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ABREVIATURAS 

  

ADP Adenosin difosfato 

ANT Adenine nucleotide translocator (Translocador de adenil nucleótidos) 

AOX Alternative oxidase (Oxidasa alterna) 

Apaf-1 Apoptotic protease-activating factor-1(Factor activador de proteasa apoptótico) 

ATP Adenosín trifosfato 

BAT Brown adipose tissue (Tejido adipose marron) 

CCCP p-clorocarbonilcianurofenilhidrazona 

CJ Cristae junctions (Uniones cretales) 

CR  Control respiratorio 

EGTA Etilen glicol bis (2-aminoetil eter)-N N N'N'-ácidotetraacético 

EIM Espacio intermembranal 

ERCl Especie reactiva de cloro 

ERNs Especies reactivas de nitrógeno 

EROs Especies reactivas de oxígeno 

FAD Flavin adenosina dinucleótido 

FMN Flavin mononucleótido 

GSH Glutatión reducido 

H4B Tetrahidrobiopterina 

IBM Inner boundary membrane (Membrana limitante interna) 

MEM Membrana externa mitocondrial 

MES Ácido 4-Morfolineatanesulfonico monohidratado 

MICOS 
Mitochondrial contact site and cristae organizing system(Sistema organizador de crestas 

y sitios de contacto mitocondrial) 

MIM Membrana interna mitocondrial 

MUC Mitochondrial unspecific channel (Canal inespecífico mitocondrial) 

DhMUC D. hansenni of mitochondrial unspecific channel 

ScMUC S. cerevisiae of mitochondrial unspecific channel 

ND2 NADH deshidrogenasa tipo 2 

ONS Óxido nitrico sintasa 

OPA1 Proteína de fusión de atrofia óptica tipo 1 

Pi Fosfato  

PiC Acarreador de fosfato 

PTP Poro de la transición de la permeabilidad 

SOD Superóxido dismutasa 

TMPD Tetrametilfenilendiamina 

UCPs Uncoupling proteins (Proteínas desacoplantes) 

VDAC Voltage-dependent anion channel (Canal aniónico dependiente de voltaje) 

 Potencial transmembranal 
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1.RESÚMEN 

 

En diversos organismos se ha reportado un poro inespecífico mitocondrial que 

permite el transporte no selectivo de moléculas de hasta 1.5 kDa provocando el 

abatimiento del potencial transmembranal e hinchamiento mitocondrial. En los 

mamíferos se ha propuesto que este poro participa en la expulsión del calcio 

mitocondrial y la irreversibilidad de su apertura lleva a la muerte celular. En la 

levadura Saccharomyces cerevisiae se detectó un poro similar al que se denominó 

ScMUC por sus siglas en inglés (S. cerevisiae Mitochondrial Unespecific Channel). 

Originalmente, este poro se describió en mamíferos desde los años 70´s y al 

principio se consideró un artefacto. Sin embargo, con el paso del tiempo su 

importancia se ha hecho evidente. En cuanto a su posible estructura, se han 

propuesto diversos componentes y no se ha llegado a un consenso. Los efectores 

de este canal son muchos. Pueden ser fisiológicos (calcio, magnesio, ATP, ADP, 

NADH) o moléculas ajenas a la célula (atractilósido, ácido bongkrékico o 

polietilenglicol). En el caso de la levadura, además de la estructura, no se ha llegado 

a identificar la función del ScMUC, pues se mantiene abierto por largos periodos sin 

matar a la célula; al contrario del poro de los mamíferos, en las levaduras se observó 

que este canal se cierra al aumentar el calcio extramitocondrial y se abre al quelarlo 

con EGTA. El objetivo de este trabajo fue corroborar la reversibilidad de la apertura 

del canal adicionando en secuencia efectores antagónicos fisiológicos buscando las 

condiciones en que este canal funciona como un desacoplante fisiológico que 

participa en la regulación del metabolismo de la levadura.  
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2.INTRODUCCIÓN 

 

El metabolismo aerobio en eucariontes 

Los procariontes y los organismos eucariontes, son muy diferentes tanto en tamaño, 

como en su fecha de aparición en el árbol filogenético. Los primeros en aparecer 

fueron los procariontes y hace unos 2700 millones de años aparecieron los 

eucariontes (Soo et al., 2017). Los eucariontes nacieron de la asociación de varios 

organismos donde el núcleo probablemente evolucionó a partir de un adenovirus, 

los cloroplastos de una cianobacteria y las mitocondrias nacieron de una 

proteobacteria (Soo, Hemp & Hugenholtz 2019). Todos se asociaron dentro del 

citoplasma de otro procarionte, probablemente de mayor tamaño. Las 

endosimbiosis resultantes se consolidaron a través de una coevolución con 

intercambio de información genética (Martin, Garg & Zimorski 2015). Así, al exportar 

parte de su genoma al nuevo núcleo de la recién formada célula eucarionte, los 

cloroplastos y las mitocondrias perdieron su capacidad para existir libremente y se 

convirtieron en organelos (Margulis & Bermudes 1985).  

 

En los eucariontes ya existían las cadenas respiratorias, sólo que, en lugar de 

oxígeno, se usaban como aceptores finales de electrones el nitrato, el nitrito, el 

dimetil sulfóxido y otras moléculas oxidadas; un ejemplo es Chlamydomonas 

reinhardtii su supervivencia en anoxia depende de sus aceptores finales diferentes 

al O2 (Mia et al., 2019). Los primeros eucariontes tenían mitocondrias con cadenas 

respiratorias anaerobias (Dodson 1979). 

 

El repentino aumento del oxígeno atmosférico sobrevino porque los minerales del 

suelo encargados de secuestrarlo se saturaron. Esto se debió a la gran producción 

del gas por las cianobacterias acuáticas que proliferaron masivamente gracias a la 

fotosíntesis (Hsia et al., 2013). Así, la atmósfera fue cambiando para quedar 

compuesta por bióxido de carbono y oxígeno. El alza en la concentración de oxígeno 

de 0 a 20-30% (Andrulis 2011) llevó a la primera gran extinción masiva. Cerca del 
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60% de los organismos perecieron, mientras que los sobrevivientes tuvieron que 

lidiar con este elemento (Grenfell et al., 2010; Nunn 1998). 

 

El O2 es un ávido aceptor de electrones (O2/H2O= +0.82 V comparado con 

NAD+/NADH + H+ = - 0.32 V) lo que es la base de su toxicidad, pero también dotó 

de grandes ventajas a los organismos que aprendieron a utilizarlo. La reducción 

parcial no catalizada del O2 resulta en la generación de radicales libres; aquellos 

que son derivados del oxígeno se conocen como especies reactivas de oxígeno 

(EROs) y son capaces de combinarse con otras moléculas desorganizándolas y 

eventualmente destruyéndolas. Lo que hace diferentes a las EROs de otros 

radicales libres es que difunden rápidamente extendiendo el daño a diversas 

moléculas alrededor de su sitio de formación. En contraste con el daño causado por 

las EROs, el oxígeno es muy eficiente como aceptor de electrones y por ello fue 

adoptado por diversos organismos tanto procariontes como eucariontes como el 

aceptor final de electrones en la cadena respiratoria. Los organismos que usan 

oxígeno en su cadena respiratoria se denominan aerobios (McCord ,2000). 

 

El metabolismo aerobio optimiza la extracción de energía de los nutrientes. Por 

ejemplo, un mol de glucosa metabolizado anaeróbicamente produce dos moles de 

ATP. En contraste, un mol de glucosa metabolizado aeróbicamente puede producir 

hasta 38 moles de ATP.  

 

El metabolismo aerobio, muy probablemente, fue decisivo para que aparecieran los 

organismos pluricelulares. Otra vez, esto obedeció a dos factores. Por un lado, las 

células asociadas entre sí se protegen contra las elevadas concentraciones de O2. 

Por el otro, el alto rendimiento energético posibilitó la síntesis de moléculas y 

estructuras complicadas en los organismos con especialización tisular y sistemas 

de suministro de nutrientes y de O2. Con respecto a la evasión frente al oxígeno hay 

ejemplos en unicelulares de estrategias como la formación de biopelículas donde 

solamente las células de la superficie se tienen que enfrentar al O2 
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 mientras que la médula de la biopelícula permanece en anaerobiosis. (Uribe-

Alvarez et al., 2016; Wu et al., 2015).  
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La glucólisis 

La glucólisis es muy conservada y se considera que fue la primera vía de obtención 

de energía que apareció en los seres vivos; en este camino metabólico, una hexosa 

produce una ganancia neta de 2 moléculas de ATP y 2 de NADH + H+ y dos 

moléculas de piruvato (Ecuación 1). 

 

ECUACIÓN 1. Ecuación global de la glucólisis. 

 
𝐺𝑙𝑢𝑐𝑜𝑠𝑎 + 4 𝐴𝐷𝑃 + 2 𝑁𝐴𝐷+ + 4 𝑃𝑖 +  2 𝐴𝑇𝑃 →  

                                                                     4 𝐴𝑇𝑃 + 2 𝑁𝐴𝐷𝐻 + 2 𝐻+ + 𝐻2𝑂 +  2 𝑃𝑖𝑟𝑢𝑣𝑎𝑡𝑜  

 

Como se aprecia en la ecuación 1, la glucólisis invierte dos moléculas de ATP y 

produce cuatro, con ganancia neta de dos. En contraste, en las células aerobias se 

usan NAD/NADH y O2 para oxidar al piruvato obteniendo CO2 y agua, obteniendo 

mucho más ATP por cada molécula de glucosa.  

 

El piruvato generado por la oxidación de la glucosa tiene dos destinos en la célula 

1) en ausencia de O2 se realiza el proceso llamado fermentación (en condiciones 

anaeróbicas) y 2) en presencia de O2 ocurre el proceso llamado respiración 

(condiciones aeróbicas). 

 

En el metabolismo aerobio de los eucariontes, el piruvato es captado por la 

mitocondria por una proteína transmembranal (transportador de piruvato); en la 

matriz mitocondrial el piruvato es descarboxilado por un complejo de tres enzimas 

llamado piruvato deshidrogenasa que genera 1 molécula de acetil CoA, CO2 y 

NADH (Ecuación 2). 

 
ECUACIÓN 2. Descarboxilación oxidativa del piruvato. 

 

 

𝑃𝑖𝑟𝑢𝑣𝑎𝑡𝑜 + 𝑁𝐴𝐷+ + 𝐻𝑆𝐶𝑜𝐴 → 

                                                                             𝐴𝑐𝑒𝑡𝑖𝑙 𝐶𝑜𝐴 + 𝑁𝐴𝐷𝐻 + 𝐻+ + 𝐶𝑂2 
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El acetil CoA es una molécula que no sólo es generada por la desacarboxilación 

oxidativa del piruvato sino también de otras macromoléculas (como lípidos) y puede 

ingresar al ciclo de Krebs y generar NADH y FADH2 (Ecuación 3). 

 

ECUACIÓN 3. Balance del ciclo de Krebs 

 

𝑂𝑥𝑎𝑙𝑜𝑎𝑐𝑒𝑡𝑎𝑡𝑜 + 𝐴𝑐𝑒𝑡𝑖𝑙 𝐶𝑜𝐴 + 3 𝑁𝐴𝐷+ + 𝐺𝐷𝑃 + 𝑃𝑖 + 𝐹𝐴𝐷 → 

                                                                                                           3 𝑁𝐴𝐷𝐻 + 3 𝐻+ + 𝐺𝑇𝑃 + 𝐶𝑂2 + 𝐹𝐴𝐷𝐻2 

 

El NADH y FADH2 que se generan son usados por un sistema complejo de enzimas 

incorporadas en la membrana interna mitocondrial que realizan la fosforilación 

oxidativa (OxPhos), que es un proceso metabólico que produce ATP, consumiendo 

O2. Con este proceso se producen teóricamente 38 moléculas de ATP en vez de los 

2 ATP que se generan anaeróbicamente en la glucólisis, este proceso resalta la 

importancia de la mitocondria.  

 

Estructura de la mitocondria 

 

Como se ha descrito arriba, la hipótesis endosimbiótica propone que las células 

procariontes anaerobias engulleron a una bacteria primitiva lo que permitió que 

ambos organismos establecieran una interacción endosimbiótica para poder 

generar energía en forma de ATP a través de la cadena respiratoria (Margulis & 

Bermudes 1985). 

 

La mitocondria se compone de dos membranas una interna (MIM) y otra externa 

(MEM), las cuales delimitan a la matriz mitocondrial y el espacio intermembranal 

(EIM) respectivamente. Las membranas tienen diferente composición; por ejemplo, 

la MEM tiene 20% de proteínas mientras que la MIM tiene 70%. También, en la MIM 

hay cardiolipina, un fosfolípido necesario para la función adecuada de diversas 

proteínas. La composición lipídica de la MEM es muy similar a la de la membrana 
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plasmática de la célula eucariota y presenta alta permeabilidad a diferentes solutos 

(Falabella et al., 2021). 

 

La MIM se pliega en una serie de invaginaciones hacia la matriz mitocondrial las 

cuales son llamadas crestas, en estas estructuras se encuentra principalmente la 

maquinaría de la fosforilación oxidativa. Hay secciones de la MIM que no forman 

crestas y que corren paralelamente con la MEM a éstas se le conoce como IBM (por 

sus siglas en inglés inner boundary membrane) y la unión entre las crestas y los 

IBM se conocen uniones de cresta (CJ, cristae junctions) (Gottschalk et al., 2022).  

 

El número de crestas, y en general la organización de éstas, depende de varios 

factores como los requerimientos celulares de energía o señales apoptóticas, las 

cuales las hacen más o menos compactas. Estas modificaciones en la arquitectura 

de las crestas se generan con ayuda de varias proteínas que regulan las CJ. Las 

CJ son parte del sistema de organización de crestas y de sitios de contacto 

mitocondrial (MICOS: Mitochondrial contact site and cristae organizing system) y la 

proteína de fusión de atrofia óptica tipo 1 (OPA1) (Khosravi & Harner 2020). 

 

El cambio en la conformación de la arquitectura de las crestas de la mitocondria ha 

creado un modelo en el cual se propone la variación local del pH que pueden ser 

muy bajos cerca de los bordes de las crestas. En el extremo más profundo de las 

crestas tiende a acumularse mayor concentración de cargas lo cual hace más 

eficiente el acoplamiento de protones a nivel local teniendo un pH en la matriz 

aproximado de 7.9 mientras que en el espacio intracrestal es de 7.3; es decir, se 

establece pH de 0.6 (Figura 1). 

 

Se había descrito que para el funcionamiento de la ATPasa se requería de un pH 

de 2, pero en este sistema se ha estimado un pH de 7.3. Otro sitio en donde el 

movimiento de protones entre la matriz y el espacio intracrestal genera un valor de 

pH muy localizado (7) es el sitio donde se encuentra el Complejo IV (Plecitá-Hlavatá 

& Ježek 2016). 
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FIGURA 1 ESQUEMA DE CRESTA MITOCONDRIAL. La oligomerización de OPA1 y el ensamblaje 

completo y las conexiones entre el complejo MICOS de la MIM y el complejo SAM/TOM de la MIM aseguran la 

conformación de la unión crestal, favoreciendo con esto los microambientes y así la diferencia entre el espacio intracrestal 

y la matriz mitocondrial; lo cual favorece la acumulación de protones en el interior de la cresta (modificado de Plecitá-

Hlavatá&ježek 2005). 

 

Fosforilación Oxidativa (OxPhos) 

 

La mitocondria está encargada de numerosas funciones fisiológicas: 

 

a)  Homeostasis del calcio celular: Junto con el retículo endoplásmico se 

encarga de almacenarlo y liberar calcio, la regulación fina de la concentración 

del calcio libre es de suma importancia debido a que modifica la actividad de 

diversas enzimas; por ejemplo, el calcio dentro de la matriz mitocondrial es 

capaz de regular varias deshidrogenasas. Esto se ha observado en 

mitocondrias sometidas a hipoxia donde este catión estimula las 

deshidrogenasas que resulta en inhibición del 30 al 40 % del consumo de O2 

(Gellerich et al., 2010)y retrasa el inicio de la anoxia; permitiendo que la poca 
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concentración de O2 en el microambiente se difunda y evite así que se 

produzcan EROs en exceso. En las mitocondrias que se encuentran lejos de 

estos sitios de baja concentración de oxígeno (hipoxia), el calcio (Ca2+) activa 

las deshidrogenasas y aumenta el NADH matricial activando la lanzadera 

malato/aspartato (Solien, Haynes & Giulivi 2005). 

En Saccharomyces cerevisiae el Ca2+ se usa como segundo mensajero 

generando pulsos de calcio en respuesta a una variedad de señales como 

hiperosmolaridad, hipoosmolaridad, estrés celular, concentraciones de 

glucosa y factor alfa (Fan et al., 2018) . El Ca2+ se transporta desde el medio 

extracelular hacia la levadura (50-200 nM). En orgánulos unidos a la 

membrana se almacena el catión unido a polifosfato llegando hasta una 

concentración de 2 mM dentro de estas estructuras (Cyert & Philpott 2013). 

 

b) Apoptosis: Es la muerte celular programada, tiene varias vías para su inicio 

y la vía mitocondrial es inducida por proteínas proapoptóticas como BAX y 

BAK que se oligomerizan e inducen la liberación al citosol de citocromo c, 

que inicia la apoptosis extrínseca de la célula (Figura 2). Durante las fases 

iniciales de este proceso BAX es translocado a la MME y se concentran en 

focos puntiformes submitocondriales con BAK por donde puede salir el 

citocromo c y unirse a Apaf-1 (proteína proapoptótica citosólica) y activa a las 

caspasas 9 para poder formar el apoptosoma (Brown & Borutaite 2008). 
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FIGURA 2 APOPTOSIS MITOCONDRIAL. La forma oxidada del citocromo c (Cyt. cOX) en el citosol se une a 

Apaf-1 formando el apoptosoma que activa la procaspasa-9 que conduce a la apoptosis. El citocromo c citosólico puede 

reducirse (Cyt. c RED.) por varios agentes reductores como: el superóxido, el ascorbato, el glutatión reducido (GSH) y 

algunos químicos como tetrametilfenilendiamina (TMPD); este citocromo c reducido no puede activar el apoptosoma y, 

por lo tanto, no promueve la apoptosis (Modificado de Brown & Borutatite; 2008). 

 

c) Síntesis de grupo Hemo: Este es necesario para el metabolismo de 

esteroides, transducción de señales, cadena respiratoria y el procesamiento 

de micro RNAs. El hemo se genera por la inserción de Fe2+ en la 

protoporfirina IX catalizado por la ferroquelatasa, una enzima de la matriz 

mitocondrial (Ferreira et al., 1995). 

 
d) Generación de ATP: es una de las funciones más importantes, ya que gracias 

a la cadena transportadora de electrones acoplada a la fosforilación oxidativa 

se obtiene ATP. Esto se revisará en un inciso posterior, donde se incluye la 

estructura y función de las diferentes enzimas de la fosforilación oxidativa 

(OxPhos) 
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Para generar ATP la mitocondria utiliza los NADH o FADH2 que fueron reducidos 

por la oxidación de algunas macromoléculas; estas moléculas ceden sus electrones 

a diversas enzimas redox de la cadena de transporte de electrones (CTE). 

 

La cadena respiratoria clásica está compuesta por cuatro complejos proteicos. 

Además, en eucariontes primitivos, como las levaduras hay varias deshidrogenasas 

que ceden sus electrones a la poza de quinonas o a la Aox sin bombear protones. 

Los sustratos reducidos en el ciclo de Krebs y la glucólisis donan sus electrones a 

estos complejos que la CTE transfiere al oxígeno. La energía que se libera por esas 

reacciones redox genera un gradiente de protones a través de la MIM, que es usado 

por el complejo V (F1FO ATP sintasa) para generar ATP. 

 

El gradiente producido por la fuerza protónmotriz (FPM) tiene dos componentes, el 

químico y el eléctrico. El componente químico se refiere a la diferencia entre la 

concentración de protones de la cara del espacio intermembranal de la MIM y la 

cara matricial de la MIM. El componente eléctrico corresponde a la diferencia de 

iones cargados positiva o negativamente en los compartimentos separados por la 

MIM. Combinando estos dos componentes la FPM es calculada como sigue: 

 

ECUACIÓN 4. Fuerza protónmotriz  

 

∆𝑝 = ∆𝜓 −
𝑅𝑇

𝐹
. 𝐼𝑛 (

[𝐶]1

[𝐶]2
) 

En donde: 

p: Fuerza protón motriz 

 : Potencial de membrana  

 R: Constante de los gases (1.987 cal/ molK) 

 T: Temperatura (Kelvin)  

 F: Constante de Faraday (23.06 kcalmol-1 V-1) 

 [C1]: Concentración de protones en la matriz mitocondrial 

[C2]: Concentración de protones en el espacio intermembranal  

En condiciones fisiológicas la p es de aproximadamente - 220 mV  
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Cadena transportadora de electrones (CTE) 

 

La transferencia de los electrones por complejos multienzimáticos, que disponen de 

elementos que son aptos para poder cederlos o aceptarlos fluyen de centros con 

menor potencial de óxido-reducción hacia centros con mayor potencial de 

reducción, hasta el oxígeno que es el aceptor final de electrones; el G´ al efectuar 

la transferencia de electrones depende la diferencia del potencial de reducción entre 

el aceptor y el donador que constituye el par redox. 

 

Estudios recientes del complejo I han demostrado que la ubiquinona al entrar evoca 

un cambio conformacional coordinado de las subnunidades ND1, NDUFS2 y ND3 

que hace posible el bombeo de protones. 

 

Independientemente de que reciba sus electrones en el complejo I o en el complejo 

II, la quinona se convierte primero en semiquinona y luego adquiere el segundo 

electrón más dos protones del medio para convertirse en quinol (QH2). La 

semiquinona es un radical libre por lo que debe reducirse rápidamente. Si su 

reducción se retarda, aumenta la posibilidad de que la reducción inespecífica e 

incompleta del oxígeno genere EROs. 

 

El complejo III oxida al ubiquinol y reduce al citocromo c, bombeando 4 H+ al espacio 

intermembranal; posteriormente, los electrones son llevados a la oxidasa terminal 

(complejo IV) por el citocromo c. En el CIV se forman 2 moléculas de agua por cada 

molécula de oxígeno y se bombean 4 H+ al EIM. El complejo IV tiene 2 grupos hemo 

(citocromos a y a3) y dos centros de cobre (CuA y CuB). Cuando se reducen el grupo 

hemo a3 y el centro CuB, un O2 forma un puente entre los grupos, al romper ese 

enlace se generan 2 moléculas de agua. 
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Complejo I 

También llamado NADH-ubiquinona oxidoreductasa, está conformado por 15 

subunidades centrales y en eucariontes 33 accesorias, es el complejo más grande 

de la CTE. Las subunidades centrales tienen una configuración en forma de “L”. Las 

subunidades más hidrofóbicas, se codifican en el genoma mitocondrial. 

 

Este complejo tiene 7 centros FeS (fierro-azufre) que conectan el sitio de unión de 

NADH con el sitio de reducción de la quinona. El acceso del NADH a esta estructura 

es controlado por el fragmento NDUFV1/2, para evitar una reducción excesiva del 

complejo I(Maldonado et al., 2020). 

 

Con respecto al sitio donde se reduce la quinona, el cluster N2 está sumergido en 

el brazo periférico por encima de la superficie de la membrana y para que llegue la 

quinona a este sitio (considerando que la quinona es hidrofóbica) se ha descrito la 

existencia de un túnel creado por las subunidades del brazo periférico. Este túnel 

se une a los lípidos entrelazándose con la superficie hidrofóbica de sus hélices 

anfipáticas (Parey et al., 2020). 

 

Se han descrito dos conformaciones del complejo una activa (A) y otra no activa 

(D). La interconversión D/A puede bloquearse por cationes divalentes (di Luca & 

Kaila 2021), pH alcalino o por agentes que modifiquen la subunidad ND318 la cual 

controla esta transición. En el miocardio, el bloqueo del complejo en D previene el 

daño por isquemia/reperfusión (Cabrera-Orefice et al., 2018.). 

  

 

 

 

 

 



14 

 

 

 

 

 

 

 

 

 

 

 

FIGURA 3 . COMPLEJO I. Las subunidades centrales se asignan como módulos funcionales para oxidación del 

NADH (módulo N), reducción de ubiquinona (módulo Q) y translocación de protones (módulo P). Los módulos N y Q 

forman la denominada matriz o brazo periférico y el módulo P corresponde al brazo de membrana. Los electrones se 

transfieren desde el FMN al sitio de reducción Q mediante una cadena de siete grupos de FeS (círculos naranjas). Las tres 

subunidades similares a antiportadores ND2 (verde), ND4 (rosa) y ND5 (negro) albergan vías de translocación de 

protones, cada una de las cuales consta de dos medios canales que se conectan al lado N (matriz mitocondrial) y al lado P 

(espacio intermembrana, EIM), respectivamente; se discute la posición de un cuarto canal de protones (Modificado de 

Parek, et al.,2020). 
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Complejo II 

La succinato:ubiquinona oxidorreductasa contiene 4 subunidades; todas codificadas 

en el núcleo: SDHA, SDHB, SDHC y SDHD. Se compone de 5 grupos prostéticos y 

4 de las cuales la C y D son transmembranales e hidrofóbicas; mientras que A y B 

contienen 3 centros fierro-azufre, FAD y el sitio de unión al succinato (Figura 4). 

Este complejo participa tanto en el ciclo de Krebs como en la CTE en donde se oxida 

el succinato a fumarato transfiriendo los electrones del succinato a la ubiquinona 

(Bezawork-Geleta et al., 2017). Del succinato, el cofactor FAD acepta, en 

consecuencia 2 electrones y los trasfiere a través de los grupos fierro-azufre a la 

quinona en el sitio QP. 

 

En el CII la transferencia de electrones no se acopla con bombeo de protones por 

lo que no contribuye a la generación de la fuerza protónmotriz, pero; es esencial 

para la conexión del ciclo de Krebs y la CTE (Kluckova et al., 2013; Cecchini 2003). 

 

FIGURA 4 COMPLEJO II. Enzima que comparte con el ciclo de Krebs, tiene subunidades hidrofóbicas las cuales están 

embebidas en la membrana interna mitocondrial. Las cuatro subunidades (Sdh A-D) se indican con letras mayúsculas, las posiciones 

relativas de los grupos se indican con círculos amarillos (grupos [FeS]), el sitio QP es donde entra una Q y forma QH2  que es tomado por 

el complejo III y un anillo de porfirina (hemo b, en hexágono azul) entre las subunidades C y D (Modificado de Dröse, 2012). 
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Complejo III 

 

La ubiquinol-citocromo c oxido-reductasa (complejo bc1) funcional consiste en la 

unión de dos monómeros de 11 subunidades cada uno. Este complejo tiene un 

hemo tipo b de baja energía de spin (hemo bL) y otro de alta energía de spin (bH) , 

así como un hemo tipo C. Aparte de estos hemos también tiene un centro fierro-

azufre y dos sitios de unión para la ubiquinona, uno para de oxidar al ubiquinol (Qo) 

y el segundo para la reducción de la ubiquinona (Qi).Esta enzima cataliza la 

reducción del citocromo c mediante la oxidación del ubiquinol producido por los CI 

y CII, acoplando la reacción a la translocación de 4 H+ (Snyder et al., 2000; 

Trumpower 1990). 

 

El complejo III bombea cuatro protones por cada par de electrones que recibe de la 

poza de quinonas. El mecanismo se ha bautizado como Ciclo Q pues se lleva a 

cabo en dos pasos reciclando un ubiquinol. Primero un ubiquinol es oxidado por el 

citocromo del lado “P” y queda como quinona que difunde hacia el lado “N”. Aquí se 

bombean los primeros dos protones mientras que los dos electrones tienen destinos 

diferentes: Un electrón pasa a la proteína FeS de Rieske que a su vez lo dona al 

citocromo c1 y de ahí sale hacia el citocromo c. El otro electrón pasa al citocromo b 

del lado negativo y ahí reduce a la quinona que queda como semiquinona. El 

segundo paso del ciclo Q inicia de la misma manera: un ubiquinol es oxidado en el 

sitio P y sus dos protones también se bombean hacia el especio intermembranal. 

Esta segunda quinona queda como producto final. El primer electrón reduce 

secuencialmente a la FeS, al citocromo c1 y sale hacia el citocromo c. El segundo 

electrón fluye hacia el lado “N” donde encuentra a la semiquinona producida en el 

primer paso del ciclo y la reduce recuperando un ubiquinol. En resumen, se oxidaron 

dos ubiquinoles, pero se recuperó uno. Se bombearon cuatro protones y se 

redujeron dos citocromos c. 
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Dos datos importantes de la función del CIII son qué; éste funciona siempre como 

dímero. Además, existen dos sitios en donde se puede inhibir la transferencia de 

electrones, uno en el centro N (que está en el lado negativo de la membrana) y otro 

en el centro P (que está en el lado positivo de la membrana). 

 

 

 

 

 

FIGURA 5. COMPLEJO III.La oxidación del UQH2 por la subunidad Fe2-S2 y el citocromo bL se produce en el sitio Q0, 

orientado hacia el espacio intermembranal (EIM); y la reducciónde la UQ por el citocomo bH, en el sitio Qi, orientado hacia la matriz 

mitocondrial. La energía liberada en la transferencia de electrones se utiliza para la translocación neta de 2H+, desde el lado matricial 

hacia el lado del espacio intemembranal (Brandt & Trumpower 1994). 
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Complejo IV 

 

La citocromo c oxidasa cataliza la transferencia de los electrones del citocromo c 

reducido al O2 transfiere 2 protones de la matriz al EIM. El complejo IV de mamíferos 

está formado por 14 subunidades de las que 3, COX 1, COX2 y COX3 forman el 

núcleo catalítico, codificadas en el DNA mitocondrial y son altamente conservadas. 

