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Resumen

Los centros [Fe-S] son cofactores encontrados en proteinas que estan involucradas en diversos
procesos, la formacion de estos grupos y su ensamble en las correspondientes proteinas son
procesos conservados entre los organismos de todos los reinos. En eucariontes existen dos
formas principales de centros [Fe-S]: el tipo rémbico [2Fe-2S] y el tipo cubico [4Fe-4S]. La
biogénesis de centros [Fe-S] mitocondrial, es un proceso que describe tres eventos principales,
la sintesis de novo de centros [2Fe-2S] por el complejo ISU1, la traslocacién de estos cofactores
a proteinas blanco por el sistema de chaperona-cochaperona-glutarredoxina (Ssqlp-Jaclp-
Grx5p) y la sintesis de centros [4Fe-4S] por el subsistema Fe-S-IBG (Isalp, Isa2p, Iba57p y
Grx5p). Sin embargo, a la fecha, no se ha descrito por completo esta via de sintesis. En este
trabajo se estudioé en Saccharomyces cerevisiae el papel que juegan las proteinas 1ba57p, Isa2p
y Grx5p, miembros del subsistema Fe-S-IBG en el ensamble del centro [2Fe-2S] de la
subunidad Riplp del complejo Ill. Los resultados indicaron que las proteinas que constituyen el
subsistema Fe-S-IBG en S. cerevisiae, ademas de patrticipar en el ensamblaje de centros [4Fe-
4S], también esté involucrado en la maduracién de la subunidad Riplp-[2Fe-2S]. Se observo
gue en la ausencia de las proteinas Iba57p e Isa2p, el complejo Il no presenta actividad por la
ausencia de la subunidad catalitica Riplp, adicionalmente se afecta la formacion de los
supercomplejos respiratorios (l1I-1V). Otro aspecto evaluado dependiente de la deficiencia de la
proteina Riplp fue el estrés oxidativo; encontrando que se desencadena la produccion de
especies reactivas de oxigeno de manera exacerbada, fenémeno observado de manera similar
en mutantes en |ba57p e Isa2p. En conclusion, en S. cerevisiae, el subsistema Fe-S-IBG esta
implicado en la maduracioén de la proteina Riplp, dicha subunidad es esencial para la formacion

y funcionalidad de los supercomplejos respiratorios Il1-1V.

Palabras clave: Mitocondria; Centros [Fe-S]; Glutarredoxina; Complejo Ill; Supercomplejos
respiratorios.
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Abstract

[Fe-S] clusters are cofactors found in proteins that are involved in various processes, the
formation of these clusters and their assembly in their corresponding proteins are processes
conserved among organisms of all kingdoms. In eukaryotes there are two main forms of [Fe-
S] clusters: the rhombic type [2Fe-2S] and the cubic type [4Fe-4S]. The mitochondrial [Fe-
S] cluster biogenesis pathway is a process that describes three main events, the de novo
synthesis of [2Fe-2S] clusters by the ISU1 complex, the translocation of these cofactors to
target proteins by the chaperone-cochaperone-glutarredoxin system (Ssqlp-Jaclp-Grx5p)
and the synthesis of [4Fe-4S] clusters by the Fe-S-IBG subsystem (Isalp, Isa2p, Iba57p
and Grx5p). To date, this synthetic pathway has not been fully described. In this work, the
role of Iba57p, Isa2p and Grx5p proteins, members of the Fe-S-IBG subsystem, in the
assembly of the [2Fe-2S] cluster of the subunit Riplp of the complex Il was investigated.
The results indicated that the Fe-S-IBG subsystem in S. cerevisiae, in addition to participate
in the assembly of [4Fe-4S] centers, is also involved in the maturation of the Riplp- [2Fe-
2S] subunit. It was observed that in the absence of the Iba57p and Isa2p proteins, complex
Il does not present activity due to the absence of the catalytic subunit Riplp, additionally
affecting the formation of respiratory supercomplexes (llI-IV). Another aspect dependent on
Riplp protein deficiency evaluated was oxidative stress; finding that the production of
reactive oxygen species is exacerbated, a similarly phenomenon observed in mutants of
Iba57p and Isa2p. In conclusion, in S. cerevisiae, the Fe-S-IBG subsystem is involved in
maturation of Riplp protein, a subunit essential for the formation and functionality of

respiratory supercomplexes Ill-1V.

Keywords: Mitochondria; [Fe-S] clusters; glutarredoxin; complex |lll; respiratory

supercomplexes.
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1. Introduccion

1.1 Saccharomyces cerevisiae como modelo biolégico de estudio de la
mitocondria.

Parte del conocimiento actual sobre las funciones celulares en eucariontes, provienen de
estudios que han utilizado a Saccharomyces cerevisiae como modelo biologico, esta
levadura es una excelente herramienta para estudiar aspectos fundamentales de la biologia
celular y molecular de eucariontes. Una de las principales caracteristicas es su metabolismo
aerobio facultativo, que le permite fermentar azGcares en presencia de oxigeno siempre y
cuando la concentraciéon de azucares en el medio sea por encima del 1%, a lo cual se le
conoce como efecto Crabtree. Asi, esta levadura puede sobrevivir incluso con mitocondrias

disfuncionales (Pfeiffer y Morley, 2014).

Las mitocondrias son organulos que contienen dos membranas, una membrana interna y
una membrana externa que rodean dos compartimentos, la matriz mitocondrial y el espacio
intermembranal, respectivamente. La morfologia de las mitocondrias se rige por los
procesos de fision y fusion, lo que permite adaptaciones metabdlicas dependiendo de las
condiciones del medio (Westermann, 2012). Las mitocondrias son conocidas como las
fabricas de energia de las células debido a su papel en la sintesis de la mayor parte del
ATP celular a través del ciclo de Krebs y la fosforilaciébn oxidativa (Saraste, 1999). Sin
embargo, las funciones mitocondriales se extienden a otros procesos metabdlicos tales
como el metabolismo de aminoacidos y lipidos (Galluzzi, 2012, Horvath y Daum, 2013), asi
como la sintesis de grupos hemo y de centros hierro-azufre (Lill, 2012). La mayoria de las
funciones mitocondriales estan conservadas entre las levaduras y organismos superiores,
por lo que ha sido de utilidad para estudiar la biologia y las enfermedades mitocondriales
en humanos (Claypool, 2013). S. cerevisiae puede satisfacer sus requerimientos
energeéticos a través de la fermentacion. Por lo tanto, puede tolerar mutaciones que afectan
la fosforilacion oxidativa, e incluso, soporta la pérdida completa de ADNmt, siempre que
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haya fuentes de carbono fermentables; esto permite estudiar las mutaciones que causan
disfuncion mitocondrial, a diferencia de organismos superiores, que no soportan las
deficiencias mitocondriales (Chen y Clark, 1999). Existe una amplia disponibilidad de
herramientas para manipular los genomas nuclear y mitocondrial de S. cerevisiae, lo que
permite modelar las mutaciones implicadas en los trastornos mitocondriales (Bonnefoy y
Fox, 2007). Por otro lado, las poblaciones de levadura se vuelven homoplasmicas en pocas
generaciones, lo que significa que todas las copias de ADNmt tendran la misma secuencia
de nucledtidos. Esto permite estudiar la gravedad y el impacto en la funcién mitocondrial de
las mutaciones puntuales, que a menudo, son heteroplasmaticas en las mitocondrias
humanas (Shibata y Ling, 2007). Por todo lo anterior, se utiliza a S. cerevisiae como modelo
de estudio de mutaciones en el ADNmt, incluidos los genes que codifican para algunos de

los componentes de los complejos de la cadena respiratoria (Meunier et al., 2013).

1.2 Cofactores [Fe-S] de las proteinas.

Los cofactores son moléculas de bajo peso molecular que se unen a motivos estructurales
conservados que brindan propiedades especificas a las proteinas. Existen cofactores
inorganicos que incluyen varios iones metalicos como el Mg?*, Zn?*, Mn?*, Cul*?*, Fe?"3*y

los centros Hierro-Azufre [Fe-S] (Lill, 2009).

La disponibilidad de hierro y azufre, asi como las condiciones climaticas en la tierra primitiva
permitieron la sintesis y fusién de centros [Fe-S] con las proteinas, lo que les permitid
adquirir nuevas funciones. Existen centros [Fe-S] de diferentes conformaciones, los
comunes son el tipo rémbico [2Fe-2S], el tipo semicubico [3Fe-4S], y el tipo cubico [4Fe-
48], Sin embargo, también existen centros [Fe-S] como el de la enzima nitrogenasa, la cual
cuenta con un centro [8Fe-7S] (Figura 1) (Py y Barras, 2010; Lill, 2009 y Fontecilla et al.,
2009). La principal funcién de los centros [Fe-S], es la transferencia de electrones, que se

basa en la propension del hierro a cambiar entre los estados de oxidacién Fe*? y Fe*3,
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mientras que el azufre siempre se encuentra en el mismo estado de oxidacion S2. Dentro
de un entorno proteico dado, los centros [Fe-S] pueden adoptar potenciales redox de =700
mV a +300 mV. Por lo tanto, los centros [Fe-S] pueden servir como donantes y aceptores
de electrones en reacciones bioldgicas diversas. (Johnson et al., 2005 y Nanda et al., 2016).
Ademas, la versatilidad estructural y reactividad quimica de los centros [Fe-S] dotan a las
proteinas con funciones bioquimicas tales como catélisis, como &cidos de Lewis y como
reguladores genéticos ante diferentes tipos de estrés, principalmente causados por
deficiencia o ausencia de hierro. El reclutamiento de estos cofactores por las proteinas
ayudo significativamente al desarrollo de la vida (Beinert, 2000; Kiley y Beinert, 2003 y
Fontecave, 2006). Sin embargo, los centros [Fe-S] también pueden desencadenar procesos
negativos como la produccién de especies reactivas de oxigeno (ERO), por la reaccion de
Fenton y/o un malfuncionamiento de enzimas transportadoras de electrones con centros

[Fe-S] (Gémez et al., 2014 y Wachnowsky, 2018).

En las ultimas dos décadas se logré un avance importante en entender como se lleva a
cabo la biogénesis de centros [Fe-S], estos pueden ser sintetizados en condiciones de
laboratorio a partir de hierro y azufre inorganico en condiciones anaerobicas en ausencia
de enzimas que catalicen la reaccion (Rao, 2004). Sin embargo, la comprensién de su
sintesis in vivo ha sido un reto para la comunidad cientifica. Organismos como Escherichia
coli, Sacharomyces cerevisiae, Arabidopsis thaliana, Azotobacter vinelandii, Erwinia
chrysanthemi, Salmonella entérica, Synechocystis sp., Synechococcus sp., asi como
algunas lineas celulares de humanos, son ejemplos de los diferentes modelos de
investigacion para estos cofactores. Esto habla del grado de conservacién en los diferentes
reinos taxondmicos y la importancia que representan estos cofactores para la evolucion y

supervivencia de los seres vivos (Py y Barras, 2010).
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Figura 1. Estructura y estados de oxidacién de los centros [Fe-S]. En rojo se muestran los
atomos de hierro y en amarillo los &tomos de azufre, el hierro del cofactor sirve como ligando
al enlazarse con los grupos tiol de los residuos de cisteina en sus motivos proteicos. Los
residuos como histidina, arginina, aspartato y serina también pueden servir como ligando

de hierro (Modificado de Johnson et al., 2005).

1.3 Biogénesis de centros Fe-S.
En la década de 1980 crecio el interés por comprender como las células regulan la

absorcion y distribucion del hierro. Los primeros descubrimientos sugirieron que la ferritina

era un mecanismo regulador postranscripcional crucial para la homeostasis del hierro en
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los vertebrados. Se identifico la regién de la transcripcion de ferritina responsable de mediar
su traduccion y se denominé IRE, (por sus siglas en ingles Iron-Responsive Element)
(Leibold y Munro, 1988). Posteriormente se identificaron las dos proteinas citosélicas Irplp
e Irp2p que se unen a la region IRE (Rouault et al., 1990). Rapidamente se evidencio que
la secuencia de aminoacidos de Irplp era muy similar a la aconitasa mitocondrial, que
presenta actividad de aconitasa citosélica al incorporar un centro [4Fe-4S] y que puede
unirse con gran afinidad a las regiones IRE presentes en varios ARNm que codifican
proteinas involucradas en homeostasis del hierro (Kaptain et al., 1991). La unién de Irp1p
a la region 5’-UTR del ARNm de la ferritina interfiere estéricamente con la traduccion de la
proteina, y por lo tanto, con su sintesis (Downey, 1991). Al descubrir el papel de un centro
[Fe-S] en la regulacion del metabolismo intracelular del hierro, las investigaciones
comenzaron a centrarse en la cuestion de como las células sintetizan los centros [Fe-S]. La
clave para dilucidar el mecanismo de la biogénesis de [Fe-S] en células vivas fue
proporcionada por estudios en Azotobacter vinelandii, donde se encontraron tres operones
dedicados a la biogénesis de centros [Fe-S], uno de los cuales es el operén Nif,
especializado en codificar proteinas involucradas en el ensamblaje de centro [Fe-S] de la
nitrogenasa (Jacobson, 1989). Mas tarde se identificaron los operones Isc y Suf para la
biogénesis de centros [Fe-S] de Escherichia coli. Estos operones se activan en diferentes
condiciones, el operén Isc se expresa constitutivamente, mientras que el grupo de genes
Suf se activa en condiciones de estrés oxidativo. Ademas, se han identificado genes
ortélogos en levaduras, plantas y animales, lo que revela que la maquinaria central para la
biogénesis de centros [Fe-S] esta conservada evolutivamente (Barras, 2005 y Selbach,
2013). Sin embargo, los intensos estudios en la levadura S. cerevisiae son los
protagonistas, al haber proporcionado la mayor parte de las ideas sobre el mecanismo del

ensamblaje de los centros [Fe-S] en eucariontes.
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En eucariotas existen dos sistemas de ensamblaje de centros [Fe-S]: la via de biogénesis
mitocondrial (ISC por sus siglas en inglés Iron Sulfur Cluster) y la via citosélica (CIA por sus
siglas en inglés Cytosolic Iron Sulfur Cluster Assembly). Los defectos en la biogénesis de
centros [Fe-S], asi como el ensamblaje de centros [Fe-S] en las proteinas, causan
enfermedades con resultados a menudo fatales en humanos (Stehling, 2014). Gracias al
metabolismo facultativo de Sacharomyces cerevisiae, estudios con mutaciones en los

genes que codifican proteinas para la via de biogénesis con centros [Fe-S] son posibles.

1.3.1 Sintesis de novo de centros [2Fe-2S].
La biogénesis de centros [Fe-S] implica la sintesis de novo de un centro [Fe-S] en el

complejo ISU, este complejo consta de seis componentes diferentes: 1) Isulp, como
proteina de andamiaje; 2) Nfslp, una cisteina desulfurasa que forma un subcomplejo con
3) Isd11p y 4) Acplp, proteina portadora de acilo (Van Vranken et al., 2016 y Wiedemann
et al., 2006); 5) Yahlp una ferredoxina; 6) Yfhl, una frataxina que también se une al
subcomplejo Nfsl-Isd11 (Schmucker et al., 2011; Shan et al., 2007 y Webert et al., 2014).
La proteina de andamiaje Isulp es muy dinamica, tiene la capacidad de formar diferentes
complejos durante la formaciéon del centro [Fe-S], su naturaleza permite que diferentes
componentes patrticipen en el proceso de biogénesis. Nfslp se ensambla con la proteina
LYR-Isd11p y la proteina portadora de acilo Acplp, con una estequiometria 2Nfslp:2LYR-
Isd11p:2Acplp. La proteina de andamiaje Isulp se asocia para aceptar el ion persulfuro,
producido por la remocion del azufre de una cisteina por Nfslp. La frataxina Yfhlp media
la transferencia del persulfuro a Isulp. Mutaciones en el gen que codifica la frataxina
humana han sido asociadas al desarrollo de ataxia de Freidreich en humanos, y la
eliminacion del gen homélogo en levaduras conduce a una acumulacion excesiva de hierro
mitocondrial (Babcock et al., 1997). La frataxina tambien tiene la capacidad de unir Fe*?,

por lo que se postuld que la frataxina era el donante de hierro para la formacion del cofactor
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[2Fe-2S] en Isulp, (Yoon y Cowan, 2003). Sin embargo, la sustitucion de los aminoacidos
candidatos a estar involucrados en la unién de Fe*?, causaron defectos modestos en la
formacion de centros [Fe-S] (Correia et al., 2010), por lo que aun se desconoce la
procedencia del hierro para formar el cofactor. Por ultimo la ferredoxina Yah1p proporciona
los electrones que reducen el sulfato a iones sulfuro (Yan et al., 2015). Una vez que se
forma el centro [2Fe-2S] en Isulp, la union de Jaclp inicia la disociacién del complejo y

media la liberacion del grupo (Figura 2).

(1) (1) (i) (V)

Transferencia del
centro [2Fe-2S]

Figura 2. Biogénesis mitocondrial de centros [2Fe-2S]. (I) formacién del subcomplejo
desulfurasa de cisteina Nfs1l-lsd11-Acpl. (Il) La proteina de andamiaje Isulp se asocia al
complejo para aceptar el ion persulfuro con la ayuda de Yfhlp. (Ill) La ferredoxina ayuda a
liberar la proteina de andamiaje y proporciona electrones para reducir el sulfato. (IV) Jaclp
reconoce el complejo de andamiaje con el recién formado centro [2Fe-2S] e inicia el proceso

de transferencia a apoproteinas. Modificado de Melber y Winge, 2018.

1.3.2 Translocacién de centros [2Fe-2S] a las apoproteinas,

La liberacion del centro [Fe-S] del complejo ISU esta a cargo del sistema chaperona-
cochaperona Ssqlp-Jaclp, Ssqlp es una proteina de la familia Hsp70 con actividad
ATPasa, mientras que Jaclp pertenece a la familia de Hsp20, esta Gltima reconoce a Isulp-
[2Fe-2S] provocando la disociacion del subcomplejo Nfslp-Isd11p (Dutkiewicz et al., 2003;
Majewska et al., 2013 y Manicki et al., 2014). Posteriormente, Ssqlp reconoce el complejo

Isulp-[2Fe-2S]-Jaclp. Para la liberacion del centro [2Fe-2S] son necesarios dos factores:
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() la hidrdlisis del ATP por Ssqlp facilitada por el intercambiador de nucleétidos Mgelp,
esto provoca cambios conformacionales en Ssqlp que desencadenan la liberacion de
Jaclp y el centro [2Fe-2S]; (I) dos glutarredoxinas (Grx5p) que se encargan de recibir el
centro [2Fe-2S] recién liberado. En el dimero de Grx5p, el centro [2Fe-2S] es estabilizado
con un segundo ligando de tiolato procedente de un glutation unido a Grx5p (Banci et al.,
2014) (Figura 3). Las células que carecen de Grx5p tienen defectos en los centros [4Fe-4S]
y [2Fe-2S] mitocondriales, asi como en los centros [Fe-S] citosélicos (Uzarska et al., 2013).
Sin embargo, la importancia funcional de Grx5p no esta del todo esclarecida, ya que todos
estos defectos son modestos en relacidon con la naturaleza esencial de los componentes

anteriormente mencionados en la ruta de biogénesis ISC (Gomez et al., 2014).

Isulp-[2Fe-2S]-
Jaclp-Ssqlp

Isulp-[2Fe-25]

Peptide Bonds

Isulp-[2Fe-25]-Jaclp A i i

Figura 3. Transferencia del centro Fe-S a Grx5p. La transferencia de centro [2Fe-2S] a las
proteinas blanco esta mediada por el homodimero de Grx5 que coordina un centro [2Fe-

2S]. Tomado y modificado de Lill et al., 2012 y Lill et al., 2015.

La evidencia establece el papel de Grx5p como agente de transferencia de centros [2Fe-
2S] en las mitocondrias de levadura; sin embargo, se ha propuesto un modelo alternativo
en mamiferos (Maio y Rouault, 2015). Este modelo postula que las apoproteinas
mitocondriales humanas con centros [2Fe-2S] se unen a HSC20 (homologa de Jaclp)
asociada con la proteina de andamiaje ISCU (homologa de Isulp) para la transferencia

directa de cofactor estimulada por HSPA9 (homologa de Ssqlp). Se encontré que las
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subunidades que contienen [2Fe-2S] de los complejos respiratorios Il (SDH) y Il (proteina
Rieske), interactiian con HSC20 y el sistema de andamiaje ISCU en células de mamifero.
También se encontré que GLRX5 (Grx5p en levaduras) esta presente en el sistema de
andamio-chaperona-ISCU. Sin embargo, este modelo no ha sugerido una funcion

alternativa para GLRX5 (Maio et al., 2017).

Se ha descrito que proteinas accesorias interactian con la glutarredoxina mitocondrial.
Estudios recientes in vitro revelaron que la proteina Bollp mitocondrial interactua con Grx5p
en levaduras y en humanos. Se planteé la hip6tesis de que un heterodimero Grx5p-Bollp
unido por un grupo [2Fe-2S], puede ser un agente de transferencia especifico a cierta apo-
proteina blanco aun no identificada dentro de las mitocondrias. También se plante6 que
este subsistema ayuda a la exportacion del componente X, necesario para la biogénesis de
centros [Fe-S] citosélicos; sin embargo, estas hipotesis atn no se han comprobado (Melber

et al., 2016; Uzarska et al., 2016).

1.3.3 Sintesis de novo de centros [4Fe-4S].

Los centros [Fe-S] mas abundantes en las células son los de tipo cubico [4Fe-4S], la sintesis
mitocondrial de estos cofactores la lleva a cabo un subsistema de la maquinaria ISC,
conformado por las proteinas Isalp, Isa2p e Iba57p (Gelling, 2008 y Muhlenhoff et al.,
2011). Por otro lado, los centros [4Fe-4S] nucleares y citoplasmaticos son sintetizados por
la maquinaria CIA, pero requieren de un sustrato o componente X donado por la maquinaria
mitocondrial ISC y exportado por el transportador Atm1 (Lill et al., 2015), aunque existe
controversia al respecto. La sintesis de centros cubicos se lleva a cabo por las proteinas
Isalp e Isa2p, que comienza con la transferencia de dos centros [2Fe-2S] por parte del
sistema de las glutarredoxinas mitocondriales hacia Isalp e lIsa2p, estas enzimas
condensan los centros [2Fe-2S] para formar un centro [4Fe-4S] (Banci et al., 2014;

Brancaccio et al., 2014). Un tercer componente en este proceso es Iba57p (Figura 4), esta
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proteina no se considera como un factor de ensamblaje, como las proteinas involucradas
en la maquinaria de biogénesis hasta al momento mencionadas. No obstante, 1ba57p
interactla fisicamente con las proteinas Isalp e Isa2p. Células mutantes en cualquiera de
estas proteinas muestran fenotipos similares, lo que sugiere que el complejo de estas tres
proteinas forma la unidad funcional. Los fenotipos resultantes por la deficiencia de Isalp,
Isa2p o Iba57p, son disfuncionalidad en proteinas mitocondriales, como la aconitasa, la
homoaconitasa y las sintasas de acido lipoico y biotina, todas con centros [4Fe-4S], por
consiguiente, estas mutaciones desencadenan pérdida parcial del ADN mitocondrial,
acumulacion de hierro en la mitocondria y auxotrofias a lisina y glutamato (Gelling, 2008 y
Muhlenhoff et al., 2011). Estas mutaciones en Saccharomyces cerevisiae no son letales,
mientras que en humanos, las mutaciones o deficiencias en estas proteinas son severas,
provocando enfermedades crénico - degenerativas que conllevan a una muerte temprana

de los pacientes.

[2Fe-25]

Subcomplejo ISC-IBG-[4Fe-4S]

Figura 4. Sintesis de centros [4Fe-4S] por el subcomplejo IBG-[4Fe-4S] de la maquinaria
de biogénesis mitocondrial ISC. Dos centros [2Fe-2S] son condensados por las proteinas
Isalp e Isa2p mediados por Iba57p. Modificado de Muhlenhoff et al., 2011 y Brancaccio et

al., 2014.

M.C. LUIS ALBERTO SANCHEZ BRIONES 12



Participacion de las proteinas Grx5p, Isa2p e Iba57p en el ensamble del centro [2Fe-2S] en la subunidad
Riplp y suimpacto en la formacion de los supercomplejos respiratorios en Saccharomyces cerevisiae

1.3.4 Controversias de la biogénesis y ensamble de centros [Fe-S].
La biogénesis de proteinas con centros [Fe-S] es compleja, por lo que su mecanismo no ha

sido elucidado por completo. Ademas de las proteinas esenciales de la via ISC mitocondrial,
existen factores de transferencia especificos para ciertas proteinas. Por ejemplo, la proteina
Nfulp transfiere los cofactores de las proteinas aconitasa y Sdh2 al unirse a centros [4Fe-
48], formados por las proteinas Isalp e Isa2p (Cai et al., 2016; Melber et al., 2016). La
ausencia o disfuncion de Nfulp provoca defectos menores en el desarrollo de levaduras
cultivadas en condiciones aerébicas, mientras que en condiciones fermentativas las células
no muestran defectos en las enzimas con centros [4Fe-4S], lo que sugiere que Nful es
necesaria para proteger los grupos recién sintetizados del dafio oxidativo, en la
transferencia hacia las proteinas blanco. Otra proteina es IND1 de humanos, la cual esta
implicada en el ensamblaje del complejo | respiratorio (Bych et al., 2008). La falta de IND1
en células de mamiferos conduce a una atenuacién marcada en la actividad y una
disminucion de la abundancia de varias subunidades del complejo | con centros [4Fe-4S]
(Sheftel et al., 2009). Se desconoce si Nful interacciona con Indl en el ensamblaje del
complejo I; sin embargo, algunos de los pacientes con desordenes mitocondriales
presentan mutaciones en el gen NFU1 y defectos en el complejo | (Ahting et al., 2015;
Navarro et al., 2011). Las funciones potenciales de un sistema de transferencia tardio
incluyen facilitar la liberacion del centro [4Fe-4S] o estabilizar la interaccién con las
proteinas blanco (Melber et al., 2016) por lo que son necesarios mas estudios para

esclarecer estas hipétesis.

