate and 75 mM KCl were
added (Table 1). As expected [58,59], citrate-malate and pyruvate-
malate were efficiently oxidized in a rotenone-sensitive fashion by
complex I while succinate was oxidized by complex II. In addition, the
complex III inhibitor antimycin-A and the complex IV inhibitor NaCN
partially inhibited oxygen consumption. Partial inhibitions indicated
the presence of an alternative pathway for oxygen consumption [59].
The presence of an active AOX was confirmed by the partial sensitivity
of the rate of oxygen consumption to propyl-gallate (PG). PG was pre-
ferred over salicylhydroxamic acid (SHAM) because full inhibition was
achieved with 100 μM PG while a higher 500 μM SHAM was needed
(Result not shown). Full inhibition of oxygen consumption was
achieved by adding NaCN and PG together (Table 1).

The above results confirm the presence of a branchedmitochondrial
respiratory chain in D. hansenii that contains at least all four multi-
subunit complexes plus an alternative AOX [55,56]. The presence of
additional external alternative dehydrogenases was suggested when
NADH and glycerol-phosphate were oxidized at high rates (Table 1).
Oxidation of these substrates was partially sensitive to both, NaCN or
PG, indicating that electrons coming from these substrates could reach
either the cytochrome pathway or AOX. The external NADHdehydroge-
nase (NDH2e) activity was sensitive to flavone, a specific inhibitor of
type II NADH dehydrogenases, but it was not sensitive to rotenone.
Also, the glycerol-phosphate dehydrogenase (MitGPDH) activity was
not sensitive to either rotenone or flavone. Thus, it is suggested that
D. hansenii contains a branched mitochondrial respiratory chain com-
posed by the four canonical complexes, alternative dehydrogenases
(at least NDH2 and MitGPDH) and an AOX.

The substrates predicted to yield a higher number of protons-
pumped per electron consumed in the respiratory chain (H+/e−)
exhibited a higher respiratory control (RC = phosphorylating state
(III)/resting state (IV)) than those with a low H+/e− (Table 1), i.e., the
highest respiratory controls were obtained using pyruvate-malate,
RC = 2.35 ± 0.07 or citrate-malate, RC = 2.17 ± 0.05. By contrast,

Table 1
Rates of oxygen consumption in isolated mitochondria from D. hansenii in the presence of
different respiratory substrates and inhibitors.

Substrate and other additions Rate of oxygen
consumption
(natgO ·
(min · mg Prot)−1)

Respiratory
control
(III/IV)

Pyruvate (10 mM) + malate (10 mM)
+ADP (500 μM)

123 ± 10*
290 ± 7**

2.36 ± 0.07

+Rotenone (50 μM) 8 ± 1
+Flavone (500 μM) 114 ± 5
+Antimycin-A (5 μM) 32 ± 3
+NaCN (500 μM) 33 ± 2
+Propyl-gallate (100 μM) 108 ± 6

Citrate (10 mM) + malate (10 mM)
+ADP (500 μM)

138 ± 10*
299 ± 12**

2.17 ± 0.05

+Rotenone (50 μM) 11 ± 2
+Flavone (500 μM) 135 ± 5
+Antimycin-A (5 μM) 41 ± 3
+NaCN (500 μM) 39 ± 2
+Propyl-gallate (100 μM) 128 ± 6

Succinate (10 mM) 143 ± 11* 1.64 ± 0.08
+ADP (500 μM) 235 ± 14**
+Rotenone (50 μM) 144 ± 9
+Flavone (500 μM) 143 ± 11
+Antimycin-A (5 μM) 38 ± 3
+NaCN (500 μM) 39 ± 5
+Propyl-gallate (100 μM) 117 ± 4

NADH (1 mM)
+ADP (500 μM)

258 ± 9*
317 ± 12**

1.23 ± 0.05

+Rotenone (50 μM) 243 ± 10
+Flavone (500 μM) 28 ± 14
+Antimycin-A (5 μM) 65 ± 3
+NaCN (500 μM) 65 ± 4
+Propyl-gallate (100 μM) 204 ± 4

Glycerol-phosphate (10 mM)
+ADP (500 μM)

216 ± 10*
276 ± 11**

1.28 ± 0.03

+Rotenone (50 μM) 216 ± 10
+Flavone (500 μM) 216 ± 10
+Antimycin-A (5 μM) 39 ± 3
+NaCN (500 μM) 37 ± 3
+Propyl-gallate (100 μM) 188 ± 7

The rates of oxygen consumption were measured in resting state (IV)* and phosphorylating
state (III)**. The phosphorylating state was induced with ADP. Rates of oxygen consumption
in the presence of inhibitors were measured after a steady state was reached. Reaction
mixture: 1 M sorbitol, 75 mM KCl, 10 mM Tris-phosphate, 1 mM MgCl2 and 10 mM
maleic acid, pH 6.8 (Tris). Mitochondria 0.5 mg Prot · (mL)−1 were added in each assay.
Temperature 30 °C. Final volume 1.5 mL. Data from five independent experiments are
expressed as the mean ± SD.
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with succinate a low RC = 1.64 ± 0.08 was observed, while with
glycerol-phosphate RC = 1.28 ± 0.03 and with NADH RC = 1.23 ±
0.05.

3.2. The putative mitochondrial NDH2e from D. hansenii is inhibited by
flavone and exhibits a high homology with NDH2s from other sources

To confirm the presence of external NDH2(s) in D. hansenii the rate
of oxygen consumption was titrated with rotenone to inhibit complex
I or flavone to inhibit anyNDH2 activity present [38]. The rate of oxygen
consumption in the absence of inhibitors was taken as 100%. In the
presence of pyruvate-malate, respiration was inhibited by rotenone,
but it was insensitive to flavone (Fig. 1A). At 5 μM rotenone 50% inhibi-
tion was obtained while maximum inhibition of the pyruvate-malate-
supported oxygen consumption was reached at 50 μM rotenone
(Fig. 1A, full circles). By contrast, with NADH, flavone inhibited oxygen
consumption while rotenone exhibited little effect (Fig. 1B). In the
presence of NADH, 500 μM flavone led to maximal inhibition
(Fig. 1B, empty circles).

Yeast species may contain different alternative dehydrogenases,
e.g. S. cerevisiae contains three mitochondrial NDH2 isoforms plus
an external MitGPDH [21,40]. To detect possible alternative dehydro-
genases in the NCBI database, the genome of D. hansenii was analyzed
for sequences homologous to those encoding for NDH2s and MitGPDHs
in Y. lipolytica and S. cerevisiae. For NDH2s, the BLAST analysis un-
veiled a protein sequencewith high homology to type II NADHdehydro-
genases. This is the hypothetical protein DEHA2D07568p, a 568 amino
acid (MW = 63 kDa) precursor. DEHA2D07568p was aligned against
the NDH2e sequence from Y. lipolytica (YALI0F25135p) and the NDH2s
from S. cerevisiae, i.e. NDI (YML120c), NDE1 (YMR145c) and NDE2
(YDL085w) (Table 2), exhibiting high sequence similarity. In addition,
DEHA2D07568p closely resembles external NDH2s from several fungi
and plants (Result not shown). Furthermore, when the conserved motifs
described for the NDH2e from Y. lipolytica [77] were compared with the
DEHA2D07568p, both proteins exhibited highly matching dinucleotide
binding sites (for NADH or FAD) and hydrophobic regions (Fig. 2).
These results plus the flavone sensitivity strongly suggest that
DEHA2D07568p is an NDH2e. In addition, there is a 98.9% probability
that this protein is imported into mitochondria as predicted by the
MitoProt II-v1.101 program [78]. Analysis of the D. hansenii genome
did not detect other genes coding for NDH2s.

3.3. D. hansenii has a mitochondrial glycerol-phosphate dehydrogenase
(MitGPDH)

Isolated mitochondria from D. hansenii oxidized glycerol-phosphate
at a high rate (Table 1), suggesting the presence of a mitochondrial
GPDH as predicted by Adler and co-workers [79]. Thus, to look for
orthologues the D. hansenii sequences were aligned against the
corresponding genes from S. cerevisiae (Gut2p) and Y. lipolytica
(YALI0B13970p). The analysis unveiled only one candidate sequence,
annotated as hypothetical protein DEHA2E08624p; a 652 amino-acid
precursor, MW = 72.5 kDa with a 65.9% probability of being imported
by mitochondria [78]. DEHA2E08624p sequence is similar to MitGPDHs
from other yeast species (Table 2) and with other MitGPDHs stored in
the NCBI database. Thus, our data suggest that DEHA2E08624p is a
mitochondrial GPDH.

3.4. The AOX in D. hansenii mitochondria is sensitive to AMP

In isolated mitochondria from D. hansenii cyanide-resistant
respiration (CRR) was ~20–25% of the total. In different organisms this
percentage can vary depending on different molecules or environmental

Fig. 1. Inhibition of oxygen consumption in isolated mitochondria from D. hansenii with
rotenone (A) or flavone (B). The substrate was either 10 mM pyruvate-malate (●) or
1 mMNADH (○). Oxygenmeasurementsweremade in the resting state (IV). The reaction
mixture was as in Table 1. Data from five independent experiments are expressed as the
mean ± SD.

Table 2
D. hansenii putative alternative oxidoreductase sequences. Percentage of identity and
similarity with those from other yeast sources.

Sequences Identity (%) Similarity (%)

a) NDH2s
• DEHA2D07568p vs. YALI0F25135p (YlNDH2e) 50 65
• DEHA2D07568p vs. YML120c (ScNDE1) 45 64
• DEHA2D07568p vs. YMR145c (ScNDE2) 52 69
• DEHA2D07568p vs. YDL085w (ScNDI) 50 69
b) MitGPDHs
• DEHA2E08624p vs. YALI0B13970p (YlMitGPDH) 49 64
• DEHA2E08624p vs. Gut2p (ScMitGPDH) 58 73
c) AOXs
• DEHA2C03828p vs. AAQ08895 (YlAOX1) 54 69
• DEHA2C03828p vs. AAQ08896 (YlAOX2) 50 66
• DEHA2C03828p vs. XP_723460 (CaAOX1) 63 73
• DEHA2C03828p vs. XP_723269 (CaAOX2) 65 79

Protein sequences are shown accordingly with their NCBI definition or accession
nomenclature.
Abbreviations: Sc: S. cerevisiae; Yl: Y. lipolytica; Ca: C. albicans; NDH2e/NDE: external
alternative NADH dehydrogenase; NDI: internal alternative NADH dehydrogenase; AOX1:
alternative oxidase isoform 1; AOX2: alternative oxidase isoform 2; Mit: mitochondrial
isoform.
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conditions, e.g. α-ketoacids, AMP, salts, temperature and mitochondrial-
matrix redox state [80–82]. In addition, many plants andmicroorganisms
express AOX in response to ROS or cytochromic pathway inhibitors
[83,84]. AOXs from yeast or from Ustilago maydis are activated by AMP
and possibly by the redox state, but not by α-ketoacids [85]. To test
some of the properties of the D. hansenii AOX (DhAOX); it was decided
to explore the sensitivity to AMP or pyruvate. To measure only CRR,
these experiments were conducted in the presence of 500 μM NaCN.
Full oxygen consumption inhibition was achieved with 500 μM NaCN
plus 100 μM propyl-gallate. It was observed that AMP increased CRR
(~15%)while pyruvate hadnoeffects (Fig. 3), i.e. theAOX fromD. hansenii
shares the sensitivity to AMP from other fungi AOXs.

Further analysis of AOXwas conducted by comparing the DhAOX hy-
pothetical protein sequence with the constitutive and inducible AOX
isoforms (1 and 2, respectively) from Yarrowia lipolytica and Candida

albicans. The BLAST analysis unveiled only one candidate, annotated as
hypothetical protein DEHA2C03828p. This sequence corresponds to a
338 amino-acid precursor with a theoretical MW of 39.4 kDa. There is
a 97.1% probability that this protein is imported by mitochondria [78].
The DEHA2C03828p sequence has high similarity to the AOXs from
both yeast species (Table 2). With the above results, it may be concluded
that D. hansenii mitochondria contain a branched respiratory chain
composed by all four canonical complexes plus three alternative oxido-
reductases, namely anNDH2e, a MitGPDHand the DhAOXalready reported
[59]. Alternative enzymes were analyzed using SDS-Tricine PAGE,
western blotting and mass spectrometry (see below).

3.5. In D. hansenii mitochondria, respiratory complexes organize into
supercomplexes

After detection of the different components of the mitochondrial
respiratory chain from D. hansenii, it was decided to define whether
the respiratory complexes were organized into supercomplexes as
described for many other species [48,50,51]. Both D. hansenii and
Y. lipolytica are closely related [69,70], so we decided to use Y. lipolytica
mitochondrial respiratory complexes and supercomplexes as standards
to estimate the MW of those from D. hansenii. For BN-PAGE, mitochon-
drial membranes were solubilized with either laurylmaltoside (LM) or
digitonin (Dig). Digitonin was used expecting to preserve associations
between respiratory complexes, while laurylmaltoside was expected
to allow isolation of the individual complexes. The BN-PAGE results
are shown for solubilized mitochondria from Y. lipolytica (Fig. 4A) and
fromD. hansenii (Fig. 4B). In LM-solubilizedmitochondria, the individu-
al complexes from either Y. lipolytica or D. hansenii were observed at
different migration distances. Migration distances for complexes I, IV
and V were reasonably near in both species. By contrast, the complex
III band from D. hansenii was hardly detectable by BN-PAGE (Fig. 4B
lane LM). In fact, the location of complex III was detected only in the
2D Tricine-SDS-PAGE (see below). In digitonin-solubilized mitochon-
dria from both Y. lipolytica (Fig. 4A) and D. hansenii (Fig. 4B) several
high MW bands corresponding to putative respiratory supercomplexes
were revealed.