La subunidad COX2 tiene un dominio que se extiende hacia el espacio 

intermembranal, para unirse con el citocromo c soluble. 

 

El centro CuA (centro de di-cobre) está ubicado en la interfaz de COX1 y COX2 para 

que tome los electrones del citocromo c. Estos electrones pasan del CuA al hemo a 

(en la COX1) que los transfiere al centro binuclear del hemo a3-CuB, donde el 

oxígeno se reduce en agua (figura 6) (Timón-Gómez et al., 2018). 

                   

FIGURA 6 COMPLEJO IV. La citocromo c oxidasa capta 4 electrones de 4 citocromo c y los 

transfieren al oxígeno, para producir dos moléculas de agua. Al mismo tiempo se translocan 4 protones al 

espacio intermembranal.  
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Complejo V 

La F1 FO sintetiza ATP a partir de ADP y fosfato de forma acoplada al gradiente 

electroquímico generado en la CTE; el mecanismo de acción implica la rotación de 

algunas subunidades. CV consta de dos segmentos: uno es hidrofóbico (FO) y está 

embebido en la membrana interna mitocondrial. Transloca los protones del EMI 

hacia la matriz mitocondrial. El segmento hidrofílico (F1) contiene los sitios 

catalíticos; se proyecta hacia la matriz mitocondrial (Tabla1). 

 

El hemicanal de H+, está formado entre la Su6 y Su9, y en cuanto interaccionan los 

protones inicia el mecanismo rotatorio. El protón forma y deshace alternativamente 

un puente salino entre estas dos subunidades, provocando el movimiento del anillo 

y a su vez el movimiento de  , y  . El giro de  dentro de 33 ocasiona cambios 

conformacionales en donde los reactivos (ADP y fosfato) catalizan la síntesis de 

ATP (Nakanishi-Matsui & Futai 2008). 
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TABLA 1. SUBUNIDADES QUE CONFORMAN AL COMPLEJO V, EN LEVADURA (S. cerevisiae) 

Y EN MAMÍFERO (Bos taurus). 

 

Esta enzima se ha descrito como un nanomotor el cual tienen subunidades que fungen como rotor y otras como estator. C 

fungen como la parte catalítica en donde la subunidad  se asocia con la subunidad  (forman un heterohexámero) 

(Modificado de Devenish et al., 2008; Velours et al., 2009). 

  

Sector S. cerevisiae B. taurus Función  

F
1
 

  Estator  

  Estator  

  Rotor 

  Rotor 

  Rotor 

F
0
 

OSCP OSCP Estator 

Su 6 Su 6 Estator 

Su 9 Su 9 Rotor 

Su 8 A6L Estator  

Su b Su b Estator 

Su d Su d Estator 

Su f Su f Estator 

Su h F6 Estator  

Su i/j - Estator 
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Mecanismo de acoplamiento mitocondrial 

 

En 1961 Peter Mitchell publicó la teoría quimiosmótica, postulando que la 

transferencia de los electrones y la síntesis de ATP se acoplan a través de un 

gradiente de protones y de un potencial de membrana. Contiene a los siguientes 

postulados: 

 

1) Una cadena transportadora de electrones proporciona energía para el 

transporte vectorial de H+ de un lado al otro de la membrana. 

2) La ATP sintasa, que sintetiza/hidroliza ATP de manera acoplada a la 

translocación de H+. 

3) La impermeabilidad de la MIM a las especies iónicas (incluyendo H+). 

 

 

Las especies reactivas de oxígeno (EROs). Producción y detoxificación  
 
 

Un radical libre es una molécula que contiene un electrón desapareado en su último 

orbital; es decir, un electrón que no compensa su momento de spin que por lo tanto 

le confiere un momento magnético. Los radicales libres son muy reactivos pues 

necesitan donar o aceptar un electrón para lograr el apareamiento. Esta reacción 

ocurre una y otra vez, generando nuevos radicales y destruyendo a las moléculas 

orgánicas, en especial donde hay dobles ligaduras de carbono. Un radical libre 

ubicado en una molécula inmóvil, como por ejemplo el Fe++ en el grupo hemo de un 

citocromo, está fijo y atrapado en una membrana que a su vez tiene poca o nula 

capacidad de movimiento, lo que limita el área donde puede ejercer su reactividad. 

Sin embargo, hay radicales libres de estructura sencilla que pueden difundir en la 

célula, viajando de un compartimento a otro y reaccionando en cada uno.  

En los seres vivos existen 3 tipos de radicales libres: 

 

I. Especies reactivas de nitrógeno (ERNs) 

II. Especie reactiva de cloro (ERCl) 
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III. Especies reactivas de oxígeno (EROs) 

 

I. ERNs: Entre las especies reactivas de nitrógeno está el óxido nítrico (NO) 

el cual participa en la vasodilatación, inhibición de agregación plaquetaria 

gracias a que activa la guanilato ciclasa, sin embargo, también puede 

reaccionar con ácidos grasos que han sido previamente oxidados y por lo 

tanto provoca el proceso de lipoperoxidación. El NO es lipofílico y se 

sintetiza gracias al grupo guanidina de la L-arginina en su transformación 

a L- citrulina. Esta reacción se lleva a cabo por la óxido nítrico sintasa 

(ONS) la cual requiere de flavín mononucleótido (FMN), flavin adenina 

dinucleótido (FAD), tetrahidrobiopterina (H4B) y de NADPH (Förstermann 

& Sessa, 2012).  

 

II. ERCl: El ácido hipocloroso (HOCl) es un componente esencial del 

estallido respiratorio que se forma usando un oxígeno para producir H2O2 

mediante la NADPH oxidasa. Una vez obtenido el peróxido de hidrógeno 

la mieloperoxidasa toma al Cl- para formar HOCl. Todo este proceso se 

lleva a cabo en el fagolisosoma, el cual se acidifica y optimiza la actividad 

antimicrobiana del HOCl. La generación excesiva o externa a este 

subcompartimieto puede causar daño tisular y se ha asociado a 

ateroesclerosis y algunos cánceres ya que también puede reaccionar con 

DNA, proteínas, lípidos, tioles y disulfuros libres (Hawkins et al., 2003). 

 

III. EROs: El oxígeno es especialmente propenso a formar radicales libres 

porque es electronegativo. Las EROs pueden generarse por factores 

ambientales o intrínsecos: 

a) Ambientales: contaminación con gases como el monóxido de carbono, luz 

solar directa u otras fuentes de luz ultravioleta, exposición a isótopos 

radiactivos. 

b) Intrínsecas: se crean principalmente en la mitocondria y por las NAD(P)H 

oxidasas (Xinzhao Wang et al., 2021). 

 



23 

 

La fuente principal de EROs es la mitocondria. Muchos de los centros redox de las 

diferentes enzimas del ciclo de Krebs, de la beta-oxidación y principalmente de la 

cadena respiratoria se convierten en radicales libres durante el ciclo catalítico. 

Se han identificado al menos diez sitios diferentes de producción de EROs en la 

cadena de transporte de electrones (complejo I, II y III) y otras enzimas asociadas. 

Ver tabla 2 (Quinlan et al. 2013). 

 
TABLA 2. SITIOS REDOX QUE PRODUCEN RADICALES LIBRES. Ocurre tanto en la mitocondria como 

enzimas involucradas en varias vías metabólicas  

 
 

 

 

 

 

 

 

 

 

 

Los radicales libres de la mitocondria pueden reaccionar inespecíficamente con el 

oxígeno reduciéndolo parcialmente y produciendo el radical superóxido (O2
-). Este 

radical se detoxifica por una superóxido-dismutasa (SOD) para formar H2O2 y éste 

a su vez es convertido en agua y O2 por la catalasa (Blokhina, Virolainen, & 

Fagerstedt 2003). Sin embargo, si el peróxido de hidrógeno no se desactiva 

rápidamente, puede producir el radical hidroxilo mediante la reacción de Fenton 

(Deng et al., 2015). 

 

En la cadena respiratoria los mayores productores de EROs son el complejo I y el 

III. En el complejo I se encuentran el sitio IF, donde se encuentra la flavina donde 

se oxida el NADH, y el sitio IQ donde se reduce la quinona (Galemou et al., 2021); 

mientras que en el complejo III el superóxido surge del sitio de oxidación del quinol 

(sitio IIIQo) (Crofts et al., 2013; Ohnishi et al., 1994). El complejo II produce EROs 

durante el transporte reverso de electrones al complejo I. Esta reacción es inhibida 

por la rotenona, que se une al sitio Q del complejo I (Moreno-Sánchez et al., 2013). 

MITOCONDRIA NADH:UBIQUINONA OXIDORREDUCTASA 

SUCCINATO:COENZIMA Q OXIDOREDUCTASA 

UBIQUINOL:CITOCROMO-C OXIDOREDUCTASA 

 

ENZIMAS 

ASOCIADAS 

MALATO DESHIDROGENASA 

GLICEROL 3 FOSFATO DESHIDROGENASA 

OXOGLUTARATO DESHIDROGENASA 

PIRUVATO DESHIDROGENASA 

GLICEROL 3 FOSFATO DESHIDROGENASA 

PROLINA DESHIDROGENASA 

DIHIDROOROTATO DESHIDROGENASA 
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La sobreproducción de EROs puede provocar lipoperoxidación, oxidación en 

cisteínas o daño al DNA (Schieber & Chandel 2014). Por lo tanto, se requiere una 

producción controlada de éstas para controlar procesos como la proliferación celular 

(remodelamiento cardíaco), supervivencia celular, migración celular (en 

queratinocitos involucrados en el proceso de cicatrización) y crecimiento (Ortega & 

Rosas 2020). 

 

 

 

 

                    
 
FIGURA 7. GENERACIÓN DE ESPECIES REACTIVAS DE OXÍGENO. El singulete de oxígeno (u 

oxígeno molecular) es capaz de generar el radical superóxido del cual se pueden formar 3 especies; el ion peróxido gracias 

a la ganancia de un electrón, el radical hidroperóxido si interviene un protón o gracias a la enzima superóxido dismutasa 

(SOD) generan peróxido de hidrógeno. Este último también puede formarse si al ion peróxido se agregan 2 protones y 

aunque no se considera al H2O2 como un radical libre este es capaz de formar el radical hidroxilo que se considera el más 

reactivo de las EROs.  

 

 

Las EROs son eliminadas por diversos sistemas que son: 

 

• Sistema enzimático 

o Superóxido dismutasa (SOD). Es una metaloproteínasa que elimina 

el O2
- mediante una dismutación que toma dos moléculas de O2

- de 

las cuales una se oxida hasta oxígeno molecular y la otra la reduce a 

H2O2. 
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o Catalasa. Es una hemoproteína tetramérica que reduce el H2O2 

produciendo agua. Usa un átomo de hierro que realiza el intercambio 

redox.  

 

o  
 

o Glutatión peróxidasa. Su actividad está 

modulada por la relación GSH/GSSG; su eficacia reside en impedir la 

interacción de las EROs entre sí o con los metales de transición. Este 

complejo cataliza la reducción de H2O2 que junto con el grupo 

prostético de selenio-cisteina de la glutatión reductasa detoxifica esta 

molécula. Para que este mecanismo funcione a la perfección son 

necesarias dos enzimas más; la glucosa 6 fosfato deshidrogenasa 

que toma la glucosa 6 fostato y el NADP+ para crear 6 fosfogluconato 

y NADPH + H+; este último es indispensable para que la glutatión 

reductasa regenere el GSH. 

 

 

 
 

 

 

2 2 
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•  No enzimáticos. 

 

o Ácido ascórbico: reduce los niveles del daño oxidativo a lípidos y a 

proteínas, ya que reacciona con OH, H2O2 y O2
- 

o -tocoferol: es considerado el principal antioxidante de radicales 

lipofílicos ya que reduce el grupo hidroxilo de su anillo cromano 

impidiendo la peroxidación lipídica, modulando la fluidez de la 

membrana, así como cascada de producción de ácido araquidónico. 

o Carotenoides: se obtienen de la dieta principalmente de vegetales y 

frutas reaccionan principalmente con el singulete de oxígeno, son 

útiles para proteger contra el daño causado por los rayos UV. 

o Compuestos fenólicos: pueden inhibir enzimas como las oxidasas, 

lipooxigenasa, mieloperoxidasa y la NADPH oxidasa lo cual evita la 

generación de las EROs. 
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FIGURA 8. PRODUCCIÓN DE LAS EROS Y SUS DESTINOS. Las EROs se producen principalmente en la 

mitocondria en los complejos I, II y III; dependiendo de las concentraciones pueden ejercer un papel fisiológico en el cual 

se incluye a la señalización para la proliferación celular, supervivencia y diferenciación celulares. Cuando las 

concentraciones de EROs se incrementan dañan a las proteínas, lípidos (lipoperoxidación) y hasta el DNA mitocondrial. 

Para evitar estos efectos dañinos, la célula tiene diferentes mecanismos para evitar estos cambios como los sistemas 

enzimáticos y no enzimáticos, así como los sistemas de desacoplamiento fisiológico. 

  



28 

 

 

Prevención de la sobreproducción de EROs 
 

 

Puesto que los radicales libres producidos cuando los electrones fluyen por los 

grupos prostéticos y coenzimas de la cadena respiratoria como las fierro-azufre 

proteínas, la semiquinona y los grupos hemo; acelerar el flujo de electrones en la 

cadena respiratoria disminuye el tiempo que tienen los electrones desapareados 

para combinarse de manera inespecífica con el oxígeno. El flujo rápido de 

electrones los lleva hasta la(s) oxidasa(s) donde reducen al oxígeno catalíticamente. 

Los Sistemas Desacoplantes Fisiológicos de la mitocondria aceleran el paso de 

electrones en ausencia de síntesis de ATP. 

 

El desacoplamiento fisiológico consiste en la aceleración controlada y reversible del 

flujo de electrones en la cadena respiratoria independientemente de la síntesis de 

ATP. Al conjunto de sistemas que evitan la sobreproducción de EROs por la 

mitocondria se les ha denominado sistemas desacoplantes fisiológicos (Uribe-

Carvajal et al., 2011). El mecanismo del desacoplamiento fisiológico consiste en 

disminuir el gradiente eléctrico de la membrana interna mitocondrial conocido como 

potencial de membrana (). Este  es el principal inhibidor de la cadena 

respiratoria (Rupprecht et al., 2010; G.C. Brown & Brand 1991). Cuando baja, como 

en la síntesis de ATP, la CR se acelera. Cuando es alto, la CR se inhibe. Hay dos 

tipos de sistemas desacoplantes fisiológicos: los intrínsecos y los extrínsecos. 

 

• Mecanismos intrínsecos de desacoplamiento mitocondrial: las enzimas 

redox alternas mitocondriales catalizan el flujo de electrones en la CR pero 

no son bombas de protones. En consecuencia, no contribuyen a la formación 

del  y además no son inhibidas por éste. Las NADH dehidrogenasas tipo 

2 (ND2) de la membrana interna mitocondrial, que pueden encontrarse del 

lado de la matriz mitocondrial (ND2i) o del lado del espacio intermembranal 

(ND2e). Oxidan al NADH, pero no bombean protones. Las oxidasas alternas 

(Aox) que en los eucariontes son de un solo tipo, mientras que en 
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procariontes son muy diversas, también son periféricas de la membrana 

interna mitocondrial y reciben los electrones del ubiquinol sin bombear 

protones y reducen al oxígeno(Skulachev 1998; G.C. Brown & Brand 1991).  

Hay un mecanismo de desacoplamiento fisiológico intrínseco conocido como 

“slipping”, donde se disocia la actividad redox de la capacidad para bombear 

protones de un complejo respiratorio. Este fenómeno ha sido descrito en el 

complejo IV y en el complejo V o F1FO ATPsintasa, donde se dejan pasar los 

protones por las subunidades “c” sin que haya síntesis de ATP. El slipping de 

la citocromo c oxidasa provoca una disminución de la estequiometría H+/e de 

1.0 a 0.5, esto para estimular la termogénesis de manera específica de tejido 

como en los cardiomiocitos y en el músculo esquelético (Kadenbach 2003). 

 

• Mecanismos extrínsecos de desacoplamiento mitocondrial. Específicos 

para protones como las proteínas desacoplantes o inespecíficos como los 

poros de transición de la permeabilidad.  

 

o Las UCPs. Son proteínas transmembranales ubicadas en la 

membrana interna mitocondrial disipan el gradiente de H+ y se han 

descrito en diferentes organismos. La UCP1 se encuentra en el 

tejido adiposo marrón (BAT, brow adipose tissue); y se especializa 

en termogénesis. La UCP2 se ha detectado en bazo, riñón, timo, 

páncreas y la UCP3 está en músculo esquelético (McBride et al., 

2019), BAT y en corazón. Se han detectado en levaduras como 

C.albicans o Y. lipolitica (Luévano-Martínez 2012), nematodos (C. 

elegans), crustáceos (L. vannamei) (Mendez-Romero et al., 2020; 

2019) e insectos (D. melanogaster), en donde las UCP son tejido 

específicas y se expresan dependiendo de la etapa de desarrollo de 

cada organismo (Uribe-Carvajal et al., 2011). 

 

o EL PTP: Es un canal inespecífico ubicado en la mitocondria que al 

abrirse permite el paso de moléculas hasta 1.5 kDa y desacopla la 
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OxPhos. Se ha observado que en levaduras como Saccharomyces 

cerevisiae hay un canal similar al PTP que tiene algunas 

características diferentes y por ello se ha denominado Canal 

Mitocondrial Inespecífico de S. cerevisiae (ScMUC); también se ha 

descrito uno en Debaryomyces hansenii (DhMUC), el cual se describe 

a continuación. Por su importancia para esta tesis se analiza a fondo 

el PTP en el siguiente inciso.   
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3. ANTECEDENTES  

 

El poro de transición de la permeabilidad; estructura y función 

La transición de la permeabilidad mitocondrial implica el incremento en la 

permeabildad de la membrana interna mitocondrial a moléculas de hasta 1.5 kDa a 

través del PTP el cual es sensible al estrés, a la disminución de adenín-nucleótidos, 

a bajas concentraciones de fosfato o a la despolarización de la membrana. La 

apertura del PTP provoca el hinchamiento de la mitocondria, el colapso del potencial 

transmembranal y el desacoplamiento de la fosforilación oxidativa (Papa, Lorusso, 

& di Paola 2006; Mitchell 1961; Boyer et al.,1977) . 

 

El translocador de adenin-nucleótidos tiene la función de intercambiar ATP/ADP a 

través de la MIM. Se propuso como componente el PTP ya que su inhibición por el 

atractilósido o el ácido bongkrekico, regula la transición de la permeabilidad 

(Allouche et al. 2012; Schiffer et al. 2022), sin embargo la eliminación genética de 

las isofomas del translocador (ANT1 y ANT2) aún se lleva a cabo la apertura del 

PTP con concentraciones altas de Ca2+ (como efector de apertura), por lo que el 

ANT podría contribuir a la regulación pero no se considera un componente esencial 

de PTP (Karch et al., 2019). 

 

Los VDACs se encuentran en la MEM y funcionan como paso de entrada y salida 

de los metabolitos mitocondriales, como sustratos respiratorios, iones o nucleótidos 

de adenina. El VDAC (en especial VDAC1 y VDAC2) es importante ya que, al 

progresar la transición de la permeabilidad, los componentes citosólicos ingresan a 

la matriz mitocondrial hasta romper la MEM (Juhaszova et al., 2008; Gutiérrez-

Aguilar et al.,2007). 

 

La sensibilidad del PTP a mersalil; inhibidor del acarreador de fosfato (PiC), 

corroboró que esta proteína está involucrada en la conformación del PTP(Gutiérrez-
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Aguilar et al., 2010a; 2010d). Otra evidencia de que el PiC es importante en la 

estructura fue que al eliminar genéticamente este acarreador las mitocondrias 

requerían una concentración alta de fosfato en comparación con las cepas silvestres 

para obtener un potencial transmembranal estable y evitar el hinchamiento 

mitocondrial (Gutiérrez-Aguilar et al., 2010b; Kovaćs-Bogdán et al.,2014). 

 

Otra proteína que se describió como posible componente de PTP es SPG7, una 

proteasa AAA mitocondrial que junto con AFG3L2 es responsable de ensamblar 

ribosomas y eliminar proteínas no funcionales en las mitocondrias. Se observó su 

interacción con VDAC lo que demostró una protección contra la sobrecarga de 

calcio extramitocondrial; así como la interacción con la ciclofilina D, ya que participa 

en el mecanismo sensible a calcio y a la concentración de EROs (Shanmughapriya 

et al.,2015). 

 

En estudios de electrofisiología en membranas mitocondriales se ha descrito que el 

PTP funciona como un canal con transiciones de apertura y cierre de tamaño, cuyos 

sub-estados muestran variaciones de conductancias. El PTP tiene una 

conductancia alta si está abierto; pero también se han descrito aperturas moderadas 

y transitorias (Hurst et al., 2017) 

 

En diferentes órganos como el corazón, el cerebro y el hígado, el PTP participa en 

procesos de respuesta al estrés, aunque se le ha relacionado con daños celulares 

en procesos como la isquemia reperfusión grave (Griffiths & Halestrap 1993; Solhjoo 

& O’Rourke 2015). 

 

Otra controversia es la función que el PTP ha tenido a lo largo de la evolución, ya 

que algunos organismos no presentan la transición de la permeabilidad (algunas 

levaduras, algas y crustáceos (Gutiérrez-Aguilar 2020; Menze et al., 2005)). 

También se ha observado que la duración de la apertura de este poro es diferente 

dependiendo de las condiciones experimentales. Un ejemplo es el daño por 

isquemia reperfusión en miocardiocitos en el cual en un inicio se propuso que la 

depleción de nutrientes y de oxígeno impide la recuperación de la célula cardiaca 
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después de un periodo crítico, iniciando la apoptosis en cuanto se establece la 

reperfusión. Esto es muy interesante porque varios grupos de investigación han 

demostrado que si se realiza un pre acondicionamiento en donde la reperfusión sea 

intermitente; dando tiempo a la célula de recuperar su carga energética y la 

viabilidad del órgano aumenta (Ramírez-Camacho et al., 2018). 

En nuestro grupo tenemos la hipótesis de que el MUC tiene diferentes funciones en 

cada organismo o tejido, incluyendo diferente protección de la célula al estrés o la 

tendencia a disparar un programa de muerte. 

 

El ScMUC (canal inespecífico mitocondrial de S. cerevisiae) se ha podido estudiara 

gracias a que esta levadura es de fácil manipulación y es aerobia facultativa; lo cual 

ha permitido que se pueda usar como modelo para la comprensión de aspectos 

tanto estructurales como de funcionamiento de esta estructura en levaduras y en 

otras especies, en especial en mamíferos (PTP). 

 

Entre las diferencias PTP/ScMUC se encuentran: 

 

1. Tamaño: Aunque en ambos casos son canales iónicos que permiten el 

transporte no selectivo de moléculas, el ScMUC deja pasar moléculas de 

hasta 1.1 kDa mientras que el PTP se ha reportado hasta un diámetro de 

1.5 kDa. 

 

2. Efectores: 

a. ATP, ADP y Pi: en donde ScMUC induce su apertura  

b. Calcio: es capaz de inducir la transición de la permeabilidad en 

mamíferos, pero en ScMUC (Haworth & Hunter 2000; Halestrap 2004; 

Pereira et al., 2007; Traba, Satrústegui & Arco 2009) lo cierra 

(Connern & Halestrap 1994; Giorgio et al., 2018) . 

c. Ciclosporina A: inhibe a la ciclofilina D en el PTP, mientras que en el 

ScMUC no se observan efectos(Jung, Bradshaw & Pfeiffer 1997) . 
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4.PLANTEAMIENTO DEL PROBLEMA 

 

El canal inespecífico mitocondrial de la levadura (MUC) varía en sus propiedades 

de reversibilidad/irreversibilidad, por lo que es posible que haya casos en los que 

tenga la función de evitar la precipitación de la muerte celular.  

 

 

 

5.HIPÓTESIS  

 

• Si la apertura del ScMUC es reversible a largo plazo, sus efectores 

antagónicos generarán alternativamente la apertura y cierre del canal aún 

después de varios minutos.  
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6.OBJETIVOS  

 

OBJETIVO GENERAL  

 
Determinar el efecto de la relación ATP/ADP + Pi y de la presencia y ausencia 

de calcio sobre la apertura y cierre del MUC de S. cerevisiae (ScMUC). 

 

 

OBJETIVOS PARTICULARES  

 

• Evaluar el potencial transmembranal () en presencia de ATP (efector de 

apertura del ScMUC) y del ADP (efector de cierre de ScMUC). 

• Analizar el hinchamiento mitocondrial en presencia de ATP (efector de 

apertura del ScMUC) y del ADP (efector de cierre de ScMUC). 

• Medir el consumo de oxígeno en la mitocondria aislada al agregar ATP y 

ADP. 

• Caracterizar el efecto del calcio sobre la apertura y cierre del ScMUC 

• Describir el patrón de reversibilidad del ScMUC bajo diferentes condiciones. 
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7. MÉTODOS  

 

Cultivo de levadura. 

 

La cepa de S. cerevisiae “La Azteca” se estrió en medio sólido YPD (extracto de 

levadura 1%, peptona de gelatina 2%, glucosa 2% y agar 2%) durante 48 hrs a 30ºC. 

Posteriormente se guardaron a 4ºC para su uso posterior. Los precultivos se 

realizaron tomando una colonia de la cepa que se inoculó en 100 mL de YPD 

(extracto de levadura 1%, peptona de gelatina 2% y glucosa 2%) se incubaron a 

30ºC por 24 horas con agitación continua. Dicho precultivo se decantó en 900 mL 

de medio YPGal (extracto de levadura 1%, peptona de gelatina 2% y galactosa 2%) 

y se cultiva a 30ºC en agitación constante por 48 h. 

 

Aislamiento de las mitocondrias. 

 
Se cosecharon los 2 litros de cultivo de 48 h centrifugando a 4380xg por 5 minutos 

a 4 ºC. Se descartó el sobrenadante y se resuspendió el botón de levaduras con 

100 mL de agua destilada. Se reunió la suspensión y se centrifugaron a 3500xg por 

5 minutos. Se descartó el sobrenadante y se resuspendió el botón en 50 mL de 

amortiguador de extracción (Manitol 0.6 M, MES 5 mM, pH 6.8 ajustado con 

trietanolamina) con albúmina al 1%. Se usó un homogenizador (Bead-Beater 

Biospec Products, USA) con perlas de vidrio de 0.45 mm para romper las células. 

Se colocó una camisa de hielo para mantener fría la suspensión durante dicha 

ruptura. Se aplicó tres pulsos de 20 s, dejándola reposar durante 40 minutos entre 

cada pulso (Uribe et al., 1985). El homogenizado se coloca en tubos de 50 mL 

(previamente fríos). Se procedió a centrifugar diferencialmente para aislar las 

mitocondrias a 6ºC en rotor Bechman Coulter JA-25.50: 
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• Se centrifugó el homogenado a 2333xg por 5 minutos. 

• El sobrenadante se recuperó y se centrifugó a 7400xg por 10 minutos. 

• Se descartó el sobrenadante y se eliminó con una toalla de papel los residuos 

de grasa adheridos a la pared del tubo. 

• El botón se resuspendió con un pincel fino de cerdas naturales y con 

aproximadamente 100 L de amortiguador de extracción. 

• Una vez resuspendidos todos los botones se concentraron en uno solo y se 

llevó a un volumen final de 30 mL (aprox.) con el amortiguador de extracción  

• Se centrifugó a 4280xg por 5 minutos. 

• Se recuperó el sobrenadante y se centrifugó a 9340xg por 15 min. 

• Se descartó el sobrenadante y se resuspendió el botón con pincel en 200 L 

de amortiguador de extracción.  

• Se conservó la suspensión de mitocondrias en hielo. 

 

 

Cuantificación de proteína  

Se determinó la concentración de proteína con el método de biuret. A 2 mL del 

reactivo de biuret se agregó 125 L de desoxicolato de sodio al 1%, 350 L de agua 

destilada y 25 L de la suspensión de mitocondrias; se dejó incubando la reacción 

por 15 min a temperatura ambiente. Se determina la absorbancia a 540 nm en un 

espectrofotómetro Beckman DU-50. (Gornall, Bardawill & David 1949). La 

interacción del ion Cu2+ del reactivo de Biuret con los enlaces peptídicos generan 

una coloración violeta proporcional a la concentración de proteína de la 

muestra(Gornall, Bardawill & David 1949)  

 

Microscopía electrónica de transmisión 

Se tomaron 500 L de mitocondrias aisladas y se fijaron con KMnO4 al 2% a 4ºC 

durante 12 hr. Durante 15 minutos se lavó con agua estéril desionizada en 6 
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ocasiones, después de deshidrató con etanol al 50%, 70%, 80% y 90%. Se lavó la 

muestra con etanol-acetona (1:1) durante 8 minutos, después con acetona anhidra 

por 5 minutos, se dejó toda la noche con acetona -EPON 821 (1:3) y al día siguiente 

se resuspendió en acetona -EPON 821 (1:1) por 1 h. 

 

La muestra se incluyó en resina por 24 h, posteriormente se incubó a 37ºC por 12 

horas seguido; 36 horas a 60ºC. Las muestras se cortaron a 70 nm con micrótomo 

(Ultracut Reicheit-jung) y se observaron en un microscopio electrónico de 

transmisión (JEOL JEM-1200 EXII). 