1.4 Cadena de transporte de electrones.

Como se menciond anteriormente, las mitocondrias son las plantas de energia de las
células eucariotas, al producir la mayor parte del ATP necesario para el funcionamiento de

la célula. El proceso se lleva a cabo mediante la fosforilacion oxidativa, que consiste en que
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cuatro complejos multiproteicos conectan el transporte de electrones al oxigeno con el
establecimiento de un gradiente electroquimico en el espacio de intermembranal de la
mitocondria. En este proceso la energia quimica de los productos del ciclo del &cido citrico
se transduce en un gradiente electroquimico de protones impulsado por los complejos
respiratorios. Los protones fluyen de regreso a la matriz mitocondrial a través de canales
de protones en el complejo FiFo-ATP sintasa e impulsan una rotacibn mecanica,
provocando cambios conformacionales en los sitios de union de nucleétidos del

subcomplejo F1, catalizando asi la conversion del ADP y fosfato en ATP (Sousa et al., 2018).

Los complejos de la cadena respiratoria se encuentran entre los complejos de proteinas de
membrana més grandes de la célula. Transfieren electrones del NADH y FADH. al oxigeno
molecular a través de una serie de cofactores redox, entre los que se incluyen flavinas,
iones metdlicos, grupos hemo y centros [Fe-S] (Kumari, 2018). Las bombas de protones
son la NADH:ubiquinona oxidorreductasa o complejo |, que oxida el NADH y transfiere
electrones a la ubiquinona con la translocacién de cuatro protones a través de la membrana
interna mitocondrial (Wirth et al., 2016). Saccharomyces cerevisiae no cuenta con este
complejo; sin embargo, cuenta con tres NADH deshidrogenasas que suministran electrones
a la ubiquinona supliendo la funcion del complejo | (Velazquez y Pardo, 2001 y Luttik et al.,
1998). La ubiquinol:citocromo ¢ oxidorreductasa o complejo lll, transfiere electrones del
ubiquinol al citocromo c y transloca 4 protones al espacio intermembranal (Trumpower y
Gennis, 1994). Por ultimo, la citocromo ¢ oxidasa o complejo IV, transfiere electrones del
citocromo ¢ al oxigeno molecular y transloca cuatro protones (Wikstrom, 1977). Por otro
lado, la succinato deshidrogenasa o complejo Il, forma parte tanto del ciclo del &cido citrico,
como de la cadena de transferencia de electrones, aporta electrones adicionales a la
ubiquinona que se originan a partir del succinato, este complejo no transloca protones

(Sousa et al., 2018).
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1.4.1 Biogénesis de los complejos respiratorios en Saccharomyces
cerevisiae.

La biogénesis de los complejos respiratorios es un proceso sofisticado, debido a la doble
fuente genética de las subunidades que componen a la mayoria de los complejos de la
cadena respiratoria. Su ensamblaje requiere una estrecha coordinacion entre las
magquinarias de expresion génica nuclear y mitocondrial. Ademas, los factores de
ensamblaje coordinan minuciosamente la adicion paso a paso de subunidades cataliticas y
accesorias, asi como la incorporacion de los cofactores redox (Herrmann et al., 2013).
Estudios en levadura han revelado los principios basicos de las vias de ensamblaje de los
complejos. Sin embargo, dia con dia se descubren nuevos factores de ensamble

accesorios, con funciones que recientemente se empiezan a comprender.

Los complejos respiratorios estan compuestos de subunidades proteicas, a la vez, los
complejos respiratorios se ensamblan en estructuras superiores nombradas
supercomplejos (Vonck y Schafer, 2009). Incluso, se ha adoptado el nombre de
‘respirasomas” a la asociacion de los complejos respiratorios |, lll y IV (Schagger y Pfeiffer,
2000), lo que sugiere la posibilidad de canalizacion de electrones desde el NADH hacia el
oxigeno por un solo supercomplejo (Genova et al., 2008; Vonck y Schafer, 2009). En
Saccharomyces cerevisiae también se report6 la presencia de respirasomas, compuestos

por las NADH deshidrogenasas y los complejos Il y IV (Figura 5).
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Figura 5. Cadena de transporte de electrones y sintesis de ATP. Modelo de mosaico solido,
en la figura se representan los supercomplejos respiratorios de Saccharomyces cerevisiae
en sus diferentes proporciones. Modificado de Schéagger y Pfeiffer, 2000 y Matus et al.,

2015.

NADH deshidrogenasas mitocondriales en S. cerevisiae: Las tres NADH
deshidrogenasas mitocondriales estan codificadas en el genoma nuclear. NDIlcodifica la
NADH deshidrogenasa situada en la membrana interna mitocondrial, la enzima madura
tiene una sola subunidad de 53 kDa con un FAD como Unico grupo prostético, cuyo dominio
catalitico se encuentra orientado hacia la matriz mitocondrial. Esta enzima cataliza la
transferencia de electrones del NADH intramitocondrial generado por el complejo piruvato
deshidrogenasa y el ciclo de Krebs hacia la ubiquinona, sin translocar protones a través de
la membrana interna mitocondrial (Velazquez y Pardo, 2001). El crecimiento respiratorio
requiere la reoxidacion continua del NADH citosélico y mitocondrial. Debido a que el NADH

citosolico no puede atravesar la membrana mitocondrial interna, son necesarias NADH
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deshidrogenasas encargadas de oxidar el NADH proveniente del citosol. NDE1 y NDE2
codifican para las NADH deshidrogenasas externas Ndelp y Nde2p de 62.7 y 61.6 kDa,
respectivamente. Estas enzimas tienen gran similitud con Ndilp; sin embargo, el sitio
catalitico de ambas esta orientado hacia el espacio intermembranal (Overkamp et al., 2000).
Estas enzimas oxidan el NADH con FAD, que a su vez reduce a la ubiquinona a ubiquinol,
el cual transfiere los electrones al complejo lll, generandose el gradiente de protones que
estimula la sintesis de ATP (Figura 5) (Vries y Marres, 1987; Overkamp et al., 2000 y Matus

et al., 2015).

Succinato deshidrogenasa (complejo Il): Este es el Gnico complejo que interviene tanto
en el ciclo de Krebs como en la cadena de transporte de electrones, la topologia de la
enzima le permite esta caracteristica ya que las subunidades hidrofilicas se encuentran
orientadas hacia la matriz mitocondrial, lo que permite oxidar al succinato y transferir los
electrones mediante sus cofactores hacia la quinona, mediante las subunidades
hidrofébicas ancladas a la membrana interna mitocondrial. Esta enzima esta conformada
de cuatro subunidades codificadas en el genoma nuclear, Sdhlp, Sdh2p, Sdh3p y Sdh4p,
gue contienen un péptido sefial mitocondrial en el extremo amino terminal, lo que permite
gue sean transportadas por las translocasas de importacion de proteinas TOM (translocase
of the outer membrane) y TIM (translocase of the inner membrane) (Vranken et al., 2014).
El modelo de biogénesis del complejo 1l es un proceso coordinado entre la expresion de la
proteina, el transporte de las subunidades a la mitocondria y el ensamble de sus cofactores
para la formacién de dos subcomplejos y finalmente el ensamble de la enzima completa
(Figura 6). La maduracién de Sdhl y Sdh2 se lleva a cabo simultaneamente, Sdhl adquiere
un FAD dentro de la matriz mitocondrial gracias a la chaperona Sdh5p, posteriormente
Sdh1-FAD es reconocido por otro factor, Sdh8p el cual permite el reconocimiento con la

subunidad Sdh2p y evita la formacion de anion superoxido por el FAD de Sdhlp. Sdh2p al
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igual que Sdhlp se transloca a la matriz mitocondrial donde adquiere los centros [2Fe-2S],
[4Fe-4S] y [4Fe-3S], mediante la maquinaria ISC. ElI complejo Il requiere de otros dos
factores de ensamble Sdh6p y Sdh7p y se propuso que estas proteinas son necesarias
para proteger los centros Fe-S del dafio oxidativo y también para reconocer a los
integrantes de la maquinaria ISC que ceden los cofactores. El segundo subcomplejo de
esta enzima esta conformado por las subunidades Sdh3p y Sdh4p, estas subunidades son
hidrofébicas, por lo que son proteinas integrales de la membrana mitocondrial interna. Este

subcomplejo tiene los sitios de unién a la quinona y a un grupo hemo (Vranken et al., 2014).

Membrana interna
mitocondrial »®

Matriz
mitocondrial

ol %
/ML Via ISC
|

B

J
Maduracion de Sdhlp Maduracién de Sdh2p

Figura 6. Biogénesis del complejo Il (Tomado y modificado de Vranken et al., 2014).
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Ubiquinol:citocromo ¢ oxidorreductasa (complejo bci o complejo Ill): Este complejo
es un homodimero donde cada mondmero esta compuesto por 11 subunidades, tres de
estas son consideradas como cataliticas y las ocho restantes como accesorias. Las
subunidades cataliticas son el citocromo b, el citocromo c; y la proteina [2Fe-2S], Riplp o
proteina de Rieske. Las subunidades accesorias son Corlp, Cor2p, Qcrép, Qcr7p, Qcr8p,
Qcr9p y Qcrl0, todas ellas sin ningun tipo de cofactor (Conte et al., 2015). El ensamble de
este complejo enzimatico es un proceso de mdultiples pasos en el cual se forman varios
subcomplejos inmaduros. Un subcomplejo nucleo de 230 kDa se forma por la asociacion
del citocromo b, Gnica subunidad de complejo Il codificada por el ADNmt, y las subunidades
accesorias Qcr7p y Qcr8p. Este se posiciona en la membrana interna mitocondrial.
Subsecuentemente, el citocromo c; forma otro subcomplejo con las subunidades Corlp y
Cor2p, se asocia con el subcomplejo nucleo y forma un complejo inmaduro de 500 kDa. A
este complejo inmaduro se asocian las subunidades Qcr6p y Qcr9p. Como resultado se
obtiene un mondémero inmaduro que forma dimeros con capacidad de formar asociaciones
con 1 o 2 monémeros del complejo IV de la cadena de transporte de electrones (Zara et al.,
2007 y 2009). Finalmente, para la maduracién completa del complejo Il se asocian las
subunidades Qcrl0 y Riplp (Conte et al., 2015), esta ultima subunidad es importada a la
matriz mitocondrial donde incorpora un centro [2Fe-2S] por la maquinaria mitocondrial ISC
(Wagener et al.,, 2011). Posteriormente, la subunidad Riplp es estabilizada por la
chaperona Mzm1l y luego translocada de la matriz mitocondrial al complejo inmaduro en la
membrana interna por la chaperona Bcslp. La mutacion de cualquiera de estas chaperonas
moleculares causan disfuncién en la actividad del complejo Il (Conte et al., 2011 y Cui et
al., 2012), debido a que Riplp es la subunidad encargada de la reaccion limitante del
complejo (Denke et al., 1998) y posiblemente también estabiliza al dimero, debido a que el
dominio globular que contiene el sitio catalitico de Riplp interacta con un monémero del

complejo Ill,mientras que el amino terminal interactda con el monémero adyacente (Conte
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et al.,2015).Entre las cuestiones por investigar esta el esclarecimiento de como Riplp

incorpora su cofactor por la maquinaria ISC mitocondrial (Figura 7).

Espacio
intermembranal

Subcomplejos del
Complejo bcl

Membrana
interna

Matriz mitocondrial

Figura 7. Biogénesis del complejo lll. Adaptado de Zara et al., 2007 y 2009; Conte et al.,

2015 y Wagener et al., 2011.

Citocromo-c-oxidasa o complejo IV: Este complejo es una proteina integral de la
membrana interna mitocondrial. En la levadura esta compuesto por las subunidades Cox1p,
Cox2p, Cox3p, Cox4, Cox5ap, Cox5b?p, Cox6p, Cox6ap, Cox6bp, Cox7ap, CoxVilbp y
Cox8p. Este complejo también se ensambla de manera multimodular y coordinadamente
entre los genomas nuclear y mitocondrial. Las subunidades principales son Cox1p, Cox2p
y Cox3p las cuales estan codificadas en el ADNmt. La subunidad Cox1p tiene un centro de
cobre nombrado CuB y dos grupos hemo a y as, en esta subunidad es donde se produce la
reduccion del oxigeno molecular a agua. En Cox2p se encuentra un centro de cobre
denominado CuA el cual es el aceptor inicial de electrones provenientes del citocromo ¢
(Ferguson y Babcock, 1996 y Wikstrom et al., 2015). Cox3 no contiene centros redox, pero

se cree que estabiliza el nucleo catalitico del complejo (Sharma et al., 2015).
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La formacién del subcomplejo Cox1 se lleva a cabo en 5 pasos mediante la formacién de
intermediarios nombrados D1 a D5 (Mcstay et al., 2013).Primeramente D1 se forma por la
interaccion de Coxlp recién traducida con Cox14p y el factor de ensamble Coalp.
Posteriormente, a D1 se agrega Mss51p y la subunidad Cox5ap para formar D2, que se
convierte en D3 mediante la adicion de Cox6p y Cox8p. El subcomplejo D4 ain no esta
bien caracterizado; sin embargo, se ha identificado la adicion de Cox4p. Finalmente para la
formacion de D5 se agrega Shylp la cual ha sido implicada en la maduracion de los centros
hemo a de COX (Smith et al., 2005; Khalimonchuk et al., 2010). El segundo subcomplejo
es Cox2, este no cuenta con ninguna subunidad estructural del complejo IV (Franco et al.,
2018). Sin embargo, se ha demostrado la formacién de varias interacciones con proteinas
gue ayudan a su maduracion. Cox18p es una proteina de andamiaje especifica de Cox2p
necesaria para la insercion de la hélice alfa N-terminal en la membrana, Cox20p es la
segunda proteina especifica de Cox2, esencial para la insercion de la membrana y la
transferencia del dominio C-terminal hidrofilo de Cox2 al espacio intermembranal (Hell et
al., 2000y Elliot et al., 2012). Ademas, en este subcomplejo se han identificado las proteinas
Scol y Coab necesarias para la maduracion del sitio CuA de Cox2p (Soto et al., 2012). El
subcomplejo de Cox3p, se ensambla independientemente de los otros dos modulos. El
intermediario mas pequefio contiene Cox7p, Cox13p y comparte Cox4 con el médulo Cox1.
Este subgrupo después interactia con Rcflp, una proteina que ha sido implicada en la
formacion de supercomplejos y moduladora de la actividad del complejo IV (Strogolova et
al., 2012; Strogolova et al., 2019; Dawitz et al, 2020). No se sabe si existe un orden
obligatorio en el que los tres médulos de Cox interactdan entre si, y de ser asi, cual podria

ser la secuencia (Figura 8).
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]

Formacion del D\
Subcomplejo Cox1 ‘ 3"

Cox1p —

Complejo IV
completo

Formacién del
Subcomplejo Cox2

Membrana mitocondrial interna

Formacién del
Subcomplejo Cox3

Figura 8. Biogénesis del Complejo IV. Modificado de Mcstay et al., 2013 y Franco et al.,

2020.

ATP sintasa Fi-Fo. La biogénesis de la ATP sintasa se ha estudiado en levaduras,
bacterias, y recientemente, en células humanas. En cada caso, los diferentes sectores de
la enzima se pre ensamblan como unidades o subcomplejos separados (Figura 9): 1 el
subcomplejo ATPasa F1 orientado hacia la matriz mitocondrial y 2, el subcomplejo FO en la
membrana interna (Kagawa y Racker, 1966 y Franco et al., 2020). F1 contiene cinco
subunidades diferentes q, B, vy, 8 ¥ €, en una estequiometria de 3: 3: 1: 1: 1. Las tres copias
de las subunidades a y 3 se alternan para formar un barril hexamero que rodea un tallo
central que contiene una copia de la subunidad y (Boyer, 1997; Stock et al., 2000). Tres de
las seis interfaces formadas por las subunidades a y B contienen los tres sitios cataliticos
de union a nucledtidos donde se sintetiza o hidroliza ATP. El tallo central se conforma con

las subunidades vy, & y €, y proporciona el vinculo fisico entre F1 y Fo. La unidad Fo de
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membrana en levadura consta de 8 polipéptidos, tres de los cuales (Atp6, Atp8 y Atp9)
estan codificados por el ADNmt (Macreadie et al., 1983). Atp6 y Atp8 estan presentes en
una sola copia, mientras que diez copias de Atp9 se oligomerizan en una estructura en
forma de anillo. Atp9 consta de dos a-hélices transmembranales que interactian con las
subunidades 9, y y € del tallo central F1 para constituir el rotor de la ATP sintasa (Fillingame
et al., 2002 y Stock et al., 1999). El tallo o estator periférico estd compuesto por las
subunidades Atp4p, Atp7p, Atpl4p y OSCP (por sus siglas en inglés Oligomycin Sensitivity
Conferral Protein). Las tres subunidades periféricas del tallo (Atp7p, Atpl4p y OSCP) estan
ubicadas completamente fuera de la membrana, mientras que la cuarta subunidad Atp4p
es una hélice a extendida, un extremo de la cual esta incrustado en la bicapa de fosfolipidos
y puede considerarse como un componente de la membrana. Las cuatro subunidades del
tallo periférico actian como un estator que evita que el cilindro a333 periférico de F; gire,
lo que permite que la subunidad y se ponga en contacto secuencialmente con cada uno de
los tres sitios cataliticos a/p internos de F1 durante el ciclo catalitico (Walker et al., 2006).
La ATP sintasa forma dimeros con un angulo de 86° entre ellos (Davies et al., 2012). Los
dimeros estan dispuestos en filas formando cintas de ATP sintasa dimérica en las crestas
de la membrana interna. ElI &ngulo de 86° entre los mondémeros de ATP sintasa es
responsable del plegamiento de la membrana interna en crestas (Davies et al., 2011; Blum

et al., 2019).
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1. Formacién del anillo
con 10 subunidades Atp9p

. AtpSp
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Membrana mitocondrial
interna

Atp9p

4. Formacion del dimero
del complejo V

Matriz mitocondrial

\} 3. Formacion del
tallo periférico

Figura 9. Biogénesis de la ATP sintasa mitocondrial. Tomado y modificado de Davies et al.,

2012 y Franco et al., 2020

1.5 Regulacion de la funcién mitocondrial por la biogénesis de centros Fe-S.

La biogénesis de los centros [Fe-S] juega un papel importante en los mecanismos de la
homeostasis del hierro y esta relacionada con la funcion mitocondrial. En este sentido,
estudios recientes indican que la generacion de ERO causada por H20-, la menadiona o el
etanol, se asocian con una pérdida de la homeostasis del hierro que es exacerbada por la
disfuncion del sistema ISC, lo cual contribuye a aumentar la toxicidad de estos compuestos
a través de una mayor generaciéon de ERO, provocando el agotamiento de la respuesta
antioxidante y la muerte celular (Pérez-Gallardo et al, 2013). La concentracion de hierro
intramitocondrial durante la biogénesis de los centros [Fe-S] tiene que ser finamente
regulada para evitar un aumento perjudicial en la concentracion de hierro labil, puesto que
el hierro ferroso (Fe?*) y el férrico (Fe®*) catalizan la formacion del radical hidroxilo (OH") en
presencia de H,O, y O, a través del ciclo de Habber-Weiss. En las mitocondrias, estas ERO
se producen fisiolégicamente como subproductos de la actividad de la cadena de transporte

de electrones a nivel del complejo Ill. La homeostasis no controlada del hierro mitocondrial
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causa dafio oxidativo en el ADN, lipidos y proteinas a través de la generaciéon de ERO, que
a su vez deteriora aun mas la funcion de la CTE y conduce a la muerte celular (Turrens,
2010; Pérez-Gallardo et al, 2013; GOmez et al, 2014).

Estudios previos (Pérez-Gallardo et al, 2013; Gémez et al, 2014) sugieren que las proteinas
Isal/lba57 consideradas como donantes de centros [4Fe-4S], también son capaces de
ensamblar centros [2Fe-2S] en apoproteinas como la succinato deshidrogenasa (Sdh2p) y
la proteina Rieske (Riplp) del complejo Il y Il de la CTE, respectivamente, ya que la
mutacion en los genes ISA1 e IBA57 anula la actividad de los complejos II, lll 'y IV de la
CTE. Lo que sugiere que la generacion de ERO en las mutantes ISC podria estar asociada
con la disfuncionalidad de la CTE a nivel de la transferencia de electrones, por proteinas
gue contienen [Fe-S]. Estos hallazgos sugieren que la acumulacién de centros [Fe-S] pre-
ensamblados debido a un fallo en su insercién, por la interrupcion de los genes ISC o la
ausencia de la apoproteina receptora (es decir, succinato deshidrogenasa, aconitasa o
proteina Rieske), conducen a un incremento del hierro labil, provocando un desequilibrio en
la respuesta celular antioxidante.

Para el caso de la mutante riplA4, el hierro destinado a la proteina Rieske y la incapacidad
para transferir los electrones en la CTE, pueden estar relacionados con el incremento
exacerbado de ERO. Como se ha mencionado, las mutantes isalA e iba57A mostraron una
pérdida casi total de la actividad de los complejos Il y lll de la CTE, sugiriendo que
probablemente el ensamble de proteinas que contienen grupos [Fe-S] en estos complejos,

pueden ser asistidos también por las proteinas de ensamblaje Isalp, Isa2p e Iba57p.
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2. Justificacion:

En S. cerevisiae se ha reportado que el subgrupo de la maquinaria ISC mitocondrial
integrado por las proteinas Isalp, Isa2p e Iba57p, son exclusivas en el proceso de sintesis
y transferencia de centros [4Fe-4S]. Sin embargo, estudios previos sugieren gque estas
proteinas adicionalmente estan involucradas en la maduracién de la proteina Riplp o
Rieske del complejo respiratorio I, cuyo grupo prostético es un centro [2Fe-2S]. Por lo que
se debe corroborar si las proteinas del subsistema tardio de la via ISC mitocondrial estan
involucradas en la maduracién de Riplp, lo cual podria dar lugar a plantear que este
subsistema es esencial para el correcto funcionamiento de la cadena de transporte de
electrones de S. cerevisiae al influenciar la formacion de supercomplejos mediado por el

correcto ensamble del centro [2Fe-2S] de Riplp.
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3. Hipotesis

El subsistema [Fe-S-IBG] de la maquinaria ISC mitocondrial transfiere el centro [2Fe-2S] a
la subunidad Rip1, la cual participa en la estabilizacién de los supercomplejos respiratorios

en S. cerevisiae.
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4. Objetivo general

Determinar la participacion del subsistema [Fe-S-IBG] en la insercion del centro [2Fe-2S]
en la subunidad Riplp y su impacto en la formacion de supercomplejos Ill/IV de S.

cerevisiae.

4.1 Objetivos especificos

° Evaluar el funcionamiento de la cadena de transporte de electrones mitocondrial en

la deficiencia del subsistema Fe-S-IBG en S. cerevisiae.

° Evaluar la estabilidad de los supercomplejos respiratorios en la ausencia del

subsistema Fe-S-IBG en S. cerevisiae.

° Determinar la interaccion entre el subsistema Fe-S-IBG y la subunidad Riplp de S.

cerevisiae.
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5. Resultados

5.1 Capitulo 1
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The [Fe-S] late-acting subsystem comprised af [salp/lsa2p, Grasp, and 1baS57p proteins (Fe-S-1BG subsystem) is
imvalved in [4Fe-45]-cluster protein assembly. The effect of deleting 1BASY in Saccharomyces cerevisioe on mi-
tochondrial respiratory complex integration and functionality associated with Rieske protein maturation was
evaluated. The iba57A mutant showed decreased expression and maturation of the Rieske protein. The loss of
Rieske protein caused by IBAST deletion affected the structure of supercomplexes 151V, and sV, and their
integration into the mitochondria, causing dysfunction in the electron transport chain. These effects were cor-
related with decreased cytochrome functionality and content in the iba57A mutant. These findings suggest that

IbaS7p participates in maturation of the [2Fe-25]-cluster into the Rieske protein and that Rieske protein plays
important roles in the conformation and functionality of mitochondrial supercomplex AV in the electron

transpaort chain,

1. Introduction

The enzymatic complexes forming the eleetron transport chain
(ETC) in the mitochondria of both mammals and yeast are organized as
supramolecular structures and are known as supercomplexes. In yeast,
supercomplexes are formed by interactions between the be, complex
(complex I} and cytochrome ¢ oxidase complex (complex IV) in a
stoichiometric ratio of two is to one (111/1V1) or two is to two (H1/1V,)
(Schagger and Pleiffer, 2000), Supercomplex formation has been found
to be essential for channeling of substrates, structural stabilization of
individual ETC complexes, and modulation of reactive oxygen species
(ROS) generation (Vartak et al, 2013). Thus, disruption of super-
complex formation may be detrimental to cell survival because of en-
ergy deficiency. enhanced oxidative stress, and/or inability to adapt to
environmental changes (Gutierrez-Cirlos et al,, 2002).