To further characterize the location and composition of each complex
and supercomplex, the in-gel enzymatic activities of NADH dehydroge-
nase (NDH), ATPase and cytochrome c oxidase (COX) were assayed in
BN-gels (Fig. 4C to E). In the LM solubilized sample, NDH activity

Fig. 2.Alignment of the conservedmotifs ofDEHA2D07568p andY. lipolyticaNDH2eamino acid sequences. (:) Conserved substitutions; (.) semi-conserved substitutions. Identical residues
in both sequences are shown in gray. Numbers indicate amino acids in the linear sequence of each protein.

Fig. 3. Activation of the D. hansenii AOX by AMP but not by pyruvate (Pyr). Oxygen con-
sumption was measured in state IV with 10 mM succinate as respiratory substrate.
50 μM rotenone was added to inhibit complex I. Cytochrome-dependent oxygen con-
sumption was inhibited with 500 μM NaCN (CN−). 100 μM propylgallate (PG), 10 mM
pyruvate (Pyr) or 1 mM AMP was used as indicated. n = 3 ± SD. One-way ANOVA
(Dunnett's multiple comparison test) *P b 0.05 compared to the cyanide-treated sample
(second bar).
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exhibited two purple bands corresponding to complex I and presumably
to the NDH2e (Fig. 4C lane LM). When solubilized with digitonin, higher
MW purple bands were detected (Fig. 4C lane Dig). These bands were
assigned as supercomplexes containing complex I plus different amounts
of either complex III or complex IV (see below). Also, the NDH activity
seemed more intense in three bands than in all others, suggesting that
complex I-containing supercomplexes were concentrated in these
bands. These bands had MWs compatible with their assignment as the

complex I band running alone; as a I-IV supercomplex; a I-III2
supercomplex and a I–III2–IV3 supercomplex (Fig. 4C lane Dig; also see
Fig. 4D which is described below).

When COX activity wasmeasured, a single brown bandwas observed
in the LM-solubilized lane (Fig. 4D lane LM). It is suggested that this
activity is the product of monomeric complex IV. The digitonin lane
revealed several brown bands corresponding tomonomeric complex
IV and to a number of supercomplexes containing complexes I, III2

Fig. 4. Respiratory complexes and supercomplexes found in solubilized D. hansenii mitochondria. Isolated mitochondria were solubilized with laurylmaltoside (LM) 2.0 mg/mg Prot or
digitonin (Dig) 4.0 mg/mg Prot. (A) Y. lipolytica solubilizates were resolved by BN-PAGE in a 4–12% polyacrylamide gradient gel and were used as MWs standards. (B) LM- and Dig-
solubilizates from D. hansenii mitochondria resolved by BN-PAGE. (C) In-gel NADH-dehydrogenase activity (NDH); 1 mM NADH and 0.5 mg/mL nitrotetrazolium blue chloride (NTB).
(D) In-gel cytochrome c oxidase activity (COX); 0.04% diaminobenzidine and 0.02% cytochrome c. (E) In-gel ATPase activity performed in BN-gel; 35 mM Tris, 270 mM glycine, 0.2%
Pb(NO3)2, 14 mM MgSO4 and 8 mM ATP (pH 8.4). I, III2, IV and V are the mitochondrial mammalian-like complexes. (*) Putative NDH2e. D. hansenii supercomplexes (SC) were: I–IV,
I–III2, I–III2–IV, I–III2–IV2, I–III2–IV3 and I–III2–IV4 where stoichiometries are indicated as sub-indexes. IV2: complex IV dimer; F1: soluble domain of complex V; V2: complex V dimer;
subV: complex V sub-complexes.
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and IV (Fig. 4D lane Dig). Supercomplex I-III2-IV3 exhibited the
highest activity. Also, a faint band, probably corresponding to I–IV
supercomplex was detected near complex I.

In regard to in-gel ATPase activity, LM treatment revealed three ac-
tivity bands that were respectively assigned as themonomeric complex
V, the F1 subunit and a F1 subcomplex (Fig. 4E lane LM). In the first two
bands the ATPase activitywasmuch higher than the activity detected in
the subcomplex, indicating that thismay be at low concentrations or ex-
hibit less activity. In the digitonin solubilized samples ATPase activity
was detected in four bands (Fig. 4E lane Dig). The ATPase activity was
more intense in the bands assigned as the complex V dimer and mono-
mer, while the lower intensity bands probably were the F1 subunit and
an F1FO-ATP synthase sub-complex. Dimers of complex V have also been
detected previously in mitochondria from beef heart, S. cerevisiae,
Polytomella sp. and from other sources by digitonin solubilization or
using lower LM/protein ratios [51].

To determine the location of each respiratory complex, including
complex III which was not observed in the BN gels, and also whether
any given complex was part of a putative supercomplex, complete BN-
PAGE lanes from LM- and Dig-solubilized mitochondria were resolved
by second dimension denaturing gels (2D Tricine-SDS-PAGE) and
subjected to Coomassie-staining (Fig. 5) or silver-staining (Fig. 6), re-
spectively. The seconddimension gel from LM-solubilizedmitochondria
contains the individual subunit signatures [49] from each respiratory
complex (Fig. 5). In order to confirm the assignments for complexes I,
III, IV and V different bands were excised and sent to protein identifica-
tion by LC-MS. The 75-kDa subunit from NADH dehydrogenase (I), the
core proteins 1 and 2 from the bc1 complex (III), the COX subunit 2
from cytochrome c oxidase (IV) and the gamma (γ) subunit from
F1FO-ATP synthase (V) were identified with a high sequence coverage
(Table 3). In all cases, identified subunits were located at the lane that
was previously predicted for a specific respiratory complex. Complex
III, which was difficult to see before (Fig 4B, lane LM), could be located
next to the complex V monomer (Fig. 5).

In the 2D-gel obtained from digitonin-solubilized mitochondria, the
subunit pattern of individual complexeswas found also at highMWs in-
dicating the presence of supercomplexes (Fig. 6). The MWs suggested
that these supercomplexes contained complexes I, III and IV. In addition,
a pattern corresponding to a complex V dimer (V2) was identified. It is
suggested that the supercomplexes detected by BN-gels (Fig. 4) and

2D SDS-Tricine-gels (Figs. 5 and 6) were: IV2, I–IV, III2–IV4, V2, I-III2
(S0), I–III2–IV (S1), I–III2–IV2 (S2), I–III2–IV3 (S3) and I–III2–IV4 (S4).

To determine the stoichiometry and the theoretical MWs of these
supercomplexes, the MWs of each complex/supercomplex were esti-
mated by measuring the migration distance of the corresponding
bands in BN-PAGE of the digitonin solubilizates from D. hansenii and
interpolating them by linear regression in a log MW vs. migration dis-
tance plot from the solubilized mitochondrial respiratory complexes
from Y. lipolytica that we used as MW standards (Fig. 7). The estimated
MWs are shown in Table 4. The composition of each supercomplex was
determined by correlating the MW estimates and the presence of NDH,
COX and/or ATPase activity in each band. The calculated MWs for
complex I, IV and V monomers and complex III dimer were very
similar to those from Y. lipolytica (Fig. 7). The D. hansenii MWs of
the supercomplexes were similar to those reported for Y. lipolytica
[51]. By contrast, the complex V dimers from D. hansenii were heavier
than expected (Table 4).

In mammalian systems, large supercomplexes containing I1–III2–IV4

and III2–IV4 have been detected in BN-gels [49]. Also, mammalian
supercomplexes seem to be associated into larger “respiratory strings”
[86]. In D. hansenii, it seems that complexes I, III2 and IV organize into
supercomplexes suggesting that these mitochondria also possess
“respiratory strings” where chain units of the I–III2–IV3 supercomplex
would attach to each other. In contrast to Y. lipolytica [87], NDH2e
seems to be detached from the cytochrome-complexes; i.e. in digitonin-
treated samples in-gel NADH dehydrogenase activity was absent at the
sites where cytochrome complexes migrated (Fig. 4C lane Dig).

At this point, we can conclude that the branched respiratory chain
from D. hansenii contains a large amount of canonical respiratory
complexes (I, III and IV), whichmay be associated in supercomplexes
(Fig. 4). Alternative enzymes probably are independent from the
respiratory supercomplexes (at least theNDH2e (Fig. 4C lane Dig). Nev-
ertheless alternative enzyme distribution needs to be explored further.

3.6. Identification of the alternative respiratory enzymes from D. hansenii

NDH2e has already been proposed to correspond to the lower NADH
dehydrogenase activity band detected in a BN-gel (Fig. 4C); when this
band was subjected to 2D-SDS-Tricine-PAGE different proteins were
separated (Fig. 8). Three spots were selected for identification; the

Fig. 5. 2D SDS-Tricine-PAGE of D. hansenii mitochondrial respiratory complexes. From the BN-PAGE, the lane containing the laurylmaltoside (LM) solubilized proteins was excised and
subjected to 2D SDS-Tricine-PAGE. Bands that appear labeled were cut and sent for protein identification by LC-MS. These results are shown in Table 3. All SDS-Tricine-gels showed
were stained with Coomassie® brilliant blue G-250. Respiratory complexes are tagged as in Fig. 4.
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first corresponded to the hypothetical MW of NDH2e; i.e. 63 kDa
(Fig. 8, f) and the other twowere chosendue to their high concentration
(Fig. 8, bands g and h). The spots were analyzed by LC-MS/MS and the
results are shown in Table 5. The first band (f) was reported as the
NDH2e hypothetical sequence (DEHA2D07568p) but surprisingly, it
also contained the putative MitGPDH (DEHA2E08624p), in spite that the
predicted MWs were widely different (63 vs. 72.5 kDa, respectively)
(Table 5), i.e. they were in the same spot in the 2D SDS-Tricine-gel
(Fig. 8). The presence of both proteins in the asterisked band (excised
from the BN-gel, Fig. 4) might reflect a physiological interaction of these
alternative dehydrogenases. A similar interaction has been described in
S. cerevisiae as part of a mitochondrial dehydrogenase membrane
complex, which contains different external peripheral alternative
dehydrogenases, part of the Krebs cycle enzymes (including complex
II), the NDI and other NADH producing enzymes that were not defined
[88]. Also, in D. hansenii dihydrolipoamide dehydrogenase was identi-
fied next to NDH2e and MitGPDH (Fig. 8, g). This protein is part of the
pyruvate dehydrogenase and the α-ketoglutarate dehydrogenase
complexes [20]. The lower band contained three proteins: the ATP/

ADP carrier (ANC); the mitochondrial porin (VDAC) and the phosphate
carrier (Fig. 8, h). These proteins are involved in metabolite fluxes and
have been proposed to be part of the mitochondrial unspecific channel
in other yeast species [89].

In S. cerevisiae MitGPDH (Gut2p) has a predicted MW = 72.4 kDa,
while the mature form of this protein has a MW = 68.4 kDa [88]. This
MW is close to the mature S. cerevisiae NDE2 with a MW = 61.7 kDa
[88]. In D. hansenii, NDH2e exhibited an approximate MW = 60 kDa
(Fig. 8) and MitGPDH migrated very near that weight. In silico data and
estimated MWs suggested that D. hansenii MitGPDH contains a longer
signal-sequence than the NDH2e. When both proteins maturate, their
MWs become similar and their electrophoretic migration coincides. As
a result, both dehydrogenases appeared in the same 2D-gel spot
(Fig. 8, f; Table 5).

AOX was identified by mass spectrometry (Fig. 9, upper panel) and
by western blotting (WB) (Fig. 9, lower panel). For the western blot,
an antibody against AOX from S. guttatum was used. Two bands were
detected by this procedure (Fig. 9, lower panel). To determine which
of these bands contains AOX, they were excised from the gel and sent

Fig. 6. 2D SDS-Tricine-PAGE of D. hansenii mitochondrial supercomplexes. After BN-PAGE, the lane containing the digitonin-solubilized proteins was excised and subjected to 2D-SDS-
Tricine-PAGE followed by silver staining. Respiratory complexes are tagged as in Fig. 4. Supercomplex nomenclature: S0: I–III2, S1: I–III2–IV, S2: I–III2–IV2, S3: I–III2–IV3 and S4: I–III2–IV4.

Table 3
Proteins identified by LC-MS analysis contained in the indicated bands from the 2D SDS-Tricine-gel (Fig. 5).

Band Protein name Accession no. gI protein Lengtha Covb (%) MWc (kDa)

a NADH-quinone oxidoreductase 75-kDa subunit DEHA2G06050p 199433960 722 26.7 79
b F1F0-ATP synthase gamma subunit DEHA2F20658p 202953475 286 36.7 31.3
c Ubiquinol-cytochrome c reductase core protein 1 DEHA2D13640p 199431718 445 31.7 48
d Ubiquinol-cytochrome c reductase core protein 2 DEHA2E09834p 49655402 376 75 39.4

IDH2 subunit of mitochondrial NAD(+)-dependent isocitrate dehydrogenase DEHA2G05786p 49657467 365 22.2 39.5
IDH1 subunit of mitochondrial NAD(+)-dependent isocitrate dehydrogenase DEHA2C10758p 199430720 359 19.2 38.6

e Cytochrome c oxidase subunit 2 YP_001621413.1 162951843 246 11.7 28.4

a Number of amino acids.
b Protein sequence coverage.
c Predicted molecular weights from the D. hansenii NCBI database sequences.
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to LC-MS/MS analysis. AOXwas the “i” band (Fig. 9, upper panel) while
the “j” band contained the ANC and VDAC (Fig. 9, upper panel). Results
are shown in Table 5.