 

Hinchamiento mitocondrial 

 
Se determinaron las variaciones del volumen mitocondrial por los cambios en la 

absorbancia de la muestra usando el espectrofotómetro AMINCO DW2000 en modo 

Split a 540 nm. La mezcla de reacción fue manitol 0.6 M, MES 5 mM, pH 6.8 

(ajustado con TEA); etanol 4 L/mL, diferentes concentraciones de fosfato (2 mM y 

1 mM). Las mitocondrias se agregan a una concentración final de 0.5 mg/mL y 

fueron incubaron con oligomicina 4 g/mg de proteína en un volumen final de 2 mL. 

A los 30 segundos se agregó 0.1 M de KCl, se registró por 3 minutos el cambio de 

absorbancia.  

 

Potencial transmembranal () 

 
Se usó naranja de safranina, colorante catiónico que es atraído hacia la matriz 

mitocondrial negativa; cuando se pierde el  el colorante sale de la mitocondria. 

Los cambios se determinaron espectrofotométricamente a longitudes de 511 y 533 

nm en un espectrofotómetro de doble haz (SLM AMINCO DW2000) en modo dual 

(Akerman & Wikstrom 1976). La reacción se realizó en un celda de vidrio a un 

volumen final de 3 mL a temperatura ambiente y en agitación constante en la 
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siguiente mezcla de reacción: manitol 0.6 M, MES 5 mM , pH 6.8 (ajustado con 

TEA); etanol 4 L/mL, diferentes concentraciones de fosfato (2 mM y 1 mM), 0.1 M 

de KCl y safranina 10 M. Veinte segundos después de iniciado el trazo se detuvo 

por 5 segundos para agregar las mitocondrias a una concentración final de 0.5 

mg/mL, incubadas con oligomicina 4 g/mg de proteína y reinició el registro . Al final 

de todas las adiciones de los nucleótidos se agregó 2 M de CCCP para colapsar 

el potencial transmembranal(Åkerman & Wikström 1976).  

 

Oximetría  

 
Se usó un oxímetro Warner Strathkelvin Instruments, con un electrodo tipo Clark 

inmerso en una cámara de 1 mL con agitación constante a 30ºC. La mezcla de 

reacción fue: manitol 0.6 M, MES 5 mM, pH6.8 (ajustado con TEA); etanol 4 L/mL 

(como sustrato oxidable), fosfato 2 mM, KCl 0.1 M y 0.5 mM de MgCl2. Se obtuvo la 

basal con el medio de respiración y se agregó 0.5 mg/mL de la suspensión de 

mitocondrias incubadas con 4 g de oligomicina por cada mg de proteína y se fue 

añadiendo ATP (0.5,1 y 2 mM) y ADP (0.5,1 y 2 mM). 

 

Determinación de Especies Reactivas de Oxígeno. 

 

Se uso el método por fluorescencia de resorufina (Zhou 2017) con el Kit de Amplex 

Red (invitrogen, Molecular Probes). La reacción se realizó en una placa de 96 pozos 

y la longitud de excitación fue de 571 nm y emisión de 585 nm en un lector de placas 

multimodal POLARstar Omega (BMG LABTECH, Ortenberg, Alemania). 

 

Se incubaron 0.3 mg de proteína/mL (mitocondrias frescas) en 0.6 M Manitol, 5 mM 

MES (pH 6.8, TEA), 0.1 M KCl, 0.5 mM MgCl2, 4 L/mL de etanol y oligomicina. 

En experimentos independientes se le agrega a la mezcla el fosfato 0.1 mM (con o 

sin ADP) o 2 mM de fosfato (con o sin ATP) y se deja incubando por 5 minutos. 
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En la placa se agregaron 20 L de la reacción anterior, 10 mM de Amplex red, 0.2 

unidades de peróxidos de peroxidasa de rábano/mL, 0.2 unidades superóxido 

dismutasa/mL y 50 mM fosfato de sodio. La medición se realizó por 1.5 horas 

tomando el máximo a la hora de exposición. Los resultados se normalizaron con sus 

controles respectivos sin el efector (Pons et al., 2015).  
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8.RESULTADOS 

 
Efectos del fosfato sobre el ScMUC. 

El ScMUC tiene varios efectores y uno de ello es el fosfato (Pi) (Gutiérrez-Aguilar et 

al. 2010c), bajo las condiciones utilizadas en este estudio se observó que en 

ausencia de Pi o a muy bajas concentraciones (0.1 mM), no había crestas 

mitocondriales (Figura 9A) mientras que en presencia de 2 mM fosfato, sí se 

observaron crestas mitocondriales con una forma similar a la reportada en la 

literatura (Figura 9B). 

 

 

FIGURA 9 ARQUITECTURA DE LAS CRESTAS MITOCONDRIALES EN PRESENCIA DE 0.1 mM Pi (A) Y 2 mM 

PI(B) donde se observan mitocondrias hinchadas y no se detecta arquitectura de crestas; B Pi 2 mM. Fotografías de 

microscopio electrónico de transmisión. Se observan crestas (*) mitocondriales dentro de la membrana externa. Las 

fotografías se analizaron con software Gatan Digital Micrograph. 

 
A altas concentraciones de Pi, cierra el poro evitando el hinchamiento de la 

mitocondria e incrementando el control respiratorio (Figura 10 y Tabla 3). Se 

puede observar en los primeros 30 s del trazo de oximetría (Figura 14A y B) la 

velocidad de consumo de oxígeno aumentó al disminuir el Pi.  
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Efectos del ATP y del ADP sobre la mitocondria aislada de S. cerevisiae. 

 

Se evaluaron los efectos del ATP y del ADP sobre el hinchamiento 

mitocondrial manteniendo fija la concentración de fosfato y titulando la 

concentración de ATP y ADP (Figura 10 y 11). Se ha reportado previamente que 

el ATP es un efector de apertura mientras que el ADP promueve el cierre del 

ScMUC. A altas concentraciones de Pi (2 mM) la mitocondria estaba condensada, 

mientras que al adicionar concentraciones diferentes de ATP se observó cada 

vez un mayor hinchamiento (Figura 10). En estas condiciones el ATP funciona 

como antagonista del Pi y ADP. 

 

En 0.1 mM de Pi, la mitocondria estaba hinchada, lo que sugiere que 

el ScMUC se encontraba abierto; aquí la adición de concentraciones de ADP 

promueve la recontracción sugiriendo que el ScMUC se cerró (Figura 11). 
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FIGURA 10. HINCHAMIENTO MITOCONDRIAL 2 mM Pi TITULANDO ATP. Porcentaje de 

hinchamiento mitocondrial partiendo de condiciones en que el scMUC está cerrado (Pi 2 mM) y adicionando diferentes 

concentraciones de ATP. 

 

FIGURA 11.HINCHAMIENTO MITOCONDRIAL EN 0.1 mM Pi TITULANDO CON DIFERENTES 

CONCENTRACIONES DE ADP. El porcentaje de hinchamiento mitocondrial al tener una condición de poro 

abierto (Pi 0.1 mM) y adicionando concentraciones crecientes de ADP. Se tomó como 100 % al hinchamiento obtenido a 

la condición sin ADP ya que el PTP está abierto por la baja concentración de fosfato. Se observa como cuando se va 

incrementando la concentración de un segundo efector (antagónico, ADP) el porcentaje de hinchamiento disminuye. 
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El hinchamiento mitocondrial se produce por la apertura del ScMUC y el efecto 

osmótico que induce el potasio (0.1 M) al ingresar por este canal aumenta la 

diferencia de la densidad óptica ( O.D.).  

 

El ADP inhibió el hinchamiento (Figura 12A, trazo b) consecuencia del cierre del 

ScMUC. Una vez cerrado el canal se indujo la reapertura con ATP (Figura 12A, trazo 

e) observando que al aumentar su concentración aumentó la  O.D. por lo que se 

concluyó que el ScMUC presentó una apertura reversible. 

 

Iniciando con el ScMUC cerrado (2 mM Pi en Figura 12B, trazo a) no se observó el 

hinchamiento de la mitocondria. La adición de ATP (1 mM, Figura 12B, trazos b al 

e) indujo el hinchamiento. En otros reportes se refiere que es imposible cerrar el 

ScMUC; no obstante, al añadir ADP al MUC abierto con ATP, (figura 12B, trazo e) el 

hinchamiento se frenó, indicando que si fue posible cerrar de nuevo el ScMUC. 

 

FIGURA 12. EFECTO ANTAGÓNICO DEL ATP Y ADP EN EL HINCHAMIENTO 

MITOCONDRIAL. A) El MUC se abre con 0.1 mM Pi (trazo a) la adición de 0.1 M de KCl induce el hinchamiento 

mitocondrial. La adición de 1 mM ADP cierra el MUC (trazo b). La adición de ATP (1 mM, trazo c; 1.5 mM, trazo d; 2 

mM; trazo e) abre el MUC. El MUC se cierra con 2 mM Pi (trazo a). La adición de ATP (1 mM, trazos b-e) lo abre y el 

potasio induce el hinchamiento mitocondrial. La adición de ADP (1 mM, trazo c; 1.5 mM, trazo d; 2 mM, trazo e) revierte 

el hinchamiento). 
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La reversibilidad de la pérdida del potencial transmembranal observada al abrirse el 

ScMUC también se analizó para ver si es reversible sí este mecanismo no fuese 

reversible la pérdida de  sería progresiva hasta que la safranina (colorante 

catiónico) no tuviera interacción con la carga negativa de la membrana interna 

mitocondrial. En la figura 13A en el trazo a, se observan que el potencial se mantuvo 

estable con 2 mM de Pi hasta que se disipó con el desacoplante CCCP. Al agregar 

ATP el potencial disminuyó (Figura 13A, trazo b) sin embargo al añadir ADP, que 

cierra el ScMUC, el  aumentó corroborando que la apertura puede ser reversible 

(Figura 13A, trazos c - e). El fenómeno anterior se constata al iniciar con el ScMUC 

abierto (0.1 mM Pi) (Figura 11B) en donde una vez que ha perdido el  se añadió 

ADP (efector de cierre) incrementándolo y fue posible disminuir este potencial al 

agregar ATP (Figura 11B, trazos c - e).  

 

 

 

FIGURA 13. EFECTO DEL Pi SOBRE EL POTENCIAL TRANSMEMBRANAL. (A) El MUC se cierra 

con 2 mM Pi y se genera el  (trazo a); la adición de ATP (1 mM, trazos b – e) abre el MUC y se abate el  . sin 

embargo, la adición de ADP (1 mM, trazo c; 1.5 mM, trazo d; 2 mM, trazo e) cierra el MUC y se restablece el . (B). 

El MUC está abierto en presencia de 0.1 mM Pi y se colapsa el potencial de membrana. la adición del ADP (1 mM, trazos 

b-e) cierran el MUC y el potencial se reestablece. La adición de ATP (1 mM, trazo c; 1.5 mM, trazo d; 2 mM, trazo e) 

abre el MUC y abate el potencial transmembranal. La adición de CCCP abate totalmente el .  
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En la oximetría se observó con el ScMUC cerrado un consumo de oxígeno de 59.35 

natgO/mgprot*min el cual incrementó conforme se añadió ATP en diferentes 

concentraciones hasta llegar a 96.5 natgO/mgprot*min con 2 mM de ATP Al cerrar 

el ScMUC con ADP el consumo de oxígeno disminuyó parcialmente, sin 

restablecerse el consumo inicial (solo con el Pi) pero con una velocidad 3 veces 

menor que al agregar ATP (Tabla 3 y Figura 14).  
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TABLA 3. CONSUMO DE OXÍGENO (natgO/mgprot*min) CON DIFERENTES CONCENTRACIONES DE ATP Y ADP 

 

 

 

 

Primer efector Segundo efector Tercer efector  

Pi  ATP  ADP  

2mM 59.35  4.54 

0.5mM 83.4411.4 

0.5mM 44.359.26 

1mM 42.6511.7 

2mM 380.41 

1mM 90.2712.76 

0.5mM 59.410.3 

1mM 50.727.7 

2mM 402.26 

2mM 96.50.71 2mM 332.5 
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FIGURA 14. CONSUMO DE OXÍGENO. (A) Se inicia con 0.1 mM de Pi (trazo a). Adiciones ADP 0.5 mM (trazo b); 

ADP 1 mM (trazo c); ADP 1.5 mM (trazo d) y ADP 2 mM (trazo e). (B) Se inicia con Pi 2 mM de Pi (trazo a). Se 

adiciona ATP 0.5 mM (trazo b); ATP 1 mM (trazo c); ATP 1.5 mM (trazo d) y ATP 2 mM (trazo e). En donde se indica 

Mit. =mitocondrias. 

 

Se ha propuesto que la velocidad del flujo de electrones por la CTE es inversamente 

proporcional a la producción de EROs (Dröse & Brandt 2008). Como se ha descrito, 

el ScMUC al estar abierto incrementa la velocidad de consumo de oxígeno por lo que 

debería disminuir la producción de EROs. Para poder determinar la cantidad de 

especies reactivas de oxígeno se midió a producción de EROs y se comparó con la 

velocidad del flujo de electrones por la CTE. 

 

La producción de H2O2 disminuyó conforme el ScMUC se abrió con ATP (Figura 

15A). En el caso de que el ScMUC se cerró con ADP el porcentaje de producción de 

H2O2 incrementó con respecto al ScMUC cerrado con 2 mM de Pi (Figura 15B), 

observando así que es un mecanismo que usa la mitocondria para evitar llegar a 

concentraciones de EROs que puedan desencadenar daño en la célula. 
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FIGURA 15. PRODUCCIÓN DE ESPECIES REACTIVAS DE OXÍGENO EN MITOCONDRIAS 

AISLADAS.  Producción de EROs en mitocondrias aisladas de S. cerevisiae. El porcentaje de 100 % se toma del control 

en el cual solo se tiene un efector (fosfato)y se observa que en A) con 2 mM de Pi (en donde el PTP está cerrado) y se 

abre con ATP, el efector antagónico al Pi en donde ocurre la transición de la permeabilidad; el porcentaje de EROs 

disminuye. En el caso contrario en donde se inicia con baja concentración de Pi (B; 0.1 mM) al agregar ADP (el cual 

cierra el poro) aumenta la producción de EROs con respecto al control. 

 

Hasta aquí se demostró que el ScMUC es una estructura mitocondrial que se puede 

abrir y cerrar alternando los efectores; sin embargo, no sabemos si esta función 

(reversibilidad) es permanente o hay un punto en el cual ya no sea capaz de 

cerrarse. Para esto se determinó el potencial de membrana en mitocondrias 

aisladas. En condiciones de poro abierto (Figura 16A, trazo b) la adición de ADP 

(efector de cierre de ScMUC) a diferentes tiempos (30 seg., 1 min,2 min y 4 min) 

permitió volver a cerrar el poro aún después de los 4 minutos de la apertura con 

ATP. Con respecto al hinchamiento mitocondrial se observó que el ADP frenó el 

hinchamiento aun después de 4 minutos de apertura del ScMUC (Figura 16B, trazo 

b). 

  

B A 
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FIGURA 16.REVERSIBILIDAD PARCIAL ADICIONANDO ADP A DIFERENTES TIEMPO EN S. 

cerevisiae. A).  y B) hinchamiento mitocondrial; (a) 0 mM ATP. (b) 2 mM de ATP; las flechas indican la adición a 

diferentes tiempos de 1 mM de ADP (30 s, 1, 2 Y 4 min; respectivamente) en las gráficas se observa que es posible cerrar 

el PTP evitando el hinchamiento mitocondrial al adicionar un efector de cierre (B) y restablecer el potencial 

transmembranal. 
 

 

 

 

 

  

seg 
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9.DISCUSIÓN  

 

Desde el descubrimiento del PTP se ha propuesto que su función es llevar a la 

muerte celular(Grimm & Brdiczka 2007); pero podría tener un papel diferente e 

incluso opuesto al disparo de la apoptosis. Se describió la muerte celular de origen 

mitocondrial, ya que ocurre a través de este poro, debido a que podría abatirse el 

potencial eléctrico transmembranal, llevar a la activación de las caspasas y liberarse 

el citocromo c; que llevaría a una cascada de eventos que llevasen a la apoptosis. 

Como la activación de las caspasas BAK y BAX que implica la formación de otro 

poro, el megacanal mitocondrial, ya que el diámetro del PTP que se ha descrito 

tanto por microscopía como por electrofisiología, no permite que una molécula como 

el citocromo c pueda atravesar la membrana externa mitocondrial (Priault et 

al.,2003). 

 

La transición de la permeabilidad que se inicia por la apertura del poro consiste en 

el movimiento de agua y solutos (menores a 1.1 kDa, en S. cerevisiae) a favor de 

su gradiente de concentración y esta apertura se refleja en el abatimiento del 

potencial transmembranal, así como en cambios en la estructura de las crestas 

mitocondriales asociados al hinchamiento mitocondrial (Uribe-Carvajal et al. 2011). 

Este fenómeno se ha descrito en diferentes organismos como parte de los sistemas 

de desacoplamiento que tienen una función fisiológica (Jarmuszkiewicz et al., 2010; 

Mendez-Romero et al., 2022). 

 

La apertura/cierres alternados del PTP se propone como una posible estrategia 

terapéutica para evitar que la zona de isquemia en el tratamiento de reperfusión 

(que se realiza en oclusiones arteriales de miocardio) sea disminuida. Estas 

maniobras se describen como pre acondicionamiento (Correa et al., 2008). Como 

un fundamento que valide al proceso de pre acondicionamiento es importante 

evaluar si la apertura y cierre del PTP son estados reversibles, que alternen entre 

sí y que sean modulados por agentes fisiológicos (ATP, ADP y fosfato). 
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Como se demuestra una vez que el PTP inicia la transición de la permeabilidad con 

ATP, se puede recuperar el  con un agente que cierre al PTP como el ADP. Esta 

reversibilidad puede modularse no sólo con el par ATP/ADP sino también se puede 

agregar como tercer efector el fosfato, el cual se había probado en otros trabajos en 

donde señalan que a altas concentraciones se comporta como efector de cierre del 

PTP. 

 

Sometiendo a las mitocondrias aisladas de S. cerevisiae a la adición alternada de 

estos tres efectores se demostró que la apertura del PTP podría revertirse con un 

segundo efector que indujera el cierre de éste, recuperando su potencial 

transmembranal y consecuentemente una velocidad basal en el consumo de 

oxígeno de la CTE. 

 

En cuanto al papel que el PTP tiene en la fisiología celular, se ha propuesto que es 

uno de los sistemas de desacoplamiento fisiológico que ayudan a lidiar con los 

cambios en la demanda y producción de energía. 

 

Una señal que indica que el metabolismo celular (especialmente anabolismo) está 

muy activo, es cuando los niveles de ADP son mayores a los de ATP, la CTE debe 

incrementar la velocidad de consumo de oxígeno para poder bombear protones al 

espacio intermembranal y generar el gradiente electroquímico que pueda ser usado 

por la ATP sintasa, aumentando la producción de ATP.  

 

Cuando la relación ATP/ADP es mayor a 1 y las pozas de ATP están repletas, la 

CTE disminuye su actividad provocando que la posibilidad de fugas de los 

electrones incremente y aumente la concentración de EROs. 

 

Para evitar que los EROs dañen las membranas de la mitocondria e inicien la muerte 

celular es necesario que actúen sistemas alternativos de abatimiento del gradiente 

de protones, lo que previene una sobreproducción de EROs. 
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El PTP al abrirse en respuesta a un incremento en la concentración de ATP acelera 

el consumo de oxígeno ayudando a que la CTE elimine rápidamente los electrones 

que fluyen por ella y así se disminuya la formación de EROs. 

 

El PTP tiene un papel de importancia en la regulación de la síntesis de EROs y es 

de vital importancia que sea capaz de alternar entre sus estados abierto y cerrado. 

 

Lo anterior concuerda con la teoría de CoRR (Co-location for Redox Regulation) 

postulada por Allen (Allen 2017), en donde el estado redox, que es resultado de 

cambios en el entorno físico de la célula, repercute directamente en efectos 

compensatorios de la CTE ya que las proteínas que están codificadas en el ADN 

mitocondrial (mtDNA) son vitales para ensamblar los complejos de CTE y si existiera 

un daño en el mtDNA la función de éstos se vería reflejada en el estado redox de la 

mitocondria (Jeedigunta et al., 2021). 

 

El PTP y lo postulado en la hipótesis de CoRR, proporcionan a las mitocondrias 

mecanismos de respuesta ante la exposición al estrés e incremento de las EROs y 

así garantizar la supervivencia de la célula (Allen 2017). Si tomamos como una 

entidad a la célula se debe de tomar en cuenta que tanto el núcleo , el citosol y la 

mitocondria deben de trabajar en coordinación; si en algunos de estos niveles se 

detecta una alteración en la producción de EROs y su detoxificación, entra primero 

en juego el mecanismo de desacoplamiento fisiológico (PTP), sino es suficiente las 

enzimas antioxidantes tratan de regular esta sobreproducción, si aún continúa esta 

alteración (en la regulación redox) se coordinan con la síntesis de proteínas que 

ayuden a tratar de mantener la viabilidad celular o en caso extremo decidir iniciar la 

apoptosis celular (Allen & Raven 1996). 
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10.CONCLUSIONES 
 

• El canal inespecífico mitocondrial (MUC) es reversible. 

 

• El ScMUC es un sistema de desacoplamiento fisiológico capaz de abrirse y 

cerrarse para optimizar la generación de ATP o en caso de que la célula no 

requiera ATP prevenir la producción de EROs y el daño a lípidos, proteínas 

o DNA.  

 
 

• El ScMUC no es un sistema de muerte celular programada, ya que es 

reversible y forma parte del sistema de protección mitocondrial. 
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11.PERSPECTIVAS. 

 

• Hacer una comparación tejido-específica en mitocondrias de mamífero, 

tanto con los efectores como en la duración de la reversibilidad del PTP 

 

• Dilucidar cual/es son los componentes proteicos esenciales del poro 

inespecífico mitocondrial 

 
 

• Iniciar un estudio sobre la importancia de los lípidos de membrana interna 

mitocondrial sobre la posible función esencial de estos en la formación del 

poro inespecífico mitocondrial.  
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Abstract: The yeast Saccharomyces cerevisiae uses fermentation as the preferred pathway to obtain ATP
and requires the respiratory chain to re-oxidize the NADH needed for activity of Glyceraldehyde-3-
phosphate. This process is favored by uncoupling of oxidative phosphorylation (OxPhos), which is
at least partially controlled by the mitochondrial unspecific pore (ScMUC). When mitochondrial ATP
synthesis is needed as in the diauxic phase or during mating, a large rise in Ca2+ concentration ([Ca2+])
closes ScMUC, coupling OxPhos. In addition, ScMUC opening/closing is mediated by the ATP/ADP
ratio, which indicates cellular energy needs. Here, opening and closing of ScMUC was evaluated in
isolated mitochondria from S. cerevisiae at different incubation times and in the presence of different
ATP/ADP ratios or varying [Ca2+]. Measurements of the rate of O2 consumption, mitochondrial
swelling, transmembrane potential and ROS generation were conducted. It was observed that ScMUC
opening was reversible, a high ATP/ADP ratio promoted opening and [Ca2+] closed ScMUC even
after several minutes of incubation in the open state. In the absence of ATP synthesis, closure of

ScMUC resulted in an increase in ROS.

Keywords: physiological uncoupling; yeast mitochondria; mitochondrial permeability transition
reversibility; ScMUC; Ca2+

1. Introduction

Fermentative metabolism in Saccharomyces cerevisiae requires an active mitochondrial
respiratory chain to re-oxidize the NADH produced by glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) [1]. NAD+ is needed in the glycolytic pathway by glyceraldehyde-3-
Phosphate dehydrogenase (GAPDH), which may bind to mitochondrial porin and exchange
produced NADH for required NAD+ [2]. A basal high rate of oxygen consumption is
possible in S. cerevisiae mitochondria due to the substitution of Complex I by three alter-
native NADH dehydrogenases (NDH2), which do not pump protons and thus decrease
the ATP/O [3]. In addition, as Complex-I contains the two most important sites for ROS
production in the respiratory chain [4] this substitution probably helps to avoid ROS over-
production in S. cerevisiae. In addition, the S. cerevisiae mitochondrial unspecific channel
(ScMUC) may open, depleting the transmembrane potential (∆Ψ), uncoupling oxidative
phosphorylation and increasing the rate of oxygen consumption, thus decreasing ROS
production further [5–7].

When fermentative substrates are exhausted and O2 is available, S. cerevisiae cells
shift their metabolism to become aerobic using accumulated ethanol as respiratory sub-
strate to begin the diauxic phase of growth [8,9]. Physiologically important effectors that
alternatively open and close ScMUC are adenine nucleotides, where ATP opens ScMUC [7]
while hydrolysis products ADP and Pi close it, i.e., a high energy charge opens ScMUC
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while a low energy charge closes it. The second effector of physiological interest is Ca2+,
which closes ScMUC at high concentrations [10]. In resting yeast, cytoplasmic [Ca2+] is
near 0.1 µM, while in most extracellular media [Ca2+] is 1 to 2 mM [11]. Upon stimulation,
specialized channels allow large amounts of Ca2+ to enter the cell, closing ScMUC and
enhancing energy production [12]. Thus, Ca2+ is an ideal second messenger [12,13]. Acti-
vation by Ca2+ influx is observed during mating: when an a-type haploid cell is exposed to
α-pheromone, this pheromone binds to a specific receptor [14]. When mating, cytoplasmic
[Ca2+] may remain high for up to 20 min signaling the need large morphological changes
in the cell due to large modifications in the cellular cytoskeleton [14]. Eventually, an a-cell
and an α-cell undergo fusion to generate a diploid [15]. As these processes require a large
amount of energy, Ca2+ is also needed to close ScMUC, promote OxPhos coupling and
increase ATP availability. When the mating process is over, Ca2+ is expelled and a basal
metabolism is reinstated [13,16].

Here, we tested in isolated mitochondria the response to either the ratio ATP/ADP + Pi
or to [Ca2+] variations. The role of each effector to control alternative opening and closing
was followed using measurements of the rate of O2 consumption, mitochondrial trans-
membrane potential (∆Ψ), mitochondrial swelling and ROS production. The open/close
state of ScMUC was dependent on the addition of different effectors. Opening and closing
were reversible. In addition it was observed that opening was gradual as effector mixtures
elicited partial effects. These effects suggest that in fermenting yeast, mitochondria are
uncoupled, becoming coupled when a large amount of ATP is required.

2. Materials and Methods

Reagents. All chemicals were analytic grade. Mannitol, MES hydrate, D-Galactose,
TEA (triethanolamine), ADP, ATP, safranine-O, oligomycin were from Sigma Chem Co.
Bovine serum albumin from Probulmin TM. Bacto-peptone and yeast extract from MCD
LAB. H3PO4, KCl and MgCl2 were from J.T. Baker.

Yeast strain. Experiments were conducted using either a commercial strain of baker’s
yeast Saccharomyces cerevisiae (“La Azteca, S. A.” Mexico City) [17] or a laboratory strain
W303 (MATα; ura3-1; trp1∆ 2; leu2-3,112; his3-11,15; ade2-1; can1-100) [18]. Results were
similar for both strains. Yeasts were kept in YPD (1% yeast extract, 2% bacto-peptone, 2%
glucose and 2% bacto-agar) plate cultures. Cells were grown as follows: pre-cultures were
prepared immersing a loophole of yeast into 100 mL YPD and incubating for 24 h under
continuous agitation in an orbital shaker (New Brunswick Scientific, NJ, USA) at 250 rpm
in a constant-temperature room (30 ◦C). Then each 100 mL flask was used to inoculate
900 mL of YPGal (1% yeast extract, 2% bacto-peptone and 2% galactose). Incubation was
continued for 48 h.

Isolation of yeast mitochondria. After incubation, yeast was centrifuged (5000× g for
5 min and washed twice) and resuspended in 0.6 M mannitol, 5 mM MES, 0.1% bovine
serum albumin, pH 6.8 (TEA). The cell suspension was mixed with 0.5 mm diameter
glass beads 50% (v/v) and disrupted in a Bead Beater, Biospec Products Inc, OK. Mito-
chondria were isolated from the homogenate by differential centrifugation as previously
described [17]. The concentration of mitochondrial protein was determined by Biuret [19].
In all assays we used mitochondria at a final concentration of 0.5 mg prot/mL.

Oxygen consumption. Experiments were conducted using a Clark electrode (Oximeter
model 782, Warner/Strathkelvin Instruments, North Lanarkshire, Scotland) in a water-
jacketed chamber. Temperature was kept at 30 ◦C using a water bath (PolyScience 7 L, IL).
Total volume 1.0 mL. The reaction mixture was 0.6 M mannitol, 5 mM MES (TEA), pH 6.8
plus 0.1 M KCl, 0.5 mM MgCl2 and 2 µL/mL ethanol. In all experiments, samples were
preincubated for 5 min with oligomycin 4 µg/mg prot.

Transmembrane potential. ∆Ψ was determined as described by Åkerman and Wik-
ström [20], following the changes in absorbance of safranine-O at 511–533 nm using a
double beam Aminco-Olis spectrophotometer (GA) in dual mode. The concentrations
of ATP, ADP, Ca2+ and EGTA are indicated under each figure. At the end of each trace,
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the collapse of ∆Ψ was induced adding 6 µM CCCP. In all experiments, samples were
preincubated for 5 min with oligomycin 4 µg/mg prot.

Mitochondrial swelling. The decrease in absorbance of a mitochondrial suspension at
540 nm was followed as described in the literature [6]. We used a DW2000 Olis/Aminco
spectrophotometer in split mode. In all experiments, samples were preincubated for 5 min
with oligomycin 4 µg/mg prot.