In yeast, supercomplex formation has been suggested to depend on
the iron-sulfur protein (Riplp) subunit of complex I (Conte ot al,
20015; Cui et al., 2014; Zara et al., 2009). Riplp (Rieske protein) is one
of the three catalytic subunits of complex 111 and disruption of either its

assembly or insertion of the Riplp prosthetic group into the complex, a
[2Fe-28] cluster, severcly alters both its structure and function
(Gutierrez-Cirlos et al., 2002). The [Fe-8] clusters of the cytosolic and
mitochondrial compartments are mainly synthesized by the mitochon-
drial iron-sulfur cluster (ISC) machinery (Braymer and Lill, 2017; Lill,
2009; Lill et al., 2012; Lill and Muhlenhoff, 2006), which is encoded in
Saccharomyces cerevisiae by the genes SSQI, JACI, NFS1, ISUI, 1SU2,
YAHI, YFH1, ISA1, ISA2, GRXS, and IBAS7 (Lill, 2009; Schille et al.,
2006},

In contrast, the insertion and maturation of [4Fe-45] clusters into
target proteins such as aconitase, lipoic acid synthase, and homo-
aconitase are carried out by a specialized, late-acting Fe-§ subsystem
comprised of 1sal/Isa2, 1ba57, and Grx5 proteins (Schilke et al., 2006),
named as the Fe-5-1BG subsystem (by Isal/2, Iba57, and Grx5 pro-
teins). Fe—S-1BG subsystem components are not considered as essential
for the maturation of mitochondrial [2Fe-28] proteins (Muhlenhoft
er al,, 2011; Shefrel et al., 2012). Deletion of Isalp, but not of Isa2p and
Grx5p, is cssential for [4Fe—45] cluster assembly into target proteins.
However, the essential role of 1ba57p has not been demonstrated.
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Previous siuclies indicated that the Fe $-IBG subsysiem can also act in
[2Fe 25]-cluster pratein maturation {Banci er al.. 2004 Beilschmidr
et al., 2017. MNasta et al., 2017}, Thus. altered [2Fe-25] cluster insertion
into Rieske prorein and cluster dvsfunction leads to full inhibition of
respiration, This effect on respivation is auribuied 10 impaired complex
I-complex I activity and disruption of 171,71V, amercomplexes {Conle
and Xara, 200 1). These findings suggest that some members of 1the ke S-
IBG subsystem-assembly participate in the matacation of LAY supet-
complexes and in an optimal funetionalicy of the ETC, Thus. we -
vestigated the effects of IBAS7 deletion on the expression of Ricske
protein in a haploid, monozygotic strain of S cerevisiae 1o avold het-
crozygous complementation. We also evaluated the effecrs of this de-
letion on integration of milochondral supercomplexes and on mi-
tochondrial FTC mnction.

2. Materials and methods

2.1, Yeast srruims, growth conditions, end survival reses

Murant straing grwsa, thesZA, rplAl sdh2A, and cox72A correspond
to the haploid 5 cerevisioe BY4741 wild tvpe (Mat a. his3A, leu2Ad,
merlDAG walAl, KondX4), all swreains were obfained from Open
Binsysiems. Growth tests were caoried oul using veast cxirael peplone
dextrase (YPD) culture mediom. Culiure medium was inocolated with
avernight-grosn veast enltures that had reached an aptical density of
0.1 ar 600 um {000 and incubated at 30 °C with low-speed shaking
{50rpm). Yeast growth {biomass) was spectrophotomerrically mon-
itored ar OD e

2.2 Derermination of in site misochondrial oxygen consimption raw

8. cerevisiae cells (25 myg wet weight) were placed in 2.5 ml. of MES-
TEA butfer (pl16.0) in a sealed glass chamnber with constant stirring at
25 °C.The oxygen consumption rate {OCR) was measured with a Clark-
type oxygen clecrode coupled o a biological oxygen monitor {YSI
53001 Basal oxygen consmmplion {state 4), was indieed by adding
20 mM glueose as substrate, and 3 min later, 5 pb of 1he uneoupling
agent garhanyl cyvanide m-chlarophenyl hydrazane ({00P) was added
to stimulate maximal OCR (uncoupled {L) state). To discriminate the
mitochondrial oxygen consumption from unspecific.eyrosolic oxygen
utilization, the mitochondrial ETC was inhibited with 1 pyg amimycin &
and a fmther additinn af 0.5 mb KCN {Brand and Micholls, 2011).

2.3, Minchondrie isslaron and dererminetion of the ETCO complexes
acHviry

Mitochondria af 8. cerevisiae were solated from cultures grown
liquid medium YPD at 30 'C in a shaking incubator by 12 h, using a
previously deseribed method {Peree-Gallardo et al., 2003). Delerzem
nermeahilized mitachondria were mixed 250 pl, of intacl mitochendria
{10mg of protein} plus 750 L of hypotonic buffer [(KC] 100 mM,
MeCla 10 mhL Tris-base 10 mb. pH 7.5, and Triten X-100 {0.02%4)]
with vigorous shaking in a vortex tor 10 s, This suspension was cen-
trifiged w1 18600 % g for LG min ar 4 °C. Supernatunis were discirded
and the mitnehondrial pellets suspended in boffer compased of 30 mbd
KH.PO,, pll 7.6 and protein was quantified by the Biorer methad.
Suspensions of permeabilized mitochondria were used to determine the
activiry of the ETC complexes. as deseribed below,

2.4. Determination of the ETC complexes activity

The activity of complex IT was evaluated by measuring the sucei-
nate-NCIP axidoreduciase activity af salubilized milochandria ¢ Peres-
Gallardo et al., 20013). For determination of complex 11-11I activity, the
activiny  of antimyeln A-sensitive  suecinate-cytochrome ¢ oxidor-
eduetase was measured using endogenots ubiquinel-6 and siecinate as
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substrates {Perex-Gallavde g1 al., 2013, While that for determination of
camplex Il activity, it was assayed under the same canditions osed fore
the determination of complex I1-TIT activity, except that decylubigquinol
{redoced with MaBH,) was added nstead suceinate {Cortes-Rojo et al.,
2009). Finally, for dewrmination of the complex IV oactivity, oylo-
chrome ¢ nxidase activity was measured as the rate of evanide-sensitive
cytochrome ¢ oxidation in presence of antimycin A by adeding elithin-
nite-reduced cytachrame ¢ {Percz-Gallardo et al., 2013),

25, Dererminotion of cii-goonimse activizy

Aconitase activity was determined by a modification of the method
af Henson and Cleland (Henson and Cleland, 19671 as described else-
where (Peres-Gallardao et al., 2013).

2.6, Mitochomdrial memnbrane potentiol

Membrane prential in cells suspensions was determined nsing the
flncrescent, cell-permeable indicaior Rhodamine 123 (Rhol 23; Sigma).
Cells suspensions {1 % 107 eells/ml) were loaded with Rhal23 (5 el
mLy and incubated ac 30°C for 30 min in the dark. Suspensions were
harvested. washed once and re-suspended in PBS. Membrane potential
in suspensions wis determined by Huoreseenee generition and guin-
lifed by flow cylomenry using a B Aceari O6 Flow Cytometer {BD
Binsciences), monitaring the emission fluorescence in channel F11
1332730 nm) (Gomez ot al.. 2014),

2.7 Raman speciroscopy of mirochondris

Suspensions of intaet mitochondria {250 pg) from yeast cultures
grown on YPD were subjecied 1o Ruman specirosoopy as described
mreviously {Gomer et al., 2014), msing a microRaman specirometer
{Dilor model LabRam) equipped with a confocal microscope with 30 %
amplification. using He-Ne laser emitting at 632.8 nm and 30 mW at
sample poiot for exeitation. Mitchondrial dried-pellets were eollocared
in o copper plate and laser impacied ino o spat of 2pm with an in-
tegratinm time of 60 5; a 256 x 1024 pixel charge-coupled device (GO
wis used as a photon detectar. ‘The spectra obrained correspond o the
average ol spectra overlapped by 605 of recording.

28, UV specroscopy of mitvchondrial cytochrome

suspensions af intact mitachondria (2 mg/ml) from yeast culiures
groan an YPI were collocated into quartz cell and absorbance specira
were recarded using a spectraphatometer {(1V-23550 Shimadeu), mon-
itoring spectrum trom 400 to 6543 nm. Basal spectrum was obtained
using phosphates buffer adding 10 pL KCM (0.4 M) and 10 pL succinare
{1 M) incubating 3 min before run the spectrum v determine cyto-
chrome functionality. After, 10 pL zntimycin A {0.09 M) was added,
incuhated by 2 min 1w ioal cytochrome b reduction. Finally, 0.1 mg
dithionite was added in the cuvette and run the spectrum manitoring to
deteemine total eytochrome preseiree, The spectra obtained correspond
o the average of spectra overlapped at least 6 nimes.

2.9 DINA gene amplificarion

DNA amplification was cartied out by standard PCR method using
wial or mitochondrial DNA from the S cerevisioe strains, using the
Plutinum Ptx DWNA polymerase (Invirogen) performed according 1o
manufaciurer’s insiructions. The primers used for gens amplification
were designed from the & cerevisice genome: 134537 {fiv GIPIACCAAA
ATGTTCATCAGTAGAAG and rev GOGGOCGCTTTATGAGGCCCGTT
ATIL GRXS (v AAGOTTAAAATEITIOICCCAAAATTC and  rev
CTCGAGACGATCITIGGTTICTICITC), RIPE (hy GGATCCAMAAATGLT
AGUANTAMGATCATCT and rev CTCOGAGACCAACAATCACCITATC
ACCATC). COX2  {tw TCAGCATTCAGCAACACCAA  and  rev
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Fig. 1. Evaluation of mitochondrizl ETC Ametionality and [Fe-$]-content in the [baS7p mutant of Saccharomyces cerevistae. a-h) Mitochondria function was evaluated in mitochondria
suspensions obtained as described In the Material and Methods, except for (d), in which cells suspensions were used. a-c) Basal oxygen consumption rate {OCR) with glucose as a
substrate; a} OCR under coupled state conditions; b} OCR under uncoupled state conditions using CCCP for uncoupling; and ¢} OCR under complex Tl-blacking conditions using antimycin
A as an inhibitor. &) Membrane potential in cell suspensions. &) Activity of succinate-DCIP oxidoreductase. ) Activity of succinate-cytochrome ¢ oxidoreductase using succinate as

substrate. g) Activity of ul

I-cytochrome ¢ oxidoreductase activity using decylubiquinel as substrate. h} Activity of cytochrome ¢ oxidase. Values are the mean of three independent

experiments. SEs are indicated as bare {n = 9}, one-way analysis of variznce (ANOVA) with Tukey's post hoc test was used to compare yeast straing, and significant differences (p < 0.05)

were indicated by different lowercase letters.

TCAAATTCAACAGTTTCACCACT), COX3 (fw TTAGGTGCATGTTGACC
ACC and rev CCATCAGAGATAGTGAATGCAGC).

2.10. Native gel electrophoresis and western blot

For native polyacrylamide gel electrophoresis, samples of 100 pg of
mitochondrial protein isolated as described above, and solubilized
using buffer A containing dodecylmaltoside (1 g/g), triton X-100
(2.4 g/¢), or using digitonin (3 g/g) as described (Schagger, 2006), and
separated by native polyacrylamide gel electrophoresis on 8% Bis-tris
gels (BN-PAGE) (Musatov and Robinson, 2012; Schagger and Pfeiffer,
2000; Stames and O'Toole, 2013). After electrophoresis, the mi-
tochondrial complexes visualized in the gel were excised in both hor-
izontal or vertical manner, and incubated for 30 min in a solution
containing 60 mM Tris/HCl {pH 6.8) and 0.2% SDS at room tempera-
ture. Each gel slice was placed horizontally and encased in 5% poly-
acrylamide stacking gel in the gel for the second dimension {SDS-
PAGE), already containing the separation gel {(12% polyacrylamide and
0.2% SDS). The gels were subjected to electrophoresis and in one side
they were silver-stained and on the other side transferred to poly-
vinylidene difluoride (PVDF) membranes for Western blot procedure.
Additionally, SDS-PAGE was also applied for separation in mitochon-
drial and cell-free extracts. For immunodetection assays, 50 pg of mi-
tochondrial protein or cellular extracts were run in 12% SDS-PAGE gels
and transferred to PVDF membranes. Membranes were blocked using
dry milk in PBS-T and blotted with the S. cerevisiae antibodies (anti-
Riplp, anti-Cox2p or anti-Cox3p) as first antibody in blocking medium
at a 1:20000 dilution for 2h at 4 °C. After washing, the membranes
were incubated with the secondary antibody, a monoclonal anti-mouse
1gG HRP-conjugate (Promega), in blocking medium at a 1:10,000 di-
lution for 2h at 4°C; the membranes were washed with PBS-T and
developed using Supersignal West Pico Luminol {Pierce) and exposing
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in light-sensitive films or luminescence determined by using a Che-
miDoc MP imaging system (BioRad). Assays were conducted by at least
three independent assays and representative images are shown. Bands
intensities in gels or films were quantified using the Image J software.

2.11. Confocal microscopy of yeast suspensions

S. cerevisize YPD-grown cultures were harvested and suspended in
PBS at 1 % 107 cell/ml and loaded with the fluorescent probe. DNA
staining in cells was visualized by fluorescence resonance energy
transfer (FRET). Cells were suspended in deionized water and added
1pL/mL of SYTO% and propidium iodide stain mix (Livesdead
FungaLight yeast viability kit for flow eytometry; Molecular Probes,
Invitrogen) incubating 30 min at room temperature; after this, samples
were observed by confocal microscopy at 482/502nm and 535/
617 nm, respectively. Images were acquired at 40-60 X magnifications.

3. Results
3.1. Mitochondrial ETC function is affected by IBAS7 deletion

Mutants in the Fe-S-IBG subsystem components have been con-
sidered as respiratory-deficient strains, but possess normal capability to
grow in fermentative conditions, suggesting that their lack of a mi-
tochondrial DNA {mitDNA) causes the failure of respiratory complexes
{petite or rho™ phenotypes) (Mullenhoff et al., 2011). However, GRX5
mutants partially maintain their mitDNA (Rodriguez-Manzaneque
er al., 2002). We observed thart the isalA mutant showed respiratory
deficiency and strong/null formation of respiratory supercomplexes,
while only partial effects were observed for the grac5A mutant {Gomez
et al, 2014). These results suggest that some Fe-S-IBG subsystem
components causing respiratory-deficiency are not a consequence of the
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total lack of mitDNA; thersfore, the Fe S-IBG subsystern may affect
respiratory complex conformanon. Proteins other than Grebp, such as
1a37p, may be involved in this process.

To determine to what extent {BAS? mutation impairs the overall
functionality of the ETC in 5 cerevisioe, in silu milochondrial oxygen
consumption rates {OCRs) of the muant were measured. Respiration
was [ully inhibited in both coupled and uncoupled states in the mi-
tnchomdria of ihe37A and rip? A mueants, whereas in the greSA molani,
anly a partial deerease in OCR was observed eompared to in the WT
strain (Fig. la-b). Motably, antimycin & treatment cavsed oxveen re-
lease rather than oxygen consumption n the assay chamber in the
tha57A and rpla motants compared to the Wl and greSA mutant
{Fig. 1e). Additionally, in accovdance with its inability to respire, the
iha??A and riplA murants did nor exhibit membrane potential {4p)
{Fig. 1d). The patrtial reduction in GCR in the uncoupled state obseeved
in grx54A cells supported the partial dissipation of membrane potential
deteried in this matant.

Parrial reactions of the ETC were analyzed to determine whether the
deletion of 1ba57 proteinn, which is part of the Fe-5-IBG subsystem
dedicaled 1w the mamration of [4Fe 45| clusiers, also affects the ac-
tivity of mitochondrial complexes lacking this oype of Fe-S center {L.e.,
1L and IV). As expected, the activity of complex 11, a protein complex
containing a [4Fe-45] center, was fully inhibited in (be57A and ripld
mulanes; in comtast, the grasA mutant displayed ~ 30 409 of acriviry
compared to W cells (Fig. 1c). A similar rend was observed for
complexes UI and IV (Fig. 1&-h).

Anlimycin A-sensilive succinale cytochrome o axidoreduriase ac-
tivity {i.e. complex Il-complex II1 activity) is dependent on electron
wransfer between complex 1T aned complex 11 Thus, o eliminate the
possibility thar impaired suecinate—cytochrome ¢ oxidoreducrase ac-
tivity resulted from impaired complex Il activity and not from direct
damage 10 complex I we tested the acuvily of complex II1 by mea-
suring the oxidation of deeylubiquine! (Fig. 1g). The activiry of complex
111 was fully abolished in ha57A and fpIa mutanks. while mitochandria
from grx5A exhibited activity of - 40% compared to that from the WT
sitain {Fig. 1g}. These results indicate that delelion of IBASZ causes the
dysfunetion of the ETC, and this deletion s likely assoclated with the
disintegration of ETC surpercomplexes,

3.2 [Fe-S} cluster-containing prowing are affected by 1BAST deledon

Detexmination of the engymatic activity of cis-aconilase has been
used o menitor the assembly of [4Fe 45] centers info [angzel proteing
{Gardner. 19%7; Muhlenhoff et al.. 2011} Accordingly. we determined
the acemitage activity in mitachondria of the bes?A muant. As ex-
pected, aconitase activity was nearly completely abolished in the
thaS7A mutant, while decreased activity was ocbserved in the grxSA
mutant {deseribed as no essential proein for aronitase assembly)
{Fig. 2a). Additionally, we tested aconitase activity in the riplA mucant
{used here as a strain lacking complex 1L activity because of deletion of
the Rieske mbunit), and found 1hal its aclivily was decreased 1o ap-
proximately 50% compared o the WT strain. These resulis indicate that
in the iba57A mutant. the insection of [4Fe—45] clusters into aconitase
targel proteins was prevented. confirming that the Fe-$-1BG subsysiem
pariiciprles in assembly of apoproteing [4Fe 45]-dependent. This was
further confirmed using Raman spectroscopy analysis in mitochondria
isolated from the ibaS7A mutant, as in the riplA mutant Signal in-
lemsilies at 460 545 tm” ° and 640 660 em™ ' in the £32.8 nm Raman
spretra corresponding o photonic emission characteristies of the [Fe-5]
centers were markedly diminished {Fig. 2b). The Baman signal peaks
were cleacly observed with high intensity in the mitochondria from the
Wl and gresA mutant, Decreased [Fe-5] content observed in the fhas7A
mutant further confirmexl that [baS7p is involved in the biosynthesis
and assembly of [Fe-5] clusiers into mitochondrial arget proteins.
‘Thus. IBAS7 deletion may be associated with the dysfunction of ETC
supercomplexes. and this deletion likely affects the insertion or
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maluration process of the |Fe §| center-containing proteins. n addi-
tion, the [Fe-S] centers analyzed by Raman spectrometry in the rplA
mutant indicate thar the Rieske protein is celated to tespiratory su-
percomplexes maturation,/assembiy,

3.3, ETC supercomplexes maturation are affected by IBAS7 deletion

T determine whether the deleiion of IbaS7p direclly ar indirecily
digturbs the formation of LISV supereomplexes by prevenring the
maturation ol [Fe-S] clusters containing-proteing in mitochondrial
complexes, we tested the effects of Ibab7p on supercomplex maturation
and the influence of Rieske proteln. We analyzed E'TC supercomplex
agsembly by blue native polyacrylamidle gel elecrophoresis (BN-PAGE)
wirth mwo ypes of mitnchondrial proteinsolubilizing wweatmenis: digi-
tonin {light condition) and dodecylmaltoside {stronger condition). In
addition, we conducted immunaodetection with the anti-Ripl antibody
far Rieske-cormuaining supercomplex identifeation i miwchondrial
supcreomplexes,

Mitochondrial extracts from W' cells evaluated by BN-FPAGE (first
dimension) showed five well-defined profein bands, B1 BS (Fig. 3a b).
When the contents of the WT gel lane were resolved in a second di-
mension by SDS-PAGE, and immunodetected, the B2 and B3 bands
reacled with the anli-Riplp antibody (Fig. 3c-d). In addition, the BN-
PAGF gels immunndetected with anti-Rip lp antibody showed srong
signals in the B1, B2, and B3 bands. as well as in the B3, B4, and B3
bands when the anti-Cox3p antibody was used (Fig. 3e—g). These results
confirm that bands B2 and B3 comresponded 1o the ILIV, and TIT,TV.
supereomplexes, respectively {Fig. 32). Determination of band intensity
of the supercomplexes in the BN-PAGFE gels showed that in mitachon-
dria from the negative control strain fipla, bands BL, B2, and B3 were
sighificantly decreased {Fig. 3a-D). Hematkably, a similar banding
patlern was observed for the dHasS?A and gre5a mutlants compared 1o
that for WT veast ar for the two control mutant straing, such as the
cox? 1A and sdh2A. coxd 1A {which lacks eytochrome ¢ oxidase subunit
11 of complex IV} and sdf2A {which lacks succinate dehydrogenase that
farms complex [T} are mutations that do now affent Ripl p expression.

On 2-D SDS-PAGE pels, the lane corresponding to the tha57A mutant
[tom the BM-PAGE gel like the B3 band. indicated a decrease in protein
conlent compared Lo in the WT steain {Fig. 3h and Supplementary Fig.
Sla-bj).