Experimental evidence supports the presence of a branched
mitochondrial respiratory chain in D. hansenii. This chain contains the
multi-subunit complexes I, II, III and IV; there is also a mitochondrial
F1FO-ATP synthase (complex V), which tends to be a dimer and is de-
tached from the respiratory supercomplexes (Fig. 4E). Three alternative
enzymes: NDH2e, MitGPDH and DhAOX were detected as additional
components of the branched respiratory chain. Preliminary evidence
presented here suggests that multiprotein associations containing the
alternative dehydrogenases plus at least two enzymes from the Krebs
cycle do exist. Such associations have been described in S. cerevisiae
[88].

4. Discussion

The structure of the branched mitochondrial respiratory chain
from D. hansenii was analyzed in isolated mitochondria. In addition,
we characterized the association pattern of respiratory complexes
into respiratory supercomplexes [44,48,49,86]. In agreement with
Veiga and co-workers [59], we found that the D. hansenii respiratory
chain contains all four canonical respiratory complexes I, II, III and IV
plus an AOX. In addition, we detected two additional components,
namely, an external type II NADH dehydrogenase (NDH2e) and a mito-
chondrial glycerol-phosphate dehydrogenase (MitGPDH).

AOXactivity is resistant to cyanide [58,80]; electrons reach it directly
from the ubiquinone pool, as indicated by the resistance of oxygen con-
sumption activity to the complex III inhibitor antimycin-A (Table 1,
Fig. 3). Cyanide-resistant, AOX-supported respiration is found in many
yeast species, including D. hansenii and it has been proposed that AOX
regulates energy production in response to different physiological
conditions [57–59]. Regulation is the result of a decrease in the electron
flux to the cytochromic pathwaywith the concomitant increase in elec-
tron flux to AOX [34–36,87]. Here, it was observed thatD. hansenii alter-
native oxidase (DhAOX) is activated by AMP while it is insensitive to α-
ketoacids, such as pyruvate. AMP activation is widely reported for AOXs
from different yeasts and fungi [21,80,85]. It was suggested that DhAOX
activity is induced at the stationary growth phase [59]. In this view, the
presence of the AOX could be helpful to diminish the electron flux
through the cytochromic pathway and reduce the ATP/O ratio in this
physiological condition. In contrast to Veiga and co-workers [59], in our
hands DhAOX activity was detected in isolated mitochondria from mid-
exponential growthphase cultures. This is probably due to the differences
in growth conditions, as we used a non-fermentable carbon source (lac-
tate, see Materials and methods) [14]. This result suggests that DhAOX is
active in early growth phases and not only at the stationary phase
where it probably acts as an energy sink [35,87]. In cells grown in lac-
tate, DhAOX was detected regardless of the addition of AMP (Table 1,
Fig. 3). The role of DhAOX in different growth phases requires further
studies.

Two other alternative enzymes, a glycerol-phosphate dehydroge-
nase and an alternative NADH dehydrogenase were both bound to the
external face of the IMM. Electrons were fed to MitGDPH and NDH2e
by external glycerol-phosphate or NADH, respectively. These electrons
were used to reduce oxygen. From the BLAST analysis of the genomes,
we concluded that there is a single gene codifying for each of these

Fig. 8. Identification of the D. hansenii alternative NADH dehydrogenase (NDH2e) and the
mitochondrial glycerol-posphate dehydrogenase (MitGPDH) by 2D SDS-Tricine-PAGE and
LC-MS. (*) NADH dehydrogenase activity band from the BN gel, which was excised and
subjected to 2D SDS-Tricine-PAGE in order to separate components. SDS-Tricine-gel was
stained with Coomassie® brilliant blue G-250. Both D. hansenii. Bands contained f:
NDH2e andMitGPDH, g: dihydrolipoamide dehydrogenase (subunit from pyruvate dehy-
drogenase and α-keto glutarate dehydrogenase) and h: ANC, PiC and VDAC (Table 5).

Fig. 7. Molecular weight (MW) estimates of the D. hansenii complexes and
supercomplexes. The previously characterizedmolecular masses of Y. lipolyticamitochon-
drial complexes were plotted against their migration distance in BN-PAGE (●). Then, the
migration distances of the D. hansenii respiratory complexes and supercomplexes (○)
were interpolated and their corresponding molecular masses inferred (see values in
Table 4). MW values from Y. lipolytica complexes I, III2, IV, V and complex V dimer (V2)
were taken from the previous report by Guerrero-Castillo and co-workers [51]. (*) Putative
NDH2e. Note that y-axis is in log-scale. Nomenclature for complexes and supercomplexes
is as in Figs. 4 and 6.

Table 4
Estimatedmolecular weights (MWs) of theD. hansenii complexes and supercomplexes by
BN-PAGE.

Complex/supercomplex Calculated MWa (kDa) Expected MWb (kDa)

I 963 ± 49 –

III2 469 ± 24 –

IV 156 ± 12 –

V 541 ± 28 –

IV2 377 ± 19 312
I–IV 1035 ± 53 1119
III2–IV4 1196 ± 61 1223
I–III2 (S0) 1356 ± 35 1432
V2 1484 ± 76 1082
I–III2–IV (S1) 1630 ± 87 1588
I–III2–IV2 (S2) 1842 ± 51 1744
I–III2–IV3 (S3) 2143 ± 59 1900
I–III2–IV4 (S4) 2370 ± 135 2056

Complex and supercomplex nomenclature as in Figs. 4–6.
a Calculated MW of the D. hansenii complexes and supercomplexes correspond to the

mean ± SD from three independent experiments.
b Supercomplexes expected MWs correspond to the sum of the individual MW of each

respiratory complex according to their stoichiometries (subscript numbers).
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proteins and we assigned DEHA2E08624p and DEHA2D07568p as
the MitGPDH and the NDH2e, respectively. These sequences were
highly homologous to those from Y. lipolytica [77] and S. cerevisiae
[90] (Fig. 2, Table 2).

NDH2e from D. hansenii was insensitive to rotenone while it
was inhibited specifically by flavone. In isolated mitochondria from
D. hansenii, 500 μM flavone promoted maximum inhibition of oxy-
gen consumption (Fig. 1B, empty circles), which is similar to the concen-
trations reported for other organisms, e.g. in isolated mitochondria from
Plasmodium yoelii yoelii [91] or Paracoccidioides brasiliensis [92] exoge-
nous NADH-supported oxygen uptake is inhibited at similar flavone
concentrations. In isolatedmitochondria fromU.maydis, complete inhibi-
tion is obtained at 250 μM flavone [85]. The flavone-mediated inhibition
of the NADH:Q6 oxidoreductase from S. cerevisiae exhibited an IC50 =
95 μM, although in the presence of 300 μM flavone, activity was still at
20% [38].

NDH2e has been proposed to compensate for the absence of an
aspartate-malate shuttle in ascomycetous fungi [85]. Here, we observed
a high rate of exogenous NADH oxidation in isolatedmitochondria from
D. hansenii. Mitochondrial NADH oxidation probably occurs in the intact
cell, establishing a NADH/NAD+ recirculation cycle with the cytosol.
Furthermore, probably MitGPDH also constitutes an important mito-
chondrial sink of redox equivalents [93].

In D. hansenii active synthesis and accumulation of glycerol and
lipids occur during growth; remarkably, these activities are stimulated
by high salt concentrations [79] and MitGPDH seems to participate in
both processes. In addition, in S. cerevisiae, glycerol-phosphate dehydro-
genase is finely regulated by the activity of NDHs, i.e. at saturating
NADH, alternative NADH dehydrogenases physically attached to the
MitGPDH inhibit the use of glycerol-phosphate and transfer only

electrons that come from external NDH [39]. In fact, the presence of
both enzymes, whether associated or not, causes competition for the
entrance of electrons into the respiratory chain [94].

In Y. lipolytica growing in the exponential phase, electrons entering
the respiratory chain at NDH2e are channeled to the cytochromic path-
way [87]. This reflects the presence of an NDH2e-III2-IV supercomplex.
By contrast, electrons coming from pyruvate-malate (Complex I) or
succinate (Complex II) can reach either the cytochromic or the alter-
native pathways both in Y. lipolytica and in D. hansenii. The presence
of unattached non proton-pumping alternative oxidoreductases
(NDH2e, MitGPDH, and DhAOX) probably constitutes a physiological
mitochondrial uncoupling mechanism [35]. This is interesting, as
Y. lipolytica seems to lack the ability to undergo a permeability transi-
tion [51,95] while D. hansenii does possess a mitochondrial unspecific
channel [14]. Electron transfer from the alternative oxidoreductases to
AOX constitutes a futile oxygen consumption pathway that needs to
be tightly regulated [89]. The presence of this pathway in D. hansenii
during the exponential growth phase is puzzling, although it may be
suggested that it participates in the modulation of ROS production as
has been proposed in other branched respiratory chains [35].

In D. hansenii, the mammalian-like mitochondrial respiratory
complexes I, III and IV are associated in supercomplexes. Supramo-
lecular organization of the respiratory chain has been proposed to
promote electron channeling, stabilization of labile multi-subunit
complexes and sequestration of free radicals [48]. Consistent association
patterns of supercomplexes observed by BN-PAGE, strongly suggest the
existence of larger structures such as “respiratory strings” [86] or “respi-
ratory patches” [54]. In Y. lipolytica supercomplexes I–III2, I-III2-IV4, I-IV,
III2-IV and III2-IV2 and a complex V dimer have been described [51]. In
S. cerevisiae mitochondria a supercomplex III2-IV2 has been detected
[96]. In D. hansenii respiratory supercomplexes involving complexes I, III
and IV were similar to those found in Y. lipolytica. Supercomplexes I-III2,
I-III2-IV3 and III2-IV4 from D. hansenii contained the higher NADH de-
hydrogenase and COX activities as measured in BN-gels (Fig. 4C and
D, lanes Dig). These supercomplexes were better observed in the ac-
tivity staining experiments. In addition, the complex V dimer was
easily observed both in the BN-gel and by ATPase activity staining
(Fig. 4B and E, lane Dig). The D. hansenii F1F0-ATP synthase dimer
was heavier than the V2 from Y. lipolytica. This is probably due to
stronger interactions between the subunits of complex V in these mito-
chondria than in other yeasts. Another explanation to this observation
could be that V2 may be associated to, and stabilized by the ATP/ADP
carrier (ANC) and the phosphate carrier (PiC) in a structure known as
the “synthasome” [97]. Molecular weights from the other respiratory
complexes were similar to those from Y. lipolytica. Moreover, a big dif-
ference was observed between the single classical complexes from
both D. hansenii and Y. lipolytica (Fig. 4A and B, lanes LM). In D. hansenii
respiratory complexes were observed in smaller concentration than
complex V. In fact, complex III was not observed in the BN-gels; it was
only located by its subunit pattern in the 2D-SDS-Tricine-gels (Fig. 5)
and by the identification of the core proteins 1 and 2 by mass

Table 5
Proteins identified by LC-MS analysis contained in the indicated bands from the SDS-Tricine-gels (Figs. 8 and 9).

Band Protein name Accession no. gI protein Lengtha Covb (%) MWc (kDa)

f Glycerol-3-phosphate dehydrogenase (MitGPDH) precursor DEHA2E08624p 49655350 652 25.3 72.5
Mitochondrial external alternative NADH dehydrogenase (NDH2e) precursor DEHA2D07568p 199431532 568 38.2 63

g Dihydrolipoamide dehydrogenase CBS767 49653406 495 58 53.2
h Major ADP/ATP carrier (ANC) of the mitochondrial inner membrane DEHA2E12276p 49655508 301 41.5 33

Voltage-dependent anion channel (VDAC) of the outer mitochondrial membrane DEHA2D16456p 49654868 282 65.6 29.9
Mitochondrial phosphate carrier (PiC) DEHA2B12188p 49653149 307 33.6 32.4

i Alternative oxidase (AOX) precursor DEHA2C03828p 199430515 338 36.7 39.4
j Major ADP/ATP carrier (ANC) of the mitochondrial inner membrane DEHA2E12276p 49655508 301 38.5 33

Voltage-dependent anion channel (VDAC) of the outer mitochondrial membrane DEHA2D16456p 49654868 282 52.1 29.9

a Amino acid sequence length.
b Protein sequence coverage.
c Predicted molecular weights from the D. hansenii NCBI database sequences.

Fig. 9. Identification of the D. hansenii alternative oxidase (AOX) by SDS-Tricine-PAGE,
western blotting and LC-MS. Total mitochondrial protein extract was subjected to
SDS-Tricine-PAGE. SDS-Tricine-gel was stained with Coomassie® brilliant blue G-
250 (upper panel). The SDS-Tricine-gel was electrotransferred onto PVDF mem-
brane for western blotting. The membrane was decorated with a monoclonal mouse anti-
body against the AOX from the higher plant S. guttatum (lower panel). The two bands that
were resulted immunoreactive in panel A (labeled as “i” and “j”) were excised and subjected
to identification by LC-MS. These results are shown in Table 5. At the upper panel,D. hansenii
AOX corresponds to the “i” band. DhAOX: Debaryomyces hansenii alternative oxidase.
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spectrometry (Table 3). Cytochromic complexes III and IV are postulat-
ed to be the scaffold of the “respiratory string” [86]. In this case, our ob-
servation is unclear, as complex III does not seem to be present in the
same amount as complex IV (Fig. 4B, lane LM). These results are not
clearly understood and need to be explored further. Still, the electro-
phoretic migration of respiratory supercomplexes, their putative
MWs, their enzymatic activities and the LC-MS identification of some
of their subunits indicate that the mitochondrial respiratory chain
from D. hansenii associates into supercomplexes which are very
similar to those detected in organisms studied before such as mam-
mals [44,48,68], plants [43,45,46,50] and other yeasts such as S.
cerevisiae [44,53] and Y. lipolytica [51].

