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RESUMEN

El término expresion alotopica hace referencia a la reubicacion artificial de un gen
desde un organelo celular, como la mitocondria o el cloroplasto, al nucleo. En
investigaciones previas, se produjo alotopicamente a la subunidad 2 de la enzima
citocromo ¢ oxidasa (COX) en la levadura Saccharomyces cerevisiae (Supekova et al.,
2010). El precursor Cox2WV*R sintetizado en el citosol celular, restaurd el crecimiento
de una cepa mutante nula 4cox2 en sustratos no fermentativos, aunque solamente se
recuperd un 60% de la actividad de COX en comparacidon con una cepa silvestre (wt)
(Cruz-Torres et al., 2012). En este estudio, utilizando cepas que sintetizan Cox2W>R a
partir de un gen integrado a un cromosoma nuclear y cepas que producen Cox2WV¥R a
partir de un plasmido episomal de alto numero de copias, exploramos si la
sobreexpresion de determinados genes, relacionados directa o indirectamente con la

importacion, internalizacion, maduracion y ensamblaje de Cox2W>R

, podria incrementar
la importacion de esta proteina alotopica al interior de la mitocondria, facilitando asi el
crecimiento de la levadura en medios respiratorios. Nuestra estrategia experimental se
bas6 en tres enfoques principales: 1) un analisis de supresores multicopia; 2) una
prediccion fundamentada, donde se sobreexpresaron genes conocidos; y 3) la
exploracion del papel de la subunidad Mgr2 del translocador TIM23, un factor que
modula la translocacion y liberacion lateral de precursores hidrofobicos.

En el primer enfoque experimental, al transformar la cepa de integracion nuclear con
una biblioteca de supresores multicopia, se identificaron tres genes, TYE7, RAS2 y
COX12, cuya sobreexpresion favorecio la internalizacion de la subunidad alotdpica a la
mitocondria. En el segundo enfoque, se seleccionaron genes conocidos cuyos productos
proteicos participan en la importacion de proteinas a la mitocondria, para ser
sobreexpresados. La sobreproduccion de Cox20, Oxal y Psel aumento el crecimiento
de la cepa que produce Cox2WV¢R en alto nimero de copias, indicando que estos factores
de alguna manera favorecen la internalizaciéon de la subunidad alotopica en la
mitocondria. En el tercer enfoque, se investigo el papel de Mgr2, un factor encargado de
modular la distribucion de proteinas por el translocador TIM23 (Gebert et al., 2012). Se
encontr6 que la sobreproduccion de Mgr2 afecta negativamente los niveles de la
proteina alotopica Cox2WV36R  a la vez que la eliminacién del gen correspondiente MGR2,

disminuy6 significativamente los niveles de Cox2W**R, Esto ocurrié bajo los dos



escenarios de expresion explorados: constitutivamente o en alto nimero de copias. En
conjunto, todos estos hallazgos nos llevaron a proponer un modelo detallado de la

biogénesis de la proteina alotopica Cox2 W3R,



INTRODUCCION

Las mitocondrias

Las mitocondrias son organelos que estan presentes en la mayoria de los organismos
eucariotas. Aunque su principal funcion es la fosforilacion oxidativa, también
contribuyen a la biosintesis de las pirimidinas, los aminoacidos, los fosfolipidos, los
nucleotidos, las coenzimas de folato, el grupo hemo y la urea, entre otros metabolitos
(Attardi y Schatz, 1988). La sintesis de las proteinas que conforman a este organelo
involucra una extensa cooperacion del genoma nuclear con el mitocondrial. Ademas,
implica la operacion de mecanismos especializados para la importacion de proteinas y
el ordenamiento intramitocondrial de proteinas, fosfolipidos y probablemente RNAs

sintetizados ex situ (Rinehart et al., 2005; Salinas-Giegé et al., 2015).

Estructura de la mitocondria

Las mitocondrias presentan una forma tubular, y generalmente se encuentran ubicadas a
lo largo de la membrana plasmatica o del nucleo, aunque su disposicion puede variar en
diferentes tipos celulares y en diversas condiciones fisioldgicas. El numero de
mitocondrias en una célula es variable y tiene una estrecha dependencia de las
condiciones metabdlicas de la misma (Hackenbrock, 1966; Pon y Schatz, 1991).
Eventos continuos de fusion y fision, tienden a formar una red mitocondrial altamente
dindmica que mantiene la funcionalidad y adaptabilidad del organelo (Nunnari et al.,

1997).

Morfolégicamente, la mitocondria esta constituida por una bicapa lipidica denominada
membrana interna mitocondrial (MIM), que incluye cardiolipina y diversos fosfolipidos,
la cual encapsula una matriz acuosa (Fig. 1). La MIM presenta regiones yuxtapuestas a
la membrana externa y otras que sobresalen en forma de pliegues, denominadas crestas
(cristae, G. Palade, 1956), las cuales se proyectan internamente hacia la matriz
mitocondrial. Las crestas aumentan la superficie de la membrana interna y son el sitio
donde se lleva a cabo la fosforilacion oxidativa. Rodeando a esta bicapa invaginada, la

membrana externa (MEM) funciona como la frontera del organelo, delimitandolo del



citosol celular. Entre ambas membranas se genera un espacio continuo que también es

acuoso y que se denomina espacio intermembranal (EIM) (Frey y Manella, 2000).

membrana
externa

espacio
intermembranak

membrana
interna

matriz

crestas

niones de las cresta

Figura 1. Estructura tridimensional de una mitocondria de corazon de ratén determinado mediante crio-

tomografia electrénica. La membrana externa (gris-verde) envuelve a la membrana interna (azul claro).