Immunoblotting of bands B2 and B3 cut horizontally from the BN-
PAGE gels showed that Ripl prolein integration inlo supercomplexes
LIV, and TTLIV. was absent in $a57A and riplA mutanis, bur not in
coxllA, sith2A, and the WT sirain {Fig. 4a). For the grxSA mutant,
Riplp was absent inthe B2 band, but was observed inthe B3 band ina
similar propoction as in the W, Interestingly, in both the cox17A and
sdh2A mutants, the Riplp blotting signal was stronger for both, B2 and
B3 bands {Fig. 4a). When BN-PAGE gels were tun using dode-
cylmaltoside-treated samples {sironger solubilizing condirions), the B3
band corresponding to the 11;1V, supercomplex was cleatly absent from
the iha57A and #iplA mutants, light in gefA, but nat afecied in the
3th2A murant {see Supplementary Fig. Sle). These results indicate that
ibas7p deletion abolished 1lalVa and N1V, supercomplex formation,

34, FTC supercomplex manerarion is mediered by Rieske promin inmegrity

The [Fe-5] centers Raman signals and bands corresponding to the
respiralory supercomplexes decreased in the ihe37A and Ap 1A muams,
suggesting that [baS7p is involved in Ricske protein maturation and, in
rn, Rieske protein is related w respitatory sopercomplex formation as
previously sugpesced {Conce ct al., 2015; Conte and Zara, 2011). Thos,
we determined the levels of Riplp in mitochondrial extracts of the
iba57A and riplA mutants,

Ag expecred, Riplp expression was nar observed in the mirachon-
dria of the fApIA mutant {Fig. 4b). However, expression of Riplp in the
mitochondiia of the Ha574 and grafA mutants was decreased
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siwnilicantly compraced w0 W Inche sdh2 A matant. Riplp espr
wwas similar to that Inthe W strain, The Cox2 and Coxc? prateins (which
fonrm e core ot eviocheome o oxidase complex auwl ave cncoded by
mitlMAY weore hlotied on 1he same membeane. The results shimved Lhai
Cox2 prowein was expressod ol low levels inothe ad 8 and rig Ly o
tancs, bt Cox pratein was anafiecied (Fig. 4h). Deositomerry amalysis
of protein expression, nermalived w Coxdp expression, showed that in
the fhe57% and md 4 muntants, Riplp and Coxlp expression was de-
vreisied signifivandy (kig. 4ol 'These resulws indicate that 1bab7p dele-
tion aftecred Riplp manration inta the miteehoodrial complexes, ar-
fecling the integrity of Bieske prolein associatod with supercomplex
AT AT,

Additionally, v cvalvate cvioshromee inteerity in e omitochondcial
SUPCTCOMIpH EXes, CYIoelierome imetionalicy and peesence was monitareed
in e fBeEAA and FAp mdenis Crxlochoome Coment mrmtorinm by
spoctra profiles in the W strain clearly caled eviochromes ¢ +
Usigral ar 350 nmd, cylochromes & {signal at 360 nm ) and oy tochromes
g (signmal at ald nm) (big. 5a). Interestingly. evtochrames & + @ and
vylochromes &£ were also observed in the @Bas78, gy, dpls, and
e TL mmtants, although with loveer gignals compared toin the W00
sivain, but did wvere not observed in the tho sweain, While that cyio-
chrome nctionality  determined Ty thele eapahiliev o electrons
transport was observed o the WL strain, although slivhe signol also as
in the baS7h, greS s, amd coxl 14 muarants, bt nnt in the ried 4 muarant
and rho strain tkiy. Sb)Thess results indicawed that inothe baS7Ps
miran, Cme2p, Comefip, and cvtochrimes @ and b were exprecsed and
funetional, indivating that the ieaS74 mutant contains millxNa, nuther
conlirming 1har the Thai%p affects complee 1T Al ghe BT

The expression data for Cox2 and Cowd proteins eneeded by mitlna
wwere further confirmed Ty PDNA gene amplitication via PCR doe mi-
toachomdria drom the mutamis. GOX2 aned COXE {mivochondrial encoded
senes) amplification was observed in W0 strain, alse as in o570,
riplh and gy muotanis: as expecled. expression inoa consimwcted
petite muaant was noc detecled (Fig 6) Unexpectedly, hoveever. in the
FoeS mutant, the COXZ and COX3 TINA fragments wers different sices.
cantoeal miccoseapy At lysis alzo indicated the presence of DNA-ron-
Laiming mitochondeial suuemmes inothe Hef 7S muant, ol not in the
petile yeast (Fig. 71

4, DMscussion

alp is regquired rtor o the mawwration of  [4be 4% clusiers
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(Mubtlenhoff ©l al. 2000 Shedel ol al, 2012
participatinn in beth, the mamraion of the |2 5] cluster contained
in the Ripl subrunit of complex 11 wwl in the Bogenesis or functiening
of the complex 1V {heranse this enmplex lacks of an [Fe 5] clusier).
Thus, our previouws fndings regacding impaeived supereomplex forma-
tinn and decreased activities of hoth complexes 11 and 1V in the fals
MuULAnL was unespeoied, s wee predicied that only deereased complex 8
activicy waonld occur withnuat imerlerisng in supercomplex tarmarion, as
this comples doos ool whe part in this process or possess a | dle-45]
clustes {0 nmex o1 al, 2014) Thns, weested 1he eflcces of ouiation in
IHART whose product farms the Fe S-1B3G subsysiem on supereomples
toemation, ETC tinetion, cmphasizing 1he prohable participaticn ol
Riplp in this process given thal (s participation in supereomplex in-
1egratinn has heen widely recogaized {Onme o1 al. 20 i oer al.
2014 Jara et al, 2009)

Respiratory superecmglexes dre now eonsidered the tanctional nnits
muodiating optina] cleciron ransler trome reduciog equivaloms i,
NALEL o FADRLE) 10 mnlecolar oxvaen by chamneling subsirates and
decreasing ROS yeneration {Varak of al, 2013 Theretore. tmpaired
respiration and mitochoodrial depolavizaticon in the (he37.48 moant
{Fig. 1 oand the inability of the mutant w tomm NP supercompleraes
Fig. 3) are in agreement with this hypathesis. kloreover, the cole of
Riplp in the intewrity of the supereomplexces is reinforecd Ly the ob-
servation ol full fmpairmeant of respiraion and memhrans patential
observed inthe mpfs mulant (Fig. 13 The increased relvase of oxygen
i the thaS 74 and ripb sy otam s in response to antimyein & siygesto that
increased superoxide gencration acearred ar the level of complex i
{aee Fig. 1in Gomez-Gallavda o al, inopress) I has been reporied 1har
the tailure w insert the [2Fe 25] cluster of Biplp alters the envicron-
ment af gquinone redox sites of complex 111 {Gutietres-Cirins el al.,
20020, These alterations may lead w0 enhanced ROS sencration buoaase
o angimented elecioon leakage at these rodox siles In agreement with
thiy prediction. the rgzd sy mutant exhiliwed o phenotype stmilar o thin
of the thaS 74 mutant {see Fig 1in Gomer-Crellardo et al i priss ) This
sugests that Riplp deleton alters elecivon transler betveen the redos
sites of the complex 11 likely because al the lack of [2Fe 25] cnsioe
insertion, which occues in the #ipl A mutant.

The vale of the Fe SBG sobsysiom in the formation al anpee-
complexes throngh o mechunism dependent on Rigplp vas supporieed by
1he negligihle expression ot Ripl pin cellular extraces of the has 7y and
graSh mulants {Fig. 31 Th results sugeest that the Fo S 1BG sysiem
alleces the expressinn nl Riplp, the eatalyTie subuvin [2Fe 28] clisier

which prechodes i
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Fig. 3. Evaluation of ETC mitochondrial supercomplexes formation [n the Tha57p mutant of Saccharomyces cerevisize. Mitochonidrial suspensions were solubilized with digitonin and the
proteins were separated using biue native polyacrylamide gel electrophoresis (BN-PAGE), a5 described In the Materials and Methods. The ETC mitochondrial supercomplexes are
Lnd.lmted m the right of the gels, based on the results shown. a) BN-PAGE of mitochondrial suspensions solubilized with digitonin; B1-B5, major protein bands corresponding to

b

ry analysis plot of the bands corresponding to supercomplex bands observed in panel (2} using Image J software. Values are the mean and SE

values are indncamd as bars {n = 3}, one-way analysis of variance TANOVA) with Tukey's post hoe test was used to compare yeast straing, and significant differences (p < 0.05) are
indicated with asterisks. ¢} Second dimension (SDS-PAGE} of gel slice from BN-PAGE corresponding to the WT strain, silverstained, SDS-PAGE BenchMark Protein Ladder (nvitrogen) is
showed. d} Western blot of 2-D SDS-PAGE gel (¢} using anti-Rip1 antibody and monoclonal anti-mouse 1gG horseradish peroxidase (HRP) conjugate as the second antibody. e-g) Lines
From BN-PAGE gel (&) were transfarred to PVDF membranes and detected by western blotting using anti-Ripl antibody (f} and anti-Cox3p antibody (g). h} 2-D SDS-PAGE gel of the B3
band from BN-PAGE gel. Proteins are indicated. Molecular mass marker [n kilodaltons is shown to the right of the gel.

containing of cytochrome ¢, via cluster integration. This could be in-
ferred as it has been demonstrated that failure in the insertion of the
[2Fe-25] cluster into Riplp leads to augmented suscepiibility to pro-
teolysis (Gutierrez-Cirlos et al., 2002). Another line of evidence further
supporting a role for the Fe-S-IBG subsystem in the formation of su-
percomplexes and likely in the maturation of the [2Fe-25] cluster of
Riplp was the decreased levels of supercomplexes 111V, and NIV,
observed in the iha57A mutant of the Fe-5-IBG subsystem, whose
banding pattern was very similar to that observed for the rip] A mutant.
Moreover, the role the Fe-S-IBG subsystem became more evident when
supercomplex bands were run in a second dimension, which revealed

M.C. LUIS ALBERTO SANCHEZ BRIONES

the absence of Riplp in the remaining supercomplex bands of iha57A
and when supercomplex analysis was conducted under conditions more
severe mitochondrial proteins solubilization (see Supplementary Fig.
S1c). These results further suggest that Rip1p integrity plays important
roles in supercomplex conformation and that its maturation depends on
ba57p from the Fe-S-IBG subsystem. In agreement with this idea,
Riplp expression was unaffected in the sdh2A mutant (which lacks
succinate dehydrogenase to form complex II) and cex11A mutant
{which lacks cytochrome ¢ oxidase subunit 11 of complex IV) (Fig. 2).

The activity of the complex Il-complex III segment of the ETC was
fully inhibited in the iba57A mutant and ripIA control strain (Fig. 1).
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Although this observation may be the result of impaired complex 11
activity {i.e., a complex containing [4Fe—4S] clusters) arising from the
use of succinate as a subsirate, we observed the same result using de-
eylubiquinol, a direct substrate for complex 1IL Therefore, dysfunction
of complex 1II in the iba57A mutant may be associated with impaired
Rieske subunit assembly as shown in Fig. 3. Impaired complex I1I ac-
tivity may have resulted from oxidative damage due to uncontrolled
ROS production as observed in these mutants {see Figs. 1-2 in Gomez-
Gallardo et al,, in press). However, based on the results of aconitase
activity, this is not the main reason, as aconitase, a protein whose ac-
tivity is a marker of oxidative stress (Gardner, 1997; Muhlenhoff et al,
2011}, was moderately impaired in the ripIA mutant, which exhibited
neither Riplp expression nor complex [IT activity. This indicates that
enhanced oxidative stress is not sufficient for inducing complete im-
pairment of complex III activity.

Complex IV activity was also fully inhibited in the iba57A mutant
and decreased in the grx5A mutant, which lack an [Fe-S] cluster. This
may be explained by their inability or instability to form ETC super-
complexes; when complex III has an incorrect conformation, it is sus-
ceptible to protein degradation, which may strongly affect the activity
of complex IV, This suggestion agrees with the observation that when
complex III has an incorrect conformation, which may be associated
with the absence of Riplp, the activity of complex IV is strongly af-
fected (Schilke et al., 2006). Therefore, the assembly of ETC super-
complexes formed by complexes 111 and IV is favored by integration of
Riplp into complex III {Conte et al., 2015; Conte and Zara, 2011; Cui
et al., 2012; Diaz et al., 2012). In the absence of the [2Fe-25] cluster,
Riplp is susceptible to protease degradation, although apo-Ripl
{without a Fe-S cluster) has been detected to be inserted into complex
11, resulting in a nonfunctional complex (Smith et al., 2012).

Mutants in the ISC assembly system, as in the Fe-S-1BG subsystem,
are unable to conduct mitochondrial respiration and are considered as
rho® ™ mutants. This suggests that the effects on supercomplexes in the
iha57A mutant occurred because of the absence or down-regulation of
expression of mitDNA. However, we identified in mitochondrion ex-
tracts of the iba57A mutant, the expression of Cox2 and Cox3 proteins
{proteins that form the core of cytochrome ¢ oxidase complex) and in
isolated mitochondria the presence of cytochrome ¢ and b, although
slight signals observed, both in its functional status and presence were
found (Fig. 5). Additionally, DNA staining in the mitochondria and DNA
amplification of COX2 and COX3 in the iba57A mutant {Figs. 6-7) in-
dicated that the iba57A mutant possesses mitDMNA; thus, its inability to
respire and decrease supercomplex maturation or cytochrome content
is not completely attributed to its tho™ phenotype, although the less
defined mitochondrial structures suggest decreased mitDMNA content.
ETC dysfunction has been associated to events of regulation of ex-
pression, large deletions, or less mitDNA content {rho™ ). In this sense,
mitDNA integrity depends on ATP synthase assembly, whose dysfunc-
tion due to either nuclear or mitochondrial mutations lead to rapid
mitDNA loss, generating rtho™ phenotypes; additionally, mitDNA re-
arrangements associated to introns may occur (Lipinski et al., 2010) or
dysfunction in respiration depending on complex III of the ETC in-
creases the levels of ROS, contributing to mitDNA loss {Gomes et al.,
2013).

The Isal /Isa2 and Iba57 proteins have been extensively described to
participate in the assembly of [4Fe—45]-type centers from specific apo-
proteins {Brancaceio et al,, 2014; Muhlenhoff et al., 2011; Shefiel et al.,
2012). The present study revealed that Iba57p may also be involved in
the maturation of the Rieske subunit of ETC complex I1l and is probably
associated with transference or recycling of its [2Fe-25] cluster (see
Fig. 9 in Gomez-Gallardo et al., in press). Although our results may
appear to be in conflict with the idea of a central role for Isal/Isa2 and
1ba57 in the assembly of [4Fe-4S] clusters, this system may have a dual
function in directly transferring [2Fe-25] centers to Rip1 apoprotein or
participate in the mamration of [4Fe-4S] by a fusion of two [2Fe-25]
centers, as proposed previously {Banci et al.,, 2014). In their working
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Fig. 6. Gene amplification of nuclear and mitochondrial genes in 5:
strains, PCR products obtained from total DNA amplification using oligonucleotides
specific for each gene as described in the Materials and Methods section, Representative
agarose gels stained with ethidium bromide are presented. Petite rho® strain was obtained
from BY4741 wild-type veast by ethidium bromide reagent treatment. Expected sizes of
DNA fragments were as follows: IBAS7 (1508 by, RIPL(654 bp), GRXS (460 bp), COX2
(357 bp), and {(COX3 (239 bp).

model, they found that the ISCA1/ISCA2 heterodimer in humans (Isal/
2p homologs of yeast) can bind either [2Fe-25] or [4Fe—4S] clusters,
with the human GRX5 (Grx5p homolog) also binding [2Fe-25]"%
clusters (Ajit Bolar et al., 2013; Al-Hassnan et al., 2015; Beilschmidt
et al.,, 2017). In this mechanism, two GRX5-[2Fe-25]*" complexes may
generate a [4Fe-48]> " cluster that can be donated (o a heterodimeric
ISCA1/ISCA2 complex, suggesting that the protein formed acts as an
“assembler” of [4Fe-4S] clusters and is the functional unit in mi-
tochondria that receives [2Fe-25] clusters from human GRX5 and as-
sembles [4Fe—4S] clusters before their transfer to the final target

M.C. LUIS ALBERTO SANCHEZ BRIONES

et al., 2017). In addition, examination of the levels of several Fe/S
proteins by RNAi in human Hela cells showed that for mitochondrial
aconitase, succinate dehydrogenase, several proteins of complex I, and
Rieske protein, but not ferrochelatese (a [2Fe-25]-dependent protein)
and heme content, their expression decreased under deficiency of
ISCAL, ISCA2, and IBAS7; additionally, alterations in the mitochondrial
marphology and loss of cristae membranes were observed (Shefiel
et al., 2012). The authors suggested that these effects were a con-
sequence of pleiotropic effects on other members of the ETC. However,
our results support a role for [ba57p in inserting [2Fe-25] in the Rieske
subunit, likely via the Isal/Isa2 proteins, which agrees with the ability
of ISCA1/2 to bind this type of Fe-S cluster, as suggested previously
(Banci et al., 2014; Beilschmidr et al,, 2017; Braymer and Lill, 2017;
Nasta et al., 2017).

Other approaches supporting this hypothesis are related to the
bacterial fumarate and nitrate reduction regulator, which functions as a
switch between aerobic and anaerobic metabolism, where its Fe-S
cluster transforms from the active [4Fe-45]>" form in oxygen-limiting
conditions 1o a [2Fe-25]*" form during oxygen or superoxide ex-
posure, with [3Fe-45]" * as an intermediary form, suggesting that the
Fe-S cluster is involved in the molecular mechanism of O, sensing by
fumarate and nitrate reduction regulator {Crack et al., 2007; Jervis
et al., 2009; Zhang et al., 2012). Similarly, some [2Fe-251*" clusters
are remodeled during Op-induced degradation of the [4Fe-4S]°™
clusters in biotin synthase. This suggests the occurrence of
[4Fe-45]* T < [2Fe-25]° " cluster interconversion and raises the pos-
sibility that this process is used in vivo to regulate enzyme activity in
response to oxidative stress (Zhang et al., 2012). Thus, the Isal /Isa2/
Iba57 /Grx5 subsystem may participate in the sorting of both [4Fe-4S]
and [2Fe-25] clusters, where oxygen tension and/or excessive ROS
generation may be the factors or “switch” controlling which type of
[Fe-S] cluster is inserted into the apoproteins. This may be physiolo-
gically important for yeast because of their anaerobic metabolism, al-
though a hypothetical signal that allows this system to “switch” be-
tween the delivery of [2Fe-25] or [4Fe-4S] centers requires further
investigation. In agreement with the versatility of the Fe-S-IBG sub-
system in the metabolism of a variety of [Fe-S] species, we observed
large decreases in the levels of [Fe-S] clusters and cytochromes ana-
lyzed by Raman and UV spectrometry in isolated mitochondria from the
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iha57A mutant, as well as in the positive control strain ripIA.

In S. cerevisiae, supercomplex 111./TV, was significantly affected in
mitochondria isolated from iba57A and ripl A mutants; interestingly, the
activity of complexes II and I in the gre5A mutant, although reduced,
was not completely inhibited as in other mutants. These results confirm
that the Iba57 protein plays an important role in the maturation or
insertion of the Rieske subunit on the supercomplex 1II/IV of the ETC in
a process influenced by the integrity of the Rieske protein. Thus, the
mitochondrial energy metabolism of yeast is strongly dependent on the
correct assembly of Rieske protein in complex III and, in turn, on the
possibility that the Fe-S-IBG assembly subsystem is involved directly or
indirectly in the maturation of the [2Fe-25] cluster into the Rieske
subunit of complex 1L

Supplementary data to this article can be found online at htips://
10,1016/ mito.2018.01.003.
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Figure S1. Evaluation of ETC mitochondrial supercomplexes formation in the
Iba57p mutant of Saccharomyces cerevisiae.

Mitochondrial suspensions were solubilized with digitonin and the proteins were
separated using blue native polyacrylamide gel electrophoresis (BN-PAGE), after
gel lanes were resolved in a second dimension by SDS-PAGE as described in the
Material and Methods. BN-PAGE line resolved in SDS-PAGE gel corresponding to
the WT strain (a) and to the iba57A mutant (b). B1-BS5, major protein bands
corresponding to mitochondrial supercomplexes are shown. BenchMark Protein
Ladder (Invitrogen) is showed in silver-stained, SDS-PAGE gels. ¢) BN-PAGE gel
of mitochondrial extract solubilized using dodecylmaltoside (1 g/g) and triton
X-100 (2.4 g/g) as described in Materials and Methods section. Bands
corresponding to mitochondrial supercomplexes are shown.
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Saccharomyces cerevisiae BY4741 (iba574) Saccharomyces cerevisiae BY4741 (grx5)

acold  ssqld iba570 sdh28 isalA ripld grx50 acold  ssqld ibaS78 sdh2d isald riplA grx58

Saccharomyces cerevisiae BY4741 (sdh24) Saccharomyces cerevisiae BY4741 (rip14)

acold  ssqld iba578 sdh2h isalb riplB grx5A acold ssqld ibaS78 sdh28 isalh riplBd grx5A

Figure S2. Characterization by PCR of the Saccharomyces cerevisiae BY4741
mutants used in this study.

Total DNA of each strain was used for PCR amplification using specific
oligonucleotides. Arrows in the gels show the lack of DNA fragment amplification,
indicating the deletion in the corresponding gene.
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Subject area Biology
More specific sub-  Celf biology
ject area
Type of data Graphs, figures
How data was ROS and Fe”~ determination by flow cytomeny using @ BD Accuri C6 Flow
acquired Cytometer { BD Bioscientes) and ohservation hy using a confocal microscope
Olympus FVI000)
Data format Analyzed and imoges
Experimental ROS and Fe?~ determination In S. cerevisine cells using fluorescent probes.
factors
Experimental Real-rime quantification of ROS and Fe* in S. cerevisiae cells suspensions were
features determined hy flow cytomeiry and cellular strucrures were ro-loralized By
ronfocal microscopy.
Data source Instituto de Investigaciones Quimico Biolégicas, Universidad Michodrane de San
location Nicolas de Hidalgo, Morelia, Michoacdn, Méxice.

Data accessibility  Datg are provided with this ariicle,

Value of the data

¢ There 15 an established relation between IBAS7 mutation and the Rieske protemn maturation in S.
cerevisiae, which affects the electron transport chain functionality.

® [BA57 mutation in S. cerevisioe is correlated with ROS generation and loss of iron homeostasis.

® This dataset provides new insights into the mechanism of ROS generation in S cerevisice, depen-
dent of the ETC functionality.

1. Data

Treatments with BOuM menadione in the Saccharomyces cerevisiae iha574 mutant caused sig-
nificant impairment in its growth rate (Fig. 1a-b}. The levels of free Fe?+ even without oxidant were
significantly incremented in a time-dependent fashion in cell suspensions of the iba574 mutant yeast
{Fig. 1c}. The iba574 mutant displayed a significant increment of superoxide radical (02"~} generation
with 2 dose-dependent of 122, determined by flow cytometry (lig. 1d}.

The western blat assays showed that the Rieske protein {Riplp} was absent in the ripid mutant,
and decreased expression level was found in the ibe574 mutant (Fig. 1e). When extracts from cultures
grown an YPD plus high Fe** concentration (20 uM) or menadione as ROS-inducer were used, the
Riplp expression increased significantly in the WT, but not in the iba574 mutant.

Microscopy analysis shows an increment in ROS generation, associated with release of free Fe?* in
the iba574 mutant {Fig. 2}. Interestingly, the high-intensity fluorescence ohserved in the iba5s74
mutant, which exhibited a full dissipaticn of mitochondrial membrane potential was associated with
loss of iron homeostasis in the yeast cells.

2. Materials and methods
21. Yeast strains and growth conditions
Mutant strains ibas74A, ripl A, and grx5A correspond to the haploid S cerevisiae BY4741 (Mat a,

his34A, leu2A0, met15A0, ura3A0) and its KanMX4 interruption gene (Open Biosystems). Growth tests
were carried out as described [1].
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Fig. 1. Effect of the IBA57 deletion over the growth of Saccharomyces cerevisiae, iron release, superoxide generation and Rip1
protein expression. a-b) Growth kinetics of 5. cerevisiae strains grown without and in the presence of menadione 80 uM as ROS-
inducer. ¢) Kinetics of Fe’* release. Treatments without menadione (dashed lines) and with 80 uM menadione (continuous
lines). d) 0,*~ generation in yeast suspensions treated with different concentrations of Fe? * [FeSO4(NH,)]. a-d) Values are the
mean of three independent experiments. e) Densitometry analysis of cellular extracts free-cells immunoblotted for Riplp
expression; yeast extract of cultures grown on: YPD (glucose), YPD with Fe?* [FeSO4(NH.)] 20 M, and YPD with menadione
80 M. Means and SE are indicated as bars (n = 3). ANOVA was used to compare treatments. Significant differences (p < 0.05)
are indicated as symbols (%, #) or with different lowercase letters.
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Fig. 2. Microscopy images of Saccharomyces cerevisine cells for co-localization of free Fe*+ and superoxide in intracellular
compartments. YPD-grown yeast cultures were loaded with the fluorescent probes PGFL and DHE for determination of free
Fe** and 0,* | respectively; incubated for 30 min at 30 °C and co-loaded with Rhodamine 123 for membrane potential (ap)
detecticn as a mitochondrial co-lecalization marker, and observed using a confocal microscope. a-d) Wild type (WT) yeast;
e-h} tha57A mutant; i-1) greSa mutant; and m-p) riplA mutant. Cells are shown in which mitochondria and vacucles are
indicated by (m) and (v), respectively. Free Fe?* accumulation is shown as green cells and green granules within the cells, 0"

generation areas are shown as red granules within the cells, and mitochondrial structures (4p) are shown as cyan granules
within the cells, using the Rho123 probe. Images of the cells were taken at 10x to 60x magnifications using a confocal

micrescope (Olympus FV1000).

2.2. Real-time quantification of ROS and Fe’* content in S. cerevisiae cultures

Intracellular ROS and Fe?™* in cell suspensions were determined using cell-permeant fluorescent
probes quantified by flow cytometry [1-3]. For superoxide (0,*~) determination, yeast were incu-
bated with 5 pg/mlL dihydroethidium { DHE, Molecular Probes, Invitrogen}; while as for free Fe*+ was
used the indicator for heavy metals Phen green FL 5 pg/mL (PGFL; Molecular Probes, Invitrogen) in
presence of 1 mM of the chelator 1,10-Phenanthroline (Sigma). DHE- and PGFL-fluorescence was
quantified by flow cytometry monitoring the emission fluorescence at 587{40 nm and 533/30 nm,
respectively; using a BD AccuriC6 Flow Cytometer (BD Biosciences).
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2.3. Determination of Rip1p expression by Western blot in S. cerevisige

Mitochondrial protein extracts 50 ug were separated by electrophoresis on SDS-PAGE gels,
membranes for Western blot procedure were treated as described [ 1-3]. Bands intensity in films were
quantified using the Image ] software and data graphed as Rip1p expression intensity.

2.4. Confocal microscopy of yeast suspensions

S. cerevisiae YPD-grown cultures were loaded with the fluorescent probes DHE or PGFL and
Rhodamine 123 as detailed | 1-3], treated with menadione (80 uM) and mitochondrial co-localization
was analyzed using a confocal microscope (Olympus FV1000). The emission signal of fluorescence
was monitored at 560-580 nm for DHE, 405-505 nm for PGFL, and 533-563 nm for Rhodamine 123.
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Abstract

In Saccharomyces cerevisiae, the [Fe—S] late-acting subsystem comprised of Isalp/Isa2p,
Grx5p, and Iba57p proteins (Fe—S-IBG subsystem) has been involved in [4Fe—4S]-cluster
protein assembly and in mitochondrial respiratory complex integration and functionality.
Although the Isa2p be part of the Fe—S-IBG subsystem, it has been considered as a specific
protein required for [4Fe-4S] proteins biogenesis also as Isalp, but others studies have
described dual roles of these in [4Fe-4S] and [2Fe—2S] proteins biogenesis. In this work, the
effect of ISA2 deletion in a haploid strain of S. cerevisiae was evaluated. The isa2A mutant
showed decreased tolerance to ethanol as stressor, increased ROS content, and disbalance
in glutathione content; which phenotypes were restored by the ISA2 complementation.
Increased levels of ROS were correlated with iron release in the yeast cells. Additionally,
the ISA2 deletion caused decrease of the Rieske protein on mitochondrion, causing
dysfunction in the electron transport chain by affecting the structure of supercomplexes
lI21V2 and IlI21V1 and their integration into the mitochondria. The results confirm that Isa2p
participates in maturation of both proteins the cis-aconitase ([4Fe—4S]-containing cluster),
and the Rieske subunit [2Fe—2S]-protein, suggesting a dual function of the Fe-S-IBG
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subsystem in the [4Fe-4S]/[2Fe-2S] clusters assembly . This work present by first time, that
the Isa2p interact directly with the respiratory supercomplexes to assembly the Rieske
subunit. Additionally, the findings showed the importance that plays the Rieske protein in
the conformation and functionality of mitochondrial supercomplex IlI/IV in the electron
transport chain.