This is the first description of the complete structure of the branched
respiratory chain from D. hansenii. In addition, we analyzed the su-
pramolecular organization of the classical respiratory complexes in
D. hansenii mitochondria. Alternative redox enzymes from this yeast
do not seem to be attached to supercomplexes at least under our exper-
imental conditions (mid-exponential phase, non-fermentable carbon
source), which suggests that theD. hansenii alternative oxidoreductases
dynamically associate/dissociate with supercomplexes. This would be
in agreement with a dynamic plasticity model of the oxidative phos-
phorylation [55], i.e. respiratory components alternate between associa-
tion in supercomplexes and free forms.
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a b s t r a c t

Physiological uncoupling of mitochondrial oxidative phosphorylation (OxPhos) was studied in Debar-
yomyces hansenii. In other species, such as Yarrowia lipolytica and Saccharomyces cerevisiae, OxPhos can
be uncoupled through differential expression of branched respiratory chain enzymes or by opening of a
mitochondrial unspecific channel (ScMUC), respectively. However D. hansenii mitochondria, which
contain both a branched respiratory chain and a mitochondrial unspecific channel (DhMUC), selectively
uncouple complex I-dependent rate of oxygen consumption in the stationary growth phase. The
uncoupled complex I-dependent respiration was only 20% of the original activity. Inhibition was not due
to inactivation of complex I, lack of protein expression or to differential expression of alternative oxi-
doreductases. Furthermore, all other respiratory chain activities were normal. Decrease of complex I-
dependent respirationwas due to NADþ loss from the matrix, probably through an open of DhMUC. When
NADþ was added back, coupled complex I-activity was recovered. NADþ re-uptake was independent of
DhMUC opening and seemed to be catalyzed by a NADþ-specific transporter, which was sensitive to
bathophenanthroline, bromocresol purple or pyridoxal-50-phosphate as described for S. cerevisiae
mitochondrial NADþ transporters. Loss of NADþ from the matrix through an open MUC is proposed as an
additional mechanism to uncouple OxPhos.

� 2014 Elsevier Masson SAS. All rights reserved.

1. Introduction

Some 109 years ago, the Great Oxidation Event (GOE) imposed a
strong natural selection that led surviving organisms both to profit
from the large energy released by water production and to develop
protection mechanisms from toxic reactive oxygen species (ROS)
[1,2]. Many animals including fish, birds and mammals developed
significant barriers to exclude atmospheric oxygen (O2). These or-
ganisms control cellular O2 concentration tightly [3]. Less devel-
oped organisms such as amphibians, crustaceans, plants and
unicellulars are permeable to atmospheric O2 [4,5]. Thus, it is no
wonder that bacteria, fungi, plants and lower animals express O2-
detoxifying mechanisms that uncouple oxidative phosphorylation
(OxPhos) designed to prevent side reactions that yield ROS [6,7].

In the absence of ATP synthesis (non-phosphorylating state or
state IV), mitochondrial respiratory chain activity would be slowed
down by the high DmH

þ [8] increasing the likelihood that free radi-
cals from complexes I and III react with O2 to form ROS [6,7]. To
avoid this, mitochondria accelerate the rate of oxygen consumption
through different physiological mechanisms [8]. Thesemechanisms
may (a) dissipate the proton-gradient (proton sinks) or (b) perform
redox reactions without proton pumping [8,9]. Alternative, non-
pumping dehydrogenases may compete or even substitute the
usual respiratory complexes decreasing the efficiency of the res-
piratory chain [8]. Proton sinks include mitochondrial unspecific
channels (MUCs) [10,11] and uncoupling proteins (UCPs) [12]. On
the other hand, non-conservative redox reactions are catalyzed by
peripheral alternative oxidoreductases such as mitochondrial
glycerol-phosphate dehydrogenases (MitGPDHs), alternative type-II
NADH dehydrogenases (NDH2s) and alternative oxidases (AOXs)
[13,14]. NDH2s and AOXs do not exist in mammals, which contain
four multi-subunit redox complexes, namely I, II, III and IV [15]. By
contrast, the “branched”mitochondrial respiratory chains in plants,
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fungi, yeast, protozoa and some metazoans do contain this kind of
alternative redox enzymes [16e19] and thus electrons may reach
O2 through different routes [20]. In addition, “classical” respiratory
complexes may decrease their Hþ/e� stoichiometry (slipping) [21].
To prevent lethal energy depletion, physiological uncoupling has to
be strictly regulated [8,22,23].

Mitochondria from different yeast species may possess both,
proton sinks and branched respiratory chains. For example,
Saccharomyces cerevisiae has a mitochondrial unspecific channel
(ScMUC) and its respiratory chain possesses multi-subunit com-
plexes II, III and IV, two external type-II NADH dehydrogenases, one
internal type-II NADH dehydrogenase and one MitGPDH [24,25].
Yarrowia lipolytica does not seem to contain aMUC [26] but instead,
it expresses an UCP-like transporter [27] plus a branched respira-
tory chain containing the four classical complexes, an external
alternative NADH dehydrogenase (NDH2e) and an AOX [28].
Interestingly, upon reaching the stationary growth phase
Y. lipolytica, overexpresses its alternative NDH2e, which then
transfers the electrons from NADH directly to quinone and to AOX
and to oxygenwithout pumping a single proton [26] inwhat should
be considered a futile, uncoupled respiration [26,28].

The halotolerant yeast Debaryomyces hansenii contains a MUC
(DhMUC), which is sensitive to Naþ and Kþ [29]. This species resists
high monovalent cations concentrations [30]. DhMUC was detected
in the exponential growth phase [29] but it seems to be active in the
stationary phase, where less ATP is required. In addition, D. hansenii
has a branched mitochondrial respiratory chain containing the four
multi-subunit complexes, an AOX, an NDH2e and a MitGPDH [31,32].

While OxPhos in D. hansenii is probably optimal during the
exponential growth phase, upon entering the stationary phase
uncoupling mechanisms should be turned on to maintain a high
rate of O2 consumption and thus inhibit ROS production and
regulate the redox state. Here, the expression of the non-proton
pumping oxidoreductases and the state of DhMUC was evaluated
at different growth phases in an effort to understand the physio-
logical uncoupling mechanisms exhibited by this species. Most of
the respiratory chain components in D. hansenii remained normal
throughout growth. By contrast, the complex I-dependent rate of
O2 consumption was highly decreased and uncoupled. The mech-
anism for this behavior was explored.

2. Materials and methods

2.1. Chemicals

All chemicals were reagent grade. D-sorbitol, D-glucose, D-
galactose, Trizma� base (Tris), malic acid, pyruvic acid, citric acid
succinic acid, maleic acid, DL-a-glycerophosphate, NADþ, NADH,
ADP, rotenone, bathophenanthroline, pyridoxal-50-phosphate, n-
dodecyl b-D-maltoside (laurylmaltoside), Nitrotetrazolium blue
chloride, safranine-O and antifoam Awere from Sigma Chem Co. (St
Louis, MO). Bovine serum albumin (Probulmin�) was from Milli-
pore. Yeast extract and bacto-peptone were from BD Bioxon. DL-
Lactic acid, tannic acid, H3PO4, NaCN, KCl and MgCl2 were from J.T.
Baker. Zymolyase 20 T was from Seikagaku Corp. (Tokyo, Japan).
3,30-Diaminobenzidine tetrahydrochloride hydrate was from Fluka.
Coomassie Blue G was from SERVA (Heidelberg, Germany).
Coomassie� brilliant blue G-250 and electrophoresis reagents were
from BIO-RAD (Richmond, CA, USA).

2.2. Biologicals

D. hansenii Y7426 strain (US Dept. of Agriculture) was used. The
strain was maintained in YPGaleNaCl (1% yeast extract, 2% bacto-

peptone, 2% D-galactose, 1.0 M NaCl and 2% bacto-agar) plate cul-
tures at 4 �C.

2.3. Yeast culture and mitochondrial isolation

D. hansenii cells were grown as follows: pre-cultures were
prepared inoculating 100 mL of YPLaceNaCl medium (1% yeast
extract, 2% bacto-peptone, 2% lactic acid, pH 5.5 adjusted with
NaOH and adding NaCl to reach 0.6 M Naþ) or YPDeNaCl (1% yeast
extract, 2% bacto-peptone, 2% D-glucose and 0.6 M NaCl). Antifoam
A emulsion 50 mL/L was added to all media. Pre-cultures were
grown for 36 h under continuous agitation in an orbital shaker at
250 rpm at 29 �C. Then, each pre-culture was used to inoculate a
750 mL flask with the same medium. Incubation was continued for
15, 18, 24, 48, 72 and 96 h (YPLaceNaCl) or 12, 18, 22, 48, 72 and
96 h (YPDeNaCl). D. hansenii mitochondria were isolated as pre-
viously reported [29].

2.4. Obtention of permeabilized spheroplasts

D. hansenii spheroplasts were obtained following a method
developed for S. cerevisiae [33] with some modifications. Briefly,
yeast cells were grown in YPLaceNaCl and harvested in either
exponential (24 h) or stationary phase (96 h). Cells were washed,
centrifuged at 5000 rpm (5 min), resuspended in SH buffer (0.5 M
b-mercaptoethanol, 0.1 M Tris, pH 9.3) and incubated at 30 �C for
10min. Then, cells were centrifuged (5000 rpm, 5min) and washed
twice with 0.5 M KCl, 10 mM Tris, pH 7.0. To obtain spheroplasts,
cells were suspended in digesting buffer (1.35 M sorbitol, 1 mM
EGTA, 0.2 M phosphate buffer, pH 7.4) containing zymolyase 20 T
(5 mg/g biomass dry-weight), which digested the cell wall. Pro-
gression of digestion was monitored spectrophotometrically and
was stopped when turbidity of a sample suspended in water
decreased to 10% of the control. Resulting spheroplasts were
centrifuged (2500 rpm, 5 min) and washed three times using
protoplast buffer (1.2 M sorbitol, 10 mM TriseMaleate, pH 6.8).
Samples were resuspended in spheroplast buffer (1.0 M sorbitol,
75 mM KCl, 5 mM MgCl2, 0.5 mM EGTA, 20 mM Tris-phosphate,
10 mM Tris-Maleate, 0.2% bovine serum albumin, pH 6.8). Per-
meabilization was carried out treating spheroplasts at
1 mg protein/mL with nystatin (20 mg/mL) in the presence of con-
stant oxygen, which was bubbled for 10 min. Complete per-
meabilizationwas confirmed bymonitoring the decrease in the rate
of oxygen consumption resulting from the depletion of endogenous
respiratory substrates.

2.5. Protein quantification

Mitochondrial or total spheroplast protein was measured by the
Biuret method [34]. Absorbance was determined at 540 nm in a
Beckman DU-50 spectrophotometer. Bovine serum albumin was
used as a standard.

2.6. Oxygen consumption

The rate of oxygen consumptionwas measured in a Strathkelvin
Instruments� 782 Oxygen Meter (North Lanarkshire, Scotland, UK)
interfaced to a computer. The sample was placed in a water-
jacketed chamber at 30 �C. The phosphorylating state (III) was
induced with 0.5 mM ADP. The reaction mixture was 1.0 M sorbitol,
10 mM maleate (pH was adjusted to 6.8 with Tris), 10 mM Tris-
phosphate (Pi), 1 mM MgCl2 and 75 mM KCl. Mitochondrial or to-
tal spheroplast protein (Prot) were 0.5 or 1.0 mg/mL, respectively;
final volumewas 1.0 mL. The concentrations of different respiratory
substrates and inhibitors are indicated in the legends to the figures.
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2.7. Blue native (BN) electrophoresis and in-gel activities

BN-PAGE was performed as described in the literature [35] with
slight modifications. Briefly, the mitochondrial pellet was sus-
pended in sample buffer (750 mM aminocaproic acid, 25 mM
imidazole (pH 7.0)) and solubilized with 2.0 mg n-dodecyl-b-D-
maltoside (laurylmaltoside, LM)/mg Prot at 4 �C for 15 min and
centrifuged at 33,000 rpm at 4 �C for 25min. The supernatantswere
loadedon4e12% (w/v) polyacrylamide gradient gels. Protein, 0.5mg
per lanewas added to a 17�12 cmgel. The stacking gel contained 4%
(w/v) polyacrylamide. BN-gelwas stainedwith Coomassie� brilliant
blue G-250. Semi-quantitative in-gel activities for complex I or IV
were performed in BN-gels. In-gel NADH/Nitrotetrazolium blue
chloride (NTB) oxidoreductase activity was determined incubating
native gels in a mixture of 10 mM Tris (pH 7.0), 0.5 mg NTB/ml and
1 mM NADH [36]. In-gel cytochrome c oxidase activity was deter-
mined using diaminobenzidine and cytochrome c [37].