La membrana interna estd separada de la membrana externa por solo ~20 nm y esta plegada en crestas
laminares, que cruzan la matriz. La membrana interna gira bruscamente en las uniones donde empiezan a

formarse las crestas mitocondriales (Figura modificada de Kiihlbrandt, 2015. BMC Biology 13:89).

Biogénesis de la mitocondria

La biogénesis mitocondrial, también conocida como mitocondriogénesis, involucra dos
procesos distintos: la sintesis y formacion de las membranas mitocondriales, asi como
los compartimentos que estas delimitan. También implica el ensamblaje y organizacion

espacial de los complejos que llevan a cabo la fosforilacion oxidativa y demas



reacciones enzimaticas (Mitchell 1961, Green y Tzagaloff, 1966). En el primer proceso,
a pesar de que las membranas bioldgicas no se forman de novo y derivan del
crecimiento y division de membranas preexistentes, es necesario garantizar ciertos
pasos para asegurar su adecuada compartimentalizacion dentro de la célula, los cuales
dependen principalmente de genes nucleares. En cuanto al segundo proceso, su control
estd regido tanto por genes mitocondriales como nucleares (Roger et al., 2017). La
razén por la cual la sintesis de componentes mitocondriales implica dos genomas

distintos se debe al origen endosimbidtico de este organelo.

Origen genético dual de los complejos mitocondriales

Se piensa que las mitocondrias son el resultado de un evento endosimbidtico entre una
bacteria ancestral de vida libre perteneciente a la rama de las alfa-proteobacterias
(Andersson et al., 1998; Karlberg et al., 2000; Williams et al., 2007; Martjin, 2018) y un
ancestro de arqueas pertenecientes al phylum Lokiarchaeota (Spang et al., 2015;
Zaremba-Niedzwiedzka et al., 2017). Probablemente, el arquedn hospedero tenia la
capacidad de realizar glucdlisis anaerobia y fermentacion, mientras que el huésped
bacteriano ya contaba con un sistema de transporte de electrones cuyo aceptor final era
el oxigeno. Ambos procariontes debieron contar con mecanismos para replicar y
transcribir DNA, sintetizar proteinas y realizar biosintesis de lipidos para formar
membranas. Las enzimas del ciclo de Krebs también pueden haber estado presentes en
ambos organismos e interconvertir compuestos de carbono de cadena corta y
aminoacidos (Miiller et al., 2012). El fenémeno de endosimbiosis fue un evento de gran
relevancia evolutiva, que dio lugar a la eucariogénesis y posteriormente a la aparicion
de eucariontes complejos en la tierra (Alberts et al., 2022). Esta asociacion simbiotica
pudo conducir a cierta redundancia en la informacidon genética, la cual comenzd a
transferirse funcionalmente desde la proto-mitocondria al proto-ntcleo del hospedero o,
simplemente, a perderse. No obstante, a pesar de esta migracion masiva de genes, una
porcion de ellos fue retenida y ha permanecido hasta ahora en la gran mayoria de los
genomas mitocondriales (Gray et al., 1998). Aunque existe una amplia diversidad en el
nimero de genes que existen en el genoma mitocondrial de eucariontes, casi siempre

estd presente un subconjunto especifico de genes que codifican subunidades de los



complejos de la fosforilacion oxidativa y en ocasiones, factores necesarios para la
expresion o ensamblaje de dichas subunidades (Attardi y Schatz, 1988; Gray et al.,
1999). También estan presentes genes que codifican a varios TRNAs y tRNAs. La
presencia de un mismo subconjunto de genes en los genomas mitocondriales de diversas
especies apoya la hipotesis de que la mitocondria tiene un origen monofilético (todas las
mitocondrias provienen de un ancestro comun unico) y que la diversidad de los genes
que contiene, es el producto de pérdidas de genes al azar en los diversos linajes de

eucariontes.

El DNA pudo migrar de la mitocondria al nucleo por diversos mecanismos, dentro de
los que se incluyen; eventos de fusion y fision mitocondrial, el rompimiento de las
membranas mitocondriales debido al estrés celular, la digestion del organelo por
lisosomas o vacuolas (Berg y Kurkland, 2000; Brennicke et al., 1993; Kurkland y
Andersson, 2000) o a la migracion de transcritos de RNA que por un proceso de
transcripcion reversa se integraron al DNA cromosomal (Thorsness y Weber, 1996). Se
ha reportado que una vez que llegan al ntcleo, los 4cidos nucleicos se pueden integrar al
genoma nuclear por eventos de rompimiento y reparacion de doble hebra (Ricchetti et
al., 1999), o por procesos de uniéon de extremos no-homologos (Blanchard and Schmidt,

1996).