Keywords: Saccharomyces cerevisiae, mitochondria, iron—sulfur cluster, Rieske protein,
supercomplexes, iron homeostasis, reactive oxygen species.

Introduction

The Iron—Sulfur clusters [Fe—S] biogenesis in eukaryotes is a process compartmentalized,
in mitochondria is conducted by the ISC (Iron Sulphur Cluster) machinery and in cytosol by
the CIA (Cytosolic Iron—sulphur cluster Assembly) machinery (Lill 2009). In the last 20 years,
these processes have been described with detail; however, questions remain unresolved.
There are a diversity of [Fe—S] clusters types; however, of the most studied are the rhombic
form [2Fe—2S] and the cubic [4Fe—-4S]. The mitochondrial biogenesis of [Fe—-S] clusters is
divided in two main phases; first, the formation the [Fe—S] of novo by the Isul/2 scaffold
proteins, which is mediated by the frataxin (Yfhlp) and the cysteine desulfurase complex
(Nfslp-Isd11p) (donors of Fe*? and S°, respectively), and the ferredoxin Yahlp—Arhlp
(electrons donor) (Lill, Hoffmann et al. 2012). Second, the cofactors trafficking to their target
proteins mediated by the subsystem conformed by the chaperone/co-chaperone
(Hsp70/Hsp20), the glutarredoxin (Grx5p), and the heterocomplex Isalp/Isa2p/lba57p
called as Fe—-S-IBG (Lill 2009, Muhlenhoff, Richter et al. 2011, Lill, Hoffmann et al. 2012,
Banci, Brancaccio et al. 2014). Iba57p together with the Isalp and Isa2p have been
established as a protein complex that regulates the transference and synthesis of [4Fe—4S]
clusters in yeast (Gelling, Dawes et al. 2008, Muhlenhoff, Richter et al. 2011). Mutation of
any of these proteins cause similar phenotypes in S. cerevisiae; null activity of aconitase
and lipoic acid synthase are some of the enzymes affected by the lack of cubic type [4Fe—
4S] clusters (Gelling, Dawes et al. 2008). Among the most controversial aspects to elucidate
involves the insertion of the [Fe—S] clusters on their respective target apo-proteins. In this
context, the complete maturation of Riplp (Rieske protein) is a process that has not yet
been fully elucidated, Rip1p is the only catalytic subunit of the cytochrome bcl complex with
a cluster [2Fe—2S], responsible for oxidizing quinol by the Q cycle (Snyder, Gutierrez-Cirlos
et al. 2000 and Atkinson, Kapralov Aa Fau - Yanamala et al. 2011)),. Riplp is a protein
encoded in the nucleus with a consensus sequence in the amino-terminal that let to be
translocated to the mitochondrial matrix by the Tim/Tom transporters (Kulawiak, Hopker et
al. 2013). Subsequently, Rip1p acquires its [2Fe—2S] cluster by the ISC machinery and then
is translocated to the bcl complex by the Bcslp(Stephan and Ott). In addition, Riplp has
an important role in the stabilization of the bc1l complex in its dimeric form (Zara, Conte et
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al. 2009, Conte and Zara 2011, Conte, Papa et al. 2015). Thus, the correct function and
formation of respiratory supercomplexes for the functionality of the ETC (Genova and Lenaz
2014).

Previous studies have been described that the dysfunction of the Isalp and Isa2p in S.
cerevisiae cause respiratory deficiency, iron homeostasis and decreased activity of
enzymes that contains [4Fe—4S] clusters,considering these proteins do not have redundant
roles in the [Fe—S] clusters biogenesis (Isulp/Isu2p) (Jensen and Culotta 2000). The Isalp
but not Isa2p can be functionally replaces by bacterial homologues, being these proteins
capable to form heterocomplexes required for maturation of mitochondrial [4Fe—4S]
proteins; however, these were described to be dispensable for generation of mitochondrial
[2Fe—2S] proteins, neither needed as donor for de novo assembly of the [2Fe—2S] cluster
on the scaffold proteins Isulp/lsu2p (Muhlenhoff, Richter et al. 2011). In this sense, the
human homologues proteins ISCAL and ISCA2 are required for [4Fe—4S] protein maturation
in HelLa cells, its mutation affecting the activities of enzymes such as aconitase, respiratory
complex I, and lipoic acid synthase, but not the [2Fe—2S] of the ferrochelatase (Sheftel,
Wilbrecht et al. 2012). In contrast, recent studies in mammals in vitro and in vivo showed
that the ISCAL, ISCA2, and IBA57 to those homologous proteins described in yeast,
Isalp/lsa2p/lba57p show dual behaviors; structural studies have indicated that the
ISCAL/ISCA2 heterocomplex is the functional unit in mitochondria to receive [2Fe—-2S]
centers from GRX5 and assembly [4Fe—4S] centers before their transfer to target apo-
proteins(Brancaccio, Gallo et al. 2014); Additionally, it was proposed that ISCAL and ISCA2
may have different roles depending on the redox status of the cell, only ISCA2 is capable of
forming an association with IBA57 mediated by a cluster [2Fe—-2S], this complex is resistant
to oxidative stress and is capable of reactivating apo -aconitase (Gourdoupis, Nasta et al.
2018). Experiments in mouse skeletal muscle and neurons cultures suggest that ISCA1L, but
not ISCA2, is required for mitochondrial [4Fe—4S] proteins biogenesis (Beilschmidt,
Ollagnier de Choudens et al. 2017); however, the ISCA2 also was capable to incorporate
the [2Fe-2S] cluster into the apo-ferredoxin, suggesting that ISCA2 can to transfer both the
[2Fe-2S] and [4Fe—4S] clusters in a redox-depend condition (Beilschmidt, Ollagnier de
Choudens et al. 2017). In this sense, previous results in our group indicate that the mutation
of the IBA57 gene in S. cerevisiae affects the expression levels of Riplp in the complex llI
of the ETC, suggesting that the Iba57p is involved in the maturation of the [2Fe—-2S]-
containing Ripl protein (Sanchez, Gémez-Gallardo et al. 2019). In consequence, electrons
transference in the ETC is impaired by affecting the stability of the respiratory
supercomplexes, which are mediated by the Rieske protein of the bcl complex (Conte, Papa
et al. 2015). These findings can suggest that in S. cerevisiae the Fe—S-IBG subsystem of
late stage in the biogenesis of [Fe-S] clusters, participates also in the assembly of proteins
that contains [2Fe—2S] clusters (Gomez, Perez-Gallardo et al. 2014, Sanchez, Gémez-
Gallardo et al. 2019). Thus, with the objective to deep in the participation of the Isalp and
Isa2p in the [Fe—S] cluster maturation and assembly, in this work we focusing in the function
of the Isa2p over the mitochondrial function dependent of the Ripl protein contained in the
bcl complex using as model the haploid yeast strain of S. cerevisiae BY4741.
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Materials and Methods
Strains, vectors, and growth

We used the bacterial strain Escherichia coli JM101 for plasmids manipulations (0GEM®-T-
Easy, Promega and pYES2/CT, Invitrogen). Bacteria were grown at 37 °C in Luria Bertani
medium (LB; 10 g peptone, 5 g yeast extract, and 5 g NaCl) supplemented with 100 ug/mL
ampicillin. The haploid S. cerevisiae BY4741 (Mat a, his34, leu2A0, met15A0, ura3A0) and
its KanMX4 interruption gene mutants, grx54, isa2A, and rip1lA were obtained from Open
Biosystems. The strains were grown in yeast extract peptone dextrose (YPD; 10 g peptone,
5 g yeast extract) culture medium added with the respective antibiotic selection. The minimal
SC medium (6.7 g YNB without amino acids; 2 g Drop out mix without uracil both of Sigma-
Aldrich; 2 g of Dextrose or Galactose, and 15 g of agar for solid medium) was used to growth
transformed yeast strains.

Oligonucleotides, PCR conditions and cloning

We used the serial cloner 2.6.1 software to design the following oligonucleotides, from the
sequence available in the online Yeast Genome; for ISA2 gene, the forward primer 5- A
AAG CTT ATG CAG GCT AAATTA TTG TTT ACC- 3’and the reverse primer 5- T CTC
GAG ATT TTC AAT ATC AAA ACT ACT TCC - 3, inserting the Xho1 and Hind lll restriction
sites. For GRX5 gene, the forward primer 5- A AAG CTT ATG TTT CTC CCA AAATTC
AAT CCC - 3’ and the reverse primer 5’ - T CTC GAG ACG ATC TTT GGTTTC TTC TTC
TTC — 3, inserting the Xho1 and Hind Il restriction sites. We used the Platinum® PCR
Supermix (Invitrogen) for polymerase chain reaction (PCR) with the following conditions:
one cycle at 94 °C, 5 min; after denaturation 94 °C, 1 min, annealing 56 °C, 40 sec,
elongation, at 70 °C, 2 min by 35 cycles; final elongation 68 °C, 5 min, hold at 4 °C. The
genes amplified by PCR were cloned in the vector pPGEM®-T-Easy (Promega) following the
manufacturer instructions. E. coli IM101 was transformed for electroporation (2.4 mV for 5
mS), plated in LB with ampicillin plates, after incubation at 37 °C by 24 h, bacterial colonies
were screened to isolation resulting plasmids. The ISA2 and GRX5 genes cloned into the
vector were sequenced in the research institute LANGEBIO-CINVESTAYV, Irapuato,
Guanajuato, Mexico. The DNA sequence analysis showed that the genes did not show
mutations, and these plasmids were used for subcloning.

Yeast transformation and protein induction

The pYES2/CT vector that contains the yeast strains, this contains the yeast GAL1 promoter
for induction of protein expression in yeast, the 21 origin for episomal maintenance and high
copy replication, the auxotrophic marker for selection of yeast transformants the URA3 gene,
the ampicillin resistance gene for selection in E.coli, and a polyhistidine (6-His) tag for
detection and purification of the recombinant fusioned protein. The ISA2 and GRX5 genes
cloned into the pGEM®-T-Easy vector were release by endonucleases digestion and sub-

M.C. LUIS ALBERTO SANCHEZ BRIONES 49



Participacion de las proteinas Grx5p, Isa2p e Iba57p en el ensamble del centro [2Fe-2S] en la subunidad
Riplp y suimpacto en la formacion de los supercomplejos respiratorios en Saccharomyces cerevisiae

cloned into the pYES2/CT vector, rendering the pYES2:1SA2 and pYES2:GRX5 plasmids,
which were introduced on yeast strains by using the Frozen EZ Yeast Transformation Il kit
from Zimo Reseach following the instructions of manufacturer with light modifications.
Briefly, the mutant yeast cells were grown in 5 mL of YPD medium at O.D. 0.8-1.0 at 600
nm), 1 mL of culture was centrifugated at 5,000 x g for 4 min and pellet was suspended in
1 mL of EZ1 solution to wash the pellet, after 100 uL of EZ2 solution was added to obtain
competent cells. 50 pL of competent cells were mixing with 0.2 pg of plasmid DNA for
transformation, EZ3 buffer was added (300 pL) and incubated for 60 min at 30 °C. The cells
were plated in minimal medium SC without uracil for 48-72 h. The prototroph yeasts were
corroborated with the transformation of the E.coli JIM101 electrocompetent cells using the
pDNA isolated from the yeast transformed, plasmid isolation of transformed clones was
carried out and confirmed by enzymatic restriction analysis.

To induce the recombinant proteins expression, the transformed yeast clones were grown
in 5 mL of SC medium without uracil with 2% glucose by overnight at 30 °C with shaking,
after these cultures were used to seed 40 ml of SC-DG or YPDG (1% dextrose, and 1%
galactose) induction medium, samples were taken every 4 h during the first 12 h of
inoculation and every 24 h for subsequent expression screening by SDS-PAGE and
Western blot assays.

Ethanol tolerance grown test

The yeast strains were challenged growth in increasing concentrations of ethanol, dilutions
of cultures grown overnight in YPDG sequential dilutions were prepared (1:10, 1:100,
1:1,000, 1:10,000); dilutions of cultures were spreaded in petri dishes with YPDG solid
medium, allowed to grow at 30 °C for 72 h. Additionally, 50 mL of SC-U 1% dextrose, 1%
galactose medium were inoculated with 3 mL of inoculum grown overnight at 30°C, the
growth kinetics were performed at 30 °C for 72 h, monitoring spectrophotometrically at 600
nm.

Mitochondrial isolation

Mitochondria of S. cerevisiae were isolated from cultures grown in liquid medium YPD at
30°C in a shaking incubator by 12 h, using a previously described method (Perez-Gallardo,
Briones et al. 2013). Detergent permeabilized mitochondria were mixed 250 uL of intact
mitochondria (10 mg of protein) plus 750 uL of hypotonic buffer [(KCI 100 mM, MgCl, 10
mM, Tris-base 10 mM, pH 7.5, and Triton X-100 (0.02%)] with vigorous shaking in a vortex
for 15 sec. This suspension was centrifuged at 18,600 x g for 15 min at 4°C. Supernatants
were discarded and the mitochondrial pellets suspended in buffer composed of 50 mM
KH.PO4, pH 7.6 and protein was quantified by using the Bradford reagent (Bio Rad).
Suspensions of permeabilized mitochondria were used to determine the activity of the ETC
complexes, as described below.
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Determination of in situ mitochondrial oxygen consumption rate

S. cerevisiae cells (25 mg wet weight) were placed in 2.5 mL of MES-TEA buffer (pH 6.0) in
a sealed glass chamber with constant stirring at 25°C. The oxygen consumption rate (OCR)
was measured with a Clark-type oxygen electrode coupled to a biological oxygen monitor
(YSI5300). Basal oxygen consumption (state 4), was induced by adding 20 mM glucose as
substrate, and 3 min later, 5 uM of the uncoupling agent carbonyl cyanide m-chlorophenyl
hydrazone (CCCP) was added to stimulate maximal OCR (uncoupled (U) state). To rest the
mitochondrial oxygen consumption from unspecific-cytosolic oxygen utilization, the
mitochondrial ETC was inhibited with 1 pg antimycin A and a further addition of 0.5 mM KCN
(Brand and Nicholls 2011).

Real-time quantification of ROS in S. cerevisiae cultures

Yeast cultures were grown for 72 h in 3 mL of YPD medium, the cells were harvested and
suspended in 1 mL of PBS buffer; quantification of intracellular ROS in cell suspensions
were determined using the oxidant-sensitive, cell-permeant fluorescent probe H;DCFDA
(Molecular Probes, Invitrogen) used at 10 pug/uL in 100 pL of cell suspensions as described
(Perez-Gallardo, Briones et al. 2013, Gomez, Perez-Gallardo et al. 2014). The fluorescence
intensity in the yeast cells was quantified by flow cytometry in the FL1 channel (533/30 nm)
using a BD Accuri C6 Flow Cytometer (BD Biosciences). For mitochondrial ROS
guantification, 100 upL of yeast cell suspensions were incubated with 5 pg/uL of
dihydrorhodamine 123 (DHR123; Sigma-Aldrich) and fluorescence intensity were quantified
by flow cytometry in the FL1 channel (533/30 nm). For mitochondrial superoxide we used 5
pg/uL of dihydroethidium (Molecular Probes, Invitrogen) on 100 uL of yeast cell suspensions
and the fluorescence intensity was quantified by flow cytometry in the FL2 channel (587/40
nm). A minimum of 40,000 cellular events were analyzed for each determination point, and
the fluorescence intensity (FI) as well as the percentage of fluorescent cells (PFC) were
determined in the monoparametric histograms of fluorescence emission obtained from the
dot plots and labeled as percentage of cells and as relative units of fluorescence.

Confocal microscopy of yeast cells

Saccharomyces cerevisiae YPD-grown cultures were harvested and suspended in PBS at
1 0 107 cell/mL and loaded with the fluorescent probe Phen green FL (PGFL; Molecular
Probes, Invitrogen) (5 pg/mL) at 30°C for 30 min in darkness to determinate free Fe?* adding
1 mM of the chelator 1,10-Phenanthroline. Afterwards, the cell suspensions were incubated
with 5 pg/mL dihydroethidium (DHE, Molecular Probes, Invitrogen) for superoxide (O3z")
determination during 30 min for cell co-localization and analyzed using a confocal
microscope (Olympus FV1000). The signal evaluating fluorescence emission was observed
between 560-580 nm for DHE and between 405-505 nm for PGFL. Images were acquired
at 65x magnification of yeast cells.
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Determination of glutathione levels (GSH/GSSG) in yeast spheroblasts and
mitochondria

Spheroblasts or mitochondria were obtained as described above, the GSH/GSSG levels
was determinate as Perez-Gallardo et al (2013) with light modifications (Perez-Gallardo,
Briones et al. 2013). 0.1 mg of protein were suspended in lysis buffer (K;HPO4 0.5M,
KH.PO4 0.5M, sulpho-salicylic acid 0.6%, triton 0.01%, pH 7.0). Spheroblasts or
mitochondria suspensions were sonicated one-three times at 20 amplitude power for 3 sec,
then were frozen in liquid nitrogen. The samples were centrifuged at 10,000 x g for 5 min at
4°C, supernatants obtained were used for GSH/GSSG determinations. The reduced GSH
and oxidized GSSG species were quantified using the glutathione assay kit (Sigma-Aldrich).
The total GSH/GSSG were quantified based on the enzymatic reaction using a reaction
buffer (K;HPO,4 0.5M, KH,PO, 0.5M, DTNB 3 mM, glutathione reductase 0.1 U/mL and
NADPH 2 mM, pH 7.0) to produce yellow colored compound 5-thio-2-nitrobenzoic acid
(TNB) (Shaik and Mehvar 2006). The kinetics of conversion of DTNB into TNB were followed
spectrophotometrically at 412 nm. For quantitation of oxidized glutathione (GSSG), samples
were pre-treated with 5% (vol/vol) 2-vinylpyridine for 1 h at room temperature before
analysis.

Determination of the ETC complexes activity and cis-aconitase activity

The activity of complex Il was evaluated by measuring the succinate-DCIP oxidoreductase
activity of solubilized mitochondria (Perez-Gallardo, Briones et al. 2013). For determination
of complex -l activity, the activity of antimycin A-sensitive succinate-cytochrome c¢
oxidoreductase was measured using endogenous ubiquinol-6 and succinate as substrates
(Cortes-Rojo, Calderon-Cortes et al. 2009, Perez-Gallardo, Briones et al. 2013). While that
for determination of complex Il activity, it was assayed under the same conditions used for
the determination of complex II-1ll activity, except that decylubiquinol (reduced with NaBH4)
was added instead succinate (Cortes-Rojo, Calderon-Cortes et al. 2009, Perez-Gallardo,
Briones et al. 2013). Finally, for determination of the complex IV activity, cytochrome ¢
oxidase activity was measured as the rate of cyanide-sensitive cytochrome ¢ oxidation in
presence of antimycin A by adding dithionite-reduced cytochrome ¢ (Perez-Gallardo,
Briones et al. 2013, Gomez, Perez-Gallardo et al. 2014).

Aconitase activity was determined by a modification of the method of Henson and Cleland
(Henson and Cleland 1967) as described elsewhere (Perez-Gallardo, Briones et al. 2013).

Blue native polyacrylamide gel electrophoresis and western blot

Blue native polyacrylamide gel at 8% (BN-PAGE) were utilized for analysis of the
supercomplexes formation. 100 pug of mitochondrial protein was solubilized with digitonin (3
g/g) as described Shagger (2006) (Schagger 2006), mitochondrial supercomplex were
identified after electrophoresis as describe elsewhere (Schagger and Pfeiffer 2000,
Schagger 2006, Musatov and Robinson 2012, Sanchez, Gomez-Gallardo et al. 2019). We
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performed the immunodetection by Western blot for the recombinant proteins by BN-PAGE
and SDS-PAGE; and second dimension from lanes cut from BN-PAGE (2D-BN-PAGE/SDS-
PAGE) (Schagger 2006, Jha, Wang et al. 2016, Sanchez, Gémez-Gallardo et al. 2019).
Gels were transferred to PVDF membranes for immunoblotting assays. Briefly, PVDF
membranes were incubated with TBS-T (Tris-HCL 10 mM pH 7.8, 0.9% NacCl, 0.1% tween-
20, 0.5% dry milk). PVDF membranes were incubated with the indicated antibodies at the
concentration suggested by the manufacturer, the antibodies used included anti-His/tag at
1:50,000 dilution (Santa Cruz Biotechnology) or anti-Rip1 (Conte and Zara 2011) at 1:20,000
dilution. Following 12 h of incubation (4°C) for the primary antibody, membranes were
washed and incubated with secondary antibody anti-mouse IgG-HRP (Santa Cruz
Biotechnology) at 1:5,000 dilution in blocking medium for 4 h at 4°C; the membranes were
washed twice with TBS-T buffer and developed using hydrogen peroxide and Supersignal
West Pico Luminol (Pierce, Thermo Fisher Scientific). Images were then captured using a
ChemiDoc™ MP System (Bio-Rad). Assays were conducted at least three times,
representative images were obtained and band intensities in gels images were quantified
using the Image J software (NIH Image).

Results and discussion
Ethanol toxicity in S. cerevisiae yeast is increased by the ISA2 deletion

In nature, many events are related to ROS generation, whose of these have addressed to
disturbances in mitochondrial free iron from [Fe—S]clusters as molecular mechanism. Earlier
reports have identified a link between ROS overproduction and iron overload in the toxic
effects caused by ethanol (Perez-Gallardo, Briones et al. 2013). These ROS overproduction
observed in yeast cells during ethanol stress was exacerbated by mutations in ISC genes,
which participate in the various steps in [Fe—S]biogenesis.

The Fe-S-IBG subsystem (comprised of Isalp, Isa2p, Iba57p, and Grx5p proteins) has been
widely described as essential for the maturation of [4Fe—4S] clusters (Schilke, Williams et
al. 2006, Muhlenhoff, Richter et al. 2011); however, its participation has been involved also
in the maturation of the [2Fe-2S] cluster contained in some apo-proteins such as the
Riplpsubunit of complex Il (Banci, Brancaccio et al. 2014, Gourdoupis, Nasta et al. 2018,
Sanchez, Gomez-Gallardo et al. 2019). In agree, our previous findings regarding impaired
supercomplex formation and decreased activities of both complexes Ill and IV in the isalA
and iba57A mutants, whose supercomplexes not contain [4Fe-4S] clusters (Gomez, Perez-
Gallardo et al. 2014). Thus, we tested the essentiality of the ISA2 on ETC mitochondrial
function, supercomplexes formation, and emphasizing the monitoring of the Riplp
participation of in these processes.

As biological material we used gene deletion in the haploid S. cerevisiae BY4741 (isa2A)
and plasmid complementation as described in Materials and Methods. We constructed two
plasmids, the pYES2:ISA2 and pYES2:GRX5 that were analyzed using restriction analysis,
observing a DNA band of ~6,000 pb for linearized vector and ~570 bp for ISA2 insert and

M.C. LUIS ALBERTO SANCHEZ BRIONES 53



Participacion de las proteinas Grx5p, Isa2p e Iba57p en el ensamble del centro [2Fe-2S] en la subunidad
Riplp y suimpacto en la formacion de los supercomplejos respiratorios en Saccharomyces cerevisiae

of ~465 bp for GRX5 insert (Figure Sla; supplementary material). In the figure Slb is
showed the amplification of the nuclear genes ISA2, GRX5, and the control genes used in
this works, RIP1 (nuclear located), and the mitochondrial genes COX2 and COX3. PCR
findings indicate that in the isa2A and grx56A mutants, their respective genes are deleted,
while that in the plasmid-transformed strains, the ISA2 and GRX5 genes were amplified. In
addition, the presence of the COX2 and COX3 mitochondrial genes in all yeast strains
indicates that mitochondrial DNA is present. Once confirmed the genotype of the yeast
strains utilized in this work, the S. cerevisiae BY4741 jsa2A and grx5A mutants and their
complemented strains were utilized in subsequent studies.