2.8. Cytochrome measurements using differential
spectrophotometry

Mitochondria (2.5 mg Prot/mL) were added to sample buffer
(750 mM aminocaproic acid, 25 mM imidazole, pH 7.0) and solubi-
lized with 2.0 mg LM/mg Prot at 4 �C for 15 min and centrifuged at
14,000 rpm at 4 �C for 10min. Final volumewas 2.0mL. Absorbance
spectra from500 to 650 nmwere recorded at room temperature in a
DW2000Aminco spectrophotometer in the presence of ferricyanide
to obtain oxidized spectra, which was assigned as base line. Then,
the reduced spectrum was recorded after addition of sodium
dithionite to the sample cuvette. Absorption coefficients were: cy-
tochrome a þ a3, Dε604e630nm ¼ 24 mM�1 cm�1 [38]; cytochrome
b, Dε563e577nm ¼ 28.0 mM�1 cm�1 [39]; cytochrome c þ c1, Dε553e
539nm ¼ 19.1 mM�1 cm�1 [40].

2.9. BLAST analysis

BLAST website and the NCBI database were used to search and
compare the D. hansenii proteome against the two S. cerevisiae
mitochondrial NADþ carrier isoforms (Ndt1p and Ndt2p). BLAST
analysis also indicated the percentages of identity and similarity
between amino acid sequences.

2.10. Krebs cycle NADþ-dependent dehydrogenase activities

Pyruvate dehydrogenase (PDH) and malate dehydrogenase
(MDH) activities were measured following the reduction of
endogenous NADþ in a DW2000 AMINCO spectrophotometer (split
mode) at room temperature. For both enzymes, the reaction
mixture was the same as in respiration measures. Assays were
performed based on the protocol reported by Cooney et al. (1981)
[41], but no exogenous coenzymes were added. 0.05% (v/v) Triton
X-100 was added to solubilize the mitochondrial samples. In order
to prevent the oxidation of NADH, 50 mM rotenone was added to
fully inhibit complex I [32]. Mitochondria 0.5 mg Prot/mL were
added in each assay. Final volume was 2.0 mL. 10 mM pyruvate or
10mMmalatewas added to start the reaction. Base line traces were
performed in the absence of substrates and subtracted. NADH
molar extinction coefficient used was 6.22 � 103 (M cm)�1.

2.11. Transmembrane potential (DJ)

The transmembrane potential was determined using 10 mM
safranine-O, following the absorbance changes at 511e533 nm [42]
in a DW2000 AMINCO spectrophotometer in dual-wavelength
mode. Mitochondrial protein was 0.5 mg/mL and final volume

2.0 mL. The concentrations of NADþ, Pi and other reagents
are indicated under each figure. Where indicated, the uncoupler
p-chloromethoxy-carbonylcyanide phenylhydrazone (CCCP) was
added to a final concentration of 5 mM.

3. Results

3.1. Physiological OxPhos uncoupling mechanisms seem to be
species-specific

Each yeast species contains specific uncoupling systems.
S. cerevisiae does not express AOX [43], although it contains a
mitochondrial unspecific channel (ScMUC) that opens when ATP
increases or phosphate is depleted, while it is closed by ADP or by
high phosphate [44]. Thus, it was suggested that the energy charge
modulates ScMUC and consequently OxPhos-coupling [45].
Y. lipolytica contains a branched respiratory chain, although it does
not does not have a MUC [26]. This species undergoes stationary
phase-related uncoupling through the overexpression of an alter-
native NADH dehydrogenase (NDH2e) plus the decrease in complex
IV expression, turning on the alternative, non-proton pumping
pathway NDH2 to AOX [46]. D. hansenii mitochondria express both
a MUC and a branched respiratory chain. Monovalent cations close
DhMUC, which otherwise is similar to ScMUC [45]. The coexistence
of both uncoupling systems in D. hansenii led us to search for
growth-related physiological uncoupling and for its mechanism(s).

3.2. Respiratory complex I activity decreases at the stationary
growth phase

Growth-related uncoupling of OxPhos was measured in
D. hansenii mitochondria isolated from cells grown for different
times in either YPLaceNaCl (Table 1) or YPDeNaCl (Table 2). The
rate of O2 consumption and respiratory controls (RCs) were deter-
mined in the presence of substrates for each respiratory chain
component. To discard any mitochondrial permeability transition
(PT) effect during measurements, experiments were always con-
ducted in the presence of 10 mM phosphate, 1 mM MgCl2 and
75 mM KCl [29]. In the presence of most respiratory substrates, i.e.
succinate for complex II, and glycerol-P or NADH for the corre-
sponding alternative dehydrogenases, RCs did not change with in-
cubation time while the rates of O2 consumption increased slightly
in mitochondria from cells grown for 48 h or more (Fig. 1, Tables 1
and 2). By contrast, in the presence of pyruvateemalate, which
donates electrons to complex I, wide variations with incubation
timewere observed: isolatedmitochondria from exponential phase
lactate-grown cells and glucose-grown cells exhibited a maximum
RC ¼ 2.33 (Fig. 1A, Table 1) and RC ¼ 2.2 (Fig. 1B, Table 2), respec-
tively. Then, as cells entered the stationary phase, RCs decreased, i.e.
in cells grown in lactate to the stationary phase RC ¼ 1.27 (Fig. 1A,
Table 1) while in those grown in glucose RC¼ 1.25 (Fig. 1B, Table 2).
In addition, the rates of oxygen consumption both in the resting
state (IV) and in the phosphorylating state (III) were smaller
reaching w15e20% of the activities in exponential phase (Tables 1
and 2). During the transition from the exponential to the station-
ary growth phase, the rate of oxygen consumption and the RC
declined only in the presence of the complex I substrate pyruvatee
malate, whereas the other components of the D. hansenii mito-
chondrial respiratory chain remained unaffected.

3.3. Complex I concentration and in-gel activity do not change as
D. hansenii enters the stationary phase

The complex I-dependent rate of O2 consumption decreased as
growth time increased, which at the stationary phase, might be a
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physiological mechanism to burn oxygenwhile producing less ATP;
i.e. to block the most efficient ATP-yielding electron entrance of the
respiratory chain in the face of a low demand for energy [8]. By
contrast, the other respiratory chain components remained fully
active (Tables 1 and 2). These results were observed regardless of
whether the carbon source was lactate or glucose (Fig. 1). In order

to analyze the decrease in pyruvateemalate-dependent respiration
observed, it was decided to test whether it was due to a decrease in
complex I concentration or to a decrease in the redox activity of this
complex.

Mitochondrial samples from cells grown in YPLaceNaCl for 15,
20, 24, 48, 72 and 96 h were solubilized with laurylmaltoside (LM)

Table 2
Rates of oxygen consumption in isolated mitochondria from D. hansenii YPDeNaCl cultures at different growth times.

Substrate Culture time (h) Rate of oxygen consumption
(natgO$(min mg Prot)�1)

Respiratory control (III/IV)

State IV* State III**

Pyruvate þ malate 12 127 � 12 250 � 14 1.97 � 0.12
18 123 � 13 270 � 15 2.19 � 0.11
22 125 � 15 275 � 17 2.20 � 0.13
48 78 � 15 149 � 17 1.91 � 0.12
72 45 � 14 65 � 16 1.44 � 0.10
96 28 � 17 35 � 18 1.25 � 0.11

Succinate 12 166 � 10 275 � 18 1.65 � 0.13
18 174 � 14 286 � 21 1.64 � 0.14
22 178 � 10 295 � 17 1.65 � 0.10
48 180 � 15 289 � 9 1.61 � 0.08
72 202 � 18 314 � 18 1.55 � 0.12
96 210 � 17 345 � 20 1.64 � 0.10

NADH 12 222 � 15 277 � 14 1.24 � 0.11
18 238 � 15 258 � 23 1.08 � 0.13
22 238 � 16 282 � 20 1.18 � 0.12
48 244 � 14 283 � 14 1.16 � 0.09
72 289 � 18 328 � 10 1.13 � 0.11
96 312 � 17 351 � 15 1.13 � 0.12

Glycerol-phosphate 12 215 � 12 272 � 21 1.27 � 0.14
18 220 � 18 269 � 18 1.22 � 0.12
22 222 � 10 270 � 11 1.21 � 0.09
48 243 � 13 295 � 18 1.21 � 0.10
72 256 � 10 330 � 13 1.29 � 0.12
96 290 � 17 332 � 18 1.14 � 0.13

The rates of oxygen consumption were measured in resting state (IV)* and phosphorylating state (III)**. State III was induced with 500 mM ADP. 10 mM pyruvate þ malate,
10 mM succinate, 1 mM NADH or 10 mM glycerol-phosphate were added in each case. Reaction mixture was as in Table 1. Exponential phase samples were 12, 18 and 22 h.
Stationary phase samples were 48, 72 and 96 h. Data from three independent experiments are expressed as the mean � SD.

Table 1
Rates of oxygen consumption in isolated mitochondria from D. hansenii YPLaceNaCl cultures at different growth times.

Substrate Culture time (h) Rate of oxygen consumption
(natgO$(min mg Prot)�1)

Respiratory control (III/IV)

State IV* State III**

Pyruvate þ malate 15 115 � 14 248 � 10 2.16 � 0.09
20 116 � 11 262 � 14 2.25 � 0.08
24 120 � 10 279 � 12 2.33 � 0.07
48 74 � 8 152 � 7 2.04 � 0.05
72 42 � 5 59 � 10 1.41 � 0.06
96 22 � 7 28 � 8 1.27 � 0.05

Succinate 15 165 � 14 280 � 10 1.69 � 0.10
20 176 � 11 282 � 5 1.60 � 0.08
24 173 � 15 285 � 17 1.64 � 0.10
48 187 � 6 284 � 15 1.52 � 0.10
72 219 � 12 379 � 10 1.73 � 0.11
96 222 � 8 382 � 4 1.72 � 0.05

NADH 15 225 � 14 279 � 15 1.24 � 0.15
20 235 � 16 285 � 13 1.21 � 0.14
24 228 � 5 289 � 13 1.26 � 0.04
48 237 � 12 293 � 10 1.24 � 0.08
72 283 � 4 365 � 9 1.29 � 0.06
96 326 � 7 395 � 4 1.21 � 0.03

Glycerol-phosphate 15 211 � 12 267 � 11 1.27 � 0.10
20 215 � 8 276 � 15 1.28 � 0.09
24 218 � 6 279 � 13 1.28 � 0.09
48 232 � 8 290 � 12 1.25 � 0.01
72 266 � 14 342 � 10 1.29 � 0.12
96 300 � 16 351 � 15 1.17 � 0.13

The rates of oxygen consumption were measured in resting state (IV)* and phosphorylating state (III)**. State III was induced with 500 mM ADP. Exponential phase samples
were 15, 20 and 24 h. Stationary phase samples were 48, 72 and 96 h. 10 mM pyruvate þmalate, 10 mM succinate, 1 mM NADH or 10 mM glycerol-phosphate were added in
each case. Reaction mixture: 1.0 M sorbitol, 75 mM KCl, 10 mM Tris-phosphate, 1 mM MgCl2 and 10 mM maleic acid, pH 6.8 (Tris). Final volume was 1.0 mL.
Temperature ¼ 30 �C. Data from three independent experiments are expressed as the mean � SD.
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and subjected to BN-PAGE [47]. It was observed that the protein
bands that correspond to complexes I, IV and V were similar at all
incubation times (Fig. 2A). The complex V (F1F0-ATP synthase) band
was used as the loading control. In-gel enzymatic activities were
also evaluated. NADH dehydrogenase in-gel activity (NDH) seemed
to remain constant at the different culture times tested (Fig. 2B); i.e.
complex I in-gel activity suggested that the activity of this complex
was constant throughout growth.

3.4. Complex III and complex IV were not modified during growth

Electron transport using NADH, glycerol-phosphate or succinate
as substrates, was not altered during growth, suggesting that the
respiratory complex IIIecyt cecomplex IV segment was not modi-
fied. This was suggested by measuring in-gel cytochrome c oxidase

activity (COX), which remained constant throughout growth
(Fig. 2C). It is difficult to detect the D. hansenii ubiq-
uinol:cytochrome c oxidoreductase (complex III) in BN-gels [32]
and thus the in-gel complex III activity was not measured. None-
theless, cytochrome contents were estimated in differential spectra
at two different growth times in LM-solubilized mitochondrial
samples from cells grown for 24 or 96 h. The concentration of cy-
tochromes a þ a3 at 24 h was 0.217 � 0.07 nmol/mg Prot and it
varied very little at 96 h where it was 0.202� 0.13 nmol/mg Prot. At
24 h cytochrome b ¼ 0.318 � 0.06 and c þ c1 ¼ 0.375 � 0.03 nmol/
mg Prot, respectively. At 96 h, cyt b ¼ 0.2 � 0.07 and cyt
c þ c1 ¼ 0.227 � 0.05 nmol/mg Prot; i.e. complex III concentration
decreased approximately 40% in the stationary phase, even when
the rate of oxygen consumption through the III to IV cytochromic
pathway remained the same (Table 1).

3.5. AOX expression in D. hansenii

Inmitochondria fromstationaryphasegrowncells, inhibitionand
uncoupling of the respiratory activity were evident only when the
respiratory substrate was pyruvateemalate. This behavior was not
due to changes in the expression or activity of complex I or any other
complex (Fig. 2). To understand the decrease in complex I activity, it
was decided to test whether known uncoupling mechanism(s) was
(were) triggered. Two such possibilities were the activation of AOX
leading to a non-productive pathway similar to the one described in
Y. lipolytica [46] or a possible uncoupling role of the DhMUC.