Transferencia de genes de la mitocondria al nucleo

La transferencia de genes de la proto-mitocondria al nucleo ha ocurrido de manera
variable en diferentes organismos, a través de procesos aleatorios. A lo largo de la
historia evolutiva, parece haber una presion de seleccion que ha llevado a la reduccion
del genoma mitocondrial hasta alcanzar un minimo en cuanto al nimero de genes. Esto
ha provocado que las mitocondrias de los metazoos presenten la mayor densidad posible
de genes por unidad de longitud de DNA (Adams y Palmer, 2003; Karakaidos 2020).
Esta presion de seleccion se ha vinculado con la alta tasa de mutacion que exhiben
algunos genomas mitocondriales. Los genes mitocondriales que fueron transferidos al
nucleo tienen una mayor probabilidad de estar protegidos de la accion de mutdgenos
debido a la presencia de histonas, y a la vez, estin menos expuestos a radicales libres

(Allen et al., 1996). Ademas, los genes transferidos al nucleo pueden asegurar su



herencia transgeneracional por eventos de reproduccion sexual y recombinacion (Rubio
et al., 2008). Se ha descrito que los genes conservados en la mitocondria corresponden a
proteinas que poseen una alta hidrofobicidad. Por lo tanto, si fueran sintetizados en el
citosol, la importacion de dichas proteinas a través de las membranas mitocondriales y
su correcto ensamblaje dentro del organelo serian factores limitantes (Popot y de Vitry,
1990; Nieto-Panqueva et al., 2023). Como consecuencia, algunos de estos genes se
localizan invariablemente en el genoma mitocondrial y no se encuentran en el genoma
nuclear de ningun organismo, como es el caso de ndl, nd2, nd4, nd5, nd6, coxl y cob

(Claros et al., 1995; Flegontov et al., 2015; Formaggioni et al., 2021).

En cuanto a los genes mitocondriales que fueron transferidos al ntcleo, se precisé de su
activacion para que fuesen funcionales, lo que implicé modificaciones en el codigo
genético y en el uso de codones. Ademas, los genes que fueron relocalizados al nucleo
eventualmente incorporaron promotores y otros elementos reguladores que controlan su
expresion. De especial importancia son las secuencias nucleotidicas que codifican
presecuencias, las cuales dirigen a los productos proteicos adyacentes hacia la
mitocondria (Fox, 2012). La migracion de genes mitocondriales al nucleo requirid
asimismo elementos celulares citosolicos y membranales tanto del hospedero arquedn
como del endosimbionte bacteriano, por ejemplo, chaperonas, receptores de membrana
y reguladores transcripcionales, que dieron origen a los sistemas de importacion

mitocondrial, tal como se conocen hoy en dia (de Grey, 2005).

Sistemas de importacion de proteinas a la mitocondria

Las proteinas mitocondriales sintetizadas en el citosol, también conocidas como
precursores, constituyen aproximadamente el 95% del proteoma mitocondrial en
eucariontes modernos (Vogtle et al., 2017). Estas proteinas son sintetizadas en
ribosomas citosolicos y llevan consigo sefiales especificas que las dirigen hacia las
maquinarias translocadoras localizadas en los distintos compartimentos mitocondriales.
A la fecha, se han identificado al menos cinco vias de importacion (Fig. 2), las cuales
dependen de diferentes maquinarias conocidas como complejos de importacion

(Chacinska et al., 2009). Dado que las proteinas son importadas en una configuracion



intrinsecamente desestructurada, chaperonas tanto citosolicas como mitocondriales,
junto con otros factores de ensamblaje, desempefian un papel crucial en el proceso de
internalizaciéon. Su funcién principal radica en preservar la competencia de los
precursores durante la importacion, al mismo tiempo que participan activamente
guiando y uniendo estos precursores a las proteinas receptoras en la superficie de la

MEM (Hansen y Herrmann, 2019).
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Figura 2. Vias de biogénesis de proteinas mitocondriales. Las proteinas codificadas en el genoma

mitocondrial se insertan cotraduccionalmente a la membrana interna por la accion conjunta de los
ribosomas mitocondriales y de la translocasa Oxal. En contraste, la mayoria de las proteinas
mitocondriales que se sintetizan en el citosol son importadas por la translocasa de la membrana externa
(TOM). Las maquinarias de translocacion de las membranas interna y externa son las responsables de
distribuir a las proteinas precursoras en los diversos compartimentos intramitocondriales. Algunas
proteinas de membrana externa de tipo a-hélice pueden pasar por alto el canal TOM vy se insertan en la
membrana externa mediante el complejo de importacion mitocondrial (MIM). La maquinaria de
importacion y ensamblaje del espacio intermembranal mitocondrial (MIA) promueve la importaciéon y
oxidacion de proteinas mediante la formacion de enlaces disulfuro. La translocasa de presecuencias de la
membrana interna (TIM23) puede insertar lateralmente a proteinas precursoras en la membrana interna o,
en cooperacion con el motor asociado a translocasa de presecuencias (PAM) internalizarlas en la matriz
mitocondrial. La peptidasa de procesamiento mitocondrial (MPP) escinde las presecuencias N-terminales,
dando lugar a las proteinas maduras. Por su parte, las pequefias chaperonas TIM en el espacio

intermembranal, entregan los precursores de los barriles-f a la maquinaria de clasificacion y ensamblaje



(SAM) de la membrana externa y también distribuyen a proteinas de membrana hacia la translocasa
transportadora de membrana interna (TIM22). El potencial de membrana (Ay) impulsa la translocacion
de proteinas tanto por TIM23 como por TIM22. (Figura tomada de Straub et al., 2016. Biol. Chem.;
397(11): 1097-1114).