To study the involvement of the ISA2 gene product on mitochondria functionality, the haploid
yeast S. cerevisiae mutants were utilized to determinate generation/accumulation of ROS
and the capability to ROS scavenge. In this sense, ethanol addition to yeast cultures was
used as stressor. Plates with solid YPDG medium were incubated with ethanol in the range
of 0—12% (v/v) determining ethanol tolerance in S. cerevisiae yeast strains (Figure 1a). The
yeast mutants isa2A and grx5A showed impaired growth in YPDG containing ethanol,
comparing with the wild type (WT) yeast, while the their complemented clones with plasmids
containing the wild type genes [isa2A (pYES2:1ISA2) and grx5A (pYES2:GRX5)], showed a
recovery of ethanol tolerance with similar behavior to the WT yeast (Fig. 1a). Additionally,
tolerance assays were conducted to explore the growth rate in the presence of toxic ethanol
concentrations using minimal SC-U liquid medium. The growth kinetic results indicated that
in the isa2A and grx5A mutants, their growth was impaired at 8% ethanol and totally inhibited
at 12% ethanol (Fig. 1b). However, when the mutant strains were complemented with the
plasmids containing the wild type genes, the ethanol tolerance was recovered significantly
in the isa2A (pYES2:ISA2) strain but not in the grx5A (pYES2:GRX5). These data indicate
that the ISA2 gene deletion caused an impaired ethanol tolerance in S. cerevisiae.

Both the Isa2p and Grx5p recombinants proteins were efficiently expressed in protein extract
of cultures; but interestingly, protein expression was abolished in cultures treated with
ethanol in a doses-dependent manner (Fig. 2), indicating that the mechanism of toxicity of
ethanol involves the inhibition of Isa2p and Grx5p expression or by a protein inactivation
mechanism as described below.

ROS generation in S. cerevisiae is exacerbated by the ISA2 deletion

The toxic effects caused by ethanol in S. cerevisiae have been associated with an increase
in oxidative stress, inactivation of related enzymes, and dysfunctional mitochondrial
metabolism (Perez-Gallardo, Briones et al. 2013). We hypothesized that the protein
components involved in [Fe—SJassembly such as Isa2p, which had not been described to
be essential as the Isalp, is also related to the generation of ROS induced by stressors such
as ethanol.

ROS generation induced by ethanol in S. cerevisiae was determined under real-time
guantification by flow cytometry using fluorescent ROS indicators. H,DCFDA for general
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intracellular ROS and the DHR123 probe for mitochondrial ROS. As described above, all
yeast strains were able to tolerate 8% (v/v) ethanol (Fig. 1a-b). Therefore, real-time ROS
guantification was carried out at 8% ethanol during the period of 8 h (Figure 3).

First, we determined ROS generation in the yeast population (percentage of fluorescent
cells, PFC) and the median fluorescence intensity (FI) in cultures treated with 8% ethanol.
Using the H.DCFDA, the PFC values in yeast suspensions with ethanol treatment were <5%
at 8 h treatment and basal fluorescence intensity in the WT yeast, while that in the isa2A
and grx5A mutants PFC increased significantly to ~40% of population which increased
logarithmic units of the fluorescence intensity (Fig. 3a). Interestingly, the isa2A mutant
complemented with the pYES2:1SA2 plasmid, decreased the PFC and FI in the yeast
population, but not for the grx5A (pYES2:GRX5). Similar results were obtained with the
DHRhodamine 123 probe, with exception in the WT, which showed an increased PFC at 6—
8 h of ethanol treatment, but with low fluorescence intensity, indicating basal mitochondrial
activity (Fig. 3a-b).

In addition, confocal microscopic analysis showed that the ISA2 mutation caused an
increment in superoxide (02~ ) co-localized with release of labile Fe?*, which was partially
reverted with the ISA2-contained plasmid complementation (Fig. 4). As is observed, in the
WT cells, O, and free Fe?* basal levels are showed in lesser levels than in the hyper ROS
generation rip1A mutant and in minor degree in the grx6A mutant as described previously
(Sanchez, Gomez-Gallardo et al. 2019). Further, co-localization images showed that in the
isa2A mutant, free Fe?* fluorescence was observed in all cells, but with greatest intensity in
inside of the cytoplasmic membrane, which it was restored in the complemented mutant
(Fig. 4). These results confirm that ISA2 mutation cause an increase in ROS content which
was associated with labile iron release, but diminished by the ISA2 gene complementation.
This indicates a close relationship between levels of free iron and ROS generation, where
the [Fe—S] assembly system plays a relevant role in iron homeostasis and its dysfunction
may partially contribute to excessive iron availability out of cellular compartments on the cell.

GSH/GSSG content and balance is affected by the ISA2 deletion

Since it has been reported that the mitochondria is a glutathione reservoir that contributes
to cell ROS scavenging, we determined the GSSG and GSH contents in yeast spheroplasts
and mitochondria isolated from yeast strains. To determine whether the increased ROS
generation caused by ethanol treatment in the isa2A and grx5A mutants, the cellular
GSH/GSSG ratio as marker of antioxidant defense was measured (Fig. 5). Results indicated
that in yeast spheroplasts of the isa2A or grx5A mutations not caused significant
modifications in the content and in the redox state of GSSG and GSH (Fig. 5a). While that
when the total glutathione content was determined in mitochondrion isolated from each
yeast strain a significant decrease was observed in the isa2A or grx6A mutants, which
content was recovery by their respective gene complementation (Fig. 5b). This behavior
was consistent with the increase of the oxidized specie (GSSG) and decreased content of
reduced specie (GSH), which consistently correlated with the GSH/GSSG ratio. These
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results clearly indicated that these mutants had a glutathione imbalance which correlated
with ROS generation/content, and that probably it is mainly associated with mitochondrion
activity; as expected, the control mutant riplA showed impaired GSH/GSSG ratios
compared to WT.

Mitochondrial ETC functionality is affected by the ISA2 deletion

Biogenesis of Fe-S centers in S. cerevisiae occurs mainly in mitochondria, in a dependent
manner on the functionality of ISC gene products. Iron is an essential component of this
process, and its cellular content is dependent on transport systems, chelating proteins and
storage. It is well known that iron can be released from [Fe—S]proteins by ROS, which in
turn can lead to the generation of the strongly oxidant OH" radical via Fenton’s chemistry
(Lill, Hoffmann et al. 2012).

The Fe—-S-IBG subsystem dedicated to the maturation of [4Fe—4S] clusters, also has been
described to be involved in the activity of mitochondrial complexes which contains different
type of [Fe—S]center such as [2Fe-2S] (i.e., lll) (Beilschmidt, Ollagnier de Choudens et al.
2017, Gourdoupis, Nasta et al. 2018, Sanchez, GOmez-Gallardo et al. 2019). In other
context, mutants in the Fe-S-IBG subsystem components have been considered as
respiratory-deficient strains, but possess normal capability to grow in fermentative
conditions, suggesting that their lack of mitochondrial DNA (mitDNA) causes the failure of
respiratory complexes (petite or rho- phenotypes) (Muhlenhoff, Richter et al. 2011).
However, GRX5 mutants maintain their mitDNA (Rodriguez-Manzaneque and Tamarit
2002), also as ISA1 and IBA57 mutants (Sanchez, Gomez-Gallardo et al. 2019). Authors
describe that the isalA and iba57A mutants showed respiratory deficiency and strong/null
formation of respiratory supercomplexes, suggesting that the Fe-S-IBG subsystem
components may cause respiratory-deficiency by affecting the respiratory complex
conformation (Sanchez, Gémez-Gallardo et al. 2019). With these antecedents, we
evaluated the in situ mitochondrial oxygen consumption rates (OCR) to determinate the
mitochondrial functionality in the isa2A mutant. In this case, grx5A and riplA mutants were
included as controls. Respiration was completely abolished in both the coupled and
uncoupled states in the isa2A mutant similar to unable to respire riplA mutant, contrary to
the grx5A mutant (diminished in respiration rate); however, the OCR in the complemented
isa2A mutant was partially recovered (Fig. 6a-b).

In S. cerevisiae mitochondria, complex Ill is the mayor site of ROS generation in the ETC,
since it lacks a rotenone-sensitive complex |, the other site of ROS production in the ETC of
superior eukaryotes. We exposed the cells to antimycin A, an inhibitor of complex lll, to
further explore the possible role of complex Ill in ROS generation. Remarkably, when the
antimycin A plus KCN was added an oxygen release in the assay chamber (i.e. negative
values for OCR, Fig. 6¢) instead of oxygen consumption in isa2A mutant was showed. This
is suggestive of ROS production, since superoxide dismutase catalyzes the conversion of
0O." to O, and H>0;, while catalase converts the latter species into H.O and O.. In contrast
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to the behavior of riplA mutant, which shows affected iron homeostasis, displayed an OCR
abolished in comparison to that of the WT strain.

To determine which segment of the ETC was responsible for the effects described above,
partial ETC reactions were analyzed. Succinate-DCIP oxidoreductase activity
(representative of complex Il activity) was observed to be abolished in isa2A mutant, and to
be severely affected but not abolished in control mutants grx5A and rip1A, which displayed
behavior around 30-40% of the WT activity (Fig. 7a). The same trend was observed in both
antimycin A-sensitive succinate-cytochrome c oxidoreductase (representative of the activity
of complexes lI+1ll, using the endogenous ubiquinol-6 pool as a substrate and cytochrome
c oxidase (representative of complex V) activities; also testing the activity of complex Il by
measuring the oxidation of decylubiquinol. Results showed that their activities in complexes
Il and IV were entirely abolished in isa21A and rip1A mutants, whereas in grx5A strain, a
remain activity of ~20—40% with respect to WT mitochondria was detected (Fig. 7b-d). This
is concordant with the fact that Isalp has been described as participating in the assembly
of [2Fe—2S] centers, which is the type of ISC present in the Rieske subunit of complex llI,
also associated with loss or diminution of mitochondrial proteins containing heme groups
(Gomez, Perez-Gallardo et al. 2014, Sanchez, Gémez-Gallardo et al. 2019). The last
observation is in accordance with the ETC functionality that depend on Fe—S proteins, as
seen in the mitochondrial from isa2A mutant, suggesting that this protein could also be
essential for [Fe—S] assembly in mitochondrial respiratory complexes and electron transport
activity. Our results indicate that deletion of ISA2 causes the dysfunction of the ETC, which
deletion is likely associated with the instability of ETC surpercomplexes as described to
occur in the complex-conformed Isalp and Iba57p mutants (Sanchez, Gomez-Gallardo et
al. 2019).

Determination of the enzymatic activity of cis-aconitase has been used to monitor the
assembly of [4Fe—4S] centers into target proteins (Muhlenhoff, Richter et al. 2011).
Accordingly, we determined the aconitase activity in mitochondria of the isa2A mutant.
Aconitase activity was among totally abrogated at similar levels as previously reported to
occurred in the isalA and iba57A mutants, while partially decreased in the grx5A and riplA
mutants (Fig. 8). The results showed that in the isa2A mutant, the insertion of [4Fe—4S]
clusters into aconitase target proteins was prevented, confirming that components of the
Fe—S-IBG subsystem participate in assembly of apoproteins [4Fe—4S]-dependent. Thus,
ISA2 deletion is also associated with the dysfunction of ETC supercomplexes, likely affects
the insertion or maturation process of the [Fe-S] center-containing proteins such as
occurred with another Fe—S-IBG subsystem participants.

ETC supercomplexes maturation is affected by ISA2 deletion

To determine whether the ISA2 deletion, directly or indirectly disturbs the formation of 1l/1V
supercomplexes by preventing the maturation of [Fe—S] clusters containing-proteins in
mitochondrial complexes, we tested its effect on supercomplex maturation by blue native
polyacrylamide gel electrophoresis (BN-PAGE). Mitochondrial extracts from WT cells

M.C. LUIS ALBERTO SANCHEZ BRIONES 57



Participacion de las proteinas Grx5p, Isa2p e Iba57p en el ensamble del centro [2Fe-2S] en la subunidad
Riplp y suimpacto en la formacion de los supercomplejos respiratorios en Saccharomyces cerevisiae

evaluated by BN-PAGE (first dimension) showed well-defined protein bands (B1-B5) in the
mitochondrial extracts as in the isa2A mutant and its complemented strain (Fig. 9a). When
the BN-PAGE gels were immunoblotted with anti-Riplp antibody (anti Rieske protein), the
isa2A mutant not showed blot signaling, but defined bands were observed in the WT and
the complemented isa2A mutant (Fig. 9b). As expected, only immunoblot signaling was
observed in the isa2A complemented mutant when the anti-His-tag antibody was used (Fig.
9c¢). Interestingly, when BN-PAGE gels were immunoblotted using the anti-Cox3 antibody,
well defined band signals were observed in the WT mitochondrial extracts, but not in the
corresponding band to supercomplexes Clll; + CIV in the isa2A mutant, which were patrtially
recovery in the complemented isa2A mutant (Fig. 9d). When lanes of BN-PAGE gels were
resolved in a second dimension by SDS-PAGE and immunodetected, with the anti-Rip1p
antibody, clearly was identified the Rip1p protein spot (Fig. 10a).

Importantly, the anti-ripl signal was over expressed in the isa2A mutant plasmid-
complemented [isa2A (pYESZ2:1SA2)], while that the riplp signal was clearly observed in
both supercomplex bands (Clll; + CIV, and Clll; + CIV) (Fig. 10c), which was no observed
in the grx5A mutant (Fig. 10b). This fact was confirmed when mitochondrion extracts from
the complemented [isa2A (pYES2:1SA2)] strain immunoblotted with anti-His-tag antibody
(Fig. 10d), showing similar behavior to anti-riplp immunodetection. These results confirm
that bands corresponded to respiratory supercomplexes were affected by the ISA2 deletion,
and immunoblotting of lines cut from the BN-PAGE gels and run in SDS-PAGE showed that
Ripl protein integration into supercomplexes Ill2IV2 and Ill2IV, absent in the isa2A were
recovered in the complemented yeast (Fig. 10d). Thus, the assembly of ETC
supercomplexes formed by complexes Il and IV is favored by integration of Riplp into
complex Il (Conte, Papa et al. 2015) , but in the absence of the [2Fe—2S] cluster, Riplp is
susceptible to protease degradation, although apo-Rip1p (without a Fe—S cluster) has been
detected to be inserted into complex Ill, resulting in a nonfunctional complex (Smith, Fox et
al. 2012, Sanchez, Gémez-Gallardo et al. 2019). These results indicate that ISA2 deletion
abolished lll2IV2 and llI21V1 supercomplex formation. The fact to be found similar spot signals
when membranes were developed with both antibodies (anti-riplp and anti-His-tag) show
evidences which suggest that Isa2p directly interacts with Riplp into the supercomplexes
assembly, supposition that was elucidated below.

Isa2p is required for Rieske protein integration in mitochondrion

The dysfunction in the ETC in the isa2A mutant suggests that this is required for the
respiratory supercomplexes formation such as occurs for the Isalp, Iba57p, and Grx5p;
where these are involved in Rieske protein maturation and, in turn, the Rieske protein
assembly for the respiratory supercomplex formation as described (Conte et al., 2015; Conte
and Zara, 2011). Thus, we determined the levels of Rip1p content in mitochondrial extracts
of the isa2A mutant.

As expected, Riplp expression was almost totally lacked in the mitochondria of the rip7A,
iba57A, and isa1A mutants when were grown on YPD medium compared with the WT yeast,
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showing the isa2A and grx5A mutants, lower levels of Riplp expression than the WT (Fig.
11a). However, expression of Riplp in the mitochondria of yeast of the complemented isa2A
(PYES2:ISA2) strain, an hyper-expression of Riplp was observed. In addition, yeast
cultured in YPD plus ethanol (4 %) as ROS-generator, the Riplp was not showed in the
rip1A, iba57A, isa1A, also as in the isa2A mutant, but not in the grx6A mutant and WT yeast
(Fig. 11b). These result showed that the Isa2p also is essential for the Riplp assembly and
mitochondrial function also as others proteinic components of the Fe—S-IBG subsystem,
confirming that a direct interaction between Isa2p (Fe—S-IBG subsystem) occurred in the
Rieske subunit integration on the respiratory supercomplexes.

Respiratory supercomplexes are now considered the functional units mediating optimal
electron transfer from reducing equivalents to molecular oxygen by channeling substrates
and decreasing ROS generation (Vartak, Porras et al. 2013). Therefore, impaired respiration
and mitochondrial dysfunction in the isa2A mutant, and the inability of the mutant to form
I1I/IV supercomplexes are in agreement with this hypothesis. Moreover, the role of Riplp in
the integrity of the supercomplexes is reinforced by the observation of full impairment of
respiration observed in the isa2A mutant. The increased release of oxygen in the isa2A
mutant in response to antimycin A suggest that increased superoxide generation occurred
at the level of complex lll (Gomez, Perez-Gallardo et al. 2014). It has been reported that the
failure to insert the [2Fe—2S] cluster of Riplp alters the environment of quinone redox sites
of complex Ill (Gutierrez-Cirlos, Merbitz-Zahradnik et al. 2002). These alterations may lead
to enhanced ROS generation because of augmented electron leakage at these redox sites,
because similar phenotypes exhibited the isa2A mutant to that of the riplA mutant. This
suggests that Rip1p deletion alters electron transfer between the redox sites of the complex
1, likely because of the lack of [2Fe—2S] cluster insertion, as occurs in the riplA mutant.

The role of the Fe-S-IBG subsystem in the formation of supercomplexes through a
mechanism on Riplp plays an important role was supported by the negligible expression on
mitochondrial extracts (Figs. 10-11). These results indicate that the Fe—-S-IBG system
affects the expression of Riplp, the catalytic subunit [2Fe—2S] cluster containing of
cytochrome c, via cluster integration; failure in the insertion of the [2Fe—2S] cluster into Rip1p
leads to augmented susceptibility to proteolysis (Gutierrez-Cirlos, Merbitz-Zahradnik et al.
2002). Another could be supported by the Fe-S-IBG subsystem role in the
formation/maturation of supercomplexes, since the Riplp showed decreased levels on
supercomplexes Ill21V2 and 1l121V1, observed in the isa2A mutant. These findings were further
confirmed when supercomplex bands were run in a second dimension, which revealed the
absence of Riplp in the remaining supercomplex bands of isa2A and decreased levels
observed in total protein extracts (Figs. 10-11). These results further suggest that Riplp
integrity plays important roles in supercomplex conformation and that its maturation depends
also on Isa2p from the Fe-S-IBG subsystem.

The activity of the complex ll-complex Ill segment of the ETC was fully inhibited in the isa2A
mutant and riplA control strain (Fig. 5). Although this observation may be the result of
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impaired complex Il activity (i.e., a complex containing [4Fe—4S] clusters) arising from the
use of succinate as a substrate, we observed the same result using decylubiquinol, a direct
substrate for complex lll. Therefore, dysfunction of complex Il in the isa2A mutant may be
associated with impaired Rieske subunit assembly as shown in figure 11. Impaired complex
Il activity may have resulted from oxidative damage due to uncontrolled ROS production as
observed in the ISC mutants (Gomez, Perez-Gallardo et al. 2014). However, based on the
results of aconitase activity, this is not the main reason, as aconitase, a protein whose
activity is a marker of oxidative stress (Gardner 1997, Muhlenhoff, Richter et al. 2011), it
was impaired in the isa2A mutant, which exhibited complex Il activity and diminished Rip1p
expression. This indicates that enhanced oxidative stress is sufficient for inducing
impairment of complex Il activity.

Complex IV activity was also fully inhibited in the isa2A mutant and decreased in the grx5A
mutant, which lack an [Fe—S] cluster. This may be explained by their inability to form ETC
supercomplexes; when complex Il has an incorrect conformation, it is susceptible to protein
degradation, which may strongly affect the activity of complex IV. This suggestion agrees
with the observation that when complex Il has an incorrect conformation, which may be
associated with the absence of Rip1p, the activity of complex IV is strongly affected (Schilke,
Williams et al. 2006, Sanchez, Gomez-Gallardo et al. 2019). Therefore, the assembly of
ETC supercomplexes formed by complexes lll and IV is favored by integration of Riplp into
complex Il (Conte and Zara 2011, Diaz, Enriquez et al. 2012, Conte, Papa et al. 2015,
Sanchez, Gédmez-Gallardo et al. 2019).

Mutants in the ISC assembly system, as in the Fe—S-IBG subsystem, are unable to conduct
mitochondrial respiration and are considered as rho® mutants. However, we identified in
mitochondrion extracts of the isa2A mutant, the presence of COX2 and COX3 (genes that
encodes proteins that form the core of cytochrome ¢ oxidase complex; thus, isa2A inability
to respire and affected supercomplex maturation is not attributed to its rho~ phenotype.

The Isalp/lsa2p and Iba57p proteins have been extensively described to participate in the
assembly of [4Fe—4S]-type centers from specific apo-proteins (Muhlenhoff, Richter et al.
2011, Sheftel, Wilbrecht et al. 2012, Brancaccio, Gallo et al. 2014). In addition, the present
study revealed that Isa2p also was involved in the maturation of the Rieske subunit of ETC
complex Il and associated with transference or recycling of its [2Fe—2S] cluster such as
occurred for the Isalp and Iba57p (Gomez, Perez-Gallardo et al. 2014, Sanchez, Gémez-
Gallardo et al. 2019). Thus, our results strength the idea of a central role for Isalp/Isa2p and
Iba57p in the assembly of [4Fe—-4S] clusters, this system may have a dual function in directly
transferring [2Fe—2S] centers to Ripl apoprotein or participate in the maturation of [4Fe—4S]
by a fusion of two [2Fe—2S] centers as proposed (Banci, Brancaccio et al. 2014, Sanchez,
Gbmez-Gallardo et al. 2019), in that found that the ISCA1/ISCA2 heterodimer in humans
(Isalp/lsa2p homologs of yeast) can bind either [2Fe—2S] or [4Fe-4S] clusters, with the
human GRX5 (Grx5p homolog) also binding [2Fe—2S]?* clusters (Ajit Bolar, Vanlander et al.
2013, Al-Hassnan, Al-Dosary et al. 2015, Beilschmidt, Ollagnier de Choudens et al. 2017).
In this mechanism, two GRX5-[2Fe-2S]** complexes may donated the [2Fe-2S]** to a
heterodimeric ISCAL1/ISCA2 complex, suggesting that the protein formed acts as an
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“assembler” of [4Fe—-4S] clusters and is the functional unit in mitochondria that receives
[2Fe-2S] clusters from human GRX5 and assembles [4Fe—4S] clusters before their transfer
to the final target apoproteins. The heterocomplexes existence has been described such as
the [2Fe—2S]-BOLA1-GRX5 and [2Fe—2S]-BOLA3-GRX5 (Nasta, Giachetti et al. 2017).
Other studies that can to help to understand the roles of the Fe—S-IBG subsystem on the
dual function of assembly as [4Fe—4S] as [2Fe—2S] clusters involves oxido-reduction of the
[4Fe—4S]?* clusters to generate [2Fe—2S]?* clusters during Oz-induced by biotin synthase,
suggesting the occurrence of [4Fe-4S]*" « [2Fe—2S]?* cluster interconversion to regulate
enzyme activity in response to oxidative stress (Zhang, Crack et al. 2012). Thus, the
Isalp/lsa2p/Iba57p/Grx5p subsystem may patrticipate in the sorting of both [4Fe—4S] and
[2Fe-2S] clusters, where oxygen tension and/or excessive ROS generation may be the
factors or “switch” controlling which type of [Fe—S] cluster is inserted into the apoproteins.
This may be physiologically important for yeast because of their anaerobic metabolism,
although a hypothetical signal that allows this system to “switch” between the delivery of
[2Fe—-2S] or [4Fe—4S] centers requires further investigation.

In S. cerevisiae, supercomplex Ill2/IV. was significantly affected in mitochondria isolated
from isa2A mutant in comparison to the activity of complexes Il and Il in the grx5A mutant,
although reduced, was not completely inhibited. These results confirm that the Isa2p plays
an important role in the maturation or insertion of the Rieske subunit on the supercomplex
II/IV of the ETC in a process influenced by the integrity of the Rieske protein. Thus, the
mitochondrial energy metabolism of yeast is strongly dependent on the correct assembly of
Rieske protein in complex Il and, in turn, strengthens that the Fe-S-IBG assembly
subsystem is involved directly in the maturation and insertion of the [2Fe—-2S] cluster into
the Rieske subunit of complex .

Figure legends

Figure 1. Studies of growth in plates and growth kinetics of S. cerevisiae ISA2 mutant.
(a) Dilutions of yeast suspensions were cultured on YPD agar plates with ethanol at the
indicated concentrations, 30 °C for 48 h. (b) Yeast growth kinetics, yeast cultures were
grown on YPD liquid medium with ethanol at the indicated concentrations. Cultures were
incubated at 30°C with light shaking and growth (biomass) was determined by measuring
O.D. at 600 nm. Values representing the means and standard errors of the means (SEM)
are indicated as bars (n = 3).

Figure 2. Immunodetection of recombinant proteins in the complemented S.
cerevisiae mutants. Protein extracts obtained of yeast cultures grown on YPD medium
induced with galactose were separated by SDS-PAGE gels, after western blot using anti-
His-tag antibody was carried out as described in Material and Methods. a) Galactose
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induction of recombinant proteins in extracts obtained from yeast cultured in YPD medium.
b) Effect of ethanol on the expression of the recombinant proteins obtained from yeast
cultured in YPD + galactose medium plus ethanol as stressor. Representative images are
shown of at least three repetitions.