Reactive oxygen species were measured in freshly mitochondria using the Amplex
Red (Invitrogen, Molecular Probes, Carlsbad, CA, USA) as in [21]. Samples were incu-
bated for 1 min, then 50 µg were placed into a 96-well micro plate with working solution
20 µL (10 µM Amplex red, 0.2 units/mL horseradish peroxidase and 0.2 units superoxide
dismutase/mL in 250 mM sodium phosphate pH 7.4), final volume 100 µL. Fluorescence
was measured after 30 mins in a POLARstar Omega detector (BGM LABTECH, Offenburg,
Germany) set at 571 and 585 nm and results were interpolated against a calibration curve.

3. Results

During fermentation, Saccharomyces cerevisiae uncouples OxPhos to oxidize NADH
optimizing the rate of glycolysis while in contrast, after glucose depletion a coupled OxPhos
is needed and thus ScMUC is closed [8]. Among ScMUC effectors, the molecules that vary
in concentration in different metabolic states such as adenine nucleotides and Pi seem
important. Indeed, ATP opens ScMUC uncoupling OxPhos, while ADP closes it, coupling
OxPhos [22]. Another effector is [Ca2+], which in eukaryotes increases several orders of
magnitude when plasma membrane Ca2+ channels open [12–14].

To analyze the possible physiological role of ScMUC, mitochondria were isolated
and used to measure Oxygen consumption, mitochondrial swelling, the transmembrane
potential (∆Ψ) and reactive oxygen species (ROS) production under conditions where
ScMUC was open or closed (Figure 1).
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Figure 1. Experimental procedures followed to determine the possible physiological role of ScMUC
in isolated S. cerevisiae mitochondria. Initially, ScMUC was open in the presence of 0.4 mM Pi or
closed in the presence of 4.0 mM Pi. Then different concentrations of the antagonizing effectors ADP,
which closes ScMUC or ATP, that opens it, were added, Otherwise, opening or closing was promoted
by adding Ca2+ to close ScMUC or EGTA to chelate the cation and open the channel. Under these
conditions, experiments were performed to measure the rate of oxygen consumption, mitochondrial
swelling, trasmembrane potential or ROS production.

3.1. Effects of ADP/ATP on ScMUC

Oximetry. The rate of O2 consumption was measured in the presence of different, fixed
Pi concentrations. Then the reversibility of ScMUC opening in response to the addition
of ATP and/or ADP was evaluated. As described in the literature [5–7], at 2.0 mM Pi
we observed a slow rate of oxygen consumption, indicating that OxPhos was coupled
(Figure 2A, trace a). Under these conditions, the addition of different concentrations of
ATP proportionally increased the rate of oxygen consumption, suggesting that different
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concentrations of ATP gradually uncoupled OxPhos (Figure 2A, traces b to e). In contrast, as
reported by others [5–7], at 0.1 mM Pi the rate of oxygen consumption was high, indicating
that OxPhos was uncoupled due to opening of ScMUC (Figure 2B trace a). Then, the rate
of oxygen consumption gradually decreased upon addition of increasing concentrations
of ADP, suggesting different ADP concentrations promoted closure of ScMUC, promoting
coupling (Figure 2B traces b to e). Oxygen consumption results confirmed results by others
that increasing concentrations of Pi, and ADP close, while ATP opens ScMUC [5–7].

Life 2021, 11, x FOR PEER REVIEW  4  of  13 
 

 

we observed a slow  rate of oxygen consumption,  indicating  that OxPhos was coupled 

(Figure 2A, trace a). Under these conditions, the addition of different concentrations of 

ATP proportionally increased the rate of oxygen consumption, suggesting that different 

concentrations of ATP gradually uncoupled OxPhos (Figure 2A, traces b to e). In contrast, 

as reported by others [5–7], at 0.1 mM Pi the rate of oxygen consumption was high, indi‐

cating that OxPhos was uncoupled due to opening of ScMUC (Figure 2B trace a). Then, the 

rate of oxygen consumption gradually decreased upon addition of increasing concentra‐

tions of ADP, suggesting different ADP concentrations promoted closure of ScMUC, pro‐

moting coupling (Figure 2B traces b to e). Oxygen consumption results confirmed results 

by others that increasing concentrations of Pi, and ADP close, while ATP opens ScMUC 

[5–7]. 

 

(A)  (B) 

Figure 2. Rate of O2 consumption by isolated yeast mitochondria in the presence of different con‐

centrations of phosphate (Pi), ATP and ADP. Reaction mixture: 0.6 M mannitol, 5 mM MES, pH 6.8, 

0.1 mM KCl , 0.5 mM MgCl2, 2 μL/mL ethanol. In order to inhibit ATP/ADP interconversion, mito‐

chondria (0.5 mg prot./mL) were incubated for 5 min in the presence of 4 μg oligomycin/mg prot. 

(A) Mitochondria were coupled in the presence of 2 mM Pi. Then, ATP was added at a final mM 

concentration of: (a) 0.5; (b) 1.0; (c) 1.5; (d) 2.0 and (e) 4.0. (B) To promote uncoupling, the experiment 

was conducted in the presence of 0.1 mM Pi. Then different concentrations of ADP were added to a 

final mM concentration of (a) 0.5; (b) 1.0; (c) 1.5; (d) 2.0 and (e) 4.0. Experiments were conducted in 

a Strathkelvin oxymeter equipped with a Clark electrode. T = 30 °C. Representative experiment, n = 

3. 

Transmembrane potential. The reversibility of ScMUC opening and closing by ATP and 

ADP, respectively was evaluated measuring the ΔΨ (Figure 3). In these experiments, one 

adenine nucleotide was added first and the second was added 1.5 min later. At 0.1 mM 

Pi, ΔΨ was almost depleted (Figure 3A trace a) and addition of 2 mM ADP  led to ΔΨ 

recovery (Figure 3A trace b). Then, the addition of increasing ATP led to a second fall in 

ΔΨ (Figure 3A, traces c, d and e). The opposite experiment was also performed: when in 

the presence of 2 mM Pi, ΔΨ was high (Figure 3B) and addition of ATP decreased ΔΨ 

(Figure 3B, traces b to e). Then, a later addition of different ADP concentrations resulted 

in increasing recovery of ΔΨ, suggesting that ScMUC closed gradually (Figure 3B traces c, 

d and e). The reversibility  in ΔΨ rise/decrease suggests that the alternative addition of 

ADP and ATP led to alternative, gradual opening/closing of ScMUC. 

Figure 2. Rate of O2 consumption by isolated yeast mitochondria in the presence of different concentrations of phosphate
(Pi), ATP and ADP. Reaction mixture: 0.6 M mannitol, 5 mM MES, pH 6.8, 0.1 mM KCl, 0.5 mM MgCl2, 2 µL/mL ethanol. In
order to inhibit ATP/ADP interconversion, mitochondria (0.5 mg prot./mL) were incubated for 5 min in the presence of
4 µg oligomycin/mg prot. (A) Mitochondria were coupled in the presence of 2 mM Pi. Then, ATP was added at a final
mM concentration of: (a) 0.5; (b) 1.0; (c) 1.5; (d) 2.0 and (e) 4.0. (B) To promote uncoupling, the experiment was conducted
in the presence of 0.1 mM Pi. Then different concentrations of ADP were added to a final mM concentration of (a) 0.5;
(b) 1.0; (c) 1.5; (d) 2.0 and (e) 4.0. Experiments were conducted in a Strathkelvin oxymeter equipped with a Clark electrode.
T = 30 ◦C. Representative experiment, n = 3.

Transmembrane potential. The reversibility of ScMUC opening and closing by ATP and
ADP, respectively was evaluated measuring the ∆Ψ (Figure 3). In these experiments, one
adenine nucleotide was added first and the second was added 1.5 min later. At 0.1 mM Pi,
∆Ψ was almost depleted (Figure 3A trace a) and addition of 2 mM ADP led to ∆Ψ recovery
(Figure 3A trace b). Then, the addition of increasing ATP led to a second fall in ∆Ψ
(Figure 3A, traces c, d and e). The opposite experiment was also performed: when in the
presence of 2 mM Pi, ∆Ψ was high (Figure 3B) and addition of ATP decreased ∆Ψ (Figure 3B,
traces b to e). Then, a later addition of different ADP concentrations resulted in increasing
recovery of ∆Ψ, suggesting that ScMUC closed gradually (Figure 3B traces c, d and e). The
reversibility in ∆Ψ rise/decrease suggests that the alternative addition of ADP and ATP
led to alternative, gradual opening/closing of ScMUC.

Mitochondrial swelling. Another parameter commonly used to follow the open/close
state of ScMUC is mitochondrial swelling [6,23]. At low Pi plus ADP, ScMUC was closed,
so the rate of K+-mediated swelling was slow (Figure 4A). Under these conditions, ad-
dition of different concentrations of ATP promoted increasing rates in swelling. These
data suggested that ATP reverted the ADP-mediated closing of ScMUC. The opposite
experiment, where mitochondria were incubated in the presence of 2 mM Pi plus 2 mM
ATP, a rapid rate of K+-mediated swelling was observed which indicated ScMUC was open
(Figure 4B, trace b). Then, addition of different concentrations of ADP (Figure 4B, traces c,
d, e) inhibited the rate of swelling (Figure 4B traces c, d, and e) suggesting that ADP closed
ScMUC. Therefore, the effect of Pi, ADP or ATP at different times led to changes of swelling
rates suggesting that ScMUC open and close states were reversible [24–26].
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Figure 3. Effect of the sequential addition of ATP and ADP on the mitochondrial transmembrane
potential (∆Ψ). (A) Reaction mixture as in Figure 2A, except 15 µM safranine-O was added. At the
arrow, 1 mM ADP, except in trace a, where no ADP was added. Then 1.5 min later ATP was added as
follows: traces a and b, 0; trace c, 0.5 mM; trace d, 1 mM; trace e, 1.5 mM. (B) Reaction mixture as in
Figure 2B except 15 µM safranine-O. At the arrow, 1 mM ATP except in traces a and b, where no ATP
was added. Then 1.5 min of incubation ADP was added as follows: Traces a and b, 0; trace c 0.5 mM;
trace d, 1.0 mM; trace e, 1.5 mM. To deplete ∆Ψ, 6 µM FCCP was added at the end of each trace.
Absorbance measurements were conducted at 511–533 nm in a Olis/Aminco spectrophotometer in
dual mode.
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Effects of incubation time on the reversibility ATP-mediated opening of ScMUC.
Preservation of ScMUC opening reversibility after different incubation times is critical for
survival of the cell. Reversibility of ScMUC opening was explored measuring both ∆Ψ
(Figure 5A) and the rate of swelling (Figure 5B). Yeast mitochondria were incubated for
different times, from 30 s to 4 min under open ScMUC conditions, and then ADP was
added (Figure 5). In all cases, ADP promoted partial recovery of ∆Ψ (Figure 5A) and slight
reversal of swelling (Figure 5B). Thus the ATP-mediated opening of ScMUC was responsive
to ADP for at least 4 min. (Figure 5).



Life 2021, 11, 1307 6 of 13

Life 2021, 11, x FOR PEER REVIEW  6  of  13 
 

 

indicated, ADP was added as follows: traces a and b, 0; trace c, 0.5 mM; trace d, 1 mM; trace (e) 2 

mM. 

Effects of incubation time on the reversibility ATP‐mediated opening of ScMUC. Preserva‐

tion of ScMUC opening reversibility after different incubation times is critical for survival 

of the cell. Reversibility of ScMUC opening was explored measuring both ΔΨ (Figure 5A) 

and  the  rate of  swelling  (Figure  5B). Yeast mitochondria were  incubated  for different 

times, from 30 s to 4 min under open ScMUC conditions, and then ADP was added (Figure 

5). In all cases, ADP promoted partial recovery of ΔΨ (Figure 5A) and slight reversal of 

swelling (Figure 5B). Thus the ATP‐mediated opening of ScMUC was responsive to ADP 

for at least 4 min. (Figure 5). 

   
(A)  (B) 

Figure 5. Partial reversion by ADP added at different times of the ATP‐mediated opening of ScMUC. 

Experimental conditions were as in Figure 3B for ΔΨ and Figure 4B for swelling. ATP was 0 (traces 

a) or 2 mM (all other traces). Upward arrows indicate addition of 1 mM ADP at different incubation 

times: 30 s, 1, 2 and 4 min. (A) Reaction mixture as in Figure 3B, except 1 mM ATP. (B): Reaction 

mixture, as in Figure 3B. Where indicated 0.1 M KCl. Representative experiment. n = 5. 

3.2. Ca2+/EGTA Alternating Effects on ScMUC 

The above results indicate that the opening response of ScMUC to the sequential ad‐

ditions of ATP and ADP is reversible even after several minutes of incubation. However, 

neither mitochondrial ΔΨ nor swelling returned to the values observed when ScMUC was 

closed from  the beginning. Thus,  it was decided  to  test whether  full reversal of ScMUC 

opening could be observed upon depletion of a positive effector after different times of 

incubation. From previous data, it was reasoned that this could be achieved with Ca2+, an 

effector closing ScMUC, and its full chelation with EGTA to open ScMUC [10,27]. To test 

whether the EGTA‐mediated opening of ScMUC was reverted adding Ca2+ at different in‐

cubation times, we conducted measurements of ΔΨ (Figure 6A) and mitochondrial swell‐

ing (Figure 6B). Mitochondria were incubated in the presence of EGTA for 0.5, 1, 2 and 4 

min and then Ca2+ was added. Up to 2 min, the addition of Ca2+ promoted recovery of a 

large proportion of ΔΨ while a partial effect was obtained at 4 min. (Figure 6A) Mitochon‐

drial swelling was reverted by Ca2+, indicating ScMUC was closed (Figure 6B). The above 

data  suggest  that  in  isolated mitochondria  from  S.  cerevisiae, Ca2+  chelation  by EGTA 

evoked the reversible opening of ScMUC. In contrast to the partial effects of ADP (Figure 

5), Ca2+ addition resulted in better recovery of ΔΨ (Figure 6A) and also at variance with 

ADP, actual reversal of swelling (Figure 6B). 

Figure 5. Partial reversion by ADP added at different times of the ATP-mediated opening of ScMUC.
Experimental conditions were as in Figure 3B for ∆Ψ and Figure 4B for swelling. ATP was 0 (traces a)
or 2 mM (all other traces). Upward arrows indicate addition of 1 mM ADP at different incubation
times: 30 s, 1, 2 and 4 min. (A) Reaction mixture as in Figure 3B, except 1 mM ATP. (B): Reaction
mixture, as in Figure 3B. Where indicated 0.1 M KCl. Representative experiment. n = 5.

3.2. Ca2+/EGTA Alternating Effects on ScMUC

The above results indicate that the opening response of ScMUC to the sequential
additions of ATP and ADP is reversible even after several minutes of incubation. However,
neither mitochondrial ∆Ψ nor swelling returned to the values observed when ScMUC was
closed from the beginning. Thus, it was decided to test whether full reversal of ScMUC
opening could be observed upon depletion of a positive effector after different times of
incubation. From previous data, it was reasoned that this could be achieved with Ca2+,
an effector closing ScMUC, and its full chelation with EGTA to open ScMUC [10,27]. To
test whether the EGTA-mediated opening of ScMUC was reverted adding Ca2+ at different
incubation times, we conducted measurements of ∆Ψ (Figure 6A) and mitochondrial
swelling (Figure 6B). Mitochondria were incubated in the presence of EGTA for 0.5, 1, 2
and 4 min and then Ca2+ was added. Up to 2 min, the addition of Ca2+ promoted recovery
of a large proportion of ∆Ψ while a partial effect was obtained at 4 min. (Figure 6A)
Mitochondrial swelling was reverted by Ca2+, indicating ScMUC was closed (Figure 6B).
The above data suggest that in isolated mitochondria from S. cerevisiae, Ca2+ chelation by
EGTA evoked the reversible opening of ScMUC. In contrast to the partial effects of ADP
(Figure 5), Ca2+ addition resulted in better recovery of ∆Ψ (Figure 6A) and also at variance
with ADP, actual reversal of swelling (Figure 6B).
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Figure 6. Effect of the addition of Ca2+ on mitochondrial transmembrane potential and mitochondrial
swelling. (A) Reaction mixture as in Figure 4A. Ca2+ 600 µM (upward arrows) was added at: 30 s, 1,
2 and 4 min. (B) Reaction mixture as in Figure 4B. Where indicated 0.1 M KCl. (upward arrows).
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3.3. Reactive Oxygen Species (ROS) Production under Conditions That Open or Close ScMUC

Physiological uncoupling increases electron flow in the respiratory chain, preventing
the over-production of ROS. It has been proposed that permeability transition pores work
as unspecific proton sinks thus promoting physiological uncoupling and therefore decrease
ROS production [5–7,25]. With this in mind, it was decided to determine whether a
correlation exists between the opening/closing of ScMUC reported above and the control
of ROS production (Figure 7).
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Figure 7. ROS production by S. cerevisiae mitochondria under different open/close states of ScMUC. Production of peroxide
was measured following resorufin fluorescence in a PolarStar Omega detector (571–585 nm); the results were interpolated
against a calibration curve. (A) Total ROS in nM. Mitochondria incubated with 0.4 mM or 4.0 mM phosphate, data represent
the mean ± standard deviation for three independent experiments (* p < 0.05, t test). From B to E, data are percentages of
the control in (A,B) Mitochondria incubated with 0.4 mM phosphate with or without 1 or 2 mM ADP, (C) Mitochondria
incubated with 4 mM phosphate with or without 1 or 2 mM ATP, (D) Mitochondria incubated with 0.4 mM phosphate with
or without 600 µM EGTA or Ca2+ and (E) Mitochondria incubated with 4 mM phosphate with or without 600 µM EGTA or
Ca2+. Data in (B–E) represent the mean ± standard deviation for three independent experiments (* indicates significant),
Dunnett’s multiple comparisons test. (Note that the ROS percentage scale for figures (B and C) are different from (D and E).
Raw data for this figure are in Supplementary Table S1.

At 0.4 m Pi, ROS production was lower than at 4.0 mM Pi, suggesting as expected,
that a closed ScMUC enhanced ROS production (Figure 7A, Table S1). Then, to test other
effectors used here, at 0.4 mM Pi, ADP was added at 1 or 2 mM, which closed ScMUC
(Figures 2–5), observing that ROS production increased (Figure 7B, Table S1). In contrast,
in the presence of 4 mM Pi where ScMUC was closed, addition of ATP, which opens ScMUC
(Figures 2–5), inhibited ROS production (Figure 7C, Table S1). Under the same low or
high Pi concentrations, the effects of Ca2+ chelation or addition were tested. As expected
from the results shown in Figure 6, at 0.4 mM Pi, EGTA decreased ROS production, while
Ca2+ addition mildly increased ROS production (Figure 7D, Table S1). Then, at 4.0 mM
Pi, EGTA inhibited ROS production, while Ca2+ addition resulted in more that twice as
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much produced ROS (Figure 7E, Table S1). Thus, when ScMUC is closed ROS production is
higher that when ScMUC is open. These results are in agreement with the idea that an open
ScMUC is a physiological uncoupler of oxidative phosphorylation that inhibits production
of ROS.

Together, our results add to the idea that the permeability transition protects mito-
chondria and thus the cell against stress. Effectors such as ATP and ADP probably control
OxPhos in response with the energy charge, where high ATP signals for uncoupling. In
addition, Ca2+ promotes a stronger response and prepares the cell in advance for high
energy-requiring processes such as duplication of gene exchange with other cells [11–13]
(Table 1).

Table 1. Summary of Results.

Low or High Pi without Additions Effector Additions

ScMUC is OPEN at 0.4 mM Pi
and CLOSED by
ADP 0.5 to 2 mM
Ca2+ 100 to 600 µM

ScMUC is CLOSED at 4.0 mM Pi and OPENED by
ATP 0.5 to 2.0 mM

At both Low and high Pi, alternating ADP/ATP close/open ScMUC respectively

At low Pi, Ca2+ addition/chelation close/open ScMUC respectively

Ca2+ is highly efficient to revert opening of ScMUC, even after 4 min of incubation.

DATA

OPEN ScMUC
High Rate of Oxygen consumption
Low ∆Ψ
Extensive mitochondrial swelling
Low ROS generation

CLOSED ScMUC
Low rate of oxygen consumption
High ∆Ψ
Low to nil mitochondrial swelling
High ROS production

4. Discussion

During fermentation, S. cerevisiae extracts all the energy it needs from glucose, while
producing ethanol [28]. Under these conditions, ATP is high, so the F1F0ATP synthase is
not required and thus it does not dissipate ∆Ψ. A high ∆Ψ would inhibit the rate of oxygen
consumption by the respiratory chain (RC) [1], however RC does work at a high rate in
order to oxidize NADH and produce the NAD+ needed for glyceraldehyde-3-phosphate
dehydrogenase activity [29]. Therefore, during fermentation, mitochondrial OxPhos has
to be uncoupled. Uncoupling is due to ATP itself, as it promotes opening of ScMUC [5–7]
(Figures 2–4). An open ScMUC dissipates the mitochondrial ∆Ψ, accelerating the rate of
electron transfer in the respiratory chain [1]. In contrast, when fermentation substrates
are depleted, ATP is hydrolyzed to ADP, which is a negative ScMUC effector and thus
promotes the recovery of a high ∆Ψ [7,8]. Different reports [30–32] and data presented here
(Figures 2–4), suggest that opening/closing of ScMUC is not an all-or-nothing event, but
instead partial opening states modulate the degree of uncoupling. Such modulation would
be a mechanism to coordinate OxPhos and fermentation as needed [32]. Indeed, our results
suggest that the degree of ScMUC opening is gradual and depends on ATP/(ADP + Pi)
concentrations (Figures 2–4). The physiological role of permeability transition may profit
from the eventual elucidation of the structure of the pore, which seems to be approaching
fast [33].

In addition to adenine nucleotides, Ca2+ is an important negative effector of ScMUC.
This contrasts with mammalian cells, where Ca2+ works in the opposite sense, i.e., in the
mammalian mitochondrial permeability transition pore (mPTP) opening is triggered by
Ca2+ [34,35]. In the resting state cytoplasmic Ca2+ is below 100 nM both in S. cerevisiae,
and in mammalian cells, while external Ca2+ is in the mM range [11]. Several transport
systems use this massive gradient to allow Ca2+ entry through specialized channels in
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the plasma membrane to the cytoplasm where it acts as a secondary messenger [36,37].
Again, at variance with most cells, where these transients last less than a minute, in
S. cerevisiae cytoplasmic Ca2+ may remain high for as long as 20 min [12,13]. Thus, Ca2+

closes ScMUC, enhancing OxPhos, while ScMUC may remain open for several minutes and
still be reversible. In contrast, in mammalians, mPTP opening is dangerous as it uncouples
OxPhos and may eventually deplete ATP and trigger cell death through mitochondrial
signaling [38].

In yeast, when an event requiring high amounts of energy occurs, Ca2+ enters the cell
increasing ATP production. One such event may be the mating response, where massive
morphologic changes occur that seem to consume a large amount of ATP [39]. Another
event where Ca2+ enters the cell is phase S1 of the S. cerevisiae cell cycle when again it is
likely that large amounts of ATP are needed in order to synthesize macromolecules [40].
Both mating and the S1 phase of the cell cycle are events where high mitochondrial ATP
production is needed [16]. In these circumstances Ca2+ would enable OxPhos coupling by
closing ScMUC and increasing ∆Ψ.

The mammalian mitochondrial permeability transition pore (mPTP) is widely con-
sidered as an equivalent entity to ScMUC. Indeed, both mPTP and ScMUC possess similar
cutoff diameters [41] and react in similar fashion to some effectors such as adenine nu-
cleotides [6,22] or to pharmacological agents such as bongkrekic acid or atractyloside [40].
However, the response to Ca2+ is the opposite as Ca2+ opens mPTP [42] while it closes
ScMUC [22,27]. In order to obtain coupled mammalian mitochondria, Mg2+ or Ca2+ chela-
tors have to be added to the isolation medium, while this is not needed in yeast mitochon-
dria [5–7,18]. Additionally, it must be considered that the structure of the channel is still
under debate and some components that seem to participate in one channel are not present
in the other. One such component may be PiC, which in yeast controls opening and confers
sensitivity to Pi [24], but when manipulated in heart mice, it does not modify the properties
of mPTP [43]. These results suggest that the still undefined components of mitochondrial
permeability transition pores may be different for each species [44]. Furthermore, in mPTP,
components of the Ca2+ uniporter machinery modify mPTP activity [45,46], while this is
not possible in S. cerevisiae where there is no Ca2+ uniporter [47–49]. Thus, it is probably
not safe to assume that mPTP and ScMUC are identical entities.

In the mammalian heart, reversal of pore opening has also been reported [24–27],
although opening of mPTP seems to react to different events than in S. cerevisiae. It is
observed during cardiac stress, intermittent episodes of reperfusion allow the cell to
empty Ca2+ while replenishing ATP pools. Thus, in mammals, mPTP seems important
to prevent ROS overproduction through mitochondrial uncoupling, greatly improving
survival probabilities [50]. This procedure is termed conditioning. Thus, even though
both ScMUc and mPTP constitute a mitochondrial uncoupling device, the role of ScMUC
opening is to oxidize NADH in a species that does not suffer from hypoxia [51].

Other yeast species also present some peculiarities that contribute to the idea that
perhaps permeability transition pores are different. It is not clear whether Yarrowia lipolytica
and perhaps Endomyces magnusii undergo mitochondrial permeability transition [52], as
this event does not occur except under extreme circumstances, when a calcium ionophore
plus massive amounts of calcium are added [53]. Another yeast, Debaryomyces hansenii,
does undergo PT, however, its channel exhibits a unique sensitivity to Na+ and K+, which
are negative effectors and such sensitivity is probably quite important as this yeast resides
in marine environments and is used in salted cheese maturation [54].

In many species including S. cerevisiae, aging damages mtDNA, possibly through an
excess in ROS that in turn increases activity of proteins that promote mtDNA recombination.
Then mutations accumulate damaging mitochondria irreversibly in a “vicious cycle” [55,56].

Opening of ScMUC increases the rate of O2 flow in the respiratory chain, preventing
overproduction of ROS. This is not the only mechanism accelerating electron flow, as other
proton sinks such as uncoupling proteins are differentially expressed upon exposure to
stress [31]. A second mechanism promoting physiological uncoupling, where branched
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respiratory chains differentially express their alternative redox enzymes such as alternative
oxidase (AOX) or NADH dehydrogenases type 2 (NDH2), in order to increase electron flux
in the respiratory chain either at the beginning of the stationary phase or when the cell is
subjected to stress [56,57].

The Index of Hydrogen Defficiency (IHF) is another exceedingly interesting mecha-
nism mitochondria use to prevent damage by ROS. In aging Endomyces magnusii (grown
for up to 168 h), unsaturated fatty acids are replaced by their saturated counterparts. So, as
palmitic and oleic acid are less susceptible to damage by ROS than unsaturated fatty acids,
mitochondrial membranes are protected. In addition, in this species, an alternative AOX is
expressed from the beginning of the stationary phase, so physiological uncoupling is also
used to protect mitochondria [58].

The “Co-localization for Redox Regulation (CoRR) Hypothesis” must also be con-
sidered when explaining how damaged mitochondria are negatively selected to allow
cell survival [57]. When protection fails, mitochondria containing damaged mtDNA are
negatively selected. This is possible due to the coexistence in the same compartment of
mitochondrial DNA with its encoded proteins. These proteins are the most hydrophobic
and difficult to move from the nucleus to the mitochondrial matrix. Additionally the CoRR
hypothesis proposes that these mtDNA-encoded proteins are vital for the structure of
OxPhos complexes I, III, IV and V. Therefore, deleterious mutations in mtDNA proteins
would result in OxPhos malfunction and elimination of mitochondria [58].

Together, physiological uncoupling, IHF and mtDNA-encoded proteins (as proposed
by the CoRR hypothesis), provide mitochondria with mechanisms to respond to exposure
to stress, increased ROS and improve cell survival. Furthermore, regulation of ScMUC by
the energy charge and by Ca2+ signaling point to a role of ScMUC in metabolic control,
controlling fermentation, OxPhos and ROS production. In addition, a system to deplete O2
would confer yeast with an advantage over other organisms as few other cells thrive under
hypoxic/anoxic conditions. Probably the equilibrium between ATP and ADP works to
graduate ScMUC responses, while Ca2+ signals an event where OxPhos has to be recruited.

Supplementary Materials: The following is available online at https://www.mdpi.com/article/
10.3390/life11121307/s1. Table S1: Raw data used to generate Figure 7.
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Abstract 

Staphylococcus epidermidis is a Gram‑positive saprophytic bacterium found in the microaerobic/anaerobic layers of 
the skin that becomes a health hazard when it is carried across the skin through punctures or wounds. Pathogenicity 
is enhanced by the ability of S. epidermidis to associate into biofilms, where it avoids attacks by the host and 
antibiotics. To test the effect of oxygen on metabolism and biofilm generation, cells were cultured at different oxygen 
concentrations  ([O2]). As  [O2] decreased, S. epidermidis metabolism went from respiratory to fermentative. Remarkably, 
the rate of growth decreased at low  [O2] while a high concentration of ATP ([ATP]) was kept. Under hypoxic conditions 
bacteria associated into biofilms. Aerobic activity sensitized the cell to hydrogen peroxide‑mediated damage. In the 
presence of metabolic inhibitors, biofilm formation decreased. It is suggested that at low  [O2] S. epidermidis limits its 
growth and develops the ability to form biofilms.