In order to determine thepattern ofAOXexpression inD. hansenii,
cells were cultured in either YPLaceNaCl or YPDeNaCl media and
harvested at different times throughout the exponential and sta-
tionary phases. Then mitochondria were isolated and the rate of O2
consumption before and after the addition of 500 mM NaCN was
measured. The remaining activity was termed Cyanide Resistant
Respiration (CRR) (Fig. 3). In lactate (Fig. 3A), CRR appeared early in
the exponential growth phase and wasw20e25% of the total respi-
ratory activity throughout growth.When the AOXactivator AMP [32]
was added, CRR increased by w13e15% in all samples (Fig. 3A). By
contrast, in YPDeNaCl grown cells (Fig. 3B) D. hansenii AOX (DhAOX)
activity was absent at 12 h of growth, it was low at 18 h, where CRR
w13% and became fully active in the mid-exponential phase at 18 h
where CRRw20e25%anddid not change further (Fig. 3B). In isolated
mitochondria fromYPDeNaCl growncells AMPhadnoeffects at 12h,
suggesting that DhAOX was not present; at 18 h CRR increased about
5% and a maximal activation of w15% was observed at 22 h and
thereafter (Fig. 3B). Thus, in our hands expression of DhAOX was
dependenton thecarbonsource.Usingglucose, a fermentable carbon
source, CRR appeared in the late exponential phase while, when
provided with a non-fermentable carbon source (lactate), CRR was
already fully present at 12 h and remained constant throughout
growth.Moreover, DhAOXexpression did not seem to affect coupling.
Thus, atvariancewithY. lipolytica, AOXdoesnot seemtoparticipate in
the uncoupling of D. hanseniimitochondria.

3.6. Krebs cycle dehydrogenases remain active, but mitochondria
lose NADþ throughout growth

Krebs cycle NADþ-dependent dehydrogenases provide the
electrons for complex I, and thus an inhibition of these enzymes
might account for the low rate of O2 consumption observed with
pyruvateemalate. To test whether these enzymes become inhibited
during growth, pyruvate dehydrogenase (PDH) and malate dehy-
drogenase (MDH) activities were measured in permeabilized
mitochondria. Both activities were lower at the later growth stages
(results not shown). However, addition of 1 mM NADþ increased
enzymatic activities to values similar to those observed in the

Fig. 1. Respiratory controls (RCs) of isolated mitochondria from D. hansenii grown in
different carbon sources for different times. Respiratory chain substrates were: 10 mM
pyruvate plus 10 mM malate (squares); 10 mM succinate (circles); 1 mM NADH (tri-
angles) or glycerol-phosphate (inverted triangles). (A) RCs of exponential phase (15, 20
and 24 h) and stationary phase (48, 72 and 96 h) samples from YPLaceNaCl cultures
(full symbols). (B) RCs of exponential phase (12, 18 and 22 h) and stationary phase (48,
72 and 96 h) samples from YPDeNaCl cultures (empty symbols). Reaction mixture was
as in Table 1. Data from three independent experiments are expressed as the
mean � SD. RC values are shown in Tables 1 and 2.
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samples from exponential phase (results not shown); i.e. Mito-
chondrial NADþ was lost as the stationary phase was approached.
Both PDH and MDH were fully functional as observed when the
NADþ pool was replenished.

3.7. In stationary phase mitochondria, NADþ partially restores the
rate of oxygen consumption and OxPhos coupling

We observed that during growth, both PDH and MDH became
inhibited by the lack of endogenous NADþ and that the addition of

this coenzyme fully restored their activities. A previous report in-
dicates that isolated mitochondria from Polytomella sp. do not
establish a DJ unless NADþ is added [48]. Indeed, a NADþ specific
mitochondrial transporter has been reported in S. cerevisiae,
mammalians and plants [49e51]. Thus, NADþwas added to isolated
mitochondria from D. hansenii grown to the stationary phase. In
mitochondria from 96 h-grown cells, up to 1 mM NADþ increased
the pyruvateemalate-promoted rate of O2 consumption in the
resting state (IV) (Table 3). In contrast, no significant effect of NADþ

was observed in mitochondria from exponential phase (24 h) cells

Fig. 2. In-gel NADH dehydrogenase (NDH) and cytochrome c oxidase (COX) activities of solubilized mitochondria from D. hansenii grown for different times. Isolated mitochondria
(obtained from YPLaceNaCl cultures) were solubilized with lauryl-maltoside (LM) 2.0 mg/mg Prot. Growth phases and culture times are shown over each lane. (A) Different
mitochondrial solubilizates were resolved by BN-PAGE in a 4e12% polyacrylamide gradient gel. The BN-gel was stained with Coomassie� brilliant blue G-250. Complex V was used
as loading control. (B) In-gel NADH-dehydrogenase activity (NDH); 1 mM NADH and 0.5 mg/mL Nitrotetrazolium blue chloride (NTB). (C) In-gel cytochrome c oxidase activity (COX);
0.04% diaminobenzidine and 0.02% cytochrome c. I, IV and V are the classical respiratory complexes. NDH2e corresponds to the alternative external NADH dehydrogenase.
Representative gels from triplicates.
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(Table 3). NADþ addition resulted in a partial recovery of respiratory
activity (Table 3) and coupling (Fig. 4). The RC of isolated mito-
chondria from D. hansenii grown for different times was measured.
In the presence of pyruvateemalate and during the exponential
growth phase, from 15 to 24 h a consistently high RC w2.3 was
detected. Then, as the culture aged, RCs decreased such that at 48 h,
RC w2, at 72 h, RC w1.4 and at 96 h, RC w1.3 (Fig. 4, full squares).
The decrease in RC observed in the presence of pyruvateemalate at
the later growth times was prevented by adding NADþ, such that at
both 72 and 96 h, RC w1.8 (Fig. 4, empty squares). The decrease in
RC was specific for the complex I substrate pyruvateemalate, as
demonstrated by a constant RC w1.7 observed throughout growth
when the substrate was succinate regardless of whether NADþ was

added (Fig. 4, empty circles) or not (Fig. 4, full circles). The results
suggest that when approaching the stationary phase, mitochondria
from D. hansenii undergo complex-I specific uncoupling, which is
reversed by the addition of NADþ.

3.8. In stationary phase D. hansenii mitochondria, NADþ escapes
the matrix, probably through the DhMUC

To use pyruvateemalate efficiently, isolated mitochondria from
D. hansenii stationary phase grown-cells required replenishment of
the NADþ pool, which was lost during growth, probably exiting
through an open MUC [52]. In order to explore the behavior of
DhMUC in the exponential and in the stationary growth phases,
mitochondrial transmembrane potentials (DJ) were measured at
phosphate (Pi) 0.4 mM, where the DhMUC is open or at Pi 10 mM
where the DhMUC is closed [29]. In mitochondria from cells grown
to the exponential phase (Fig. 5A and B), and in the presence of
pyruvateemalate and high Pi, DJ were high and stable with
(Fig. 5A, trace c) or without added NADþ (Fig. 5A, trace a). In the
presence of NADþ (Fig. 5A, trace c), maximal DJ seemed to be
reached faster. In low Pi a DJ was not established and no NADþ

effect was observed (Fig. 5A, traces b, d). In the presence of succi-
nate (Fig. 5B) at high Pi, DJ was high and stable; a slight delay in
DJ rise was observed when NADþ was added, i.e. a faster DJ was
established in the absence (Fig. 5B, trace a) than in the presence of
NADþ (Fig. 5B, trace c). Once more, at low Pi, DJ was not estab-
lished regardless of NADþ (Fig. 5B, traces b, d).

Inmitochondria from cells grown to the stationary phase (Fig. 5C
andD) and in the presence of pyruvateemalate and high Pi, a partial
DJwas established (Fig. 5C, trace a). Then, in the presence of NADþ,
DJ was significantly higher (Fig. 5C, trace c). Again, at low Pi a DJ
failed to be established with (Fig. 5C, trace d) or without NADþ

(Fig. 5C, trace b).When succinatewas used as a substrate no effect of
NADþ on DJ was observed and at high Pi, DJ was high (Fig. 5D,
traces a, c) while at low Pi, DJ was minimal (Fig. 5D, traces b, d).

In the presence of high Pi, when DhMUC is closed, NADþ addition
to mitochondria from cells grown to the stationary phase resulted
in DJ increase. This suggests that the uptake of NADþ follows
another transport route. To explore this, NADþ was added during
DJ measurements at both phosphate concentrations and using
pyruvateemalate as respiratory substrate (Fig. 6A). At high Pi, DJ
was increased upon NADþ addition (Fig. 6A, trace a), i.e. NADþ

enteredmitochondria evenwhen DhMUCwas closed. By contrast, at
low Pi, NADþ did not raise the DJ (Fig. 6A, trace b). Additional DJ
measurements were performed in stationary phase mitochondria
to discard a direct effect of NADþ on DhMUC. To do this, mito-
chondria were incubated 30 s at low Pi in the absence (Fig. 6B trace
a) or presence of NADþ (Fig. 6B trace b) and no DJwas established.
Then, when 10 mM Pi was added a DJ was established which was
higher in the NADþ-preincubated organelles (Fig. 6B, trace b) than
in the controls (Fig. 6B, trace a).

3.9. The aging-related mitochondrial loss of NADþ does not result
from the isolation procedure, as it is already observed in
spheroplasts

In regard to the possible mechanism of mitochondrial NADþ

depletion observed in the stationary phase, two possibilities were
considered. Either NADþ loss occurred during mitochondrial
isolation and was due to enhanced organelle fragility or this exit
occurred in situ. To test these possibilities, we decided to measure
the NADþ-dependent respiratory activity in permeabilized sphe-
roplasts, i.e. in wall-less, substrate-permeable cells. Thus, respira-
tory activity and coupling were measured in D. hansenii
permeabilized spheroplasts from both exponential (24 h) and

Fig. 3. Cyanide-resistant respiration (CRR) in D. hansenii isolated mitochondria grown
to different phases using glucose or lactate as carbon sources. Oxygen consumption
was measured in state IV with 10 mM succinate as respiratory substrate. 50 mM
rotenone was added to inhibit complex I. CRR was assessed by the addition of 500 mM
NaCN. Isolated mitochondria 0.5 mg Prot$(mL)�1 were added in each assay. (A) CRR
percentage of exponential phase (15, 20 and 24 h) and stationary (48, 72 and 96 h)
phase samples that were obtained from YPLaceNaCl cultures (black dots). (B) CRR
percentage of exponential phase (12, 18 and 22 h) and stationary (48, 72 and 96 h)
phase samples that were obtained from YPDeNaCl cultures (black dots). In both
panels, CRR was activated with 1 mM AMP (empty symbols). Reaction mixture was as
in Table 1. Data from three independent experiments are expressed as the mean � SD.
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stationary phase (96 h) grown cells (Table 4). Respiratory sub-
strates, ADP, Tris-phosphate, NADþ and MgCl2 concentrations (see
Table 4 legend) were raised to obtain maximal respiratory rates and
coupling [33]. In the presence of pyruvateemalate or succinate,
respiration was slower than in isolated mitochondria and RC was
slightly lower (Table 3), e.g. in 24 h-grown samples spheroplasts
exhibited RC ¼ 1.83 while in isolated mitochondria RC ¼ 2.33
(Tables 3 and 4). The rates of O2 consumption for exponential vs.
stationary phase spheroplasts were compared. Using succinate as
the electron donor, the rates of O2 consumption and coupling were
similar in both growth phases, with or without added NADþ

(Table 4). When the NADþ-dependent substrate pyruvateemalate
was added, exponential phase spheroplasts exhibited the same rate
of oxygen consumption and RC regardless of whether NADþ was
added. By contrast, stationary phase spheroplasts exhibited a
smaller rate of O2 consumption and a low RC. Then, the addition of
NADþ to stationary phase spheroplasts fully restored both the rate
of oxygen consumption and the RC (Table 4). These results in
spheroplasts, where mitochondrial integrity is highly conserved
strongly support the notion that the depletion of mitochondrial
NADþ does occur in the intact cell during aging.

3.10. NADþ-uptake mechanism

It was decided to determine whether D. hansenii contains a
specific NADþ transporter. S. cerevisiae does contain two mito-
chondrial specific NADþ carriers: (a) Ndt1p and (b) Ndt2p with a
protein sequence of 373 and 335 residues, respectively [50]. BLAST
analysis against the sequences from S. cerevisiae was performed
and a D. hansenii ortholog protein of 390 residues, annotated as
DEHA2B09284p was found. DEHA2B09284p appears in the NCBI
bank as a hypothetical pyruvate transporter and similar to ADP/ATP
translocase. Nonetheless, our analysis exhibited identity and simi-
larity percentages of 49% and 63% with the Ndt1p and 45% and 60%
with the Ndt2p. The E-values for each isoform alignment were
8� 10�102 and 2�10�88, respectively. These values were very small
indicating an excellent alignment and sequence coverage (83e
86%). Thus, it is suggested that DEHA2B09284p is the NADþ carrier
and belongs to the mitochondrial carrier family (MCF).