La via mas caracterizada de ingreso a la mitocondria, conocida como la via de
transporte de las presecuencias, es responsable de la importacion de aproximadamente
el 60% de los precursores mitocondriales. En esta via, las proteinas se sintetizan con
una presecuencia de direccionamiento mitocondrial escindible (MTS, por sus siglas en
inglés) en su extremo N-terminal (Roise y Schatz, 1988; Vogtle et al., 2009). Estas
secuencias se caracterizan por tener entre 8 y 80 aminoacidos, siendo ricas en residuos
hidroxilados como serinas y treoninas, y en general, carecen de residuos cargados
negativamente. Ademads, forman o-hélices anfipaticas que exhiben una cara cargada
positivamente y otra con residuos hidrofobicos, que facilitan su ingreso a través de
TOM vy su distribucion por TIM23. Estas secuencias suelen encontrarse en proteinas de
matriz y de la MIM, aunque en algunos casos también pueden estar presentes en
proteinas del EIM e incluso en algunas de la MEM (Doyle et al., 2013; Huang et al.,
2009). Un grupo amplio de proteinas con multiples cruces transmembranales (TMS, por
sus siglas en inglés), especialmente los transportadores mitocondriales y los
componentes centrales de las translocasas de la MIM, carecen de sefiales de
direccionamiento en el extremo N-terminal. En su lugar, utilizan sefales internas que se

encuentran proximas a los TMS.

Las MTS son reconocidas por los receptores del complejo de translocacion de la
membrana externa (TOM, por sus siglas en inglés), especificamente por las subunidades
Tom20 y Tom22 (Araiso et al., 2019; Sayyed et al., 2022). Por otro lado, Tom70, junto
con su paralogo en levadura, Tom71, se asocian de manera mas laxa al complejo TOM.
Ambas subunidades reconocen preferentemente a las sefiales internas de
direccionamiento de las proteinas sin MTS (Liu et al., 2023). Indistintamente, los
receptores de TOM, al poseer motivos de repeticion de tetratricopéptidos (TPR)
reconocen también chaperonas de los sistemas Hsp70 y Hsp90, y en conjunto con ellas,

mantienen a los sustratos en un estado desplegado competente para su importacion,
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evitando su agregacion y asistiendo en las etapas iniciales del proceso de internalizacion

en el organelo (Backes et al., 2021).

Una vez que los sustratos han cruzado el poro de translocacion principal conformado
por la subunidad de tipo barril-B Tom40, reciben asistencia por parte de TomS5, quien
los orienta hacia el EIM. Alli son reconocidos por dos grandes complejos de
translocacion funcional y estructuralmente diferentes de la MIM (TIM, por sus siglas en
inglés): TIM23, encargado de translocar a los precursores con MTS y TIM22, que
transloca proteinas con sefales de direccionamiento internas, como la que presentan

varios acarreadores mitocondriales de 6 TMS.

El complejo de translocacion TIM23

El cruce de las proteinas precursores a través del canal de importacion de la MIM
depende de varios factores y de la presencia de fuentes de energia: la fuerza proton
motriz (Ay), el ApH, la afinidad de la MTS por el lado cis sobre el frans de la
membrana, y la hidrolisis de ATP. Las MTS cargadas positivamente hacen que el Ay
ejerza un efecto electroforético sobre las proteinas, facilitando su paso a través de
TIM23. El complejo TIM23 esta embebido en la MIM vy existe en forma de complejo
heterotrimérico. Se compone de una dupla de subunidades centrales conformado por las
proteinas Tim17 y Tim23, las cuales constituyen el sitio de translocacion (Fig. 3A).
Tim17 y Tim23 estan compuestos por 4 TMS, organizados de una forma inclinada, y se
asocian en un arreglo “espalda-con-espalda” para formar dos cavidades opuestas que
estan expuestas hacia la fase lipidica (Sim et al., 2023). Ademas, cuenta con el receptor
Tim50. Estas subunidades en conjunto dan origen a una forma central del complejo

conocida como TIM23coRe.

En la transferencia de proteinas de TOM a TIM23, Tim50 interactia con Tom22 y
Tom21, asegurando el correcto direccionamiento de precursores a través del EIM. La
translocacion de los precursores a través de TIM23 sucede a través de una cavidad, que
presenta regiones cargadas negativamente en la periferia y zonas hidrofobicas en el

centro. La alteracion de estas caracteristicas estructurales, modifican la eficiencia y
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fidelidad del mecanismo de translocacion (Sim et al., 2023; Fielden et al., 2023). Como
se describe a continuacion, el complejo TIM23 establece una estrecha cooperacion con
los complejos de la cadena de transporte de electrones III y IV, asi como con el motor
de importacion de proteinas con presecuencias (PAM, por sus siglas en inglés),
localizado en la matriz mitocondrial. En cada caso, esto da lugar a dos formas
transitorias del translocador conocidas como TIM23sorr y TIM23wmortogr,

respectivamente.