Keywords: Staphylococcus epidermidis, Oxygen concentration, Metabolism, Biofilms, Rate of oxygen consumption, 
Fermentation
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Introduction
Saprophytic microorganisms control pathogenic 
bacteria, digest nutrients and synthesize coenzymes, 
prosthetic groups and amino acids (Foster et  al. 2005; 
Berg 1996; Sender et al. 2016). In the skin, Staphylococcus 
epidermidis inhibits colonization by Staphylococcus 
aureus or Streptococcus pyogenes secreting antimicrobial 
compounds and proteases (Cogen et al. 2010; Iwase et al. 
2010). In the skin, S. epidermidis inhabits the epidermis, 
dermis and the nearly anoxic sebaceous glands (Grice 
and Segre 2011).

Staphylococcus epidermidis is frequently introduced 
through wounds and surgical procedures. A recent 
study reported the presence of antibiotic-resistant 

S. epidermidis strains in 46% of hospital secondary 
infections (Chabi and Momtaz 2019). Many of these 
strains were resistant to at least three antibiotics (Chabi 
and Momtaz 2019). Indeed, many antibiotics have to 
be tested in order to treat S. epidermidis nosocomial 
infections (Roujansky et  al. 2020). S. epidermidis is also 
found frequently in implanted devices such as valves and 
catheters. There is an active search for materials to coat 
implant surfaces which may prevent biofilm formation 
(Rabin et al. 2015). Among these, zirconium nitride has 
shown promise in orthopaedic implants (Pilz et al. 2019), 
while sphingosine coating is being used with success on 
implant titanium-surfaces (Beck et  al. 2019). Inside the 
body, this bacterium has to face attack from the immune 
system, high  [O2] (Fang et al. 2016) and antibiotics (Leid 
2009), most likely triggering a stress response. Within 
the organism, S. epidermidis may find areas with low 
 [O2], similar to its natural habitat; it is likely that the 
bacterium will make an effort to remain in the hypoxic 
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area, adhering to the surface and organizing into biofilms 
(Lewis 2007; Uribe-Alvarez et  al. 2016). In regard to 
hypoxic environments within the host, these are often 
found at or near artificial devices such as catheters or 
prosthetic valves, where biofilms may force removal of 
implanted devices (Fey and Olson 2010; Büttner et  al. 
2015).

Understanding the S. epidermidis response to different 
 [O2] would help optimize treatments (Cotter et al. 2009). 
We have reported that growing S. epidermidis at different 
 [O2] modifies expression of respiratory chain enzymes 
and the ability to form biofilms (Uribe-Alvarez et  al. 
2016). At high  [O2], cytochrome oxidases and NADH 
dehydrogenases are abundant and biofilms are minimal. 
In contrast,  [O2] depletion increases nitrate reductase 
expression and association into biofilms (Uribe-Alvarez 
et al. 2016).

Here, the effect of  [O2] on both, the aerobic and 
anaerobic metabolism of S. epidermidis was evaluated, 
together with [ATP]. In addition, the sensitivity of S. 
epidermidis to the toxic effects of hydrogen peroxide 
was tested. In each case, the biofilm-forming activity of 
cells was measured (Lewis 2007). When ATP synthesis 
was inhibited to different degrees by inhibitors of 
respiration (cyanide) (Uribe-Alvarez et  al. 2016) or 
glycolysis (1,4-bisphosphobutane) (Hartman and Barker 
1965; Rosas-Lemus  et al. 2016a), biofilm formation also 
decreased. It is suggested that S. epidermidis associates 
into biofilms as a strategy to avoid high  [O2].

Materials and methods
Bacterial strain and growth media
Staphylococcus epidermidis strain ATCC 12228 was 
a kind donation from Dr. Juan Carlos Cancino Díaz 
(Instituto Politécnico Nacional, México). A loophole 
from the bacterium was suspended in 5 mL of 3% tryptic 
soy broth (Fluka, Sigma) and incubated at 37 °C for 24 h. 
Pre-cultures were added to 1 L LB medium (1% tryptone, 
0.5% yeast extract, 1% NaCl) plus 2% glucose and 
incubated 24 h at 30 °C under aerobic (shaking 150 rpm), 
microaerobic (5%  CO2, no agitation) or anaerobic (static 
in oxygen-depleted sealed acrylic chamber) conditions. 
Then the cells were washed three times at 5000×g for 
10  min with distilled water and resuspended in 10  mM 
HEPES pH 7.4 (Uribe-Alvarez et al. 2016).

Cytoplasmic extracts
All procedures were conducted at 4  °C. Cells (grown 
under aerobic, microaerobic or anaerobic conditions) 
were centrifuged at 5000×g for 10  min, washed three 
times with distilled water and resuspended in 50  mL 
10  mM HEPES, pH 7.4, supplemented with one tablet 
of protease-inhibitor cocktail (Complete) and 1  mM 

PMSF. Cells were disrupted by sonication using a Sonics 
VibraCell sonicator (Sonics & materials, Inc., Newtown, 
CT) 7 × 20  s with 20  s intervals. To remove unbroken 
cells the suspension was centrifuged at 10,000×g for 
10 min and the supernatant was recovered.

Protein concentration
Protein concentrations from intact S. epidermidis 
cells were determined by the biuret method (Gornall 
et  al. 1949). Absorbance (540  nm) was measured in 
a Beckman-Coulter DU50 spectrophotometer. For 
cytoplasmic extracts, protein concentration was 
measured by Bradford at 595 nm, using 1 or 2 µL aliquots 
of the sample in a PolarStar Omega (BMG labtech, 
Ortenberg, Germany) (Bradford 1976).

Rate of oxygen consumption
The rate of oxygen consumption was measured in 
10  mM HEPES pH 7.4 plus the indicated respiratory 
substrate. Bacteria, 0.5  mg  prot  mL−1 were added to a 
water-jacketed 1  mL chamber at 37  °C equipped with a 
Clark type electrode connected to a Strathkelvin model 
782 oxymeter. Data were analyzed using the 782 Oxygen 
System Software (Warner/Strathkelvin Instruments) 
(Uribe-Alvarez et al. 2016).

Ethanol production
Fermentation by cell cytoplasmic extracts 
(0.5 mg prot. mL−1) was measured in 0.1 M MES-TEA, 
pH 7.0, 1.8 mM NAD plus either glucose or glycerol and 
incubated at 30  °C for 0, 2.5, 5 or 10  min. The reaction 
was stopped with 30% TCA, 0.1  mL and neutralized 
with NaOH. Ethanol was measured adding a 10  µL 
aliquot (0.005 mg) of the supernatant to 0.2 mL 114 mM 
 K2HPO4, pH 7.6. After 1  min, 30  μg  ADH  mL−1 was 
added, the sample was incubated for 30 min and O.D. was 
determined at 340 nm in a POLARstar Omega. Ethanol 
is reported as μmol ethanol (mg prot)−1 (Araiza-Olivera 
et al. 2013).

ATP concentration
ATP was measured in cytoplasm extracts resuspended 
to 0.025 mg protein in 0.15 mL reaction buffer (20 mM 
 KH2PO4, 40  mM  Na2HPO4, 80  mM NaCl, 1  mM 
 MgSO4). An ATP calibration curve was prepared freshly 
each day using lyophilized luciferase (Sigma-Aldrich). 
Luciferase was prepared following instructions by the 
provider and 0.02  mL was added to each sample in a 
96-well microplate. Bioluminescence was detected in 
a POLARstar Omega luminometer (BGM LABTECH, 
Offenburg, Germany). [ATP] was reported as µmol 
(mg prot)−1 (Palikaras and Tavernarakis 2016; Mendoza-
Hoffmann et al. 2018).



Page 3 of 8Pedroza‑Dávila et al. AMB Expr           (2020) 10:31  

Susceptibility to hydrogen peroxide‑mediated damage
The effect of  [H2O2] on the viability of S. epidermidis 
was determined as previously reported (Macvanin 
and Hughes 2010). Briefly, cells were adjusted to an 
O.D. = 0.1 (600  nm) and then  H2O2 (0 to 25  mM as 
indicated) was added to the reaction mixture. After 
30  min, serial dilution of the cultures was performed 
in 0.9% NaCl and 10  µL of the 1:1000 diluted sample 
was plated in LB, 2% glucose agar plates and incubated 
24 h at 37  °C. Colony forming units (CFU) mL−1 were 
counted. The sample taken before  H2O2 addition was 
assigned as 100%. The average of three experiments 
is shown with SD. ANOVA test and Tukey’s multiple 
comparison-test were used. Significance was 
*P < 0.0001.

Biofilm formation and detection
Biofilm generation was measured in sterile Costar 
96-well polystyrene plates as previously reported 
(Calà et  al. 2015; Uribe-Alvarez et  al. 2016). Briefly, 
in each well, 0.4% crystal violet in 33% glacial acetic 
acid was mixed with the indicated, inhibitors sodium 
cyanide (NaCN) (100  µM), butane-1,4-bisphosphate 
(B1,4BP) (1 mM) or, carbonyl cyanide m-chlorophenyl 
hydrazone (CCCP) (0.1, 0.5, or 1  µM, as indicated). 
Then bacteria were added to O.D. 0.02. Final volume 
200 μL. The plate was incubated 24 h at 37 °C with 5% 
 CO2. After incubation, wells were washed twice with 
200 µL phosphate-buffered saline (PBS) to remove non-
adherent bacteria. Plates were dried for 1  h at 60  °C, 
stained with 0.4% crystal violet for 10 min and washed 
under running tap water to remove excess stain. 
Absorbance (492 nm) was measured using a microplate 
reader (Polar Star Omega, BMG Labtech). Each sample 
was tested in three independent triplicate experiments 
and compared against the non-treated control using 
one-way variance analysis (ANOVA) plus Dunnett’s 
post hoc test.

Results
Oxygen is among the most important factors driving 
evolution (Lane 2002). Its partial reduction products, 
the reactive oxygen species (ROS) destroy nucleic acids, 
proteins and membranes (Ezraty et  al. 2017). Thus, to 
profit from its remarkable electron acceptor properties, 
organisms have to deal carefully with the dangerous 
oxygen molecule (Lane 2002; Rosas-Lemus et al. 2016b). 
S. epidermidis lives in hypoxic/anoxic environments, 
although it can adapt to high  [O2]. In order to follow the 
metabolic adaptation of S. epidermidis it was cultivated 
at different  [O2]. After 24  h under aerobic conditions 
biomass yield was 8.58  g/L, three times higher than 

under microaerobiosis, 2.11  g/L or anaerobiosis, 
1.75 g/L.

In order to further explore the basis for biomass 
yield variations at different  [O2], the activity of the 
respiratory chain from S. epidermidis grown at different 
 [O2] was measured (Fig. 1). As expected from previous 
respiratory chain protein expression results (Uribe-
Alvarez et  al. 2016), the ability of cells to consume 
oxygen was proportional to  [O2] in the growth 
medium. In aerobic conditions and in the presence of 
lactate the rate of oxygen consumption was 70  natgO 
(mg  prot.  min)−1, at least five times higher than in 
microaerobic media, where the rate was 5  natgO 
(mg  prot.  min)−1 or in those grown under anaerobic 
conditions, where it was negligible (Fig.  1). Under 
normoxia the best respiratory fuel was lactate, which 
was oxidized around three times as fast as glucose or 
ethanol (Fig. 1).

In S. epidermidis respiratory chain activities correlated 
with growth rates. However, it was reasoned that in 
hypoxia glycolysis may constitute an important source of 
energy (Somerville and Proctor 2009). Furthermore, as 
S. epidermidis, normally lives at low  [O2], fermentation 
may be the preferred energy-yielding pathway in this 
bacterium. To test this, S. epidermidis was grown at 
different  [O2] and ethanol production from either glucose 
(Fig.  2a) or glycerol (Fig.  2b) was measured at 2.5, 5 
and 10  min of incubation. Both substrates were equally 
efficient. However, at different  [O2] large variations in 
the rate of fermentation were observed: bacteria from 
anaerobic media were the most active, (Fig. 2), suggesting 
that fermentation increases as  [O2] decreases.

Fig. 1 Rate of oxygen consumption by S. epidermidis in the presence 
of different respiratory substrates. Experimental conditions: 10 mM 
HEPES (pH 7.4). As indicated, substrates were: L: 10 mM lactate; G: 
40 mM glucose or E: 33 mM ethanol. Cells were grown at different 
 [O2] as follows: aerobic (empty bars), microaerobic (gray bars) and 
anaerobic (black bars)
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In S. epidermidis, increasing  [O2] increased the rate of 
oxygen consumption while fermentation was inhibited. 
To determine which of these pathways produced more 
energy, the concentration of ATP ([ATP]) was measured 
in S. epidermidis grown under normoxia, hypoxia or 
anoxia (Fig.  3). Contrary to what we expected from 
the low growth rate and the slow respiratory activity 
observed, in hypoxia- and anoxia-grown cells, [ATP] was 
higher than in normoxia as aerobiosis, [ATP] increased 
roughly five times in hypoxia and three times in anoxia as 
compared to normoxia (Fig. 3).

In S. aureus a deficient respiratory chain confers 
resistance to  H2O2 toxicity (Painter et al. 2017), suggesting 
that anaerobiosis-adapted cells resist oxidative stress 
better. Thus, we decided to test S. epidermidis grown at 
different  [O2] for its sensitivity to  H2O2 (Fig. 4) (Lobritz 
et al. 2015). Even at the lowest concentrations of  H2O2 we 
used (0.5  mM), viability decreased in all cells. Aerobic-
grown cells exhibited the poorest survival rates, while 

cells grown under anaerobiosis survived best, such that 
even at the highest  H2O2 concentration tested (25  mM 
 H2O2) a small amount of viable cells was detected (Fig. 4). 
The increase in sensitivity to ROS observed in aerobically 
grown S. epidermidis was probably due to increased 
expression of the redox enzymes in the respiratory chain 
(Uribe-Alvarez et al. 2016). These redox enzymes contain 
different coenzymes and prosthetic groups, which 
normally become free radicals during their catalytic cycle 
(Quinlan et al. 2013; Rosas-Lemus et al. 2016b). Thus, as 
reported for S. aureus (Painter et al. 2017) at high  [O2] S. 
epidermidis expressed an active respiratory chain and its 
sensitivity to  H2O2 increased.

The highest [ATP] was detected in cells grown at low 
 [O2], which exhibited a slow growth rate. This seemingly 
contradictory situation may be explained by proposing 
that when S. epidermidis finds a low  [O2], which 
resembles that found in its normal niche, it makes an 
effort to attach itself to a surface, redirecting its energy 
use from growth to produce polysaccharides and proteins 
for biofilm generation (Beenken et al. 2004; Lewis 2007). 
To analyze whether biofilm was dependent on [ATP], 
S. epidermidis was grown under hypoxia and in the 
presence and absence of different metabolic inhibitors. 
In hypoxic grown-cells both oxidative phosphorylation 
and fermentation are active. It was observed that 
cells incubated in the presence of the respiratory 
chain inhibitor cyanide or the glycolytic inhibitor 
1,4-bisphosphobutane, formed smaller biofilms than the 
control and that addition of both inhibitors led to even 
less biofilms (Fig.  5a). This would suggest that biofilm 

Fig. 2 Fermentation by S. epidermidis grown at different  [O2]. 
Cytoplasmic extracts were obtained from S. epidermidis grown under 
aerobic, microaerobic or anaerobic conditions. Fermentation by 
cell cytoplasmic extracts (0.5 mg prot. mL−1) was measured using 
a 20 mM glucose or b 20 mM glycerol. Samples were incubated at 
30 °C for: 2.5 min (black columns), 5 min (gray columns) or 10 min 
(white columns). Results are reported as μmol ethanol per mg 
protein. Tukey’s comparison test was used to determine significant 
differences (*P < 0.05)

Fig. 3 Intracellular ATP concentrations in S. epidermidis grown at 
different  [O2]. Cells were grown at different  [O2] in LB plus glucose. 
Cytoplasmic extracts were obtained from each of these cultures and 
used to measure intracellular ATP. ATP concentration was estimated 
using luciferase and interpolating into a standard curve (see 
“Materials and methods”). The average of three experiments is shown 
with SD. * indicates significant difference P < 0.05
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formation activity is proportional to [ATP]. In addition, 
the uncoupler CCCP was used at concentrations below 
those where it killed cells (Result not-shown), observing 
that biofilm generation decreased further as uncoupler 
concentration increased (Fig.  5b). These results suggest 
that, regardless of its source, in S. epidermidis high [ATP] 
is needed to form biofilms.

Discussion
Antibiotic-resistant strains of S. epidermidis are 
increasingly found in nosocomial infections (Chabi and 
Momtaz 2019). Implant removal due to S. epidermidis 
biofilm colonization is also quite frequent (Gristina 
1987; Raad et  al. 1998). S. epidermidis is frequently 
found in coagulase-negative staphylococci-caused 
prosthetic valve infective endocarditis cases (Mack et al. 
2013), in 30–43% implant infections (Zimmerli et  al. 
2004) and in 50–70% catheter-related infections (von 
Eiff et  al. 2002). Understanding the physiology of the 
bacterium is a must in order to design new treatment 
and prevention methods (Uribe-Alvarez et  al. 2016). In 
biofilms, S. epidermidis cells are protected from the host. 
Thus, it is most important to analyse the association 
and specialization processes of the cells involved in the 
genesis of biofilms.

Diverse facultative bacteria adapt to wide  [O2], 
differentially expressing redox enzymes in its respiratory 
chain. S. epidermidis does express different enzymes 

Fig. 4 H2O2 effect on cellular viability. S. epidermidis susceptibility to hydrogen peroxide was determined using 0, 0.5, 1, 5, 10 or 25 mM  H2O2 in each 
group: aerobiosis (black bar), microaerobiosis (gray bar) or anaerobiosis (white bar). After 30 min of incubation with  H2O2, the samples were diluted 
1:1000, 10 µL were taken and plated in LB plus 2% glucose‑agar. CFU/mL were counted. Samples without treatment were assigned as 100% viable 
cells. The average of three experiments is shown with SD. Significance *P < 0.0001

Fig. 5 In vitro biofilm inhibition assay. S. epidermidis was grown 
under microaerobic conditions. a Different metabolic inhibitors were 
added as indicated: 100 µM NaCN, 1 mM B1,4BP or both inhibitors. 
b Different concentrations of the uncoupler CCCP (0.5, 1.0 and 
1.5 µM) were added to deplete ATP. After 24 h of incubation biofilm 
generation was evaluated by measuring the absorbance at 492 nm 
with a microplate reader. Each sample was compared with the 
control (without additions). Statistics were applied using ANOVA and 
Dunnett’s post hoc test. Significance *P < 0.0001
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at varying  [O2] (Uribe-Alvarez et  al. 2016). Aerobic 
metabolism enabled cells to grow more (Baez and 
Shiloach 2014). Still, enhanced growth resulted in higher 
sensitivity to  H2O2, suggesting that high contents of 
redox enzymes make cells vulnerable to ROS. Indeed, 
when grown at high  [O2], sensitivity to ROS is enhanced 
in S. aureus and Enterococcus faecalis, while their mutant 
counterparts, lacking an efficient respiratory chain resist 
ROS better (Painter et al. 2017).

When exposing S. epidermidis grown in different  [O2] 
to oxygen peroxide, we observed a similar phenomenon: 
cells grown in hypoxic or anoxic environments, which 
exhibited low respiratory rates were more resistant to 
oxygen peroxide (Fig.  4). Thus, as in S. aureus, the lack 
of an efficient respiratory chain in S. epidermidis enabled 
cells to survive ROS. This is probably useful when 
bacteria detached from a biofilm reach other tissues 
where they may be confronted with the oxidative burst 
generated by the immune system (Jensen et al. 1992).

The rate of oxygen consumption in aerobic grown 
cells was highest when lactate was the substrate. This is 
probably due to the direct donation of electrons to the 
menaquinone pool by lactate dehydrogenase (Götz and 
Mayer 2013; Kane et al. 2016). The slower rates observed 
for alcohol, may be due to an additional step as alcohol 
dehydrogenase electrons are first donated to Ndi2 
(Artzatbanov and Petrov 1990). The rate of respiration 
was also slow for glucose, probably for the same reason, 
as intermediaries have to undergo many reactions before 
releasing electrons to the respiratory chain (Ferreira et al. 
2013). In contrast, under anaerobiosis, lactate-dependent 
oxygen consumption disappeared completely while a 
small rate of glucose-dependent oxygen consumption 
was still present. In contrast, in S. aureus increased 
lactate dehydrogenase expression anaerobiosis has been 
reported (Fuchs et al. 2007).

The normal habitat for S. epidermidis is the 
microaerobic environment found in different epidermic 
and dermic layers (Peyssonnaux et al. 2008). One strategy 
S. epidermidis uses when confronted with high  [O2] is 
the differential expression of a diverse number of redox 
enzymes in the respiratory chain. Reports indicate that 
when microaerophilic or anaerophilic bacteria find a 
suitable environment, they react manufacturing proteins 
and polysaccharides that enable them to form biofilms 
and attach to surfaces at low  [O2]. Avoiding high  [O2] 
involves both, anchoring in low oxygen environments 
and building biofilms as barriers against penetration of 
ROS or toxic substances (Palikaras and Tavernarakis 
2016). Metabolic adaptation has also been reported 
for Neisseria gonorrhoeae, when it is stimulated to 
form biofilms. A proteomic analysis of N. gonorrhoeae 
biofilms evidenced up-regulation of proteins involved in 

anaerobic metabolism such as glycolysis and TCA cycle 
plus increased expression of those proteins involved in 
biofilm generation like pilus-associated proteins (Phillips 
et al. 2012). In addition, some oxidative stress genes are 
required for normal biofilm formation in N. gonorrhoeae 
(Falsetta et al. 2011).

The increase in ATP prior to biofilm formation has 
been reported in others bacterium. Bacillus brevis and 
Escherichia coli react to substrate depletion by adhering 
to glass surfaces and at the same time increase [ATP] two 
to fivefold as compared to planktonic cells (Hong and 
Brown 2009). So, the conditions where bacteria need to 
make biofilms promote saving ATP even at the expense of 
the growth rate. ATP is most likely needed to synthesize 
the extracellular proteins and the polysaccharide fibers 
that anchor cells to surfaces and to each other. Inhibiting 
ATP production in micro- or anaerobic conditions by 
adding cyanide or 1,4-bisphosphobutane resulted in a 
reduced biofilm formation (Fig.  5). This phenomenon 
is also observed when treating S. epidermidis with the 
nitrate reductase inhibitor methylamine in anaerobic 
conditions (Uribe-Alvarez et  al. 2016). In contrast, in 
aerobiosis cyanide promotes biofilm formation (Uribe-
Alvarez et al. 2016).

Fig. 6 Cartoon depicting the shift that Staphylococcus epidermidis 
makes when  [O2] decreases in the growth medium. When high 
oxygen concentrations are found in the medium, S. epidermidis 
are planktonic cells and flow with the blood (top). In contrast, 
under micro‑ or anaerobic conditions cells shift to a fermentative 
metabolism and accumulate ATP adhering to a suitable surface 
(e.g. epithelia, catheters, artificial valves) and eventually forming 
a biofilm. In this state the cells exhibit more resistance to  H2O2 
mediated damage. Excess ATP is probably used to produce adhesion 
proteins and poly‑N‑acetylglucosamine (gray fibers in the illustration) 
(bottom)
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Even when facultative bacteria such as S. epidermidis 
survive at high  [O2], their habitat in the skin is hypoxic to 
anoxic. While they survive in aerobic environments their 
susceptibility to ROS-mediated damage and possibly to 
attack by macrophages increases. They thus present an 
oxygen avoidance behavior, anchoring and associating in 
hypoxic environments (Fig.  6). Learning how avoidance 
works in S. epidermidis and other bacteria would impact 
both the physiologic and therapeutic field.

Aiming to understand such rise in ATP, we found that 
other bacteria, e.g. Bacillus brevis and Escherichia coli, 
react to substrate depletion by adhering to glass surfaces 
and at the same time increase [ATP] two- to fivefold in 
comparison to planktonic cells (Hong and Brown 2009). 
In this regard, it has been reported that hypoxic stimuli 
induce biofilm formation in S. epidermidis (Uribe-
Alvarez et al. 2016).
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a b s t r a c t

Metabolons are dynamic associations of enzymes catalyzing consecutive reactions within a given
pathway. Association results in enzyme stabilization and increased metabolic efficiency. Metabolons may
use cytoskeletal elements, membranes and membrane proteins as scaffolds. The effects of glucose
withdrawal on a putative glycolytic metabolon/F-actin system were evaluated in three Saccharomyces
cerevisiae strains: a WT and two different obligate fermentative (OxPhos-deficient) strains, which ob-
tained most ATP from glycolysis. Carbon source withdrawal led to inhibition of fermentation, decrease in
ATP concentration and dissociation of glycolytic enzymes from F-actin. Depending on the strain, inac-
tivation/reactivation transitions of fermentation took place in seconds. In addition, when ATP was very
low, green fluorescent protein-labeled F-actin reorganized from highly dynamic patches to large, non-
motile actin bodies containing proteins and enzymes. Glucose addition restored fermentation and
cytoskeleton dynamics, suggesting that in addition to ATP concentration, at least in one of the tested
strains, metabolon assembly/disassembly is a factor in the control of the rate of fermentation.
© 2019 The Author(s). Published by Elsevier Ltd on behalf of British Mycological Society. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

In the highly crowded cytoplasm, macromolecule concentrations
reach 200e400 g/l (Fulton, 1982; Zimmerman and Trach, 1991). In
this regard, protein and enzyme association inside living cells seems
be a widespread phenomenon (Schmitt and An, 2017) and there are
cases where associations improve catalytic efficiency or regulation,

work as depots for functional enzymes or constitute aggregates of
dysfunctional enzymes that may even result in pathology as in Alz-
heimer’s, Parkinson’s or Huntington’s diseases (O’Connell et al.,
2012). Associations of enzymes catalyzing consecutive reactions
would optimize metabolism: The term “metabolon” was coined to
describe a complex of sequential enzymes bound to structural ele-
ments (Srere,1985). Metabolons improve catalytic efficiency through
channeling of intermediates and enhancement of enzyme stability;
these have been described in the Krebs cycle (Wu andMinteer, 2015),
in purine synthesis (Pedley and Benkovic, 2017) and in flavonoid
synthesis (Jørgensen et al., 2005; Nakayama et al., 2019). Of interest is
the ability of plants to rapidly adapt metabolons to produce different
molecules as a response to challenges from the environment
(Knudsen et al., 2018).

Very early, David Green proposed the existence of a “team of
glycolytic enzymes” bound to membranes in both erythrocytes and
yeast (Green et al., 1965). Later, glycolytic enzyme associations
among themselves and with cytoskeleton elements were described
in skeletal muscle (Clarke and Masters, 1975). In erythrocytes,
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proteins such as band 3, alpha-spectrin, beta-spectrin and ankyrin
have been detected in associationwith glycolytic enzymes (Puchulu-
Campanella et al., 2013). Association of the glycolytic enzymes to
cytoskeletal elements include aldolase (ALD) and phosphofructoki-
nase (PFK), which are stabilized by microtubules, optimizing their
combined activity (Ra, 2000). In breast cancer cells, PFK co-localizes
with pyruvate kinase (PK) or fructose 1,6 bis-phosphate phosphatase
(FBPase) and phosphoenolpyruvate carboxykinase (PEPCK)
(Kohnhorst et al., 2017). In hamster ovary cancer cells, glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) and lactate dehydroge-
nase (LDH) participate in a putative “glycolytic metabolon” bound to
actin (Hudder et al., 2003). In this regard, it was predicted by an in
silico assay that ALD binds actin (Menard et al., 2014).

Enzyme organization and dynamics depend on energy. In yeast,
glucose starvation inhibits dynamics of chromatin and messenger
ribonucleoproteins (mRNP) (Joyner et al., 2016), autophagy (Lu
et al., 2004) and protein uptake (Ashe et al., 2000), while it en-
hances vacuolar hydrolysis (Lang et al., 2014). Also, enzymes
involved in lipid biosynthesis are sequestered in foci (Suresh et al.,
2015). When yeast cultures reach saturation or when incubated
without glucose, enzymes, such as cytidine triphosphate synthase
form filaments that disassemble upon returning to a rich medium
(Noree et al., 2010).

The actin cytoskeleton plays a role in cell structure, migration,
polarization, division and traffic. In yeast, actin is in equilibrium
between monomeric and filamentous states (Moseley and Goode,
2006). Actin dynamics require accessory proteins such as Actin
related protein (Arp2/3) and the Wiskott-Aldrich syndrome protein
(Wasp) (Smith et al., 2001). Actin filaments may form actomyosin
rings, cables and patches. Actin and accessory proteins as Abp1 (actin
binding protein 1), Arp, Las 17 and Sla2 among others form highly
motile patches that participate in endocytosis and exocytosis
(Moseley and Goode, 2006). Upon cell division, patches are distrib-
uted equally into mother and daughter cells (Apodaca, 2001;
Moseley and Goode, 2006). In the stationary phase, F-actin and
actin-binding proteins form immobile “actin bodies”. Few hours after
glucose deprivation, actin cables become stabilized and myosin ca-
bles release their cargo (Xu and Bretscher, 2014). Probably actin
bodies are a reservoir fromwhich actin cables and patches assemble
as soon as nutrients become available (Sagot et al., 2006).

The glycolytic Scerevisiae enzymes GAPDH and phosphoglyc-
erate kinase (PGK) are inhibited by viscosity unless ALD is added.
Indeed, upon association with ALD, GAPDH increases twenty times
its enzymatic activity and resists viscosity-mediated inhibition
(Araiza-Olivera et al., 2010). Pharmacological stabilization of F-actin
increases glycolytic enzyme binding and increases the rate of
fermentation. Cytochalasin-mediated monomerization of actin fil-
aments decreases both, metabolon assembly and rate of fermen-
tation (Araiza-Olivera et al., 2013).