To further characterize the NADþ uptake mechanism, it was
decided to test some of the different inhibitors of the reconstituted
S. cerevisiae NADþ transporter that have been reported [50]. We
chose pyridoxal 50-phosphate, bathophenanthroline, bromocresol
purple and tannic acid. These molecules were reported to be potent
NADþ-transporter inhibitors and at the same time are not known to
inhibit other mitochondrial transporters such as the ATP/ADP
translocase (carboxyatractyloside [53] and bongkrekic acid [54]) or
the phosphate carrier (mersalyl) [55,56]. The rate of O2 consump-
tion was measured in mitochondria from stationary phase-grown
cells using pyruvateemalate as the substrate. As expected from
the results above (Table 3), in the absence of NADþ (Fig. 7) a low
rate of O2 consumption was observed. Also as expected, this rate
was higher in the presence of NADþ (Fig. 7). However, in the
presence of each of the transport inhibitors, addition of NADþ was
failed to accelerate the rate of O2 consumption, suggesting that a
specific NADþ transporter had been blocked (Fig. 7). In mitochon-
dria from exponential growth cells the rate of O2 consumption was
always high, regardless of whether the NADþ transport inhibitors
were added or not (results not shown). A fourth inhibitor, tannic
acid, was tested; however, this compound inhibited respiratory
activity in all cases suggesting that it must have other targets (result
not shown). Thus, even though NADþ seems to exit mitochondria
under open DhMUC conditions, its uptake probably occurs through a
NADþ-specific transporter. Besides DhMUC opening, the loss and
uptake of NADþ probably constitutes an additional mechanism to
control OxPhos during growth in D. hansenii.

4. Discussion

During different stages of growth, yeast cells undergo remark-
able metabolic changes in response to energy requirements [57]. In

Table 3
Effect of the NADþ on the respiratory activity and coupling of D. hansenii isolated mitochondria from 24 or 96 h of growth.

Substrates Exponential phase (24 h) Stationary phase (96 h)

Rate of oxygen consumption
(natgO$(min mg Prot)�1)

Respiratory
control (III/IV)

Rate of oxygen consumption
(natgO$(min mg Prot)�1)

Respiratory
control (III/IV)

State IV* State III** State IV* State III**

Pyruvate þ malate
�NADþ 120 � 10 279 � 12 2.33 � 0.07 22 � 7 28 � 8 1.27 � 0.05
þNADþ 130 � 12 307 � 15 2.36 � 0.13 72 � 10 126 � 17 1.75 � 0.15

Succinate
�NADþ 173 � 15 285 � 17 1.64 � 0.10 222 � 8 382 � 4 1.72 � 0.05
þNADþ 170 � 3 270 � 18 1.59 � 0.10 215 � 14 348 � 16 1.62 � 0.13

Reaction mixture was as in Table 1. *Resting state (IV); **phosphorylating state (III). State III was induced with 500 mMADP. NADþ was added to a final concentration of 1 mM.
10 mM pyruvate þ malate or 10 mM succinate were added in each case. Data from three independent experiments are expressed as the mean � SD.

Fig. 4. Effect of the NADþ on the respiratory coupling of mitochondria isolated from
D. hansenii grown for different times. Respiratory control values were obtained from
oxygen consumption data that are shown in Table 3 and from other of different culture
times (data not shown). 10 mM pyruvate plus 10 mM malate (squares) or 10 mM
succinate (circles) were used as electron donors. Respiratory coupling was tested in the
absence (full symbols) or the presence (empty symbols) of 1 mM NADþ. Isolated
mitochondria were obtained from YPLaceNaCl cultures. Reaction mixture was as in
Table 1. Data from three independent experiments are expressed as the mean � SD.
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the exponential growth phase, highly replicative cellsmust produce
a large amount of ATP to contend with active anabolic pathways
[58]. However, entering the stationary growth phase, cell division
stops and ATP needs decrease considerably [8,59]. In this situation,
the mitochondrial respiratory chain would work at a low rate, pro-
moting ROS formation and losing the control of the cellular redox
state [8,46]. Non-fermentative or Crabtree-negative yeast species
(e.g. Y. lipolytica, D. hansenii, Candida albicans, etc.), where mito-
chondrial OxPhos is the main ATP source would be at a larger
disadvantage [43]. Crabtree-positive yeast species, such as
S. cerevisiae, probably need to face this problem only in the presence
of non-fermentative carbon sources. To avoid ROS overproduction,
there must be some mechanisms that increase the rate of O2 con-
sumption through physiological uncoupling [8]. Uncoupling sys-
temsmust be finely regulated and become activated only under low
energy-demand conditions; e.g. the stationary phase [8,46].

D. hansenii contains two physiological uncoupling systems. The
first system involves the alternative redox enzymes: NDH2e,
MitGPDH and AOX [32,60]. The electron transfer through these ox-
idoreductases is non-conservative and independent of the syn-
thesis of ATP [8,32]. Therefore, even if alternative oxidoreductases
are not protonophores, i.e. classic uncouplers, the final result is the
increase in the rate of O2 consumption, which is uncoupled from
the synthesis of ATP [8,9]. The second is the permeability transition
(PT) triggered by the opening of mitochondrial unspecific channel
(MUC) [29]. PT is defined as the increase in the unselective trans-
port of ions and metabolites across the mitochondrial inner

membrane with a molecular mass cutoff of 1.1e1.5 kDa [61,62]. PT
dissipates all electrochemical gradients and promotes mitochon-
drial swelling [44]. Both systems were previously described in
D. hansenii mitochondria isolated from exponential phase grown
cells [29,32] and they were further studied here, aiming to under-
stand physiological uncoupling in D. hansenii.

In the stationary growth phase, D. hansenii mitochondria
exhibited a fall in the complex I-dependent rate of O2 consumption
and coupling, which did not occur in the presence of other electron
donors such as NADH, succinate or glycerol-phosphate. This
behavior was apparently caused by a loss of NADþ from the mito-
chondrial matrix. It is likely that upon aging NADþ exited mito-
chondria through DhMUC that appears to be open during the
stationary growth phase, causing the dissipation of DJ and elec-
trochemical gradients [8,52,63]. This uncouplingwould increase the
rate of O2 consumption by the respiratory chain, preventing ROS
overproduction and reestablishing the balance in the NADH/NADþ

needed for both cytosolic and mitochondrial metabolic pathways.
Open MUC-related NADþ loss was previously described in

S. cerevisiae and in intact immortalized human microvascular
endothelial cells (HMEC-1) by Bradshaw and Pfeiffer [52] and by
Dumas and co-workers [63], respectively. In the first case, endog-
enous NADþ was lost only from swollen mitochondria, decreasing
the complex I-dependent respiratory activity. NADþ addition
restored the decreased rate of oxygen consumption in these
mitochondria [52]. On the other hand, HMEC-1 cells opened the
permeability transition pore (PTP) [63]; i.e. the mammalian

Fig. 5. Effect of NADþ on the transmembrane potential (DJ) of mitochondria isolated from D. hansenii grown to exponential or stationary phases. Reaction mixture: 1 M sorbitol,
10 mM safranine-O and 10 mMmaleic acid, pH 6.8 (Tris). Final volume 2.0 mL; room temperature. Phosphate concentrations were: 0.4 mM (traces b, d) or 10 mM (traces a, c). 10 mM
pyruvate plus 10 mM malate was tested in isolated mitochondria from exp-phase (24 h) (A) and stat-phase (96 h) (C). 10 mM succinate was tested in isolated mitochondria from
exp-phase (24 h) (B) and stat-phase (96 h) (D). 1 mM NADþ was added to the reaction mixture in traces c and d. Where indicated, mitochondria (Mit) 0.5 mg Prot$(mL)�1 and CCCP
5 mM were added. Representative traces from three independent experiments.
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counterpart of MUC [44], in the presence of the Ca2þ ionophore
A23187. In this situation, matrix NAD(P)H loss and swelling were
described; cyclosporine A was prevented both events [63].

In S. cerevisiae, NADþ is synthesized outside the mitochondria
and imported by two isoforms of a NADþ carrier named Ndt1p and

Ndt2p, respectively [50]. Both carriers import NADþ by unidirec-
tional transport or by exchange with nucleotide monophosphates,
such as AMP, GMP and their deoxyderivatives [64]. Also, these
transporters belong to the mitochondrial carrier family (MCF); i.e. a
family of nuclear-codified mitochondrial proteins that exhibits a
conserved six-transmembrane-helix structure [65]. In stat-growth
phase D. hansenii isolated mitochondria, the complex I-dependent
rate of O2 consumption and coupling was partially restored by
NADþ addition to the reaction mixture. Furthermore, NADþ addi-
tion fully restored both parameters in permeabilized spheroplasts.
A high phosphate concentration (10 or 20 mM) was added to close
the DhMUC. In this condition, NADþ was imported into mitochon-
dria probably through a specific carrier and not by DhMUC.
Searching for this protein, a possible candidate annotated as
DEHA2B09284p was found in the NCBI database, which shows a
great similarity to Ndt1p and Ndt2p. In addition, the putative
D. hansenii NADþ transporter also shares with the S. cerevisiae
Ndt1p and Ndt2p the sensitivity to at least three NADþ transporter
inhibitors; i.e. bathophenanthroline, pyridoxal-50-phosphate and
bromocresol purple [50,66].

Results strongly suggest that a physiological stationary-phase-
related loss of matrix NADþ occurred before the isolation of mito-
chondria. Matrix NADþ loss has been described in mitochondria
from Polytomella sp. [48] and from S. cerevisiae [52]. In D. hansenii, it
seems that mitochondria from stationary phase-grown cells did
retain some NADþ as they were able to support remnants of com-
plex I-linked respiratory activity. The traces of matrix NADþ could
be useful to maintain basal metabolite fluxes through the Krebs
cycle and other NADþ-dependent mitochondrial pathways. We
propose that the decrease in complex I-linked respiratory activity
promoted by NADþ loss constitutes a novel ATP-overproduction
prevention/physiological uncoupling mechanism.

Since NADþ addition did not fully restore the respiratory activity
promoted by pyruvateemalate in stationary growth phase mito-
chondria it was thought that further modifications were present
and thus, all other, classical or alternative respiratory components
were measured. Complexes I and IV and the NDH2e activities
remained constant throughout growth. Complex III did decrease in
stat-growth phase samples. As complexes I, III and IV from this
yeast are organized into supercomplexes [32] and these associa-
tions have been related to electron channeling [67], the decrease in
complex III might affect supercomplex assembly, detaching some of
the complexes I and IV. If so, a lower electron transfer through the
cytochromic pathway would be expected when using complex I-
electron donors. Supercomplex assembly dynamics in this species
needs to be studied. In addition, respiratory activities and coupling
in the presence of succinate, NADH or glycerol-phosphate were not
affected by the decrease of complex III. This behavior could be due

Fig. 6. NADþ-mediated increase in DJ of isolated mitochondria from D. hansenii
grown to the stationary phase. Reaction mixture: 1 M sorbitol, 10 mM safranine-O and
10 mM maleic acid, pH 6.8 (Tris) and 10 mM pyruvate plus 10 mM malate as respi-
ratory substrate. Final volume 2.0 mL; room temperature. Where indicated, mito-
chondria (Mit) 0.5 mg Prot$(mL)�1, 1 mM NADþ, 10 mM Pi and CCCP 5 mM were added.
(A) Phosphate concentrations were: 0.4 mM (trace b) or 10 mM (trace a). (B) NADþ

concentrations were: 0 mM (trace a) or 1 mM (trace b); no phosphate was added
before the 10 mM marked addition. Representative traces from three independent
experiments.

Table 4
Effect of the NADþ on the respiratory activity and coupling of D. hansenii permeabilized spheroplasts from 24 or 96 h of growth.

Substrates Exponential phase (24 h) Stationary phase (96 h)

Rate of oxygen consumption
(natgO$(min mg Prot)�1)

Respiratory
control (III/IV)

Rate of oxygen consumption
(natgO$(min mg Prot)�1)

Respiratory
control (III/IV)

State IV* State III** State IV* State III**

Pyruvate þ malate
�NADþ 11.5 � 0.2 21.1 � 2.0 1.83 � 0.18 4.9 � 1.3 5.3 � 1.3 1.08 � 0.02
þNADþ 11.8 � 1.2 22.5 � 3.2 1.91 � 0.12 11.1 � 1.2 20.7 � 3.3 1.86 � 0.10

Succinate
�NADþ 12.6 � 0.7 18.7 � 0.4 1.49 � 0.08 12.2 � 2.8 18.5 � 2.8 1.54 � 0.15
þNADþ 11.9 � 1.4 17.9 � 0.4 1.51 � 0.21 13.3 � 2.4 18.8 � 2.4 1.42 � 0.08

Spheroplasts were permeabilized with 20 mg/mL nystatin in the presence of constant oxygen bubbling. Rates of oxygen consumption were measured in resting state (IV)* and
phosphorylating state (III)**. State III was induced with 5 mM ADP. NADþ was added to a final concentration of 5 mM. 20 mM pyruvate þ malate or 20 mM succinate were
added in each case. Reaction mixture: 1.0 M sorbitol, 75 mM KCl, 20 mM Tris-phosphate, 5 mM MgCl2, 0.5 mM EGTA and 10 mM maleic acid, pH 6.8 (Tris). Final volume was
1.0 mL. Temperature ¼ 30 �C. Data from three independent experiments are expressed as the mean � SD.
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to the lack of supercomplex attachments reported for complex II,
NDH2e or MitGPDH [32].

In Y. lipolytica, a supercomplex formed by the alternative
external NADH dehydrogenase (YlNDH2e) and complexes III and IV
has been described [26]. This association exists only in the expo-
nential growth phase and blocks the electron flux from exogenous
NADH to the alternative pathway. However, during the stationary
phase, the YlNDH2e-IIIeIV supercomplex dissociates and allows the
flow of electrons through both the cytochromic pathway and the
alternative pathway [46]. In D. hansenii it is not clear whether
alternative components attach to large IeIIIeIV supercomplexes, as
no associations between NDH2ewith the cytochrome complexes III
and IV have been observed in the exponential growth phase [32].
Both Y. lipolytica and D. hansenii possess identical composition of
their respiratory chains and yet, component associations between
classical and alternative enzymes seem to be different, at least in
the exponential phase [26,32]. In D. hansenii regardless of the
substrate, electrons are transferred by both pathways [32].