TIM23sort. Junto con las unidades centrales Tim17-Tim23 y Tim50, la conformacion
TIM23sorT, también incluye las subunidades Mgr2 y Tim21 (Fig. 3B). A través de esta
ultima, se asocia con los complejos de la cadena respiratoria, bcl (complejo III) y
citocromo ¢ oxidasa (complejo IV). Esta configuracion es de particular importancia para
el ordenamiento y la liberacion lateral de proteinas dentro de la MIM. Estas proteinas
contienen una sefial de paro/transferencia (del inglés stop-transfer), es decir, una region
adyacente a la presecuencia de ~20 aminoacidos que es rica en residuos hidrofébicos
flanqueados por residuos cargados. Esta sefal de paro/transferencia es probablemente
reconocida por el factor modulador Mgr2. Bajo la acciéon de Mgr2, la translocacion se
detiene en la MIM y se induce una apertura lateral en el complejo TIM23, liberando la
proteina directamente al interior de la bicapa lipidica (Ieva et al., 2013; Ieva et al., 2014;
Mirzalieva et al., 2019; Lee et al., 2020; Mata et al., 2020). Mgr2 se considera, entonces,
un factor que mantiene el control de calidad sobre el complejo translocador TIM23,
ayudando a determinar qué proteinas deben ser completamente translocadas hasta la

matriz mitocondrial y cuéles deben ser liberadas lateralmente dentro de la MIM.

TIM23motor. La forma conocida como TIM23moror, encargada de importar proteinas
hasta la matriz mitocondrial, implica la asociacion de TIM23core con el motor de
proteinas PAM (Fig. 3B). Esta union se lleva a cabo a través de la subunidad de
andamiaje Tim44, que recluta a la proteina mtHsp70 al canal de importacion (Liu et al.,
2003; Craig et al., 2018). Ademas de mtHsp70, PAM estda compuesto por las
subunidades Pam18, Pam16, Mgel y Pam17. La chaperona mtHsp70 es dependiente de
ATP y es determinante para el funcionamiento del complejo motor. mtHsp70 posee un
dominio de uniéon a nucledtidos en su extremo N-terminal y un dominio de union a

péptidos en su extremo C-terminal, a través del cual facilita el movimiento
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unidireccional de las proteinas entrantes. Pam18 y Pam16 son subunidades asociadas a
la MIM, que contienen dominios J, que regulan la actividad ATPasa de mtHsp70.
Pam18 estimula esta actividad, mientras que Pam16 la antagoniza (Frazier et al., 2004;
Li et al., 2004). Una vez que mtHsp70 se une al polipéptido en translocacion, la co-
chaperona Pam18, hidroliza el ATP unido, lo que provoca un cambio conformacional
en mtHsp70 de abierto a cerrado, previniendo el deslizamiento del polipéptido que esta
siendo translocado (Mapa et al., 2010; Callegari et al., 2020). Pam17, una subunidad
especifica de levaduras, facilita la translocacion de proteinas de matriz que son
hipersensibles al potencial de membrana (Caurmont-Sarcos et al., 2020). La interaccion
de mtHsp70 con Tim44, es dependiente de la unién de ATP o ADP, por lo que una vez
que el ATP es hidrolizado, mtHsp70 se disocia de Tim44 (Slutsky-Leiderman et al.,
2007). Mgel, que actua como regulador de mtHsp70 al ser un factor de intercambio de
nucleotidos, promueve el cambio de ADP a ATP en mtHsp70 (Bolliger et al., 1994).
Paml18 es el tnico componente del motor que tiene un segmento que atraviesa la
membrana y que se une en ambos lados con otros componentes de la translocasa.
Durante la translocacion de un polipéptido, el motor de importacidon no es una entidad
estable, sino que puede experimentar un intercambio activo de subunidades (Schulz y

Rehling, 2014; Schendzielorz et al., 2018).
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Figura 3. Mecanismo de entrega y translocacion de precursores via TIM23. A) El precursor que contiene

la presecuencia se coloca en el sitio de salida del complejo TOM. Los complejos TOM y TIM23 se
asocian mediante interacciones entre Tom22 y Tim21 y entre Tim23 y Tim50. Luego, Tim50 reconoce y
captura a la presecuencia. B) El complejo TIM23 existe en dos estados estructurales/funcionales.
TIM23moror es la forma asociada al motor que transloca a las proteinas precursoras destinadas a la matriz
mitocondrial. En contraste, TIM23sort esta especializado en la liberacion lateral de proteinas precursoras
de membrana interna que tienen un TMS y una sefial hidrofébica de "stop-transfer" después de la

presecuencia (Figura tomada de Callegari et al., Biol. Chem. 2020; 401(6-7): 709-721).