It was decided to study the effect of carbon source withdrawal
on the stabilization/destabilization of a glycolytic metabolon. The
response to carbon source starvingwas tested inWT yeast or in two
different oxidative-phosphorylation-deficient, fermentation obli-
gate S. cerevisiae strains, namely r0 (Friis and Schultz, 2016) and
pet122D, which fails to produce COX-III (Costanzo and Fox, 1990).
The pet122D strain lacks the ability to translate COX-III, as it lacks
PET122, a translation promoter that bridges the small ribosomal
subunit with the COX-III mRNA. Still, this strain is rþ and thus
contains all the metabolic regulators that respond to glucose vari-
ations (Costanzo and Fox, 1990) In contrast, the r0 strain has lost all
its mitochondrial DNA and thus lacks manymechanisms to adapt to
starvation (Friis and Schultz, 2016) Both mutants were highly
sensitive to glucose starvation. ATP concentration ([ATP]) decreased
and actin filaments were reorganized from patches to immotile
bodies. The WT strain underwent these changes only in the

presence of an uncoupler. In all strains, glucose addition led to re-
covery of [ATP], actin dynamics and binding of enzymes to actin.

2. Materials and methods

2.1. Strains and culture media

The S. cerevisiae strains we acquired and/or generated are listed
in Table 1. As indicated, culture media were: YP (1 % Yeast extract,
2 % Peptone), YPD (YP plus 2 % Dextrose), SD (Difco: YNB 1.7 g/
100 mL, (NH4)2SO4 5 % and an amino acid mix) or SD-Gluc (SD plus
2 % glucose) at 30 �C. Cells were grown overnight at 30 �C in a
rotating carrousel at 50 rpm (Cel-Gro Tissue Culture Rotator,
Thermo Scientific). Where indicated, cultures were transferred to
Erlenmeyer flasks and incubated under agitation at 250 rpm.

2.2. Glycolytic enzymes binding to F-actin or among themselves

Actin association of ALD, GAPDH and PGK was evaluated by co-
immunoprecipitation (Araiza-Olivera et al., 2013). In addition, the
association of ALD with GAPDH and PGK was evaluated using the
same method. Mouse monoclonal anti-actin (ab 14128; Abcam),
protein G agarose (sc-2002; Santa Cruz Biotech), mouse monoclonal
anti-ALD (ab 169544; Abcam), rabbit polyclonal anti-GAPDH (FC335,
Santa Cruz Biotech) and rabbit polyclonal anti-PGK (sc-28784, Santa
Cruz Biotech) were used. In each case, antibodies (3 mg/mL) against
actin or ALD were incubated with 20 mL protein A/G agarose during
30 min at 4 �C, mixed with cytoplasmic extract protein (1 mg/mL)
and incubated at 4 �C overnight under agitation. Samples were
collected and washed by centrifugation at 2000�g for 10 min twice
using IP buffer (50 mM TriseHCl, pH 7.4, 1 mM PMSF, 0.1 % Tween
20), and protease inhibitor cocktail (sc 29130; Santa Cruz). All sam-
ples were diluted in sample buffer (62.5 mM Tris, pH 6.8, 10 %
glycerol, 2 % SDS, 5 % b-mercaptoethanol and 0.01 % bromophenol
blue) and boiled for 5 min. SDS/PAGE were performed in 10 %
polyacrylamide. Proteins were electrotransferred to polyvinylidene
difluoride (PVDF) membranes and blocked with 0.5 % albumin in
TBS-T (10 mM Trizma base, 150mMNaCl, 0.1 % Tween 20, pH 7.5) for
1 h and incubated overnight at 4 �C with primary antibody, washed
with TBS-T and incubated 1 h with secondary antibody. Once
membranes were washed exhaustively, bands were developed with
Immobilon Western Chemiluminescent HRP substrate (Millipore).

2.3. ATP concentration

The concentration of ATP was determined by bioluminescence,
using the ATP dependency of the luciferase catalyzed light-emitting
oxidation of luciferin, which is capable of measuring extremely low
concentrations of ATP (Deluca and McElroy, 1978). Intracellular ATP
was measured using the ATP Bioluminescence Assay Kit CLS II
(Roche); this Kit is especially optimized for the use in lumin-
ometers, exhibits a constant light signal sustaining for several mi-
nutes. To calculate the intracellular ATP concentration, an ATP
calibration curve was prepared freshly each day, as indicated by the
manufacturer of the ATP Bioluminescent Kit and using lyophilized
luciferase reagent. The procedure was the following, cultures were
grown as mentioned above for 4 h and 1 � 107 cells/mL were taken
and resuspended in 100 mM TriseHCl, 4 mM EDTA, pH 7.8. Cells
were immersed in boiling water for 2 min and cell debris were
removed by centrifugation at 15 000�g. To quantify ATP concen-
tration the supernatants were placed in the wells of a microplate
and then the luciferase reagent was added. Measurements of
experimental samples and standards were conducted in a POLAR-
star Omega luminometer (BMG Labtech, Germany) as reported by
Mendoza-Hoffmann et al. (2018).
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2.4. Rate of fermentation

Yeast cells from SD-Gluc or YPD 24 h cultures were washed
three times using sterile water (2900�g 5 min in an Avant J-26 XPI
centrifuge, Beckman Coulter, USA) and inoculated in YP or YPD-
Gluc, incubating at 30 �C for 4 h under agitation at 250 rpm in a
Excella E24 incubator Shaker (New Brunswick Scientific, USA).
Then, cells were washed and the pellet was resuspended again in
YP or YPD. To measure the rate of fermentation, cells (1� 107) were
incubated in 20 mM glucose, for up to 6 min and 0.1 mL of 30 %
trichloroacetic acid (TCA) was added. Samples were centrifuged at
2900�g for 5 min at 4 �C. The supernatant was neutralized with
NaOH and ethanol was quantified using an enzymatic method
coupled to NADþ (1.8 mM) reduction by alcohol dehydrogenase
(100 mg. mL�1) (Bonnichsen, 1965). Briefly 1 mg prot./mL of each
supernatant was suspended in 1 mL of 300 mM Na4P2O2.10H2O,
75mMSemicarbazide hydrochloride, 22mMGlycine, 66mMNaOH
pH 8.8, and 1.8 mM NAD (Bonnichsen, 1965). After 10 s, 100 mg/mL
ADH was added and incubated 1 h at 24 �C. Absorbance was
determined at 340 nm in an Aminco-Olis DW2000 spectropho-
tometer (Olis Inc., Bogart, GA, USA). Ethanol standard curve was
used, and the results are reported as nmol ethanol per mg cells.

2.5. Fluorescent labeling of the actin-binding protein and of actin

In order to analyze actin distribution and dynamics, green-
fluorescent protein-tagged strains were created to observe actin
patches (Huckaba et al., 2004; Vasicova et al., 2015). For the actin-
binding protein (Abp1p), its C-terminus of Abp1p was tagged with
GFPY by PCR-based insertion of the gene into a chromosomal copy
of ABP1 using plasmid pFA6a-link-yoEGFP-SpHis5 (gift from
Wendell Lim & Kurt Thorn) (Addgene plasmid # 44836) (Lee et al.,
2013) and primers Abp1fluoF, Abp1fluoR (Table S2) as described
previously (Huckaba et al., 2004). Yeast were transformed using a
lithium acetate protocol (Gietz et al., 1995) and the correct inte-
gration of GFP cassette at the ABP1 locus was characterized using
PCR. GFP tagging had no effect on growth, glucose fermentation or
actin organization (Results not shown).

To confirm the colocalization of GFP-Abp1 and actin, each GFP-
Abp1-labeled strain was fixed in 3.7 % paraformaldehyde. Actin was
labeled as follows: cells were washed and stained with 1.65 mM
rhodamine-phalloidin (Sigma Aldrich) and incubated for 30 min at
room temperature. Next, cells were washed and mounted for im-
aging (Higuchi-Sanabria et al., 2016). Samples were observed under a
Nikon Eclipse E600 fluorescence microscope equipped with a DXM
1200 high resolution digital camerawith a 460 nme490 nm filter for
GFP excitation and 530 nme550 nm filter for rhodamine excitation.
Merging was performed using ImageJ software (Hartig, 2013).

2.6. Time-lapse microscopy

To evaluate actin patch dynamics, live cells were layered onto SD
agarose pads (Pemberton, 2014). Then, we evaluated actin patch
dynamics in a Leica TCS-SP5 confocal microscope in a 63� objective

with an Argon laser exciting at 488 nm and generating 60 images/
min. Image processing was performed with the LAS X (Leica) and
ImageJ software.

2.7. Actin patch dynamics in pharmacological uncoupled yeast

To evaluate actin dynamics, the WT strain was cultured in SD-
Gluc overnight and yeasts were washed and inoculated in SD.
Where indicated, 20 mM carbonyl cyanide 3-
chlorophenylhydrazone (CCCP) was added. Then, cells were
mounted on agarose pads and analyzed with a Nikon Eclipse E600
fluorescence microscope with a DXM 1200 high resolution color
digital camera.

2.8. Statistics

Where indicated, one-way ANOVA (Tukey’s multiple compari-
sons test) was used to compare the differences between strains,
using GraphPad Prism version 6 (GraphPad Software, Inc. La Jolla,
CA, USA).

3. Results

3.1. Glycolytic enzyme/F-actin affinity decreased upon carbon
source withdrawal

To test the modifications in actin-enzyme affinity brought by
starvation, co-immunoprecipitation of three glycolytic pathway
enzymes, namely ALD (Fig. 1, upper panel), PGK (Fig. 1, second
panel) and GAPDH (Fig. 1, third panel) with actin was evaluated in
glucose-fed (G) and in starved (S) cells. Tested strains were W303
WT, W303 r0 and W303 pet122D. In glucose-fed strains, a strong
interaction between actin and glycolytic enzymes was observed
(Fig. 1, odd lanes). This was already expected from a previous report
(Araiza-Olivera et al., 2013). In contrast, glycolytic enzymes from
starved yeast exhibited a decrease in co-immunoprecipitation in all
cases (Fig. 1, even lanes). It is interesting to observe that in starved
samples GAPDH detachment seemed to be complete. Thus, the
glycolytic enzyme/F-actin organization expected for a putative
metabolon was disrupted by carbon source withdrawal and this
should inhibit the glycolytic pathway in starved cells. To test this, it
was decided to determine the association of the aforementioned
enzymes in glucose-fed (G) and in starved (S) cells and whether
starvation effects were magnified in the fermentative obligate
strains.

3.2. Glycolytic enzymeeenzyme affinity decreased mildly upon
carbon source withdrawal

The effect of glucose withdrawal on affinity among glycolytic
enzymes was analyzed in extracts from G or S cells. ALD was
immunoprecipitated (Fig. 2, lower panel) and co-
immunoprecipitation of PGK (Fig. 2 upper panel) and GAPDH
(middle panel) was evaluated. Samples from each of the strains

Table 1
S. cerevisiae strains used in this study.

Strain name Strain genotype Source

W3031-A MATa {leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15} Dr. A. Tzagaloff
W303 1-A Abp1-GFP MATa {leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 ABP1-GFP:HIS3} This work
W303 r0 MATa {leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15, rho0} Dr. Xochitl Perez-Martinez
W303 r0 Abp1-GFP MATx {leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 ABP1-GFP:HIS3, rho0} This work
W303 JPM66a MATx {leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15 pet122delta::KANMX } Dr. Xochitl Perez-Martinez
W303 J11 Abp1-GFP MATx {leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 ABP1-GFP:HIS3 pet122delta::KANMX } This work
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W303 WT (lanes 1 and 2), W303 r0 (lanes 3 and 4) and W303
pet122D (lanes 5 and 6) were used. In all cases PGK co-
immunoprecipitation decreased markedly upon starving (Fig. 2,
upper panel), while GAPDH co-immunoprecipitation decreased
only mildly. The effects of starving on GAPDH-ALD associationwere
milder than those reported upon F-actin destabilization with
latrunculin or cytochalasin (Araiza-Olivera et al., 2013). Thus, the
glycolytic enzyme/F-actin organization expected for a putative
metabolon was only mildly disrupted by carbon source withdrawal
and it is not clear whether this would inhibit the glycolytic pathway
in starved cells. To test this, it was decided to determine the con-
centration of ATP ([ATP]) in fed and starved cells from each strain
and whether starvation effects were magnified in the obligate
fermentative strains.

3.3. Starving decreases [ATP] in yeast. More so in obligate
fermentative strains

The effect of carbon source withdrawal on [ATP] was deter-
mined, both in the WT strain (Fig. 3, black bars) and in each of the

OxPhos-deficient mutants: W303 r0 (Fig. 3, white bars) and W303
pet122D (gray bars). After incubating for 4 h in the presence of
glucose, [ATP] was: in WT, [ATP] ¼ 2.3 nmol (mg prot)�1 and
slightly higher [ATP] ¼ 2.6e2.8 nmol (mg prot)�1 in the fermen-
tative mutants (Fig. 3A). Then, after a starving period of 30 min, a
slight decrease was observed in WT where [ATP] ¼ 1.8 nmol (mg
prot)�1, while in the fermentative strains [ATP] decreased to near
1.0 nmol (mg prot)�1 in each case (Fig. 3B). After 4 h in the absence
of glucose, [ATP] differences became more evident. The WT still
contained high [ATP] ¼ 2.0 nmol (mg prot)�1 while in each of the
fermentative mutants a much lower [ATP] ¼ 0.6 nmol (mg prot)�1

was observed (Fig. 3C). These results indicated that [ATP] was more
sensitive to carbon depletion in each obligate fermentative strain
than in WT. i.e., after starving for 4 h, [ATP] decreased 60e75 % in
each mutant while in the WT the decrease was only 16 % (Fig. 3).
The decrease in [ATP] could be due to a simple lack of substrate or
might be evidencing the disorganization a glycolytic metabolon.

3.4. At low [ATP] glucose addition increased fermentation activity

Glucose withdrawal resulted in glycolytic enzyme detachment
from F-actin (Fig.1), in mild loss of enzymeeenzyme affinity (Fig. 2)
and in decreased [ATP] (Fig. 3), suggesting that glycolysis was
inactivated. To test this, the rate of fermentation was measured in
starved (S, dots) and glucose-fed (G, circles) samples from each of
the three strains (Fig. 4). In S samples the rate of fermentation was
as least five times faster than in G samples (Fig. 4), suggesting that a
low [ATP] activated glycolysis. In addition, while the WT (Fig. 4-A
circles) and the W303 r0 strain (Fig. 4-B circles) exhibited a nearly
constant activity from the beginning, the fermentation rate for the
W303 pet122D strain was slow for the first two minutes and
increased at later incubation times (Fig. 4-C, circles). TheWT strain,
where [ATP] was higher after fasting, was the least active (Fig. 4-A,
circles). The W303 pet122D strain exhibited an initial fermentation
rate of 3 nmols EtOH (min.mg. prot�1), which increased to 12 nmols
EtOH (min.mg. prot�1) after two minutes (Fig. 4-C, circles).

In contrast, in the G samples a very slow rate of fermentation
was observed (Fig. 4, dots) in all cases. Furthermore, when these
plots were magnified (Fig. 4, inserts), a slightly faster fermentation
rate was detected for the first minute in each case, which decreased
at later time points. In addition, for glucose-fed strains rates of
fermentation were smaller than in the fasted samples. In the
glucose-fed WT, the initial rate of fermentation was 3 mmols EtOH

Fig. 1. Under starvation, glycolytic enzymes detach from actin. Cells were cultured
overnight in SD-Gluc. Then, cells were washed and incubated in SD (S) or SD-Gluc (G)
4 h at 30 �C. Yeast extracts were obtained and actin was immunoprecipitated. Pre-
cipitates were immunoblotted against ALD (top panel), PGK (second panel) or GAPDH
(third panel), with actin (ACT) as loading control (bottom panel). Lane 1: W303 WT
Abp1-GFP in SD-Gluc, Lane 2: W303WT Abp1-GFP in SD, Lane 3: W303 r0 Abp1-GFP in
SD-Gluc, lane 4: W303 r0 Abp1-GFP in SD, lane 5: W303 pet122D Abp1-GFP in SD-
Gluc, lane 6: W303 pet122D Abp1-GFP in SD. Representative image of three inde-
pendent experiments. Lanes with glucose-fed yeast are labeled “G” while those from
starved yeast are labeled “S”.

Fig. 2. Glucose withdrawal results in decreased affinity of glyceraldehyde-
phosphate dehydrogenase and 2-phosphoglycerate for aldolase. Experimental
conditions as in Fig. 1, except aldolase (ALD) was immunoprecipitated from yeast ex-
tracts. Precipitates were immunoblotted against PGK (upper panel) or GAPDH (middle
panel), using ALD as loading control (bottom panel). Lane 1: W303 WT Abp1-GFP in
SD-Gluc, Lane 2: W303WT Abp1-GFP in SD, Lane 3: W303 r0 Abp1-GFP in SD-Gluc,
lane 4: W303 r0 Abp1-GFP in SD, lane 5: W303 pet122D Abp1-GFP in SD-Gluc, lane
6: W303 pet122D Abp1-GFP in SD. Representative image of three independent ex-
periments. Lanes with glucose-fed yeast are labeled “G”while those from starved yeast
are labeled “S”.
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(min.mg. prot�1) and decreased after two minutes to 1.2 mmols
EtOH (min.mg. prot�1) (Fig. 4-A insert). The W303 r0 strain
exhibited an initial fermentation rate of 3.6 mmols EtOH (min.mg.
prot�1), which after two minutes decreased to 1.5 mmols EtOH
(min.mg. prot)�1) (Fig. 4-B, insert). The W303 pet122D exhibited an
initial fermentation rate of 5 mmols EtOH (min.mg. prot�1), which
decreased after two minutes to 2.0 mmols EtOH (min.mg. prot�1)
(Fig. 4-C, insert). Thus, in the fasted samples fermentation was
active, probably aiming to replenish the low ATP pool. In contrast,
the glucose-fed samples were active from the start of the experi-
ment, although these did not reach high rates probably as a result of
the presence of high [ATP]. The only indication of a lag in
fermentation activity after fermentation was from W303 pet122D
where a one to twominute lag was observed before full activity was
observed (Fig. 4-C, circles).

3.5. Actin-binding protein 1 (Abp1) reports structural cytoskeleton
modifications promoted by glucose withdrawal

The glycolytic metabolon is most likely organized around the
actin cytoskeleton (Araiza-Olivera et al., 2013). As actin is not
amenable to labeling, it was decided to label the actin-binding
protein (Abp1) instead. Then in order to confirm that the fluores-
cence from Abp1 was an efficient reporter of actin localization,
strains were fixed and GFP-Abp1 fluorescence was followed (Fig. 5
left panels). In the same samples, F-actin was labeled using
rhodamine-phalloidin (Fig. 5 middle panels) and co-localization
was evaluated (Fig. 5 right panels). Green fluorescence from GFP-
Abp1 co-localization with the red fluorescence from rhodamine-
phalloidin was analyzed (Fig. 5). In all glucose-fed strains, and in
the starved W303 WT, small fluorescent patches were detected,
both in the green and in the red fluorescence channels (Fig. 5A and
B, C and E), while in the starved fermentative-obligate strains large
fluorescent bodies were observed both in the W303 r0 (Fig. 5-D)
and in theW303 pet122D (Fig. 5-F). The CCCP-uncoupledW303WT

(to deplete ATP) also exhibited large fluorescent bodies (Result not-
shown). Thus, incubation without glucose led to reorganization of
F-actin that correlated with the decrease in [ATP]. Upon glucose
addition, [ATP] increased and modifications observed in the actin
cytoskeleton were reversed (Result not shown). Images from
reorganized F-actin in the Smutants (Fig. 5) suggested the presence
of actin bodies, which according to the literature should be
immotile (Sagot et al., 2006). To confirm the presence of immotile
actin bodies, it was decided to evaluate cytoskeleton dynamics
from each strain and condition.

3.6. In starving oxidative-phosphorylation-deficient strains, small,
highly dynamic F-actin patches are replaced by large non-motile
bodies

When yeast reach the stationary phase, actin cables and patches
reorganize, forming immotile actin bodies (Sagot et al., 2006). Thus,
it was decided to determine whether glucose withdrawal led to
modifications of actin cytoskeleton dynamics in each strain under
study, using a time-lapse microscopy assay and following the
fluorescence of GFP-Abp1. In all glucose-fed strains and in the
starvedW303WT strain, small, motile actin patches were observed
(see supplementary videos 1, 2, 4 and 6). The W303-WT strain
exhibited highly motile actin patches regardless of whether it was
glucose fed (Suppl-video 1) or starved (Suppl-video 2). In contrast,
the W303 r0 mutant exhibited motile patches when glucose fed
(Suppl-video 3), while it exhibited immotile actin bodies when
starved (Suppl-video 4). The W303 pet122D strain also exhibited
motile actin patches when glucose-fed (Suppl-video 5) and non-
motile actin bodies when starved (Suppl-video 6).

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.funbio.2019.10.005.

The interactions of enzymes in a putative glycolytic metabolon
and F-actin were explored in cells subjected to carbon source
depletion. Upon starving, the cytoskeleton reorganized and lost its

Fig. 3. ATP concentration in different yeast strains subjected to starving. Intracellular ATP in W303 Abp1-GFP (black bars), W303 r0 Abp1-GFP (white bars) and W303 pet122D
Abp1-GFP (gray bars) were measured. Experimental conditions as in Fig. 1. Yeasts were incubated as follows: (A) in SD-Gluc for 4 h or (B) in SD for 30 min or (C) or in SD for 4 h. Then
yeasts were harvested, washed and ATP was quantified using a bioluminescence assay. Values are means ± SD of three independent experiments, each performed in triplicate.
Statistical differences were determined using One way ANOVA plus Tukey’s multiple comparisons test: *P < 0.05, **P < 0.01.
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affinity for glycolytic enzymes. ATP concentration seemed to be an
important factor regulating both cytoskeleton organization and
fermentation activity. In W303 r0 and W303 pet122D, cells that
depend strongly on glycolysis for ATP production, starving also
resulted in re-distribution of the cytoskeleton and in actin storage
into immotile bodies. All effects disappeared upon glucose re-
addition.

4. Discussion

Membrane-less enzyme complexes in the cytoplasm vary in
stoichiometry and protein dwelling time (Case et al., 2019). Up to
180 intermediary metabolism enzymes may exhibit non-diffusible
behavior (O’Connell et al., 2012). An interactome involving both the
enzymes in a given metabolon and the membrane transporters
would result in channeling of substrates from uptake by the cell all
the way to the last product of the pathway (Moraes and Reithmeier,
2012). Such seems to be the case in erythrocytes, where a docking
site in the vicinity of the membrane-spanning segment of band 3
binds both glycolytic enzymes and a glucose transporter (GLUT1)
(Puchulu-Campanella et al., 2013) The tendency of proteins
exhibiting quaternary structures to form fibers seems to be high
and may optimize function as in purinosomes or become a source
of disease as in sickle cell anemia or as in amyloid diseases
(O’Connell et al., 2012).

Signaling pathways are another example where protein associ-
ation has been reported recently (Strzyz, 2019). Actin polymeriza-
tion is optimized by signaling clusters on the plasma membrane
where NephrineNckeN-WASP associate (Case et al., 2019). Also on
the plasma membrane, the mitogen-activated protein kinase

(MAPK) pathway recruits proteins such as SOS, needed to optimize
signaling (Huang et al., 2019). Protein clusters may sequester small
molecules, as in adenosine A2A or A2B signalosomes, where each
specific isoform of adenosine receptor, adenylate cyclase and A-
Kinase-Anchoring Protein (AKAP) generate a sequestered cAMP
pool and evoke receptor-specific responses (Guinzberg et al., 2017).

Glycolytic metabolons optimize catalysis and protect enzymes
against external conditions (Araiza-Olivera et al., 2013; Menard
et al., 2014). Most likely, metabolons are dynamic structures
(Sweetlove and Fernie, 2018). In C. elegans neurons under energy
stress, glycolytic enzymes move near synapses, probably with the
aim of increasing local [ATP] (Jin et al., 2017). Hypoxia drives
S. cerevisiae glycolytic enzymes into G bodies where glycolysis be-
comes more efficient (Jin et al., 2017).

The rate of fermentation in glucose-fed versus starved cells were
explored. The energy dependence of assembly was analyzed in
three different yeast strains. AWT OxPhos facultative strain (W303
WT) and two obligate fermentative strains, namely a r0 (W303 r0)
and a strain where a promoter (PET122) needed for translation of
subunit three of complex IVwas deleted (W303 pet122D) (Costanzo
and Fox, 1988). The obligate fermentative strains magnified the
effects of glucose withdrawal on ATP production (Friis and Schultz,
2016). Cells were incubated four hours in the presence or in the
absence of a carbon source. Under starvation, the glycolytic en-
zymes, ALD, GAPDH and PGK lost their affinity for F-actin (Fig. 1),
and decreased enzymeeenzyme affinity (Fig. 2). Starving led to a
decrease in the concentration of ATP that was more accentuated in
the fermentative obligate strains (Fig. 3). When the rate of glycol-
ysis was tested it was observed that low [ATP] led to high
fermentation activity. In regard to the possible inactivation of

Fig. 4. In S. cerevisiae, the rate of fermentation reacts rapidly to glucose withdrawal and re-addition. Ethanol production kinetics were measured in (A) W303 Abp1-GFP, (B)
W303r0 Abp1-GFP or (C) W303 pet122D Abp1-GFP. Experimental conditions, as in Fig. 1. Cells were washed and incubated 4 h in YP (empty circles) or YPD (full dots) at 30 �C. The
rate of fermentation was determined at 30 s, 1, 2, 4 and 6 min. Produced ethanol was quantified using an enzyme-coupled assay (see methods). Results are reported as nmol EtOH/
mg protein. Three independent experiments were performed, values are means ± SD. *P < 0.05. Inserts are a 10 time magnification of the YPD plot for each strain, aiming to show
that during the first one to two minutes fermentation was slightly faster than at later points.
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Fig. 5. Abp1-GFP and F-actin co-localize in the S. cerevisiae Abp1-GFP-derived W303 strains. Experimental conditions as in Fig. 4. Yeasts were incubated overnight in SD-Gluc,
then cells were washed and incubated in SD-Gluc (A, C and E) or SD (B, D and F) at 30 �C and under agitation for 4 h. After incubation, cells were fixed and stained with rhodamine
phalloidin for 30 min. Cell Images were obtained in an epifluorescence microscope. Strains are W303 Abp1-GFP, glucose fed (A) or starved (B) W303 r0 Abp1-GFP, Glucose fed (C) or
starved (D) and W303 pet122D A Glucose-fed (E) or starved (F). Bar ¼ 10 mm. Images are representative from three independent experiments.
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glycolysis resulting from enzyme dissociation, only the W303
pet122D strain exhibited a degree of inactivation by starving, which
rapidly reverted after twominutes (Fig. 4-C). In contrast, the rate of
fermentation after glucose addition to well-fed yeast was never as
high as in the starved cells and it decreased after two minutes. We
suggest that [ATP] controls the rate of fermentation. The two-
minute delay in activation of fermentation in the starved W303
pet122D probably reflects the need to reassemble a glycolytic
metabolon. This was not observed in the W303 r0 strain, perhaps
due to its reported inability to respond to changes in the environ-
ment (Friis and Schultz, 2016).

The response to carbon source withdrawal was more pro-
nounced in obligate fermentative cells, which depend heavily on
glycolysis for energy production. Both OxPhos-deficient strains
decreased their total ATP concentration by 80 %while in theWT the
decrease was only 10 %. In addition, large reorganization of the
cytoskeleton took place as F-actin was redistributed from small,
dynamic patches to large immotile bodies. It has been suggested
that actin bodies may be a storage form of actin designed to save
energy (Sagot et al., 2006). Thus it is possible that these bodies stop
functions such as cargo and endocytosis, where a motile cytoskel-
eton would be required (Goode et al., 2015). The cytoskeleton role
as a scaffold for enzyme association in the glycolytic metabolon
(Menard et al., 2014) would also be lost in large actin bodies. The
critical role of the metabolon to produce energy has been docu-
mented in other systems, such as in gpdh-3 null flies which do not
exhibit glycolytic complex organization in muscle, which results in
the inability to fly (Wojtas et al., 1997).

Redistribution of the actin cytoskeleton into immotile bodies
correlated with ATP availability. In the mutants, [ATP] decreased
and the cytoskeleton was modified. However, in the WT it was
necessary to uncouple oxidative phosphorylation in order to obtain
immotile bodies. Actin cytoskeleton redistribution experiments
were conducted using the GFP-Abp1, which as expected from the
literature (Sagot et al., 2006), remained bound to actin following its
distribution, regardless of the metabolic conditions in the cell.