In lactate-containing media, DhAOX is fully expressed and active
in all growth phases. By contrast, in glucose-containing media,
DhAOX was not present in the early exponential growth phase and
only in the late-exponential and stationary growth phases was
DhAOX activity detected. These results are interesting because
DhAOX expression seems to be controlled by the carbon source and
not only by the growth phase, as suggested others (2003) [60]. In
S. cerevisiae, lactate can be directly oxidized by two mitochondrial
lactate dehydrogenase (LDH) isoforms located in the outer side of
the inner mitochondrial membrane or by another matrix LDH iso-
form [25,68,69]. LDH membrane isoforms oxidize D-lactate or L-
lactate to pyruvate and are able to donate electrons directly to cy-
tochrome c [69]. Matrix LDH isoform uses D-lactate to produce
pyruvate in a NADþ-dependent fashion [70]. D. hansenii must
contain at least one of these proteins in order to assimilate lactate
during growth. A higher rate of ATP synthesis in the presence of
lactate would be expected, saturating and slowing the rate of
electron transport, rather than using glucose. It is proposed that to
prevent this, D. hansenii expresses AOX in all growth phases,
establishing an escape route to move electrons and avoid ROS

overproduction. This putative function of AOX is amply proposed in
the literature [8,14,60,71].

5. Conclusions

In the stationary growth phase, D. hansenii mitochondria
decreased their complex I-dependent rate of oxygen consumption
and coupling. This was caused by a loss of NADþ from the mito-
chondrial matrix. In isolated mitochondria from stationary phase
grown cells, addition of NADþ partially restored both O2 con-
sumption and RC. Furthermore, NADþ addition to permeabilized
spheroplasts from cells grown to the stationary growth phase fully
restored complex I-dependent respiration and coupling. NADþ

seems to be transported by a putative specific carrier annotated as
DEHA2B09284p, which is similar to those from S. cerevisiae (Ndt1p
and Ndt2p). The NADþ effect was inhibited by bathophenanthro-
line, pyridoxal-50-phosphate and bromocresol purple which are
known to inhibit the reconstituted mitochondrial NADþ-trans-
porters. OxPhos parameters did not change in the presence of
succinate, NADH or glycerol-phosphate under in any growth con-
dition. In addition, DhAOX expression seems to be controlled by
both the carbon source and the growth phase. It is suggested that
upon reaching the stationary growth phase D. hansenii activates
DhMUC (consequently losing mitochondrial matrix NADþ) as a
physiological uncoupling mechanism.
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Desde la trinchera  
de las ciencias básicas

El oxígeno ayuda a aprovechar la energía de los 
nutrientes, sin embargo, también produce es-

pecies reactivas de oxígeno (ERO), que en exceso, 
reaccionan con las moléculas del organismo y las 
destruyen. Esto provoca envejecimiento y, eventual-
mente, la muerte. Las diferentes especies biológicas 
han evolucionado para regular la formación de las 
ERO. La alimentación y el estilo de vida ejercen una 
fuerte influencia sobre la capacidad del organismo 
para lidiar con las ERO.

Desde su aparición hace 3,500 millones de años, 
los seres vivos proliferaron y se diversificaron hasta 
que hace 2,000 millones de años la concentración 
de oxígeno atmosférico aumentó 100,000 veces, lo 
que indujo la extinción de alrededor del 80% de 
las especies biológicas. Este aumento se debió a la 
actividad de las cianobacterias fotosintéticas cuya 
actividad metabólica libera oxígeno como subpro-
ducto y a la toxicidad de los derivados parcialmente 
reducidos del oxígeno que se conocen como ERO.

A partir de las especies que sobrevivieron a la 
oxigenación masiva de la atmósfera se desarrolla-

Oxígeno,  
para bien y para mal
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ron los organismos aerobios. Es decir, células que 
utilizan al oxígeno como aceptor de electrones, lo 
que libera grandes cantidades de energía en un pro-
ceso conocido como respiración aerobia. La cadena 
respiratoria aerobia se localiza en la membrana plas-
mática de las bacterias o en la membrana interna 
mitocondrial de los eucariontes. 

La fosforilación oxidativa mitocondrial resul-
ta del acoplamiento entre 2 procesos (figura 1). 
Primero, la cadena respiratoria bombea protones 
al espacio extramembranal usando la energía del 
flujo de electrones desde diversos donadores hasta el 
oxígeno, este proceso genera un “gradiente” de pro-
tones, es decir una diferencia de sus concentraciones 
a cada lado de la membrana. Luego el complejo V 
o adenosintrifosfato (ATP) sintetasa libera la ener-
gía almacenada en el gradiente de protones para la 
fosforilación, es decir la síntesis de ATP, a partir 
de una molécula de adenosindifosfato (ADP) y un 
fosfato. La cadena respiratoria acepta equivalentes 
reductores de diversos sustratos como el nicotina-
mida adenindinucleótido reducido (NADH) y el 
flavín adenin dinucleótido reducido (FADH2). El 
nicotinamida adenindinucleótido (NAD+) es redu-
cido a NADH por diversas enzimas entre las que 
se encuentran algunas del ciclo de Krebs, como 
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la piruvato deshidrogenasa, la alfa-ceto glutarato 
deshidrogenasa y la malato deshidrogenasa; luego 
el NADH es oxidado en el complejo I (NADH: 
coenzima Q óxido-reductasa). El FADH2 proviene 
de la succinato dehidrogenasa o de la glicerol fosfato 
deshidrogenasa y alimenta al complejo II (FADH2: 
coenzima Q óxido-reductasa). Los electrones cap-
tados en los complejos I y II son cedidos a través 
de la coenzima Q al complejo III (coenzima Q: 
citocromo c óxido-reductasa) y luego, a través del 
citocromo C al complejo IV (citocromo-oxidasa). El 
complejo IV reduce al oxígeno para producir agua. 

El flujo de electrones es ilustrado con flechas 
negras (figura 1). Los electrones arrastran proto-
nes y 3 de los complejos respiratorios (I, III y IV) 

aprovechan la liberación de energía de las óxido-
reducciones catalizadas para bombear los protones 
al espacio intermembranal y así almacenar la ener-
gía en forma de un gradiente de protones (figura 
1, flechas y cuadros verdes). Los protones fluyen de 
regreso al interior mitocondrial a través de la ATP 
sintetasa o complejo V liberando energía que se usa 
para sintetizar ATP (figura 1). 

La eficiencia del metabolismo aerobio es unas 15 
veces mayor que la del metabolismo anaerobio y por 
ello, los organismos que generaron un metabolismo 
aerobio pudieron crecer y llegaron a dominar la 
Tierra. Sin embargo, esa eficiencia tiene un elevado 
precio. Durante la respiración se generan radicales 
libres (especies químicas con electrones desaparea-

H+ H+

NADH

Glutamato

Piruvato

Malato

Succinato

Glicerol-fosfato

H+

H+

I II III IV
VQ

C

O2 H2O

ADP + Pi ATP

Figura 1. Estructura de la cadena respiratoria mito-
condrial de mamíferos donde se muestra el flujo de 
electrones entre los intermediarios del ciclo de Krebs 
y la cadena respiratoria (flechas negras) hasta reducir 
al oxígeno obteniendo agua; el bombeo de proto-
nes hacia el espacio intermembranal (arriba) por los 
complejos I, III y IV y el regreso a la matriz mitocondrial 

a través del complejo V (complejos en azul) para ener-
gizar la síntesis de ATP (flechas verdes). La fuga de radi-
cales libres proviene de diversas fuentes (flechas rojas) 
como las deshidrogenasas dependientes de NADH, los 
complejos I, II y III y la glicerol fosfato dehidrogenasa. 
La coenzima Q y el citocromo c (círculos rosa) trans-
portan electrones entre los complejos de la cadena.

Oxígeno
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dos) que pueden reaccionar inespecíficamente con 
el oxígeno del medio y generar ERO (figura 1, 
flechas rojas).

Las ERO, que también son radicales libres, reac-
cionan rápidamente con los lípidos formando ma-
londialdehido y 4-hidroxinonenal, oxidan las bases 
del DNA formando 8- hidroxiguanosina, además 
de carbonilar, nitrar y glutationilar a las proteínas. 
Estas modificaciones eventualmente conducen a la 
muerte celular.

Las principales ERO son el ion superóxido (O2
.-), 

el ion hidroperóxido (HOO.-) y el ion hidroxilo 
(HO.-), además del peróxido de hidrógeno (H2O2) 
que no es un radical libre pero es muy reactivo. 
Su génesis por introducción de electrones indivi-
duales provenientes de radicales libres se muestra 
en la figura 2.

Los organismos, lo mismo una bacteria que un 
humano, necesitan defenderse de las ERO. Las de-
fensas son de 2 tipos: el primero es la desactivación 
de las ERO catalizada por enzimas como la supe-
róxido-dismutasa (SOD), la catalasa y el sistema de 
la glutatión-peroxidasa/reductasa. La SOD convier-
te al radical superóxido en peróxido de hidrógeno, 
mientras que la catalasa transforma al peróxido de 
hidrógeno en agua. Estas 2 reacciones deben estar 
estrechamente coordinadas. Por ejemplo, en hu-
manos la SOD se codifica en el cromosoma 21; 
si hay 3 cromosomas 21, en lugar de 2, se expresa 

un exceso de SOD que produce tanto peróxido de 
hidrógeno que la catalasa no logra eliminarlo y daña 
a las células. El sistema de la glutatión peroxidasa/
reductasa usa al glutatión, un tripéptido antioxi-
dante que contiene cisteína. 

El segundo mecanismo de protección consiste 
en abatir la formación intracelular de las ERO. La 
aceleración de la velocidad del paso de electrones 
por la cadena respiratoria abate la producción de las 
ERO mediante 2 mecanismos: disminuye la con-
centración de oxígeno en la célula y elimina rápi-
damente a los radicales libres, antes de que puedan 
participar en reacciones inespecíficas. 

Las mitocondrias, paradójicamente parecen ser 
la clave del manejo de las ERO. Si bien la cadena 
respiratoria mitocondrial produce una gran can-
tidad de radicales libres, es también gracias a la 
actividad de la cadena respiratoria mitocondrial que 
se evita que esos radicales libres se combinen con 
oxígeno y se produzcan ERO. 

En humanos, las ERO tienen un papel relevan-
te en procesos tan variados como el síndrome de 
Down (trisomía 21), la gangrena, el daño postis-

e– e–

e–

e– e–

O2
HO2

.-

HO.-H2O2 H2O

O2
.- Figura 2. Formación de radicales libres de oxígeno a 

partir de la reducción parcial de la molécula de oxíge-
no. Eventualmente, las ERO se detoxifican al reducirse 
hasta agua. La citocromo oxidasa mitocondrial (com-
plejo IV de la figura 1) reduce el oxígeno hasta agua 
directamente, sin pasar por estos intermediarios.

La glucólisis anaerobia genera 2 moléculas de ATP 
por glucosa consumida, mientras que la combinación 
de glucólisis con fosforilación oxidativa genera entre 
36 y 38 moléculas de ATP por glucosa.

E. Espinoza Simón, M. Rosas Lemus, A. Cabrera Orefice, C. Uribe Álvarez, N. Chiquete Félix, S. Uribe Carvajal
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quémico, cerebral o miocárdico, el envejecimiento 
fisiológico de los organismos y las enfermedades 
neurodegenerativas.

En pacientes con la enfermedad de Parkinson 
se observó una actividad deficiente del complejo I 
mitocondrial en la sustancia nigra, mientras que 
en la enfermedad de Huntington existe una baja 
actividad del complejo II en el cerebro de pacientes 
en etapas avanzadas y en la corteza temporal de 
pacientes con síndrome de Alzheimer se observa 
deficiencia del complejo III. 

Diversos estudios demostraron que el ejercicio 
regular, físico y muy probablemente intelectual y la 
ingesta de antioxidantes polifenólicos incrementan 
la biogénesis y la respiración mitocondrial en teji-
do nervioso, adiposo y muscular en sujetos obesos, 
diabéticos y sanos. En modelos animales se observó 
que la biogénesis y la función mitocondrial neuronal 
de la descendencia son beneficiadas por la práctica 

constante de ejercicio. Asimismo, la restricción caló-
rica preserva la función mitocondrial promoviendo 
la biogénesis mitocondrial y mejorando la eficiencia 
bioenergética. 

El elixir de la juventud es el propio sudor. Con-
forme acumulamos años, es necesario luchar (en 
el gimnasio y en la pista de atletismo) por formar 
biomasa muscular y mantener el metabolismo aero-
bio funcionando. Así se producirán más mitocon-
drias y se evitará el daño inducido por las ERO. En 
este sentido, se ha demostrado que aún cuando un 
sujeto físicamente activo no necesariamente viva 
más tiempo, su calidad de vida será muy superior al 
que es sedentario. Evitar el exceso en la ingesta en 
alimentos también ayuda a aumentar la población 
mitocondrial.

El ejercicio regular, físico y muy probablemente 
intelectual y la ingesta de antioxidantes polifenólicos 
incrementan la biogénesis y la respiración 
mitocondrial en tejido nervioso, adiposo y muscular. 
En modelos animales se observó que la biogénesis y la 
función mitocondrial neuronal de la descendencia son 
beneficiadas por la práctica constante de ejercicio. 
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