Las presecuencias de los precursores hidrofobicos que se liberan lateralmente a la MIM
y de las proteinas cuyo destino final es la matriz mitocondrial, son removidas por la
proteasa de procesamiento mitocondrial (MPP, por sus siglas en inglés), una peptidasa
heterodimérica localizada en la matriz mitocondrial (Hawklitschek et al., 1988S;
Fukasawa et al., 2015; Wiedeman y Pfanner, 2017). El procesamiento proteolitico por
MPP no estd estrictamente vinculado a la translocacion y puede ocurrir desde el
momento en que la MTS queda expuesta en la matriz mitocondrial. Los péptidos de la

presecuencia son posteriormente degradados por las proteasas de presecuencias, PreP, o

14



Cyml conocidas en conjunto como el peptidasoma de la matriz mitocondrial (Johnson
et al., 2006; Mossman et al., 2014). Las subunidades de MPP muestran una alta
similitud con las dos unidades periféricas del complejo respiratorio III, Corel y Core2
(Schulte et al., 1989), y en algunos organismos, dichas proteasas se encuentran
totalmente integradas en ese complejo. Por lo tanto, el procesamiento ocurre en cercania
a la MIM, aunque es un proceso independiente de la transferencia de electrones que

tiene lugar en el complejo III (Dessi et al., 2000).

Las mitocondrias como generadoras de la energia celular

Entender la compartimentalizacion de la mitocondria es de gran importancia para a la
vez poder comprender los procesos bioquimicos que tienen lugar en su interior. Las
enzimas responsables de la oxidacion de 4cidos grasos y del ciclo de los &cidos
tricarboxilicos, a excepcion de la enzima succinato deshidrogenasa, se encuentran en el
medio acuoso de la matriz mitocondrial. Por otro lado, las enzimas responsables de la
oxidacion del NADH y del transporte de electrones hacia el oxigeno (deshidrogenasas,
flavoproteinas, centros hierro-azufre y citocromos, respectivamente) son proteinas
oligoméricas de membrana que estdn asociadas a las crestas mitocondriales de la MIM
(Scheffler, 2008). Estas enzimas desempefian un papel crucial en la fosforilacion
oxidativa, proceso que utiliza los equivalentes reductores generados durante el ciclo de
Krebs para producir ATP. La cantidad de ATP generada por la fosforilacion oxidativa

es mucho mayor que la que se sintetiza durante la glucdlisis.

La fosforilacion oxidativa

La fosforilacion oxidativa genera la mayoria del ATP celular en organismos no
fotosintéticos y representa la principal fuente de energia para el metabolismo celular
(Nelson et al., 2021). Este proceso implica una serie de reacciones que aprovechan la
energia derivada de la transferencia de electrones a lo largo de la cadena respiratoria. El
acoplamiento del transporte de electrones al bombeo de protones genera un gradiente
electroquimico a través de la MIM, el cual es utilizado por la ATP sintasa para

fosforilar el ADP (adenosina difosfato) y generar ATP (Mitchell, 1961).
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La cadena de transporte de electrones (ETC) se encuentra asociada a la MIM y
comprende una serie de complejos proteicos (I, II, III y IV) y transportadores moviles,
organizados para funcionar secuencialmente como donadores y aceptores de electrones
(Vercellino y Sazanov, 2022). El proceso comienza con la transferencia de electrones
del NADH (nicotinamida adenina dinucleotido reducido) y el FADH; (dinucleétido de
flavina adenina reducido) a los complejos I y II, respectivamente. Estos electrones a su
vez se transfieren a los complejos restantes (III y IV) a través de una serie de reacciones
redox. Al final de la ETC, el oxigeno molecular (O2) actia como el aceptor final de
electrones, que, al combinarse con protones, forma agua (H20). Este ultimo paso

asegura el flujo continuo de electrones a través de la ETC.

A medida que los electrones fluyen a través de los complejos proteicos, se libera energia
que se utiliza para bombear protones (H+) desde la matriz hacia el EIM, generando un
gradiente electroquimico a través de la MIM. Este gradiente representa una forma de
energia quimiosmotica, que sera utilizada por la enzima oligomérica ATP-sintasa, para
generar ATP a partir de ADP y fosfato inorganico (Pi) (Lehninger, 1944; Kennedy y
Lehninger, 1950). La ATP-sintasa funciona como un nanomotor rotatorio que promueve

la sintesis de ATP en sus tres sitios cataliticos (Kiihlbrandt, 2019).

La citocromo c oxidasa

El complejo IV, también conocido como citocromo ¢ oxidasa (COX) (EC 1.9.3.1), es el
aceptor final de la cadena de transferencia de electrones en las mitocondrias. Cataliza la
reduccion de oxigeno acoplada al bombeo de protones desde la matriz hacia el EIM
(Yoshikawa et al., 2011). Esta enzima es dimérica y cada uno de los monémeros esta
constituido por 13 subunidades en humanos y 11 en levaduras (Fig. 4). Su biogénesis
implica la asociacion de polipéptidos codificados tanto en el genoma nuclear como en el
mitocondrial. Su nicleo catalitico estd compuesto por las tres subunidades més grandes,
que estan codificadas en los genes mitocondriales cox/, cox2 y cox3, que se expresan en
el interior del organelo. Las ocho subunidades adicionales estan codificadas en el nucleo
y por lo tanto son sintetizadas en el citosol antes de ser importadas a la mitocondria
(Tsukihara et al., 1996). El complejo IV tiene cuatro centros metélicos con actividad

redox: dos grupos hemos (citocromos a y a3) y dos centros de cobre (Cua y Cug), que
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participan en el transporte de electrones. En este proceso, los electrones se transfieren
desde el citocromo ¢ soluble al centro de cobre binuclear Cua, al hemo a y al segundo
centro binuclear compuesto por hemo a3 y Cug. Finalmente, el O se une al hemo a;

reducido para formar agua (Hill, 1994; Tsukihara et al., 1995).