In S. cerevisiae, a carbon source starve-feed cycle controlled the
rate of fermentation. It is likely that the mechanism of control
involved the assembly/disassembly of a putative glycolytic
metabolon that used the F-actin cytoskeleton as a scaffold. In
addition, the concentration of ATP was a major factor controlling
the maximal rate of fermentation. Obligate fermentative strains
were more sensitive to the effects of starving on their metabolism
and on cytoskeleton dynamics.
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1  | INTRODUC TION

Construction of artificial ecosystems mimicking symbiotic relation-
ships have been proposed to study ecology and evolution of symbi-
oses (Hosoda et al., 2011; Momeni, Chen, Hillesland, Waite, & Shou, 
2011), to engineer microbial consortia (Brenner, You, & Arnold, 
2008; French, 2017; Frey- Klett et al., 2011; Mee & Wang, 2012), and 

to host uncultivable bacteria (Stewart, 2012). Synthetic mutualism 
of species that do not interact naturally has been established in co-
culture between bacteria, yeast, amoeba, alga, cell lines, and tissues 
(Buchsbaum & Buchsbaum, 1934; Hosoda & Yomo, 2011; Hosoda 
et	al.,	 2011;	 Kubo	 et	al.,	 2013;	 Lőrincz	 et	al.,	 2010;	 Shou,	 Ram,	 &	
Vilar, 2007). Several bacterial endosymbionts have been found in 
yeast (Kang, Jeon, Hwang, & Park, 2009; Saniee & Siavoshi, 2015) as 
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Abstract
Wolbachia	 sp.	has	colonized	over	70%	of	 insect	 species,	 successfully	manipulating	
host	fertility,	protein	expression,	lifespan,	and	metabolism.	Understanding	and	engi-
neering the biochemistry and physiology of Wolbachia holds great promise for insect 
vector- borne disease eradication. Wolbachia is cultured in cell lines, which have long 
duplication times and are difficult to manipulate and study. The yeast strain 
Saccharomyces cerevisiae W303 was used successfully as an artificial host for 
Wolbachia wAlbB. As compared to controls, infected yeast lost viability early, proba-
bly	as	a	result	of	an	abnormally	high	mitochondrial	oxidative	phosphorylation	activity	
observed at late stages of growth. No respiratory chain proteins from Wolbachia 
were detected, while several Wolbachia F1F0- ATPase subunits were revealed. After 
5 days outside the cell, Wolbachia remained fully infective against insect cells.

K E Y W O R D S
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well	as	in	fungal	hyphae	and	spores	(Bertaux	et	al.,	2003;	Bianciotto	
et al., 2004; de Boer et al., 2004; Hoffman & Arnold, 2010; Lumini, 
Ghignone,	 Bianciotto,	 &	 Bonfante,	 2006;	 Partida-	Martinez	 &	
Hertweck,	2005;	Sato	et	al.,	2010).	In	this	work,	we	cultured	the	ob-
ligate endosymbiont bacterium Wolbachia in an artificial host: the 
nonpathogenic yeast Saccharomyces cerevisiae.

Wolbachia pipientis	 is	 an	 exceedingly	 successful	 obligate	 en-
doparasite/endosymbiont in nematodes and arthropods (Taylor & 
Hoerauf, 1999; Werren, 1997; Werren, Baldo, & Clark, 2008). The 
size	of	the	Wolbachia genome varies widely depending on the strain. 
Arthropod endoparasites have much larger genomes than nematode 
endosymbionts	 (Bandi,	Slatko,	&	O’Neill,	1999;	Darby	et	al.,	2012;	
Foster	 et	al.,	 2005;	 Klasson	 et	al.,	 2008;	 Salzberg,	 Puiu,	 Sommer,	
Nene,	&	Lee,	2009;	Wu	et	al.,	2004).	 In	 regard	to	a	possible	aero-
bic metabolism, the Wolbachia from the plant hopper Leodelphax 
stratellus (wStr) is ten times more sensitive to paraquat than the in-
sect host cell, suggesting that wStr	does	not	possess	 the	enzymes	
needed	for	reactive	oxygen	species	(ROS)	detoxification	and	thus	it	
may	be	anaerobic	or	microaerophilic	(Fallon,	Kurtz,	&	Carroll,	2013).	
In	 contrast,	 eliminating	Wolbachia with tetracycline in filaria, in-
creases	respiratory-	chain	gene	expression	in	the	host	and	causes	an	
early death. This result, lead to the hypothesis that at least in filariae 
Wolbachia contributes as an energy generator for the host (Strübing, 
Lucius,	Hoerauf,	&	Pfarr,	2010;	Darby	et	al.,	2012,	2014).

Culturing	 obligate	 intracellular	 bacteria	 is	 a	 challenge.	 Insect	
cells support Wolbachia growth, but culture times are long and cells 
are difficult to manipulate. Alternative systems such as mammalian 
blood have proven helpful to grow intracellular organisms such as 
Sodalis	(Dale	&	Maudlin,	1999).	However,	Wolbachia did not seem to 
grow	in	blood	and	this	was	not	pursued	further	(Result	not-	shown;	
see	Methods).	In	contrast,	Saccharomyces cerevisiae did support the 
growth of Wolbachia strain wAlbB.

As	it	can	be	extensively	manipulated,	S. cerevisiae is widely used 
as	a	model	organism	in	biochemistry	and	molecular	biology.	In	S. cer-
evisiae, it is possible to study processes such as the Crabtree effect 
observed	 in	 tumor	 cells	 (Diaz-	Ruiz,	 Rigoulet,	 &	 Devin,	 2011)	 and	
to	model	 cell	death	 in	 response	 to	anoxia	or	 ischemia/reperfusion	
(Stella,	 Burgos,	 Chapela,	 &	Gamondi,	 2011).	 In	 addition,	 it	 is	 used	
as	a	host	to	study	DNA	and	RNA	viral	replication	(Alves-	Rodrigues,	
Galão,	Meyerhans,	&	Díez,	2006),	to	identify	and	characterize	bacte-
rial	effectors	and	toxins	(Siggers	&	Lesser,	2008)	and	to	analyze	the	
function	of	heterologously	expressed	proteins	such	as	the	Yarrowia 
lipolytica and the mammalian brown- fat mitochondrial uncoupling 
proteins	 (UCPs)	 (Guerrero-	Castillo	et	al.,	 2011).	Thus,	when	 it	was	
observed that Wolbachia grew in S. cerevisiae, the system was char-
acterized	 and	 the	 effects	 of	Wolbachia infection on its host were 
analyzed.

Growing	Wolbachia in insect cell cultures or in live hosts presents 
difficulties that have precluded detailed biochemistry and physiology 
studies	(Baldridge	et	al.,	2014;	Khoo,	Venard,	Fu,	Mercer,	&	Dobson,	
2013). Here, we used the S. cerevisiae strain W303 as an alternative 
host for Wolbachia wAlbB	 and	 analyzed	 the	 host/endosymbiont	
system.	 Infected	 yeasts	 died	 earlier	 than	 controls.	 This	 probably	

resulted	from	an	abnormally	high	mitochondrial	oxidative	phosphor-
ylation activity observed at late stages of growth. Understanding 
Wolbachia and host- Wolbachia interactions holds great promise for 
medical, parasitological, and biotechnological applications.

2  | E XPERIMENTAL PROCEDURES

2.1 | Aa23 cell line maintenance

Aa23 cell line (Aedes albopictus infected with wAlbB) (O’Neill et al., 
1997) was kindly donated by Professor Anne Fallon (U. Minnesota) 
and	maintained	 in	 Eagle’s	minimal	 essential	medium	 (MEM,	 Sigma	
Chemical	Co.	M0643).	MEM	was	 supplemented	as	 indicated	else-
where	 (Shih,	 Gerenday,	 &	 Fallon,	 1998).	 The	 medium	 was	 filter-	
sterilized	(Millipore,	0.22	μm) and stored in 200 ml aliquots at 4°C. 
Prior to use, heat- inactivated fetal bovine serum (FBS; 30 min at 
56°C)	was	added	to	a	final	concentration	of	10%	(Shih	et	al.,	1998).	
The	insect	cell	line	was	grown	on	True	Line	TR	4003	140	mm	sterile	
petri	dishes	at	27°C	in	a	5%	CO2	atmosphere	(ESCO	CelCulture	CO2 
incubator or in Corning culture flasks, Shanghai, China). Subcultures 
were	performed	in	a	1:10	split	at	90%	confluence.	A	sample	from	this	
cell line was treated with tetracycline to eliminate Wolbachia infec-
tion	(Aa23Tet)	(Dobson,	Marsland,	Veneti,	Bourtzis,	&	O’Neill,	2002).

2.2 | Cell viability assays

Viability of Aa23 cell line, Wolbachia or yeast was assessed using 
the BacLight live- dead staining kit (Molecular Probes, Carlsbad, CA). 
Ten microliters of cell suspension were stained according to the 
manufacturer suggested protocol and viewed in an epifluorescence 
NIKON	microscope.

2.3 | Failed attempts to grow Wolbachia ex- vivo and 
a serendipitous finding

The original idea was to find a system where Wolbachia would grow 
ex-	vivo.	To	do	this,	diverse	protocols	used	for	other	endosymbionts	
such as Sodalis and Coxiella	were	 followed	 (Dale	&	Maudlin,	1999;	
Omsland	et	al.,	2009,	2013).	It	was	found	that	some	components	did	
improve survival in isolated Wolbachia, even if we never observed 
substantial growth. Some of these agents were: (1) Trehalose and 
other compatible solutes such as mannitol, glycerol and sucrose, 
known	to	stabilize	pollen	(Crowe,	Reid,	&	Crowe,	1996;	Leslie,	Israeli,	
Lighthart, Crowe, & Crowe, 1995) and isolated proteins (Sampedro 
& Uribe, 2004) (2) Actin, which supports binding and movements 
of some endosymbionts in vivo. (3) Catalase which deactivates hy-
drogen	 peroxide	 (Dale	&	Maudlin,	 1999)	 and	 (4)	 Blood	 from	 large	
mammals, which has been used to grow Sodalis	 (Dale	 &	Maudlin,	
1999) and increases Wolbachia	titers	(Amuzu,	Simmons,	&	McGraw,	
2015; McMeniman, Hughes, & O’Neill, 2011). Human blood was also 
effective.

First, we tried growing Wolbachia using sheep blood. However, 
it	was	easily	contaminated	at	 the	sites	of	extraction,	 so	cultures	
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had to be discarded often. On one occasion we obtained positive 
wsp gene amplification from a yeast colony grown in one of the 
agar plates. Out of curiosity, we studied the host, which turned out 
to be S. cerevisiae. From this accidental finding we decided to test 
a known strain of S. cerevisiae as an alternative host. We learned 
that, in order to support growth of Wolbachia, yeast culture media 
needed to be supplemented with blood, which eventually was sub-
stituted	with	 ammonium	 ferric	 citrate	with	excellent	 results	 and	
none of the contamination problems. Neither compatible solutes, 
nor catalase nor actin enhanced growth. The second addition 
needed was bovine fetal serum, which was present in all original 
growth media but not in yeast culture media. FBS was titrated and 
we	ended	up	using	1%.

Among laboratory strains, infection was successful in W303 and 
NB40,	while	 infection	%	 in	BY	was	milder	 (Figure	1).	The	S. cerevi-
siae strain W303- 1A (MATα; ura3- 1; trp1Δ 2; leu2- 3,112; his3- 11,15; 
ade2-	1;	can1-	100)	(Gutierrez-	Aguilar	et	al.,	2014),	where	Wolbachia 
was	abundant	at	10	days	of	infection	was	chosen	for	further	exper-
iments	(See	Results).

2.4 | Wolbachia wAlbB 
infection of the Saccharomyces cerevisiae W303 yeast 
strain (wScW303)

A first yeast infection was performed following a modified cell 
line	 infection	 protocol	 (Dobson	 et	al.,	 2002).	 All	 procedures	 were	
performed under sterile conditions. The Aa23 cell line (containing 
Wolbachia) was grown in Corning cell culture flasks (225 cm2) as 
described in (Shih et al., 1998). After 20 days of culture, cells were 
scrapped and concentrated by centrifugation at 3,000g for 5 min. 
For	homogenization,	~1*107	cells	were	resuspended	in	10	ml	Eagles	
medium	and	vortexed	for	10	min	with	(50%	v/v)	3	mm	sterile	borosili-
cate	glass	beads	(Rasgon,	Gamston,	&	Ren,	2006).	The	homogenate	
was centrifuged at 3,000g for 10 min to remove unbroken cells. The 
supernatant was passed through a 2.7 μm syringe filter and the fil-
trate containing bacteria was centrifuged at 16,500g for 10 min. The 
pellet was resuspended in 2 ml of Mitsuhashi- Maramorosch medium 
(MM) supplemented with 1 mmol L−1 ammonium ferric citrate and 
20%	fetal	bovine	serum	(FBS)	(MM	Fe	FBS).	In	parallel,	yeasts	were	

F IGURE  1  Infection	of	Saccharomyces cerevisiae with Wolbachia.	(a)	FISH	using	a	Wolbachia	16S	rDNA	specific	probe	labeled	with	Quasar	
670 (pink) was performed on 14 day old cultures of infected and control S. cerevisiae strains W303 (ScW303), BY (ScBY), and NB40 (ScNB40) 
(b)	After	14	days	postinfection,	the	percentage	of	infected	cells	were	counted	as	those	with	positive	hybridization.

(a)

(b)
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grown	in	a	liquid	YPD	culture	for	3	hr,	harvested	and	centrifuged	at	
3,000g	for	3	min.	Culturing	yeast	in	low	oxygen	environments	pre-
vents thickening of the cell wall (Aguilar- Uscanga & Francois, 2003; 
Smith	et	al.,	2000;	Avrahami-	Moyal,	Braun,	&	Engelberg,	2012).	To	
induce contact between bacteria and yeast both bacteria (the whole 
2	ml	sample)	and	yeast	 (60	mg	ww)	were	mixed	and	centrifuged	at	
2,500g	for	1	hr	at	20°C	(Dobson	et	al.,	2002).	Bacteria-	infected	yeast	
were plated (all 2 ml) on a Petri dish containing MM supplemented 
with 1 mmol L−1	 ammonium	 ferric	 citrate	 plus	 25%	 v/v	 outdated	
human	 packaged	 erythrocytes	 and	 2%	 agar	 (MM	 Fe-	blood)	 and	
incubated	 at	 27°C	 in	 a	 5%	CO2	 chamber	 (ESCO,	Cell	 Culture	CO2 
incubator,	Singapore)	for	14	days	 (Dale	&	Maudlin,	1999).	 Infection	
was	confirmed	by	FISH	and	PCR.	Infected	yeast	was	transferred	to	
a fresh agar plate every month for up to 6 months, then yeast was 
discarded and a new sample was used. Some aliquots were added 
with	40%	glycerol,	frozen	and	stored	at	−80°C,	these	samples	have	
remained infective for nearly 10 months.

To transfer Wolbachia from yeast to yeast, slight modifications 
to the protocol were made: An aliquot of 100 μl of yeast taken from 
a	 glycerol-	frozen	 sample	or	 a	 loophole	of	 infected	 yeast	 cells	was	
diluted	 in	2	ml	YPD	Fe	20%	FBS	and	plated	 in	YPD	Fe-	blood	agar	
plates,	which	were	grown	in	5%	CO2. After 14 days, all cells grown in 
a Petri dish were collected and washed by centrifugation at 3,000g 
for 3 min at 20°C with sterile water and the pellet was suspended 
in	10	ml	MM.	The	suspension	was	vortexed	for	10	min	in	the	pres-
ence	of	0.425–0.600	mm	sterile	borosilicate	glass	beads	 (60%	v/v)	
to disrupt yeast cells (note that beads were smaller than those used 
for	 insect	 cell	 lines).	Disrupted	 yeasts	were	 centrifuged	 at	 3,000g 
for 10 min and the supernatant was centrifuged again 3,000g for 
10 min. The washed supernatant was filtered through different 
0.8–0.65–0.45 μm syringe filters. Again, we used filters with smaller 
pores	 than	 those	used	 for	 cell	 lines	due	 to	 the	 small	 size	of	 yeast	
cells. The last filtrate was centrifuged at 16,500g for 10 min. The 
pellet	(~60	mg	ww)	was	suspended	in	2	ml	MM	Fe	FBS	and	used	to	
infect yeast from 3- h cultures as described above. The yeast–bac-
terium	mixture	was	plated	in	a	YPD	Fe	agar	plate	and	incubated	at	
27°C	with	5%	CO2	for	at	least	7	days.	Infection	was	evaluated	using	
FISH	and	PCR.

2.5 | Culture and maintenance of wAlbB-infected 
Saccharomyces cerevisiae W303

Infected	S. cerevisiae	strains	were	kept	in	YPD	plus	1	mmol	L−1 am-
monium ferric citrate agar plates. When transferring to liquid me-
dium, a loophole from the desired strain was suspended in 100 ml of 
sterile	YPDS	and	incubated	at	28°C,	130	rpm	for	48	hr.	Precultures	
were	decanted	in	one	liter	YPDS	and	incubated	at	the	same	condi-
tions for up to 14 days. When transferring from solid to solid media, 
a	loophole	of	yeast	was	suspended	in	1	ml	YPD	supplemented	with	
1 mmol L−1	 ammonium	 ferric	 citrate	 plus	 20%	 FBS	 and	 plated	 on	
YPD	agar.	A	cell	passage	every	2–3	weeks	was	performed	in	order	to	
maintain the infection. When it was desired to eliminate Wolbachia 

from yeast, tetracycline 30 μg/ml was added five consecutive times 
to	the	medium	as	passages	were	performed	(Dobson	et	al.,	2002).

2.6 | Wolbachia wAlbB infection of the C6C36 Aedes 
albopictus cell line

To determine whether Wolbachia cells retained its infective abil-
ity after all treatments, Wolbachia were isolated from S. cerevisiae 
grown	in	liquid	YPD	Fe	1%	FBS	and	they	were	tested	for	infection	
against a C6C36 insect cell line.

2.7 | Wolbachia surface protein (wsp) gene PCR 
identification

The Wolbachia wsp gene was amplified using the following prim-
ers: wsp	 81F	 (5′	 TGGTCCAATAAGTGATGAAGAAAC	 3′)	 and	 wsp 
691R	 (5′	 AAAAATTAAACGCTACTCCA	 3′)	 (Braig,	 Zhou,	 Dobson,	
& O’Neill, 1998) in a 25 μl reaction volume using recombinant Taq 
DNA	polymerase	(Thermo	Fisher	Scientific).	PCR	amplification	was	
performed as reported elsewhere (Braig et al., 1998; Xi, Khoo, & 
Dobson,	2006).	The	PCR	product	was	electrophoresed	on	a	1%	aga-
rose	gel	and	stained	with	ethidium	bromide.	PCR	product	was	puri-
fied	using	a	GeneJET	PCR	purification	Kit	(Thermo	Fisher	Scientific)	
and	 sequenced	 in	 the	 Molecular	 Biology	 Unit	 at	 the	 Institute	 of	
Cellular Physiology, UNAM.

2.8 | Fluorescence in- situ hybridization (FISH)

Wolbachia	16S	rDNA	oligonucleotide	probe	labeled	with	Quasar	670	
dye (λem647, λex670)	 W1,	 5′-	AATCCGGCCGARCCGACCC-	3′	 was	
used	 for	 FISH	 assays	 (Heddi,	 Grenier,	 Khatchadourian,	 Charles,	 &	
Nardon, 1999). One milliliter of the desired culture was centrifuged 
at 3,000g for Aa23, C6C36 and yeast, and 18,500g for purified 
Wolbachia for 5 min. Protocol was followed as reported elsewhere 
(Genty,	Bouchon,	Raimond,	&	Bertaux,	2014).	Samples	were	viewed	
in a FluoView FV- 1,000 Olympus confocal microscope, NA 1.4 
with	 a	100X	objective.	 Images	were	 analyzed	with	 the	FV-	Viewer	
Olympus software.

2.9 | Z- cut images for cell reconstruction

Fourteen day old infected and noninfected yeast samples were visu-
alized	with	a	Olympus-	FV1000	or	FV-	3000	microscopes.	Z-	cut	im-
ages	were	 reconstructed	using	 Imaris	 7.2.1	 and	 Image	 J	 software.	
Calcofluor- white (0.05 mmol L−1	 in	20%	DMSO-	20	mmol	L−1 Bicine 
Buffer) was used to stain fungus cell wall.

2.10 | Antibodies

Primary antibodies: Mouse monoclonal Anti- Wolbachia Surface 
Protein	 NR-	31029	 was	 from	 BEI	 Resources,	 NIAID,	 NIH.	 Mouse	
monoclonal	Anti-	VDAC	was	from	Abcam.	Secondary	antibody:	HRP	
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coupled	Anti-	mouse	antibody	from	Jackson	ImmunoResearch	(West	
Grove,	PA).

2.11 | Western blot

A loophole from yeast grown in solid media was suspended in 200 μl 
of water; otherwise, 200 μl from liquid culture samples were cen-
trifuged at 3,000g for 5 min and washed twice in water. The pellet 
was	solubilized	in	200	μl	RIPA	buffer	(25	mmol	L−1 Tris•HCl pH 7.6, 
150 mmol L−1	NaCl,	1%	NP-	40,	1%	sodium	deoxycholate,	0.1%	SDS)	
supplemented with protease inhibitors 1 mmol L−1 PMSF (Sigma- 
Aldrich)	 and	 Complete	 protease	 inhibitor	 cocktail	 (Roche-	CO-	RO)	
as recommended by the abcam protocol. Samples were lysed in a 
Sonics	VibraCell	sonicator	 (Sonics	&	materials,	 Inc.,	Newtown,	CT)	
at	80%	amplitude	for	10	s	and	left	under	agitation	in	a	Multi-	Vortex	
V-	32	(Biosan,	Riga,	Latvia)	for	30	min	at	4°C.	Samples	were	centri-
fuged at 15,160g for 5 min. The supernatant was recovered and pro-
tein concentration was measured by Bradford in a PolarStar Omega 
(BMG	labtech,	Ortenberg,	Germany)	[(Bradford,	1976)	#64].	Samples	
were diluted in a 4X buffer (500 mmol L−1	Tris,	pH	6.8,	10%	glycerol,	
10%	SDS,	0.05%	beta-	mercapto-	ethanol,	 and	0.01%	bromophenol	
blue)	and	boiled	for	5	min.	SDS/PAGE	was	performed	in	10%	poly-
acrylamide gels and electrotransferred to poly(vinylidenedifluoride) 
membranes	 as	 reported	 elsewhere	 (Chiquete-	Felix	 et	al.,	 2009).	
Membranes	were	blocked	with	5%	Blotto	nonfat	dry	milk	in	TBS-	T	
(50 mmol L−1 Tris, 104 mmol L−1	NaCl,	 pH	7.6,	 0.1%	Tween	20)	 for	
1 hr, and incubated overnight at 4°C with the primary antibody. 
Membranes were washed with TBS- T and incubated at 37°C for 
1 hr with secondary antibody. Membranes were washed again and 
the	 bands	 were	 developed	 by	 chemiluminescence	 using	 an	 ECL	
kit	 (Amersham	 Biosciences,	 GE,	 Healthcare)	 (Chiquete-	Felix	 et	al.,	
2009).	PVDF	membranes	were	stripped	as	indicated	by	abcam	pro-
tocol	using	a	mild-	stripping	buffer,	blocked	with	5%	Blotto	nonfat	dry	
milk in TBS- T and reprobed with a different antibody as indicated.

2.12 | Transmission electron 
microscopy of wScW303

Infection	was	assessed	by	transmission	electron	microscopy	(TEM)	
following a protocol from (Sun et al., 2015). Briefly, 500 μl of cells 
were harvested from 100 ml cultures of infected and uninfected 
Saccharomyces cerevisiae cultures form the first unintentional in-
fection (wSc) at 10 days and wScW303 of fourteen days. Yeast 
and Wolbachia samples were washed twice in distilled water at 
740 g for 5 min for yeast and 23400 g for 10 min for bacteria in an 
Eppendorff	Centrifuge	5415C.	Samples	were	fixed	 in	2%	KMnO4 
at	 4°C	 overnight.	 Next	 day,	 samples	 were	 washed	 for	 15	min	
with	 deionized	 water	 six	 times	 and	 dehydrated	 with	 sequential	
10-	minute	washes	with	 50%,	 70%,	 80%,	 90%	 ethanol	 and	 three	
washes	with	 100%	 ethanol.	 Samples	were	washed	with	 ethanol-	
propanone (1: 1) for 8 min, then with anhydrous propanone for 
5	min,	 then	with	 propanone-	EPON	821	 (3:	 1)	 for	 1	hr	 and	 left	 in	
propanone-	EPON	 821	 (1	 :	 3)	 overnight.	 Next	 day,	 samples	were	

concentrated	and	resuspended	in	propanone-	EPON	821	(1:	1)	for	
1 hr. Then, samples were concentrated again and left in resin for 
24 hr. Then they were incubated for 12 hr at 37°C and then further 
incubated	for	36	hr	at	60°C.	Resins	were	cut	into	70	nm	slices	on	
an	ultra-	microtome	(Ultracut	Reicheit-	jung)	and	observed	in	a	JEOL	
JEM-	1200	 EXII	 electron	microscope.	 Data	were	 processed	 using	
Gatan	Digital	Micrograph	Software.

2.13 | Mitochondrial (or Mitochondria/Wolbachia 
mixture) isolation

Yeast were centrifuged at 3,000g for 5 min, washed twice in water 
and	resuspended	in	MES-	mannitol	buffer	(5	mmol	L−1	MES,	0.6	mol	L−1 
mannitol,	0.1%	BSA	pH	6.8	adjusted	with	triethanolamine).	Yeast	were	
disrupted	using	a	Bead	Beater	 cell	homogenizer	 (Biospec	Products,	
OK, USA, final volume 50 ml) with 0.425–0.6 mm glass beads dur-
ing three 20 s pulses separated by 40 s resting periods in ice (Uribe, 
Rangel,	Espínola,	&	Aguirre,	1990).	The	homogenate	was	differentially	
centrifuged to isolate mitochondria similar to described in (Peña, Piña, 
Escamilla,	&	Piña,	1977).	Briefly,	cells	were	centrifuged	at	1,100g for 
5 min. The supernatant was centrifuged at 9,798g for 10 min and the 
pellet	was	 resuspended	 in	MES-	mannitol	 buffer	 and	 centrifuged	 at	
3,000g for 5 min. Finally, the supernatant was centrifuged at 17,500g 
for 10 min. The resulting pellet was resuspended in minimal volume 
and	 protein	 concentration	 was	 measured	 by	 Biuret	 (Gornal,	 1957)	
using a Beckman Coulter spectrophotometer at 540 nm.

2.14 | Oxymetry

Mitochondrial high resolution respirometry was assessed in an 
Oroboros	 oxygraph	 (Oroboros	 Intrs	 Corp,	 Innsbruck,	 Austria)	
using 5 mmol L−1	MES,	0.6	mol	 L−1 mannitol pH 6.8, 10 mmol L−1 
KCl and 4 mmol L−1 Pi at 30°C. Final volume in the closed cham-
ber was 1.5 ml with a protein concentration of 0.5 mg prot/ml. 
Bacterial protein concentration of 0.5 mg prot/ml was used. The 
trace was started by the addition of 5 mmol L−1 of the indicated 
substrate:	 glycerol-	3-	phosphate,	 ethanol,	 NADH,	 pyruvate-	
malate,	succinate,	glutamine	or	glutamate.	For	Complex	IV	evalua-
tion, 5 mmol L−1 ascorbate (pH 7.6)-  0.05 mmol L−1	TMPD	was	used	
(Uribe,	Ramirez,	&	Peña,	1985).	Respiratory	control	was	measured	
using 0.5 μl/ml	ethanol	 to	 induce	state	 II	 respiration	and	1	mmol	
L−1	ADP	 to	 induce	 the	 phosphorylated	 state	 (Uribe	 et	al.,	 1985).	
Respiratory	chain	inhibitors	were	used	in	the	following	concentra-
tions: 0.1 μmol L−1 rotenone, 0.15 mmol L−1 flavone, 0.1 μmol L−1 
antimycin A, and 2 mmol L−1 cyanide (Uribe et al., 1985).0.5 μmol 
L−1	CCCP	was	added	as	an	uncoupler.	Data	were	analyzed	using	the	
Oroboros Lab software.

2.15 | Electrophoretic techniques and in- 
gel activities

Blue	native	gel	electrophoresis	(BN-	PAGE)	and	high-	resolution	clear	
native	electrophoresis	 (hrCN-	PAGE)	were	performed	as	 in	 (Wittig,	
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Braun, & Schägger,2006; Wittig, Karas, & Schägger, 2007). Whole 
cells	were	solubilized	with	2	mg	dodecylmaltoside/mg	protein	plus	
1 mmol L−1	PMSF	and	Complete	protease	inhibitor	cocktail	(Roche-	
CO-	RO)	and	shaken	for	30	min	at	4°C.	Membranes	were	centrifuged	
at 23,680g at 4°C for 1 hr. Protein concentration in the supernatants 
was determined by Bradford (1976). Between 0.1 and 0.15 mg of 
protein	were	loaded	in	5%–15%	polyacrylamide	gradient	gels.	When	
hr-	CN	PAGE	electrophoresis	was	performed	0.01%	Lauryl	maltoside	
and	0.05%	sodium	deoxycholate	were	added	to	the	cathode	buffer	
[(Wittig	et	al.,	2007)	#69].	Gels	were	run	for	about	an	hour	at	15	mA/
gel	in	a	Bio-	rad	electrophoresis	chamber.	In-	gel	NADH-	NBT	oxido-	
reductase (100 μg	protein),	succinate-	NBT	oxido-	reductase	(150	μg 
protein), cytochrome c	oxidase	 (100	μg protein), and in- gel ATPase 
(100 μg protein) activities were done as reported previously (Uribe- 
Alvarez	 et	al.,	 2016).	 20	μg	 protein	 of	 solubilized	 Bovine	 Heart	
Mitochondria (BHM) were loaded in each gel as controls.

2.16 | LC- MALDI- MS/MS

Indicated	 bands	 from	 hr-	CN	 PAGE	 or	 BN-	PAGE	 were	 enzymati-
cally	 digested,	 separated	 on	 a	HPLC	 EkspertnanoLC	 425	 (Eksigent,	
Redwood	 City	 CA)	 and	 analyzed	 in	 a	 MALDI-	TOF/TOF	 4800	 Plus	
mass	spectrometer	(ABSciex,	Framingham	MA)	(Shevchenko,	Tomas,	
Havli,	Olsen,	&	Mann,	2006)	in	the	Unidad	de	Genómica,	Proteómica	
y	Metabolómica,	CINVESTAV-	IPN.	Generated	MS/MS	spectra	were	
compared	using	Protein	Pilot	 software	v.	4.0	 (ABSciex,	Framingham	
MA) against the Saccharomyces cerevisiae ATCC 204508 database 
(downloaded of Uniprot, 6721 protein sequences) and Wolbachia 
genus database (downloaded of Uniprot, 47781 protein sequences) 
using Paragon algorithm.