Figure 3. Kinetics of ROS generation in suspensions of S. cerevisiae ISA2 mutant.
Yeast cultures were grown in liquid YPD medium with 10% ethanol as ROS stressor and
harvested in late exponential growth phase. Yeast YPD-grown cultures were incubated for
30 min with the respective ROS probe. Samples (100 [JL) were taken and suspended in
PBS buffer for determination of intracellular ROS levels by real-time analysis in a flow
cytometer. a) Results represent the percentage of cells that showed positive fluorescence.
The ROS fluorescent probes H,DCFDA (total ROS) and DHR123 (mitochondrial ROS in
general) were used. Values are the means of three independent experiments with 40,000
cells counted by flow cytometry per each point. SEM values are indicated as bars (n = 3). b)
Representative flow cytometry dot plots show the percentage of fluorescent cells in the Q1
guadrant using the indicated ROS probe.

Figure 4. Confocal microscopy images of S. cerevisiae cultures to detect localization of ROS
and free Fe?*. Yeast YPD-grown cultures were loaded with the fluorescent probe PGFL and
treated with ethanol (10%) as stressor, incubated for 30 min at 30°C and co-loaded with
DHE as a ROS probe and observed using a confocal microscope (Olympus FV1000). (a)
Yeast cells observed in clear field. (b) Yeast cells stained with DHE probe for superoxide
determination. (c) Yeast cells stained with PGFL probe for free Fe?" determination. (d)
Merged images of O, and free Fe?* co-localization in yeast cells staining with DHE and
PGFL probes. Images of the yeast cells were taken using 65x magnification.

Figure 5. Glutathione content in the S. cerevisiae ISA2 mutant. Yeast cultures were
grown in liquid YPD medium and harvested in the late exponential growth phase. The
GSH/GSSG content was determined in whole cells spheroplasts (a) or mitochondrion (b).
Oxidized glutathione (GSSG), reduced glutathione (GSH), and GSH/GSSG ratio were
determined as described in Materials and Methods. Means and SEM values are indicated
as bars (n = 3), one-way ANOVA with Bonferroni post hoc test was used for comparison,
significant differences (P < 0.05) with respect to WT are indicated with asterisks (*).

Figure 6. Respiration test of mitochondrion suspensions of the S. cerevisiae ISA2
mutant. Mitochondrial functionality was evaluated in mitochondrion suspensions obtained
from cultures grown in liquid YPD medium. Mitochondrion were used for oxygen
consumption rate (OCR) measurements with a Clark-type oxygen electrode coupled to a
biological oxygen monitor as described in the Materials and Methods. a—c) Basal OCR with
glucose as substrate, a) OCR under coupled state conditions. b) OCR under uncoupled
state conditions using CCCP for uncoupling. ¢c) OCR under complex Il blocking conditions
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using antimycin A plus cyanide as inhibitors. Values are the means of three independent
experiments. SE values are indicated as bars (n = 3), one-way ANOVA with Tukey’s post-
hoc test was used to compare yeast strains, significant differences (P < 0.05) are indicated
with different lowercase letters.

Figure 7. Analyses of the functionality of mitochondrial respiratory chain complexes
in the S. cerevisiae ISA2 mutant. Mitochondrial functionality was evaluated in
mitochondrial suspensions obtained from cultures grown in liquid YPD medium, and
mitochondrial activities were measured as described in the Materials and Methods. a)
Activity of succinate-DCIP oxidoreductase. b) Activity of succinate-cytochrome c
oxidoreductase. c) Activity of cytochrome c oxidoreductase. d) Activity of cytochrome ¢
oxidase. Values are the means of three independent experiments. SE values are indicated
as bars (n = 3), one-way ANOVA with Tukey’s post-hoc test was used to compare yeast
strains, significant differences (P < 0.05) are indicated with different lowercase letters.

Figure 8. Determination of cis-Aconitase activity in the S. cerevisiae ISA2 mutant.
Mitochondrial functionality was evaluated in mitochondrial suspensions obtained from
cultures grown in liquid YPD medium, and mitochondrial activities were measured as
described in the Materials and Methods. Values are the means of three independent
experiments. SE values are indicated as bars (n = 3), one-way ANOVA with Tukey’s post-
hoc test was used to compare yeast strains, significant differences (P < 0.05) are indicated
with different lowercase letters.

Figure 9. Evaluation of ETC mitochondrial supercomplexes formation by BN-PAGE in
the S. cerevisiae ISA2 mutant. Mitochondrial suspensions were solubilized with digitonin
and the proteins were separated using blue native polyacrylamide gel electrophoresis (BN-
PAGE) as described in the Material and Methods. The ETC mitochondrial supercomplexes
are indicated to the left of the gels. a) BN-PAGE of mitochondrial suspensions solubilized
with digitonin; B1-B5, major protein bands corresponding to mitochondrial supercomplexes.
b) Western blot of BN-PAGE gel (a) using anti-Rip1 antibody. c) Western blot of BN-PAGE
gel (a) using anti-His-tag antibody. d) Western blot of BN-PAGE gel (a) using anti-Cox3p
antibody. Representative images are shown of at least three repetitions.

Figure 10. Evaluation of ETC mitochondrial supercomplexes formation by 2-D SDS-
PAGE in the S. cerevisiae ISA2 mutant. Mitochondrial suspensions were solubilized with
digitonin and the proteins were separated using blue native polyacrylamide gel
electrophoresis (BN-PAGE). After, second dimension (SDS-PAGE) of gel slice from BN-
PAGE corresponding to the yeast strains were run, as described in the Material and
Methods. Western blot of 2-D SDS-PAGE gel was carried out and reveled using anti-Rip1
antibody or anti-His-tag antibody. Rip1p protein is indicated in the amplified section between
10-30 kDa molecular mass region. Molecular mass marker in kilodaltons is shown to the left
of the images. Representative images are shown of at least three repetitions.
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Figure 11. Immunodetection of Rieske protein in the Saccharomyces cerevisiae ISA2
mutant. Mitochondrial extracts separated by SDS-PAGE gels were immunoblotted using
anti-Riplp antibody as described in Material and Methods. a) Mitochondrial extracts
obtained from yeast cultured in YPD medium. b) Mitochondrial extracts obtained from yeast
cultured in YPD medium plus ethanol 4% as stressor. Representative images are shown of
at least three repetitions.

Figure S1. Gene amplification of nuclear and mitochondrial genes in Saccharomyces
cerevisiae strains. (a) Total yeast DNA was isolated and the strain E. coli JM101 was
transformed as mentioned in Materials and Methods; restriction of isolated plasmids by
electrophoresis agarose gels are shown. M, indicate molecular size marker is shown, the
plasmid pYES2/CT was digested with the Xhol endonuclease, while that the plasmids
PYES2:GRX5 and pYES2:ISA2 were digested with the Xhol and Hindlll endonucleases,
respectively. (b) PCR products obtained from total DNA amplification using oligonucleotides
specific for each gene as described in the Materials and Methods section. Representative
agarose gels stained with ethidium bromide are showed. Expected sizes of DNA fragments
were as follows: ISA2 (~570 bp), GRX5 (465 bp), RIP1 (648 bp), COX2 (357 bp), and (COX3
(239 bp).
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5.4 Capitulo 4

5.4.1 Resultados adicionales no publicados.
El grupo de mutantes grx5A, isa1A, isa2A e iba57A involucradas en el subsistema [Fe-S]-

IBG de la via ISC, fueron complementados con sus respectivos genes eliminados. En la
figura 4C1 se muestran diluciones seriadas de las cepas complementadas y mutantes,
crecidas en diferentes concentraciones de  etanol, se observa que las cepas
complementadas restauran parcialmente el crecimiento en 4% y 8% de etanol. Sin
embargo, en 12 % de etanol ocurre una drastica disminucion del crecimiento. No obstante,
las cepas mutantes se ven afectadas desde concentraciones bajas de etanol. Estos
resultados sugieren que las cepas mutantes fueron complementadas, por lo que se

procedi6 a la identificacion de las proteinas recombinantes.

Ethanol (0%) Ethanol (4%) Ethanol (8%) Ethanol (12%)

10 102 10° 10*

pYES2/CT-ISA2
PYES2/CT-GRX5
pYES2/CT-iSA1
pYES2/CT-IBA57
isa24

grx5A

isalA

iba57 A

Figura 4C1. Crecimiento en placa de las cepas de S. cerevisiae en concentraciones crecientes de

etanol 0%, 4%, 8% y 12%. Las imagenes son representativas de 3 experimentos independientes.
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5.4.2 Identificacion de proteinas recombinantes.
Mediante Western Blot se identific a las proteinas recombinantes con una etiqueta de

histidinas en el extremo carboxilo terminal. En el panel a de la figura 4C2, se muestra un
Western blot de mitocondrias aisladas, revelando con un anticuerpo contra histidinas en el
gue se observa solo el marcador de peso molecular. En el panel b, se observa la presencia
de Riplp solo en la cepa silvestre y la mutante en GRX5. En el caso de las cepas
complementadas se logro identificar dos proteinas recombinantes con la etiqueta de
histidinas, Grx5p e Isa2p, (panel c). Desafortunadamente, no se logré la identificacion de
Isalp e Iba57p recombinantes. Se realizé un Western blot contra la proteina Riplp en
mitocondrias de las cepas complementadas (panel d), se muestra que a diferencia de las
cepas mutantes, las cepas complementadas recuperan la expresion de esta proteina. Estos
resultados junto con los de las pruebas de crecimiento indican que las cepas mutantes se
complementaron y que se restaurd parcialmente la expresion de Riplp, aportando mayor
evidencia de que las proteinas del subsistema [Fe-S]-IBG estan involucradas en el
ensamble del centro Fe-S de Riplp, evitando asi su degradacién y recuperando la actividad

mitocondrial como se muestra en el capitulo 3.
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Figura 4C2. Identificacion de Riplp y de las proteinas recombinantes por Western blot utilizando la

etiqueta de histidinas

5.4.3 Identificacién de las proteinas recombinantes en los supercomplejos
respiratorios.

Mitocondrias aisladas de las cepas complementadas fueron solubilizadas con digitonina y
los complejos respiratorios fueron separados por BN-PAGE (Blue Native Polyacrylamide
Gel Electrophoresis). Luego, el gel fue transferido a una membrana de fluoruro de
polivinilideno (PVDF) para la identificacion de las proteinas recombinantes con un
anticuerpo contra la etigueta de histidinas. En la figura 4C3 se observa que solo en la cepa
complementada isa2A-ISA2-His fue identificada la proteina a la altura donde se encuentra
el supercomplejo conformado por un dimero del complejo Ill y un monémero del complejo

IV. Para los casos de la cepa silvestre, rip1Ay grxbA-GRX5-His no se detect6 sefal alguna.
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Figura 4C3. Identificacion de proteinas recombinantes en BN-PAGE

5.4.4 Evaluacion de la FiFo-ATPasa mitocondrial de S. cerevisiae.

Se evalud la actividad de la ATPasa mitocondrial en las diferentes cepas utilizadas en este
trabajo. Para ello, Mitocondrias aisladas fueron solubilizadas con digitonina, para la
separacion de los supercomplejos respiratorios y de la ATPasa mediante BN-PAGE.
Después de la electroforesis en condiciones no desnaturalizantes los complejos
respiratorios asi como la ATPasa conservan actividad enzimatica, para la evaluacion de
esta Ultima enzima se monitored la hidrolisis de ATP (Suhai et al., 2009). La ATPasa
mitocondrial forma dimeros, cada monémero esta conformado por dos dominios, el dominio
Fo que se ancla a la membrana interna de la mitocondria y el dominio F; ubicado hacia la
matriz mitocondrial y encargado de la sintesis o hidrolisis de ATP. En el gel nativo es posible

detectar el dimero y el monémero de la ATPasa, como se muestra en la siguiente Figura.
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Se evalud la actividad de la FoFi-ATPasa mitocondrial de diferentes cepas mutantes en
genes involucrados en la via de biosintesis de [Fe-S] en geles. En la figura 4C2, paneles a
y b, se muestran geles representativos del ensayo de actividad de la ATPasa. En el panel
a se observan la cepa nativa (WT) y las diferentes mutantes en los genes que codifican
proteinas involucradas en la biogénesis de centros [Fe-S]. En este ensayo también se
incluyé una cepa (rho’), como control negativo. En el panel b se muestran la cepa silvestre
y las cepas mutantes complementadas Agrx5:pYES2/CT-GRX5 yAisa2:pYES2/CT-ISA2.
En el panel ¢, se muestran los datos de densitometria de la actividad de los dimeros de
ATPasa. Se observan diferentes magnitudes de la actividad en las diferentes cepas.La cepa
WT vy las mutantes Aisa1 y Arip1, presentan actividad similar en los dimeros de la ATPasa,
mientras que las mutantes Assq1, Aiba57 e Aisa2, muestran una disminucion de la actividad
de entre el 55% y 75%, comparadas con la cepa WT. Por otro lado, la mutante Agrx5 mostré
un incremento del 30 % de actividad respecto a la cepa WT. Como se esperaba, la cepa
rho® deficiente en ADNmt presenta una drastica disminucion de la actividad de mas del
90%, comparado con la cepa WT. En el panel d se muestra el andlisis densitométrico de la
actividad de los dimeros de ATPasa, de las cepas mutantes complementadas con
losrespectivos genes eliminados. Se observd que ambas cepas complementadas
presentan una disminucion en la actividad de los dimeros de ATPasa, con respecto a la
cepa WT. Ademas la actividad de la cepa complementada Agrx5:pYES2/CT-GRX5 fue
menor que la cepa mutante Agrx5 sin complementar, mientras que la cepa complementada
Aisa2:pYES2/CT-ISA2 presentd uncomportamiento similar a la cepa mutante sin
complementar. Por otro lado, la cepa mutante Aisa2 y la complementada Aisa2:pYES2/CT-
ISA2 fueron las Unicas que mostraron actividad en las bandas correspondientes a los

mondmeros de la ATPasa. Como se muestra en el panel e, la actividad del monémero de
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ATPasa de la cepa complementada incremento tres veces con respecto a la actividad en

la cepa mutante.

Las cepas de levadura mutantes en factores de ensamble que intervienen en el ensamble
de los dominios FO con F1 tienden a acumular el dominio F; de la enzima (Lytovchenko et
al., 2014). En contraste con esto, el dominio F1 no fue detectado solo, en los ensayos, por
lo que es posible inferir que Isa2p esta relacionada con la formacién de dimeros de la
ATPasa mitocondrial. Se conoce muy poco acerca de la secuencia de formacion del dimero
de ATPasa, asi como los factores que influyen en el proceso, por lo que se requieren de

una mayor cantidad de estudios para probar la relacion entre Isa2p y la dimerizacion de la

enzima.
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Figura 4C5. Actividad en gel de la FoF1-ATPasa mitocondrial. (a) y (b), geles representativos de muestras de
mitocondrias solubilizadas, que fueron aisladas de cepas deficientes en la biogénesis de centros [Fe-S], asi
como de las cepas complementadas Agrx5:pYES2/CT-GRX5 y Aisa2:pYES2/CT-ISA2. (c) y (d), andlisis
densitométrico de los dimeros de ATPasa de las diferentes cepas. (e), andlisis densitométrico de la actividad
de los monémeros de ATPasa de las cepas Aisa2 y complementada Aisa2:pYES2/CT-ISA2. La densitometria
se realiz6 con el programa ImageJ y los datos fueron analizados con el programa estadistico GraphPad Prism

5.0, empleando ANOVA de una via con una prueba posterior de Tukey, p=0.001, n=3.
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5.5 Capitulo 5

5.1Articulo de divulgacion.

Luis &, SEnchoz Bricnas ¥ las 1z Cmpbsﬁam:m
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a mitocondria es el principal organulo celu-

lar productor de energia de los eucariontes.

La molécula de adencsina trifosfate, mas co-
nocida como ATP, es la "moneda de cambio”™ de la
célula; sin embargo, el conseguirla requiere de un
trabajo cocrdinado, exhaustive y muy complejo.

La mitocondria es como una “empresa” que
ofrece diversos servicios a la célula, para ello es
requerida una gran diversidad de departamentos
bkien erganizados: seguridad (sistemas antioxidan-
tes), capacitacion (ribosomas y chaperonas mo-
leculares), exportacion e importacion {canales de
membrana), inversionistas {moléculas donadoras
de electrones), obreros {proteinas de la cadena de
transporte de electrones), magquinaria (ATP sinta-
sa), maquiladoras {sintesis de cofactores), etc. To-
dos estos "departamentos” trabajan en conjunto
para lograr hacer de la mitocondria una empresa
sustentable.

Los procesos protagonistas

La mitocondria es un organulo con dos mem-
bBranas {externa e interna) que rodean una matriz.
Tiene como caracteristica dos precesos protagonis-
tas principales que son: la sintesis de herramientas
en la matriz ¥ la cadena transpertadora de electro-
nes de la membrana interna, esta Oltima, la conce-

biremos como los obreros, pues representan a «las
proteinas que generaran la fuerza de trabajo que
requieren las turbinas de la fabrica generadora de
las moléculas de energia, el codiciado ATP».

Parte del gran éxitoc empresarial radica en que
la mitocondria misma es, por una parte, preducto-
ra de algunas de sus herramientas de trabajo, y por
ctro lado, coordina el trabajo entre sus obreros. En
este sentido, empezaremos describiendo cémo se
preducen las herramientas que son usadas por és-
tos para preducir el “oro quimico” {(ATP), en esta
empresa celular llamada mitoceondria.

Sintesis de herramientas de trabajo

Los cofactores son moléculas de baja masa
molecular que se unen a sitios especificos de protei-
nas (obreros), y para que éstas realicen su funcién,
existen cofactores de naturaleza organica e inor-
ganica. La sintesis de cofactores son procesos muy
conservados y complejos entre los erganismos. Los
principales cofactores o herramientas de la cadena
de transporte de electrones sen iones de cobre, fla-
vinas, grupos hemo y centros Hierro-Azufre [Fe-5].

Todo obrero requiere de herramientas para
realizar su trabajo, y como se mencioné anterior-
mente, algunas son sintetizadas en la misma mito-
condria. La construccion de centros [Fe-5], la lleva

La empresa que sostiene la vida de la célula

A1

]

En esta imagen se resaltan las mitocondrias como industrias que producen energia
para las demandas energéticas de la célula.
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La fabrica de ATP

Herramientas }'5

. Grupo hemo

?cmm [Fe-S)
S

L os alimentos son ingeridos y degradados por el sisterna digestivo, los nutrientes son metabolizados khas-
ta abtener ATP principalmente por la fosforilacion oxidativa mitocondrial. La imagen representa la organiza-
cion de ta mitocondria, M.l. membrana interna; E.l. espacio intermembranas; M.E. membrana externa; SCR
supercomplejos respiratorios, Complejo I, Complejo I, Complejo Il y Complejo IV. Se muestran los donadores
de electrones NADH y FADH; los cofactores [Fe-5] y grupos hemo, herramientas que vtilizan los obreros (SCR)
para generar un gradiente electroguimico que se aprovechara en la produccion de ATP por la ATP-sintasa {CV).

a cabo principalmente una compleja maquinaria
biosintética mitocondrial, nombrada 5C par sus
siglas en inglés {{ron Suifur Cluster). Las levaduras
son el mejor modelo biologico para el estudio de
esta wia; se han descrito alrededor de 18 proteinas
que trabajan dentro de la mitocondria encargadas
de sintetizar los centros [Fe-5] de diferentes confi-
guraciones: centros [2Fe-25], es decir, dos atomos
de hierro unidos a dos atomos de azufre formando
un rombo; centros [4Fe-45], aguellos de cuatro &to-
mos de hierro y cuatra atamas de azufre formando
una estructura cobica, y algunos atros mas com-
plejas. El proceso de sintesis comprende dos pasos
principales: el ensamblaje del cofactor en proteinas
transitorias, y la transferencia de éstos hasta los si-
tios donde seran usados por otras proteinas.

Otro grupo de herramientas que se sintetizan
en la mitocondria son los grupos hemo, a diferen-
cia de los centros [Fe-5], descritos anteriormente,
estos cofactores requieren de mano de obra inter-
nay externa, es decir, los precursores de los grupos
hemo son enviados al “pais vecino” (el citosol) para
ser procesados quimicamente, los cuales nueva-
mente se transportaran hacia la mitocondria para
completar la sintesis y emplearse como nuevas he-
rramientas.
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Exportacion, importacion y seleccion de parsonal

Esta empresa cuenta con tratados de comer-
cio de importacion y exportacion mediante varios
sistemas aduanales que comunican al citosol con la
matriz mitocondrial. La mayoaria de transportado-
res mitocondriales no se han identificado, aunque
es logico que se requieren de transportadores de
aminoacidos para la construccion de proteinas mi-
tocondriales, transportadores de hierro para la sin-
tesis de cofactores, transportadores de nucleatidos
para la sintesis de acidas nucleicos, ¥ muy impor-
tante mencianar, los transportadares de praoteinas
provenientes del nucleo.

Estos transportadores los podemes encon-
trar principalmente en la membrana interna mito-
condrial, la cual hace las veces de "puentes fronteri-
zos"”, ya que, no permite el paso de la mayoria de las
moléculas. Estos sistemas hacen de la mitocondria
una empresa altamente selectiva de materiales de
calidad para la produccion, asi como de personal
calificado y especializado.

Produccion de ATP

La transformacion de los alimentos que con-
sumimos en ATP, se lleva a cabo principalmente por
la fosforilacion oxidativa ocurrida en la mitocon-
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dria. Durante la respiracion celular, los electrones
son “recolectados” de la degradacion de azucares,
proteinas y lipidos por ciertas coenzimas que sirven
como camiones de carga {NAD y FAD); después,
los electrones son entregados a los obreros de la
membrana interna mitocondrial para que realicen
su trabajo. Los obreros destinadoes a la produccion
de energia contratados por la mitocondria, forman
cince equipos denominados complejos respira-
torios: compleje |, 1l, I, 1V, ¥ un compleje ¥ {CV).
Capacitades con sus respectivas herramientas, es-
tos equipos forman asociaciones nombradas "su-
percomplejos mitocondriales”, lo que hace mas
eficiente el trabajo en grupo. Cada complejo tiene
funciones y formas de trabajo diferentes; sin em-
bargo, actvan ordenadamente para llevar acabo
sus propositos: la transferencia de electrones y la
translocacion de protones de la matriz mitecon-
drial al espacio intermembranal.

El flujc de electrones va de un bajc potencial
de reduccion a un mayor potencial, y se logra gra-
cias a los diferentes potenciales de reduccion de los
cofactores que utilizan los complejos respiratorios.
La energia empleada en la transferencia de electro-
nes, genera fuerza de trabajo para transferir proto-
nes al espacic entre membranas mitocondriales, lo
que dara lugar a la formacion de un gradiente eléc-

trico que sera aprovechado por el complejo V para
sintetizar el ATP-

El complejoV o ATP-sintasa, es el Ultimo esla-
bon industrial de produccion de ATP, este complejo
cuenta con dos modulos operacionales: el modulo
Fo, el cual se ancla a la membrana y sirve como tur-
bina, ¥ cuyo combustible es la energia almacenada
en el gradiente electroquimico de protones; el se-
gundo modulo es el Fi1, que se orienta a la matriz
mitocondrial. Estos médulos estan conectados por
un brazo lateral inmavil, ademas de un rotor central
que gira conforme pasan los protones en la turbi-
na; este trabajo impulsa cambics conformacicnales
dentro del modulo F2 para la sintesis de ATP a partir
de la materia prima {(ADP y fosfatc). 5e estima que
se preducen aproximadamente 100 moléculas de
ATP por segundo por cada ATP-sintasa. Esta orga-
nizacion es responsable de praveer el ATP para la
“manutencién” celular.

Cuando la mitocondria falla

Diversas anomalias pueden causar una dis-
funcion en la preduccion de ATP mitocondrial: fa-
llas en la sintesis de cofactores, dafic a proteinas
de la CTE y dano a la ATP-sintasa son las princi-
pales causas. No obstante, mas de 1g5c¢ sindromes
han sido asociados a fallas en la mitocendria. Les

Banca rota mitocondrial

‘magen representa el fallo de la mitocondria, al romperse las membranas mitocondriales se disir
el gradiente electroquimico, los obreros son despedidos por lo que la produccion
se viene abajo provocando la muerte celular.

M.C. LUIS ALBERTO SANCHEZ BRIONES
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casos clinicos incluyen encefalopatias, miopatias,
cardiomiopatias, diabetes y enfermedades renales;
muchos de los cases se relacionan con el dafoe al
ADN mitocondrial, debido a la sobreproduccion de
especies reactivas de oxigeno (ERO) por la CTE. La
mitecondria soporta cierte umbral de ERQ; sin em-
bargo, cuande los sistemas antioxidantes son reba-
sados, las moléculas de ADN mitocondrial son las
de mayor susceptibilidad a los radicales libres, pro-
vocande una alta tasa de mutaciones que en conse-
cuencia afectan la sintesis de las proteinas que se
requieren dentro de la mitocondria.

Un desequilibrio por la pérdida o malforma-
cion de cofactores como los grupos hemo y los cen-
tros [Fe-5] de sus respectivas proteinas, causa una
sobre carga de hierro mitocondrial, lo que desen-
cadena una excesiva produccion de radicales libres
mediante “circulos vicioses” entre iones metalicos

M.C. LUIS ALBERTO SANCHEZ BRIONES

y ERQ. El dafio puede ser tan grande que la mito-
condria puede declararse en quiebra y venirse aba-
jo, desencadenande la muerte celular.