El ensamblaje de COX no es trivial debido al origen genético dual de sus subunidades ¢
implica coordinar la expresion de genes del nucleo y de la mitocondria, fendmeno en el
cual participan otros factores de ensamblaje y vias de senalizacion. Esto permite
controlar la abundancia de las subunidades y los cofactores metalicos, asi como separar
el proceso formando primero tres subcomplejos o modulos que se van ensamblando
hasta formar una enzima funcional (Fontanesi et al., 2006). Las tres subunidades del
nucleo catalitico, Cox1, Cox2 y Cox3, son proteinas integrales de membrana, altamente
hidrofobicas. En el presente estudio nos enfocamos en la subunidad II o Cox2, por lo

que a continuacion se daran detalles de esta subunidad en particular.
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Figura 4. Estructura y posicionamiento en la MIM de la enzima citocromo ¢ oxidasa. Las subunidades del

nucleo catalitico y codificadas en el mtDNA se muestran en color, Cox1 en verde; Cox2 en azul y su
centro binuclear de cobre en dorado; Cox3 en carmin. Se denotan las posibles vias de transporte de
protones (rojo), Oz y agua (gris) y electrones (azul claro). (Figura modificada de Yoshikawa et al., 2011.
Annu. Rev. Biophys. 40:205-223).

Biogénesis de la subunidad Cox2

Como proteina integral de membrana, la biogénesis de Cox2 implica su insercion co-

traduccional en la MIM. Este proceso cuenta con la participacion de proteinas
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especializadas y se sigue de un complejo proceso de maduracion. Cox2 se compone de
dos TMS de tipo a-hélice y una region globular hidrofilica que se extiende hacia el EIM,
donde se aloja el centro binuclear de Cua (Soto et al., 2012). Presenta una topologia N-
afuera/C-afuera, lo que significa que tanto el dominio N-terminal como el dominio C-

terminal de la proteina estan expuestos hacia el EIM.

La sintesis de Cox2 requiere la participacion de Petl11, un activador transcripcional que
interactta con la region 5-UTR del mRNA de cox2 (Mulero y Fox, 1993; Poutre y Fox,
1987). Inicialmente, el anclaje de los ribosomas mitocondriales o mitoribosomas a la
MIM es mediado por las proteinas mL45 y Letml en mamiferos, o sus homdlogos
Mbal y Mdm38 en levadura. Estas proteinas, alinean y estabilizan la uniéon entre el
tunel de salida del ribosoma y regiones altamente densas en proteinas de la MIM
(Preuss et al., 2001; Ott et al., 2006; Pfeffer et al., 2015), donde se encuentra el resto de
la maquinaria necesaria para la internalizacion de Cox2. La subunidad Cox2 es
sintetizada como una proteina precursora que incluye un péptido lider (LP) en el
extremo N-terminal, compuesto por quince aminoacidos, que facilitan su interaccion
con la insertasa Oxal. La presencia del LP es una caracteristica distintiva de Cox2 en
levadura y no estd presente en esta subunidad en otros organismos (He y Fox, 1997;
Bonnefoy et al., 2001). Una vez que el N-terminal de Cox2 alcanza el EIM, el LP es
procesado por la peptidasa Impl (Graef et al., 2007) que cataliza su remocidén
proteolitica (Nunnari et al., 1993; Schneider et al., 1994). Este paso es esencial para que
la porcidn ya insertada de la proteina sea reconocida por la chaperona Cox20 (Hell et al.,
2000), la cual estabiliza el extremo N-terminal de Cox2 mientras que se completa la
sintesis del C-terminal y el ribosoma se desprende por completo de la subunidad recién
sintetizada. Seguidamente, en un proceso dependiente del potencial de membrana,
Cox18, en conjunto con las proteinas Mss2 y Pntl, promueven la exportacion de la
region C-terminal de Cox2 hasta el EIM. Una vez que ambos TMS de Cox2 se han
integrado a la membrana, la chaperona Scol, que estd anclada a la MIM mediante una
o-hélice transmembranal, llevara a cabo la union de los atomos de cobre, uno a la vez, al
dominio globular de tipo B-barril de Cox2 (Lode et al., 2000; Banci et al., 2006). Esta
union implica la formacion de un pliegue simétrico de grupos tioles con potencial redox
en forma de horquilla B, donde Scol reduce el enlace disulfuro para integrar el cobre

(Carr et al., 2005; Banci et al., 2007).
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Las enfermedades mitocondriales

Las enfermedades mitocondriales son un grupo de trastornos genéticos que, tipicamente,
resultan en defectos en las proteinas que participan en la fosforilacion oxidativa
(OXPHOS). Ademas, pueden causar disfuncion en el ciclo de Krebs, en el metabolismo
del folato, asi como causar la disminucion de intermediarios enzimaticos y la
acumulacion de sustancias toxicas (Gorman et al., 2016). Constituyen el grupo mas
comun de trastornos metabolicos hereditarios y se encuentran entre las formas mas
comunes de trastornos neuroldgicos hereditarios. Desde el punto de vista clinico, se
manifiestan con un amplio espectro de sintomas que pueden presentarse a cualquier
edad, afectando multiples o6rganos con una alta demanda energética, como nervios,
corazon, musculos, rifones, higado y glandulas del sistema endocrino (McFarland et al.,

2010).