3  | RESULTS

3.1 | At the expense of its own viability, the artificial 
host Saccharomyces cerevisiae W303 supports growth 
of Wolbachia wAlbB

To study Wolbachia (wAlbB) large biomass yields plus a host that is 
easy to manipulate are needed. After testing different alternatives 
(see Methods), it was discovered that different S. cerevisiae strains 
were susceptible to infection and supported active Wolbachia 
proliferation. At 14 days of infection, Wolbachia grew efficiently 
in S. cerevisiae strains W303 (ScW303) and NB40 (ScNB40), while 
strain BY (ScBY) supported only a weak infection (Figure 1a). After 
14	days	 the	 percentage	 of	 infected	 cells	 counted	 by	 FISH	 using	
probes against the Wolbachia	 16S	 rDNA	 was	 71.8%	±	8.7%	 for	
ScW303	and	52.3%	±	14.3%	for	ScNB40, while in ScBY less than 
20%	cells	were	positive	for	FISH	(Figure	1b).	Strain	ScW303 was 
chosen for further studies. ScW303	maintains	high	rate	of	oxida-
tive phosphorylation regardless of the carbon source, it is highly 
resistant	 to	 oxidative	 stress	 (Ocampo,	 Liu,	 Schroeder,	 Shadel,	&	
Barrientos, 2012) and it has a weak cell wall (Avrahami- Moyal 
et al., 2012). Strains used in this study are detailed in Table S1.

3.2 | Proliferation of Wolbachia in ScW303 was 
further confirmed using different independent 
methods as follows (Figure 2)

3.2.1 | PCR of the Wolbachia outer surface protein 
gene (wsp)

Both the Aa23 cell line (Figure 2a) and infected S. cerevisiae 
(wScW303)	 (Figure	2b)	 amplified	 650	bp	 fragments	 exhibiting	 se-
quences	100%	identical	to	the	surface	protein	of	the	Wolbachia en-
dosymbiont of Aedes albopictus	(NCBI	database:	KC242223.1)	(Table	
S2).	PCR	amplification	bands	were	not	observed	in	the	tetracycline-	
treated Aa23 cell line (Figure 2a, Aa23 Tet) and in the noninfected 
yeast (Figure 2b, ScW303). Tetracycline used continuously in cell 
cultures is reported to kill Wolbachia	(Dobson	et	al.,	2002).

3.2.2 | Western Blot analysis detected Wolbachia 
wsp in S. cerevisiae
In	the	Aa23	cell	line,	a	~37	kDa	protein	corresponding	to	the	Wolbachia 
Surface protein (wsp) was revealed with anti wsp antibodies (Bei re-
sources,	 NIH,	 MD)	 (Figure	2c,	 Aa23).	 This	 band	 disappeared	 after	
growth	 in	 the	 presence	 of	 tetracycline	 (Aa23	 Tet).	 VDAC	 (Voltage	
dependent	anionic	channel)	protein	was	used	as	a	loading	control.	In	
non–infected yeast wsp was not detected, (Figure 2c, ScW303), while 
in infected yeast the wsp western blot signal was first detected at 
day 3 and increased gradually up to day 10, remaining stable until day 
14 (Figure 2c, wScW303). (For images of original Western Blots, see 
Figure S1a). When tetracycline was added to the medium, the wsp sig-
nal decreased, disappearing by day 10 (Figure S1b, wScW303Tet).

3.2.3 | Normal growth and early death were 
observed in infected S. cerevisiae

During	 the	 first	 12	days	 of	 culture,	 growth	 curves	 of	 infected	
wScW303 were similar to the controls (Figure 3a). Then, begin-
ning at day 14, wScW303 absorbance decreased. Cell wall degra-
dation (Figure S2) and viability staining (Figure 3b) confirmed that 
wScW303 viability was rapidly lost during the late stages of the sta-
tionary phase, from 14 to 18 days of culture.

In	 addition,	 during	 growth	 the	 transcriptional	 activity	 of	
both S. cerevisiae	 18S	 rRNA	 and	 the	Wolbachia wsp were tested. 
Transcription was high in S. cerevisiae from the first day, decreased 
at day fourteen and became negligible at days 16 and 18 (Figure 3c). 
In	 contrast,	 transcription	 of	 the	wsp from Wolbachia became de-
tectable	 only	 after	 3	days,	 increased	 exponentially	 until	 day	 10	
and remained constant until day 14. Then, at days 16 and 18, tran-
scription decreased abruptly (Figure 3c). Transcription data in the 
Wolbachia/S. cerevisiae system indicated that Wolbachia activity 
grew later than S. cerevisiae,	reaching	a	maximum	at	10	days.	Later,	
beginning at 14 days both transcription activities decreased abruptly 
in parallel with the death of the host.
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3.2.4 | Yeast cell/endosymbiont images were 
observed by staining S. cerevisiae with Calcofluor 
white and wAlbB with Quasar 670

Both	 the	 western	 blot	 and	 the	 RT-	PCR	 experiments	 suggested	
that Wolbachia grew in the presence of S. cerevisiae becoming 
abundant	at	days	10–14.	In	order	to	determine	whether	Wolbachia 
was inside yeast, samples from infected and noninfected yeast 
cells	from	14-	day	old	cultures	were	hybridized	using	a	Wolbachia 
specific	16S	 rDNA	probe	 labeled	with	Quasar-	670	 (FISH).	Then,	
the yeast cell wall was stained with Calcofluor white (Figure 4, 
Movie S1, Movie S2), Staining of the S. cerevisiae cell wall allowed 
observation of labeled bacteria inside yeast. Figure 4 shows 
that	 the	Quasar-	670	 label	was	detectable	only	 in	wScW303 and 
not in ScW303.	Merge	 of	 the	Calcofluor,	Quasar-	670	 and	Clear	
field (Light) images show bacteria are inside the cell (Figure 4). 
Tridimensional	reconstructions	of	z-	cuts	performed	in	a	wScW303 
sample show the intracellular location of different bacteria (mov-
ies	S1	and	S2).	 In	 the	periphery	of	movies	S1	and	S2,	 few	 inde-
pendent bacterial labels were detected, which we speculate, may 
come from bacteria inside heavily deteriorated host cells whose 
cell wall was not stained by Calcofluor (movies S1 and S2).

3.2.5 | TEM images detected Wolbachia inside 
S. cerevisiae

Transmission electron microscopy images further suggested the 
intracellular location of Wolbachia. Cultures of 10 and 14 days of 
control and infected S. cerevisiae	were	analyzed.	In	 infected	yeast	
cells (Figure 5b–f, g), bacteria- like bodies (Figure 5, labeled *) that 
are not present in the uninfected yeast (Figure 5a and d) can be 

observed. At 10 days both infected and noninfected yeast present 
mitochondria, which can be identified by the presence of inner 
membrane	cristae	(Figure	5,	labeled	m).	In	contrast	14	day-	old	cul-
tures of ScW303 lost most mitochondrial structures, which suggest 
that these organelles are dysfunctional probably because cells are 
in	late	stationary	phase.	In	contrast,	14	days-	old	infected	wScW303 
show Wolbachia plus mitochondria where the typical cristae pat-
tern may be observed, suggesting abnormal preservation of mito-
chondria	in	infected	yeast	(Figure	5e–g).	In	wScW303 cultures, we 
can observe different cell images: most cells had an intact plasma 
membrane and contained mitochondria and bacteria- like bodies in-
side	(Figure	5e).	Other	cells	exhibited	damaged	membranes	but	the	
bacteria like structures were still present (Figure 5f). Among the 
whole population, we found some budding yeast, where bacteria- 
like bodies can be seem concentrated in the bud (Figure 5g). None 
of the latter populations was found in control ScW303 cultures.

3.2.6 | Wolbachia-infected yeast retained high 
mitochondrial oxidative phosphorylation activity for 
abnormally long periods

A	possible	mechanism	for	the	early	death	of	infected	yeast	was	ex-
plored in our infected ScW303/wAlbB	system.	This	system	exhibited	
an abnormal preservation of mitochondria (Figure 5), so it was logi-
cal	to	explore	aerobic	metabolic	activity.	The	relationship	between	
Wolbachia and aerobic metabolism in the host is a matter of con-
troversy. Some authors have proposed that these endo- cellular or-
ganisms possess an aerobic metabolism that contributes to overall 
activity (Strübing et al., 2010) while others suggest that Wolbachia 
optimizes	 aerobic	 metabolism	 by	 supplying	 heme	 groups	 for	 res-
piratory	complexes	(Darby	et	al.,	2012;	Fallon,	Baldridge,	Carroll,	&	

F IGURE  2 Detection	of	Wolbachia in Saccharomyces cerevisiae W303. (a) Agarose gel electrophoresis of the wsp	PCR	products	predicted	
as	a	~600	bp	band	in	the	Aa23	cell	line.	Lanes:	M,	Invitrogen	1	kb	plus	DNA	ladder;	Aa23,	infected	cell	line;	Aa23	Tet,	noninfected	cell	line.	
(b) Agarose gel electrophoresis of the wsp	PCR	products	for	S. cerevisiae.	Lanes:	M,	Invitrogen	1	kb	plus	DNA	ladder;	ScW303, uninfected 
original yeast; wScW303,	infected	yeast.	(c)	Western	blot	against	the	wsp	and	VDAC	proteins.	First	row,	first	lane	Aa23	infected	cell	line	and	
second	lane	Aa23∆w	tetracycline-	cured	cell	line.	Yeast	samples	were	taken	at	1,	3,	5,	7,	10,	and	14	days	postinfection.	A	positive	control	was	
taken	from	a	20	day	YPD-	2%	agar	culture	infected-	wScW303. Negative control was a noninfected sample ScW303

(a) (b) (c)
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Kurtz,	2014;	Foster	et	al.,	2005;	Heddi	et	al.,	1999;	Strübing	et	al.,	
2010).	Thus,	we	decided	to	evaluate	oxidative	phosphorylation	ac-
tivities in our system, which preserved mitochondrial structure be-
yond the stationary phase (Figure 5).

When isolation of Wolbachia was attempted, it was found that 
the bacterium and mitochondria migrated together (Baldridge et al., 

2014;	Uribe	 et	al.,	 1985).	 Thus,	 it	was	 decided	 to	 characterize	 ox-
idative phosphorylation activity in the mitochondria/Wolbachia 
mixture	 and	 then	determine	 the	 contribution	of	 each	 entity	 using	
different	bioenergetics	techniques.	The	rate	of	oxygen	consumption	
was measured using ethanol as a substrate (Table 1). We isolated 
the mitochondria/Wolbachia fraction from either one- day cultures 

F IGURE  4 Wolbachia in calcofluor- labeled S. cerevisiae.	Infected	(wScW303) and noninfected (ScW303) S. cerevisiae	cells	were	hybridized	
with	the	16S	rDNA	Wolbachia	probe	(Quasar	670,	pink).	Then,	the	yeast	cell	wall	was	stained	with	calcofluor-	white	(Calcofluor,	blue)	to	
confirm the endosymbiosis. Merge images are shown to evaluate the presence of Wolbachia inside yeast

F IGURE  3 S. cerevisiae growth, viability, and transcriptional activity in the absence and presence of Wolbachia.	(a)	Growth	curves	
of ScW303 and wScW303	grown	in	YPDS	at	30°C,	130	rpm	for	18	days.	(b)	Yeast	cell	viability	in	different	days	of	culture	quantified	by	
microscopy with the BacLight viability kit. (c) Amplification of the wsp gene of Wolbachia	and	the	18S	rRNA	gene	of	S. cerevisiae of samples 
taken at different days of culture

(a) (b)

(c)
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where there are very few Wolbachia cells or from 14- day cultures, 
where Wolbachia	numbers	were	high	(Table	1).	 In	one-	day	cultures	
from ScW303 and wScW303 respiratory activities were very sim-
ilar.	 However,	 at	 14	days	 the	 rates	 of	 oxygen	 consumption	 and	
respiratory	controls	 (RC)	were	widely	different	as	 follows:	 In	non-
infected	 yeast,	 both	 the	 rate	 of	 oxygen	 consumption	 and	 respira-
tory	 control	 decreased	 at	 the	 expense	 of	 state	 3	 inhibition,	while	
in contrast, wScW303	 retained	high	 rates	 of	 oxygen	 consumption	
plus high respiratory controls, i.e. in 14- day old Wolbachia- infected 
yeast	exhibited	high	oxidative	phosphorylation	activity,	 consistent	
with	the	presence	of	mitochondria	observed	by	TEM	in	the	infected	
cells (Table 1).

3.2.7 | In the presence of Wolbachia the 
activity of different mitochondrial respiratory 
complexes was preserved

In	 the	 isolated	mitochondria/Wolbachia	mixture,	we	 tested	spe-
cific	 substrates	 for	 each	 respiratory	 chain	 complex/enzyme	
(Table	S3).	 In	one-	day	cultures	the	rates	of	oxygen	consumption	
were similar in infected and noninfected S. cerevisiae	(Figure	6).	In	

aged	mitochondria	from	noninfected	yeast,	external	NADH	dehy-
drogenase	 (NDH2e,	Pyruvate-	Malate),	 succinate	dehydrogenase	
(Succinate)	 and	 Complex	 IV	 (Ascorbate-	TMPD)	 activities	 were	
strongly	diminished.	In	contrast,	 in	the	14	day-	old	mitochondrial	
fractions from Wolbachia- infected cells, respiratory activities 
in the presence of glycerol- 3- phosphate, pyruvate- malate, and 
succinate were increased in comparison to 1- day cultures. Since 
S. cerevisiae	 does	 not	 have	 complex	 I	 and	 pyruvate-	malate	 de-
pendent	 respiration	was	 insensitive	 to	 rotenone,	 redox	 activity	
was	most	 likely	 from	 the	mitochondrial	NDH2	and	not	a	bacte-
rial	 complex	 I.	 Succinate	 oxidation	was	 completely	 inhibited	 by	
antimycin	 A,	 indicating	 the	 absence	 of	 an	 alternative	 oxidase.	
Complex	 IV	 and	 NADH-	dependent	 oxygen	 consumption	 rates	
were still decreased as compared to mitochondria from one- day 
cultures (Figure 6). Other respiratory substrates, namely glu-
tamate	 and	 glutamine,	which	 are	 used	by	Rickettsia	 (Winkler	&	
Turco,	1988)	where	assayed	and	they	did	not	support	oxygen	con-
sumption. The respiratory activities measured indicate that the 
mitochondria/Wolbachia fractions from the infected and nonin-
fected yeast consume the same substrates and are inhibited by 
the same respiratory chain inhibitors.

F IGURE  5 Electron	microscopy	images	of	infected	and	noninfected	Saccharomyces cerevisiae at different times of incubation. 
Transmission electron microscopy images confirm the intracellular location of Wolbachia. 10- day images were taken with uninfected (a) 
Sc and infected (b–c) wSc; 14 day- old images were taken with (d) ScW303 and (e–g) wScW303.	Images	show	the	presence	of	bacteria-	like	
bodies (*) that are not present in uninfected yeast and mitochondria (m) whose cristae can be easily identified

(a)

(d) (e) (f) (g)

(b) (c)

State IV (natgO/min*mg 
prot)

State III (natgO/min*mg 
prot) RCIII/IV

1	Day	ScW303 25.2	±	3.1 52.5	±	6.8 2.1	±	0.15

1	Day	wScW303 27.4	±	4.6 65.4	±	9.0 2.4	±	0.2

14	Days	ScW303 22.6	±	5.1 29.0	±	6.3 1.3	±	0.2

14	Days	wScW303 34.2	±	5.1 73.3	±	11.1 2.1	±	0.1

Reaction	mixture:	0.6	mol	L−1 mannitol, 5 mmol L−1	MES,	pH	6.8,	4	mmol	L−1 Pi, 10 mmol L−1 KCl. As 
substrate, 5 mmol L−1	ethanol.	For	state	III,	1	mmol	L−1	ADP.

TABLE  1 Oxygen	consumption	rates	of	
mitochondrial fractions from 1 and 
14 day- old cultures of Wolbachia- infected 
(wScW303) and noninfected (ScW303) 
Saccharomyces cerevisiae cells
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3.2.8 | Under the experimental conditions tested, 
infected wScW303 oxygen consumption activity was 
mitochondrial

The	 experiments	 above	 suggested	 that	 either	 Wolbachia has 
the	 exact	 same	 electron	 transport	 chain	 as	 mitochondria	 or	
Wolbachia respiratory proteins may be damaged when the 
mitochondria/Wolbachia	 fraction	 is	 isolated	 and	 exposed	 to	
oxygen.

To	explore	this	possibility	further,	we	measured	in-	gel	activities	
in the mitochondria/bacterium fraction. As eukaryote and prokary-
ote	respiratory	complexes	 I,	 II,	 III,	and	 IV	have	different	molecular	
masses the contribution from each organism to a given activity 
would be easily detected by native gel electrophoresis. The in- gel 
activities	 for	 each	 complex	 from	 infected	 and	 noninfected	 yeast	
from	1	and	14	day-	old	cultures	were	analyzed	and,	 in	all	cases,	ac-
tivities were detected only at MWs corresponding to the mitochon-
drial	 enzymes	 (Table	 S3,	 Figure	7)	 suggesting	 that	 in	 the	 artificial	
ScW303/wAlbB system and under the specific conditions of growth 
reported here, Wolbachia	did	not	express	any	functional	respiratory	
chain proteins. The above results suggest that mitochondria were 
responsible	for	all	the	observed	oxygen	consumption	activity.	Still,	

one	NADH	dehydrogenase	 (Table	S4)	was	weakly	expressed	mak-
ing it impossible to conclude on whether different Wolbachia strains 
may be aerobic or not.

3.2.9 | F1F0- ATPase subunits from Wolbachia were 
detected in wScW303

In	 the	 in	 gel	 ATPase	 activity	 from	 the	 mitochondria/Wolbachia 
isolate	 no	 differential	 bands	were	 observed.	 This	was	 expected	
as	 the	proposed	MWs	are	 similar	 for	 of	 both	ATPases:	 543	kDa	
for the eukaryote S. cerevisiae	 and	 530	kDa	 for	 prokaryotes	
Escherichia coli and Paracoccus denitrificans	 (Bakhtiari,	Lai-	Zhang,	
Yao,	&	Mueller,	1999;	Jonckheere,	Smeitink,	&	Rodenburg,	2012;	
Morales-	Rios,	 Montgomery,	 Leslie,	 &	 Walker,	 2015;	 Robinson	
et al., 2013; Schagger, 2002). However, the ATPase activity band 
(Figure	7A1,	Table	S4)	sequence	exhibited	a	mixture	of	yeast	and	
Wolbachia	ATPase	proteins.	BN	and	hrCN-	PAGE	results	 indicate	
that if Wolbachia	expresses	any	electron	transport	chain	proteins	
(still	 a	 possibility),	 under	 our	 experimental	 conditions	 their	 con-
centration was negligible when compared to the mitochondrial 
proteins and to its own F1F0- ATPase.

F IGURE  6 Wolbachia–mediated	effects	on	the	oxygen	consumption	activity	of	isolated	yeast	mitochondria.	High-	resolution	
respirometry.	1	day-	old	cultures	of	noninfected	(1	Day	ScW303)	and	infected	(1	Day	wScW303) yeast and 14 day- old cultures of noninfected 
(14	Days	ScW303)	and	infected	(14	Days	wScW303) yeast. 5 mmol L−1 from each substrate was added as indicated: glycerol- 3- phosphate 
(G3P),	NADH,	pyruvate-	malate	(Pyr-	Mal),	succinate	(Succ),	and	ascorbate-	TMPD	(Asc/TMPD).	Where	indicated,	0.5	μmol L−1 CCCP, 
0.1 μmol L−1	rotenone	(Rot),	0.1	μmol L−1 antimycin A (Ant A), 1 mmol L−1 cyanide (CN- ), and 0.15 mmol L−1 flavone. 0.5 mg prot/ml of 
mitochondria	(M)	were	added.	Data	represent	mean	±	SEM.	T	test	*p < .005, **p < .001 for ScW303 versus wScW303 yeast on the same day. 
T test −/+p < .05 − −/++p < .001 (−, decrease; +, increase) for ScW303 in day one versus day 14 cultures or wScW303 in day one versus day 14 
cultures

F IGURE  7 Wolbachia–mediated	effects	on	the	activity	of	each	mitochondrial	respiratory	complex.	BN-	PAGE	Coomassie-	stained	gel	of	
ScW303 and wScW303	cells	harvested	at	one	and	14	days.	In	gel	NADH-	NBT	oxido-	reductase,	succinate	dehydrogenase,	cytochrome	c 
oxidase	and	ATPase	enzyme	activities	in	hrCN-	PAGE	or	BN-	PAGE,	from	14	day	old	culture	of	wScW303. Bands 1N, 2N, 1S, and 1A were 
sequenced (Table S4). Bovine heart mitochondria (BHM) were used as a control
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3.2.10 | Wolbachia remains infective against insect 
cell lines

After being cultured in a yeast cell, the question arose on whether 
Wolbachia remained viable and infective when isolated. To test this, 
we	extracted	Wolbachia from wScW303, incubated it in isolation for 
5 days and then infected a C6C36 insect cell line which was previ-
ously reported to support bacterial infection (Baldridge et al., 2014). 
Aged Wolbachia infection was successful as assessed by specific 
staining	using	FISH	(Figure	8	Movie	S3).

4  | DISCUSSION

Growing	 obligate	 endosymbionts	 in	 cell	 lines	 yields	 low	 biomass	
at high costs (Baldridge et al., 2014; Khoo et al., 2013). To circum-
vent this problem, we built a synthetic host–endosymbiont system 
by artificially infecting the commonly used yeast Saccharomyces 
cerevisiae strain W303 with Wolbachia wAlbB from A. albopictus 
(Figures 1–5, Movies S1–S2). Culturing Wolbachia in yeast allowed 
us	to	study	the	complex	relationship	between	the	host	and	the	bac-
terium. Using S. cerevisiae as an artificial host confers benefits such 
as	a	high	resistance	to	changing	environments	(Gasch,	2002;	Gasch	
&	Werner-	Washburne,	2002),	use	of	inexpensive	liquid	cultures	and	
most importantly, the ease of manipulating and genetically engi-
neering the host cell. Following our approach, it may be possible to 
construct other synthetic parasite- mutualistic systems for obligate 
endosymbionts. Our system requirements for a successful infec-
tion	 were:	 supplementing	 YPD	 with	 iron	 and	 bovine	 fetal	 serum,	
plus	 low	 speed	 agitation	 of	 the	 nonbaffled	 Erlenmeyer	 flask	 and	
keeping the temperature between 28 and 30°C. These adjustments 
resulted in successful yeast infection and considerable Wolbachia 
yields in 14 days as compared with available methods that need up 
to	100	days.	Even	if	the	Saccharomyces/Wolbachia system is only a 
model of the interactions that occur in a naturally infected eukaryote 

cell, its manageability is outstanding and it may yield results that are 
not possible in cell lines.

Since Wolbachia is an alpha- proteobacterium closely related to 
mitochondria, it seemed likely that the aerobic metabolic machin-
ery of Wolbachia might mimic, enhance, or supplement the respira-
tory activity from the host. (Strübing et al., 2010). However, under 
our conditions, Wolbachia respiratory chain proteins were not 
detectable, instead, we found an increase in host mitochondrial 
activity. Another obligate endosymbiont, the Sytophilus oryzae 
Principal	Endosymbiont	(SOPE),	has	also	been	reported	to	increase	
the mitochondrial activity in the host, probably by providing nu-
trients such as riboflavin (Heddi, Lefebvre, & Nardon, 1993; Heddi 
et al., 1999). Several authors suggest that Wolbachia provides ri-
boflavin or heme groups to their arthropod and nematode hosts 
(Brownlie	et	al.,	2009;	Darby	et	al.,	2012;	Foster	et	al.,	2005;	Wu	
et al., 2009). This may vary with strains as Wolbachia from Brugia 
malayi (wBm) contains complete sets of riboflavin, heme and nucle-
otide	biosynthesis	genes	the	filarial	host	lacks	(Darby	et	al.,	2012;	
Foster	et	al.,	2005;	Klasson	et	al.,	2008;	Wu	et	al.,	2004).	In	return,	
the host provides amino acid, proteins and a safe, stable environ-
ment	(Brownlie	et	al.,	2009;	Darby	et	al.,	2012;	Foster	et	al.,	2005;	
Wu et al., 2009). The possibility that Wolbachia,	behaves	as	SOPE,	
donating	riboflavin	or	heme	groups	to	 the	host	may	be	explored	
in	auxotrophic	yeast	mutants.	S. cerevisiae libraries have a mutant 
for	 almost	 every	 enzyme	 on	 the	 riboflavin	 and	 heme	 synthesis	
pathways e.g. S. cerevisiae genome database (https://www.yeast-
genome.org/).

Under	the	conditions	tested	here,	expression	of	Wolbachia elec-
tron transport proteins was not detected. The reported Wolbachia 
pipientis wAlbB genome (Mavingui et al., 2012) shows that some 
respiratory	 complex	 subunits	 are	missing,	 e.g.	nuoC and nuoD	 for	
a	 functional	 complex	 I	 (Sazanov,	 2015);	 yet	 other	Wolbachia se-
quenced genomes contain all the genes necessary for a functional 
electron transport chain (Klasson et al., 2008), so maybe under 
different growth conditions, hosts and Wolbachia strains, bacterial 
respiratory	 proteins	 may	 be	 detected.	 It	 is	 suggested	 that	 other	
Wolbachia strains should be tested in order to determine whether 
some	consume	oxygen.

In	our	hands,	Wolbachia infection resulted in activation of mi-
tochondria	beyond	the	stationary	growth	phase.	It	may	be	specu-
lated that such activation constitutes an advantage for Wolbachia 
either	due	to	quenching	of	oxygen	in	the	cytoplasm	(Rosas-	Lemus	
et al., 2016) or because Wolbachia needs high ATP that an active 
mitochondria provides (Potter, Badder, Hoade, Johnston, & Morten, 
2016).	It	has	already	been	suggested	by	experiments	using	paraquat	
that Wolbachia sensitivity to free radicals is higher than that of the 
host (Fallon et al., 2013) and it cannot survive outside a host cell 
unless	it	is	kept	in	a	5%	CO2	atmosphere	(Rasgon	et	al.,	2006).	Also,	
high	agitation	speeds,	which	would	increase	oxygen	concentrations,	
lead to loss of the Wolbachia	infection	(Result	not	shown).	Thus,	it	is	
possible that Wolbachia enters the cytoplasm to hide from high at-
mospheric	oxygen	and	then	it	optimizes	cell	metabolism	to	both,	use	
host	metabolites	and	find	low	cytoplasmic	oxygen	concentrations.	

F IGURE  8 Wolbachia remains infective after being cultured in 
S. cerevisiae.	FISH	(Quasar	670-	pink)	of	the	wC6C36 cell line. Light/
Quasar	images	show	hybridization	only	inside	the	infected	cell	line.	
The noninfected cell line C6C36 does not have any of the pink 
hybridization	mark	identified	as	Wolbachia

https://www.yeastgenome.org/
https://www.yeastgenome.org/
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Avoidance,	 i.e.	hiding	 from	oxygen,	 is	a	common	behavior	 in	oxy-
conformers	 (Rosas-	Lemus	 et	al.,	 2016).	 In	 air,	 oxygen	 saturation	
concentration	 is	 ~21%	 (200	μmol L−1)	 while	 intracellular	 oxygen	
concentration	ranges	between	13.2%	and	14%	(126–133	μmol L−1) 
for	rhabdomyosarcoma	(RD)	cells	(Potter	et	al.,	2016)	or	HEK293T	
cells	(Abcam,	2016).	When	cells	are	exposed	to	lower	ambient	oxy-
gen,	intracellular	oxygen	concentration	is	also	decreased:	HEK293T	
cells	exposed	to	6%	oxygen	(50	μmol L−1)	have	an	intracellular	oxy-
gen	concentration	below	2%	(19	μmol L−1)	(Abcam,	2016);	RD	cells	
exposed	 to	 10%	 or	 5%	 ambient	 oxygen	 reduce	 their	 intracellular	
oxygen	concentration	to	5.4%	and	2.1%	respectively	(Potter	et	al.,	
2016).	 In	addition,	 there	 is	an	 intracellular	oxygen	gradient	 in	 the	
area surrounding the mitochondria in rat heart and hepatocytes, 
where	 oxygen	 concentration	 ranges	 between	 3	 (Gnaiger,	 2003)	
and 6 μmol L−1 (Jones & Kennedy, 1982; Tamura, Oshino, Chance, 
& Silver, 1978). Thus, a mitochondrion- containing host such as cell 
lines and yeast would probably provide the endosymbiont with a 
microaerobic environment. The mechanism for the increase in host 
mitochondrial activity needs to be defined.

In	 conclusion,	 we	 describe	 the	 infection	 of	 S. cerevisiae strain 
W303 by Wolbachia wAlbB.	Infection	led	to	premature	death	of	the	
host	and	to	an	abnormal	pattern	of	oxygen	consumption.	Further	ex-
periments using other yeast and other Wolbachia strains are needed 
to	 further	explore	oxidative	phosphorylation	patterns	 in	 the	host/
endosymbiont relationship. This system holds a large potential for 
different evaluations of biochemical and genetical processes in 
Wolbachia. Large biofermentors may be used to yield large amounts 
of biomass as required for different genomics and proteomics studies.
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