El éxito empresarial de la mitocondria, radica
en un conjunic de asociaciones entre diversos sec-
tores; ademas de que por si so0la no podria mante-
ner su estatus productivo, también requiere de una
gran coordinacion con el nicleo y citosol. En los 0l-
timaos afos se han descubierto diversas enfermeda-
des a causa de anomalias mitocondriales. El Diag-
noastico temprana y nuevos blancos maoleculares
para tratamientos especificos, son los objetivos de
la investigacion de los procesos que ocurren en la
mitocondria. Dia con dia se desarrollan nuevas téc-
nicas moleculares que ayudan a comprender esta
companiia, las proyecciones a futuro son el buen
funcionamiente de la empresa dende los recursos
sean aprovechados en su maxima capacidad sin ge-
nerar pérdidas que lleven al celapso mitocondrial.
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6. Discusion:
La biogénesis de centros [Fe-S] es un proceso coordinado y complejo. La importancia de
estos cofactores radica tanto en el nimero de proteinas que requieren un centro [Fe-S] para
realizar su funcién en la célula, como en su participacion clave en varios procesos tales
como regulacién genética, metabolismo de aminoacidos y nucleétidos, generacion de ERO,
homeostasis del hierro y del azufre, modificacion del ADN, reparacion de RNAty respiracion
aerébica y anaerobica (Beinert et al., 1999, Netz et al.,2014, Andreini et al., 2016). En
eucariontes, la sintesis de centros [Fe-S] y su transferencia a apo-proteinas se lleva a cabo
en las mitocondrias, también controlan la exportacién de precursores para la sintesis de
centros [Fe-S] del citosol y del nlcleo. En este proceso de sintesis y transferencia estan
involucradas mas de 30 proteinas con funciones establecidas (Stehling y Lill, 2013 y Lill et
al., 2015). Sin embargo, estudios recientes revelan nuevos indicios de que algunas de las
enzimas involucradas en la via ISC presentan funciones variables, dependiendo del
contexto celular (Beilschmidt et al., 2017 y Gourdoupis et al., 2018).. La biogénesis de
centros [Fe-S] presenta tres etapas claves: 1. La sintesis del cofactor [2Fe-2S] en el sistema
transitorio ISU; 2. La formacion de los cofactores [4Fe-4S] por el sistema ISA; 3. La
transferencia de los cofactores a las respectivas apo-proteinas. El objetivo de este trabajo
fue investigar si el subsistema [Fe-S]-IBG (Grx5p, Isa2p, Iba57p),esta involucrado en la
maduracién de la proteina Riplp-[2Fe-2S] del complejo Il de la cadena de transporte de

electrones mitocondrial.

Se han realizado avances en descifrar el mecanismo de la biogénesis mitocondrial de
centros [Fe-S], asi como de la transferencia de estos cofactores a apo-proteinas;sin
embargo, muchas preguntas permanecen sin contestar. Por ejemplo, existen discrepancias
en la comprension del papel que juega la frataxina en la biogénesis de centros [Fe-S]. Es

probable que los transportadores mitocondriales de Fe*? Mrs3p y Mrs4p, tengan un papel
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directo en la entrega de Fe*? a la proteina de andamiaje Isulp (Zhang et al., 2006). También
hay controversia en torno al sistema de transferencia de los centros [2Fe-2S]. Se han
propuesto dos mecanismos de transferencia, el primero, mediado por la cochaperona Jaclp
(homologa de HSC20 en humanos), se ha reportado que el complejo HSC20-HSPA9-
ISCU1 (homologo de Jaclp-Ssqlp-Isulp) transfiere un centro [Fe-S] a apoproteinas como
Rieske, via la proteina intermediaria LYRM7 (homologa de Mzml en levaduras). El
complejo Rieske-LYRM?7 es reclutado por el complejo de sintesis de novo de la maquinaria
ISC, HSC20-HSPA9-ISCU1, gracias al reconocimiento del motivo LYR de la proteina
LYRMY por la cochaperona HSC20 (Atkinson et al., 2011, Tie-Zhong Cui et al., 2012, y
Sanchez et a.,| 2013). Esta interaccion facilita la entrega del grupo [2Fe-2S] a la proteina
Rieske (Maio et al., 2017).Las proteinas co-chaperonas Jaclp y HSC20 de levadura y
humano respectivamente, presentan diferencias principalmente en el amino terminal, que
es donde se lleva a cabo el reconocimiento del motivo LYR (Bitto et al., 2008), por lo que

es probable que el proceso de maduracion de la proteina Rieske sea diferente en levaduras.

El otro mecanismo de transferencia de [2Fe-2S] es el mediado por la glutarredoxina
mitocondrial Grx5p en conjunto con las proteinas de la familia BolA. Claramente, in vitro, se
forma un heterodimero hibrido Grx5p-[2Fe-2S]-Bollp. Sin embargo, no es claro si esta
especie existe de manera estable dentro de la matriz mitocondrial y cual es su funcion.
Ademas, la funcion de Bol3p con Nfulp en la transferencia de centros [4Fe-4S] sigue en

cuestion.

Por otro lado, dentro del subcomplejo de ensamble de centros tipo cubicos, aln no se ha
asignado ninguna funcién especifica a Iba57p, mientras que se ha comprobado la
condensacién de los centros [4Fe-4S] solo con las proteinas Isalp e Isa2p. Dicha
condensacion de centros [2Fe-2S] se lleva a cabo por un acoplamiento reductor, por lo que
no se conoce el agente reductor para esta reaccion. Se sugirié que Iba57p podria participar
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en este acoplamiento, pero esto no ha sido demostrado (Brancaccio et al., 2014). Ademas,
el mecanismo de transferencia de centros [Fe-S] de este subsistema no esta
completamente esclarecido. Por otro lado, dado que los centros [Fe-S] pueden dafiarse por
la oxidacion, se ha reportado una via de reparaciéon aun indefinida en Escherichia coli, con
mecanismos de “vigilancia” que también existen en la matriz mitocondrial para identificar
los cofactores dafiados, por lo que existe la duda de si existira una maquinaria similar en la
matriz mitocondrial para reparar los centros [Fe-S] dafiados (Djaman et al., 2004). Durante
la biogénesis de proteinas con centros [Fe-S], las apoproteinas exponen las cadenas
laterales de cisteina que coordinan el centro [Fe-S] sin proteccion, lo que las hace
vulnerables a modificaciones oxidativas que podrian interferir con la posterior insercion del
centro [Fe-S]. Se han demostrado modificaciones en los grupos sulfidrilo por aductos
ciclicos de politiolacion en los residuos de cisteina que coordinan el centro [Fe-S] de las
apoproteinas, proporcionando resistencia a la oxidacién. Estas modificaciones pueden
eliminarse por rompimiento reductor, lo que sugiere que sirven como un dispositivo de
proteccién reversible. Estas modificaciones se observan principalmente por defectos en las
primeras etapas del sistema de ensamblaje de centros [Fe-S] mitocondrial, en menor grado,
también se encuentran en células nativas en condiciones normales de crecimiento. Sin
embargo, no se encuentran en las apoproteinas citosélicas (Christ et al.,, 2016). Se
desconoce silos componentes de la maquinaria ISC como el subsistema [Fe-S]-IBG, tienen

la capacidad para reparar o reciclar los centros [Fe-S] dafiados.

Debido a la versatilidad que han mostrado las enzimas implicadas en el sistema ISC y a los
resultados de baja expresion de Riplp en mutantes de isa1A (Gémez et al., 2014), se sugirié
gue el subsistema [Fe-S]-IBG esté involucrado directamente en el ensamble del centro [Fe-
S] de la subunidad Riplp, la cual aporta estabilidad al complejo Il para la formacion de

supercomplejos respiratorios y evitar que se fuguen electrones para la generacion de ERO.
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Cepas mutantes en la subunidad Rip1p del complejo Il presentan una sobreproduccion de
ERO (Figura 1 panel d, capitulo 2). De igual manera, mutantes en ISA1 e IBA57, han sido
catalogadas como sobre productoras de ERO por Pérez-Gallardo et al., 2013. En este
trabajo se evaluaron las cepas isa2A 'y grx5A, asi como las cepas complementadas isa2A-
ISA2-His y grx6A-GRX5-His, con tres diferentes sondas fluorescentes para detectar ERO
como lo son, H.DCFDA, en la celula y la dihidrorodaminal23 y el dihidroetidio, en la
mitocondria. Las cepas mutantes generaron altos niveles de ERO (Figura 3, capitulo 3),
isa2A fue la mayor generadora de ERO y al ser complementada con ISA2-His, disminuyeron
los niveles de ERO, sin llegar a los niveles de las células WT. También se presentan
fotografias de microscopia confocal que evidencian altos niveles de ERO en el capitulo 2,
figura 2, panel g, para la mutante en IBA57 y en el panel o para la mutante en RIP1, asi
como en el capitulo 3, figura 4, panel b, para la mutante en ISA2 y su cepa complementada.
Estos resultados concuerdan con la sobreproduccion de anién superdxido por parte de la
mutante en ISA1 previamente reportada por Gomez et al..,2014. La generacidon excesiva
de ERO por la disfuncionalidad de la via ISC, aumenta la susceptibilidad de la levadura a
agentes estresantes como el etanol, como se demostr6 en un estudio anterior (Pérez-
Gallardo et al., 2013) y en la figura 1, paneles a y b, del capitulo 3, donde dichas mutantes

Nno son capaces de crecer en concentraciones mayores a 8 % de etanol.

Entre las causas que aumentan la susceptibilidad a agentes estresantes, es la disminucién
de la capacidad antioxidante por la deficiencia de centros [Fe-S] que afecta a enzimas
involucradas en la biosintesis de aminoacidos como el glutamato y la cisteina (Patil et al.,
2013). La aconitasa-[4Fe-4S] cataliza la conversion de citrato a isocitrato, posteriormente,
este se descarboxila a a-cetoglutarato por la isocitrato deshidrogenasa. Ademas, el a-
cetoglutarato es sustrato para la sintesis de glutamato (DeLuna et al., 2001, Cupp y

McAlister., 1991 y 1992). La actividad de la aconitasa se evalug, en la Figura 8, del capitulo

M.C. LUIS ALBERTO SANCHEZ BRIONES 95



Participacion de las proteinas Grx5p, Isa2p e Iba57p en el ensamble del centro [2Fe-2S] en la subunidad
Riplp y suimpacto en la formacion de los supercomplejos respiratorios en Saccharomyces cerevisiae

3, se observa una disminucion drastica de la actividad en las mutantes isaA, isa2A e
iba57A, mientras que las cepas grx5A y rip1A, la actividad disminuyé 70% y 50%,
respectivamente. De esto se puede intuir que solo Isalp, Isa2p e Iba57p estan involucradas

en la maduracion de la aconitasa.

En la via del azufre, el sulfato captado del entorno es convertido en sulfito y sulfuro por la
sulfito reductasa-[4Fe-4S], mientras que el sulfito es condensado con acetil-homoserina
para formar homocisteina, que a su vez, se interconvierte en metionina o cistationina, un
intermediario de la cisteina. Las deficiencias en las enzimas con centros [Fe-S] aconitasa y
sulfito reductasa conducen a auxotrofia para glutamato, metionina y cisteina (Hansen et al.,
1994, Thomas y Surdin 1997 y Wen et al., 2004). El glutatién, es un tripéptido compuesto
por glutamato, cisteina y glicina, es el antioxidante esencial mas abundante que mantiene
el potencial redox intracelular en la mayoria de los eucariontes incluidas las levaduras. El
glutation actia como un cofactor de enzimas antioxidantes como la glutation peroxidasa,
gue utiliza el glutatiéon para neutralizar las ERO. La funcion antioxidante del glutation
depende del grupo tiol activo (-SH) de la cisteina. El glutatibn dona los electrones
necesarios para reducir las ERO, oxidandose a disulfuro de glutation (GSSG) (Jamieson,
1998). La disminucién de los niveles de glutatibn conduce a una mayor sensibilidad a
oxidantes como el anién superéxido y el perdxido de hidrogeno. Por lo tanto, para mantener
las funciones celulares vitales, deben mantenerse altos niveles de glutatién intracelular. Se
han evaluado los niveles de glutation en cepas mutantes en la maquinaria ISC, se encontrd
gue los niveles de glutatién disminuyeron considerablemente en las mutantes ssq7A, isal1A
e iba57A (Pérez-Gallardo et al., 2013). En la figura 5 del capitulo 3, se muestra que en las
mutantes isa2A y grx5A presentan niveles disminuidos de glutation mitocondrial. Sin
embargo, en la complementacion con isa2A-ISA2-His y grx5A-GRX5-His, en dichas

mutantes, respectivamente, restaura los niveles de glutation. Es de esperarse que la
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deficiencia de la biogénesis de centros [Fe-S] afecte la sintesis de glutation y provoque

estrés oxidativo mitocondrial.

Con estos resultados se plantearon dos hipétesis: 1) la disminucion de la expresion de
Riplp, es el resultado de efectos secundarios como la desregulacion del hierro, el exceso
de radicales libres que dafian macromoléculas como el ADN mitocondrial y la disminucion
de los sistemas antioxidantes; 2) El subsistema [Fe-S]-IBG de la maquinaria ISC, esta
involucrado en el ensamble del centro [2Fe-2S] de la proteina Riplp. Para comprobar estas
hipétesis se plantearon diversas estrategias, una de ellas fue el andlisis de presencia o
ausencia del ADN mitocondrial, mediante la amplificacion de genes mitocondriales por
PCR. En la figura 6 del capitulo 1y la figura suplementaria del capitulo 3, se muestran los
productos de PCR de los genes mitocondriales COX2 y COX3, de mitocondrias aisladas de
mutantes en GRX5, ISA2, e IBA57. Si bien las bandas correspondientes a COX2 y COX3
tienen menor intensidad que las bandas de la cepa WT, hay presencia del material genético
mitocondrial. Esto difiere de un estudio, que reporté6 que estas mutaciones provocan un
fenotipo rho® (Jensen y Culotta, 2000). Ademas, se muestra la identificacion de las proteinas
Cox2p y Cox3p, en las figura 3, panel g, y figura 4, panel b, del capitulo 1, y figura 9, panel
d, del capitulo 3. Cox3p fue identificada como parte de los supercomplejos respiratorios,
por lo que ademas de ser sintetizada, la proteina tiene la capacidad de formar dichas
superestructuras proteicas. Estas evidencias sustentan el hecho de que el estrés generado
por las mutaciones per se no son suficientes para provocar la pérdida de la expresién de

las proteinas mitocondriales.

Una vez comprobada la presencia del ADN mitocondrial y la expresion de las proteinas
mitocondriales, se analizé la actividad de la cadena de transporte de electrones midiendo
el consumo de oxigeno y la actividad de cada uno de los complejos respiratorios. En la
figura 1 del capitulo 1 y la figura 6 del capitulo 3, se muestra un consumo de oxigeno nulo

M.C. LUIS ALBERTO SANCHEZ BRIONES 97


https://pubmed.ncbi.nlm.nih.gov/?term=Jensen+LT&cauthor_id=10805735
https://pubmed.ncbi.nlm.nih.gov/?term=Culotta+VC&cauthor_id=10805735

Participacion de las proteinas Grx5p, Isa2p e Iba57p en el ensamble del centro [2Fe-2S] en la subunidad
Riplp y suimpacto en la formacion de los supercomplejos respiratorios en Saccharomyces cerevisiae

en las mutantes iba57A, isa2A y rip1A. En concordancia con lo anterior, no se detecto
actividad de los complejos de las mutantes del subsistema excepto en grx5A, cuya actividad

disminuyo parcialmente en comparacion con la cepa WT.

Se evalué la estabilidad de los supercomplejos respiratorios. Se observé que la formacién
de supercomplejos se ve afectada en las mutantes en los genes IBA57, GRX5 y RIP1,
ademas se detect6 la ausencia de la subunidad Riplp en las mutantes ibab57A 'y rip1A, lo
gue concuerda con un estudio anterior (Zara et al., 2012), donde se encontré que la
ausencia de Riplp, afect6 la formacion de los supercomplejos. Con estos resultados se

sugiere la participacion del subsistema [Fe-S]-IBG en el ensamble de Riplp-[2Fe-2S].

Las cuatro mutantes de los genes del subsistema [Fe-S]-IBG fueron complementadas. En
la figura 1 del capitulo 4, se muestran los resultados de las cepas mutantes grx5A, isa1A,
isa2A e ibab57A complementadas con los genes que codifican para sus respectivas
proteinas, y se observa una recuperacion del crecimiento bajo condiciones estresantes.
Solo se pudo demostrar la complementacién de las cepasisa2A-1ISA2-His y grx5A-GRX5-
His por Western blot, por deteccién de la fusion de la proteina con una etiqueta de histidinas

(figura 2, capitulo 4).

Con las cepas isa2A-ISA2-His y grxbA-GRX5-His caracterizadas molecularmente, se
analizé la formacion de supercomplejos respiratorios en mitocondrias (figura 9 panel b,
capitulo 3). Se observé que la complementacién de isa2A-ISA2-His restaura parcialmente
la presencia de la subunidad Riplp en las bandas correspondientes a los supercomplejos
l21V2 y 121V, comparada con la cepa mutante, donde no se detectd dicha subunidad. De
manera similar se incrementa la presencia de la subunidad mitocondrial Cox3p en la cepa
complementada (figura 9, panel d, capitulo 3), mientras que en el panel c se identificé la

etiqueta de histidinas mayormente en la banda correspondiente al supercomplejo Ill>IV en
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la cepa complementada isa2A-ISA2-His. Asimismo, se demostr6 que la proteina
recombinante Isa2 se encuentra en la misma banda del supercomplejo Ill;IV, siendo estos
resultados la primera evidencia de interaccion proteina-proteina entre el subsistema [Fe-S]-
IBG y el complejo respiratorio lll. Ademas, este ensayo también se realiz6 con la cepa
complementada grx5A-GRX5-His (figura 4C3, capitulo 4); sin embargo, no se detectd la
proteina recombinante en ninguna banda correspondiente a los complejos respiratorios.
Esto sugiere que Isa2p es una proteina especifica del ensamble del centro [Fe-S] de Riplp.
Debido a que no se logro identificar las proteinas recombinantes Isalp e Iba57p, no fue
posible detectar la asociacion fisica de estas proteinas con el complejo Ill. Sin embargo, la
complementaciéon con los genes de dichas proteinas se recuperd el crecimiento y la
expresion de la subunidad Riplp (figuras 4C1y 4C2, capitulo 4), lo que sugiere que todo el

subsistema [Fe-S]-IBG esta involucrado en la maduraciéon de Riplp.

Ademas de la cadena de transporte de electrones, también se evaluoé la actividad en gel de
la ATP sintasa, con lo cual se logré detectar el dimero de la ATP sintasa en mitocondrias
solubilizadas de las mutantes en ISC y las cepas complementadas. Asimismo, solo se
detectdé acumulacién de mondmeros en las cepas isa2A y su contraparte complementada.
Estos resultados apoyan la idea de que el ADN mitocondrial en las mutantes es funcional,
ya que tres de las subunidades de la ATP sintasa estan codificadas en el ADN mitocondrial
(Atp6, Atp8 y Atp9) (Macreadie et al., 1983). Ademas, en el ensayo se midi6 la actividad de
hidrolisis del ATP por parte del dominio F1. Si bien este dominio no cuenta con subunidades
mitocondriales, el dominio F1 en ausencia del dominio Fo no fue detectado; de otro modo,
se asumiria que el dominio Fo no se form6 debido al estrés generado por la disfuncion de

ISC como se observo en la cepa rho™ (figura 4C5).

Los dimeros de ATP sintasa tienen un papel crucial en la formacion de las curvatura que
caracterizan a las crestas mitocondriales (Baker et al., 2012). Fue inesperada la
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acumulacion de monémeros de ATP sintasa en la mutante isa2A, ya que no se ha reportado
una relacion directa entre la biogénesis de la ATP sintasa y la biogénesis de centros [Fe-
S], por lo que mas estudios se requieren para esclarecer el fenémeno, asi como la posible
participacion de Isa2p en la formacion de crestas mitocondriales via la dimerizacion de la

ATP sintasa.
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7. Conclusion:

En S. cerevisiae, el subsistema Fe-S-IBG esta implicado en la maduracién de la subunidad
catalitica Rip1p del complejo Ill, y por consecuencia, en la conformacion y funcionalidad de

los supercomplejos respiratorios IlI-1V.
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Abstract Psendomonas aeruginosa PAOI, a potential pathogen of plants and animals, produces the
cyclodipeptides cyclo{L-Pro-1-Tyt), eyclo{L-Pro-1-Phe), and cyclo{t-Pro-1-Val) (PAO1-CDPs), whose
effects have been implicated in inhibition of human tumor cell line proliferation. Cur purpose was
to investigate in depth in the mechanisms of HeLa cell proliferation inhibition by the PAOT-CDPs,
The results indicate that PACT-CDPs, both purified individually and in mixtures, inhibited Hela
cell proliferation by arresting the cell cycle at the GO-G1 transition. The crude PAOT-CDPs mixture
promoted cell death in Hela cells in a dose-dependent manner, showing efficacy similar to that
of isolated PAOT-CDPs (LDs; of 60-250 pM) and inducing apoptosis with ECsg bebween 0.6 and
3.0 uM. Moreover, PADM-CDPs showed a higher proapoptotic ackivity E.~'il.J3—] ¥ fold) than their
synthetic analogs did. Subsequently, the PAD1-CDPs affected mitochondrial membrane potential
and induced apoptosis by caspase-Y-dependent pathway. The mechanism of inhibition of cells
proliferation in HeLa cells involves inhibition of phosphorylation of both Akt-5473 and 56k-T389
protein kinases, showing a cyclic behavior of their expression and phosphorylation in a ime and
concentration-dependent fashion. Taken together our findings indicate that PISK-Akt-mTOR-56k
signaling pathway blockage is mvolved in the antiproliferative effect of the FPAO1-CDPs.
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Over-expression of Isu1p and Jac1p increases the ethanol tolerance
and yield by superoxide and iron homeostasis mechanism
in an engineered Saccharomyces cerevisiae yeast
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Abstract

The ethanol stress response in ethanologenic yeast during fermentation involves the swishing of several adaptation mecha-
nisms. In Saccharoniyces cerevisiae, the Jaclp and Isulp proteins constitute the scaffold system for the Fe—S cluster assembly.
This study was performed using the over-expression of the Jaclp and Isulp in the industrially utilized 5. cerevisiae UMAm3
strain, with the objective of improving the Fe—S assembly/recycling, and thus counteracting the toxic effects of ethanol stress
during fermentation. The UMArn3 yeast was transformed with both the JACI-His and ISUJ-His genes-plasmid contained.
The Jaclp and Isulp His-tagged proteins over-expression in the engineered yeasts was confirmed by immunodetection, ren-
dering increases in ethanol tolerance level from a DLy =~4.5% ethanol (v/v) to DLy;= ~8.2% ethanol (v/v), and survival up
90% at 15% ethanol (v/v) comparing to~50% survival in the control strain. Fermentation by the engineered yeasts showed
that the ethanol production was increased, producing 15-20% more ethanol than the control yeast. The decrease of ROS and
free-iron accumulation was observed in the engineered yeasts under ethanol stress condition. The results indicate that Jaclp
and Isulp over-expression in the 5. cerevisiae UMA3.3 yeast increased its ethanol tolerance level and ethanol production by
a mechanism that involves ROS and iron homeostasis related to the biogenesivrecycling of Fe-S clusters dependent proteins.
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Nicorandil Affects Mitochondrial Respiratory Chain Function
by Increasing Complex l1l Activity and ROS Production in Skeletal
Muscle Mitochondria
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Abstract

Adenosine triphosphate (ATP)-dependent potassium channels openers (K yrp) protect skeletal muscle against function impair-
ment through the activation of the mitochondrial K,yp channels (mitoK,p). Previous reports suggest that modulators of
the mitochondrial K ,p channels have additional effects on isolated mitochondria. To determine whether the K yp channel
opener nicorandil has non-specific effects that explain its protective effect through the mitochondrial function, chicken muscle
mitochondria were isolated, and respiration rate was determined pollarographically. The activity of the electron transport
chain (ETC) complexes (I-1V) was measured using a spectrophotometric method. Reactive oxygen species (ROS) levels
and lipid peroxidation were assessed using flow cytometry and thiobarbituric acid assay, respectively. Both K,1p channel
opener nicorandil and K,pp channel blocker 5-hydroxydecanoate (5-HD) decreased mitochondrial respiration; nicorandil
increased complex IIT activity and decreased complex IV activity. The effects of nicorandil on complex III were antagonized
by 5-HD. Nicorandil increased ROS levels, effect reverted by either 5-HD or the antioxidant N-2-mercaptopropionyl glycine
(MPG). None of these drugs affected lipid peroxidation levels. These findings suggest that K yrp channel opener nicorandil
increases mitochondrial ROS production from complex III. This results by partially blocking electron flow in the complex
IV, setting electron carriers in a more reduced state, which is favored by the increase in complex III activity by nicorandil.
Opverall, our study showed that nicorandil like other mitochondrial K,p channel openers might not act through mitoK yp
channel activation.

Graphic Abstract

Keywords Mitochondria - mitoK yqp channel - Skeletal muscle - Nicorandil - Reactive oxygen species
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