Estas enfermedades son causadas por mutaciones tanto en el genoma nuclear (nDNA)
como en el mitocondrial (mtDNA). La patofisiologia de estas enfermedades es compleja,
ya que pueden presentar cualquier patron de herencia, incluyendo herencia autosdémica
recesiva y ligada al cromosoma X para las mutaciones en el nDNA, y herencia materna
para las mutaciones en el mtDNA. La complejidad aumenta en pacientes con
mutaciones en el mtDNA, debido a la presencia de multiples copias de mtDNA en una
célula individual, lo que resulta en una mezcla de genomas normales y mutantes,
conocida como heteroplasmia. El nivel de heteroplasmia es crucial para determinar la
extension de la disfuncion celular causada por la enfermedad mitocondrial (DiMauro y

Schon, 2003).

Las mutaciones del mtDNA se dividen en tres categorias: mutaciones en genes que
codifican proteinas; mutaciones en RNA (tRNA y rRNA) y reordenamientos del
mtDNA a gran escala (ablaciones y duplicaciones). Dado que este trabajo se centra en el
gen Cox2 del complejo IV, se destacan especialmente las enfermedades asociadas a
mutaciones en este gen, como la Neuropatia Optica Hereditaria de Leber (LHON);
Miopatia mitocondrial, Encefalopatia, Acidosis Lactica y Episodios similares a un
accidente cerebrovascular (MELAS); Neurodegeneracion con Acumulacion de Hierro

en el Cerebro (NBIA); Cardiomiopatia Hipertrofica (HCM); Pérdida Auditiva
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NeuroSensorial (SNHL); Glaucoma Pseudoexfoliativo (PEG); el Sindrome de Médula-
Péancreas de Pearson; el Sindrome Kearns—Sayre; el Sindrome de Alpers-Huttenlocher;
ataxia cerebelar; rabdomidlisis; astenozoospermia; atresia Dbiliar; entre otras

(MITOMAP, 2023).

Con el avance de las técnicas para manipular el genoma mitocondrial, se han propuesto
diversas estrategias para el desarrollo de terapias genéticas dirigidas a tratar estas
enfermedades mitocondriales (Kyriakouli et al., 2008; Cwerman-Thibault et al., 2010).
Estas estrategias abarcan desde la entrega localizada de 4cidos nucleicos a la matriz
mitocondrial, hasta la inhibicion del mtDNA mutante mediante enzimas de restriccion
que lo digieren selectivamente sin alterar el mtDNA sano, asi como la edicion directa

del mtDNA mutado y la expresion alotopica (Di Donfrancesco et al., 2022).

Expresion alotopica como posible estrategia para el tratamiento de las enfermedades

mitocondriales

El término expresion alotopica hace referencia a la activacion funcional en el nucleo de
un gen que normalmente reside en un organelo celular, como la mitocondria. En esencia,
la expresion alotdpica consiste en trasladar una copia natural del gen mitocondrial
afectado al nucleo y dirigir la proteina correspondiente hacia el organelo con el fin de
sustituir a la proteina mitocondrial defectuosa. El proceso implica la expresion del gen
desde el ntcleo, la sintesis de la proteina precursora correspondiente en el citosol, su
internalizacion en el organelo, su maduracion proteolitica y la correcta localizacion en
su compartimento mitocondrial de destino (Nagley et al., 1988; Nagley y Devenish,
1989). Este proceso se considera una estrategia prometedora para desarrollar
tratamientos para enfermedades mitocondriales, ya que busca restaurar los defectos en
la OXPHOS causados por mutaciones genéticas mitocondriales (Kyriakouli et al., 2008;
Tischner & Wenz, 2015). Sin embargo, es importante destacar que, en este proceso, las
proteinas altamente hidrofobicas con varios TMS, a pesar de contar con una MTS,
pueden ser dirigidas errébneamente al reticulo endopldsmico (RE) cuando han sido

expresadas ex organello (von Heijne, 1986; Vitali et al., 2018).
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Expresion alotopica del gen cox2

La levadura Saccharomyces cerevisiae se ha utilizado como organismo modelo en
muchos estudios de expresion alotopica. Su genoma estd completamente secuenciado y
bien anotado, y es posible modificarlo mediante técnicas de biologia molecular clasica.
Ademas, la levadura es un organismo anaerobio facultativo, lo que significa que puede
producir ATP mediante respiracion aerébica cuando hay oxigeno disponible, pero
también puede recurrir a la fermentacion en ausencia de oxigeno. Esta caracteristica
permite que una cepa de levadura con genes mitocondriales de OXPHOS defectuosos o
eliminados pueda crecer en fuentes de carbono fermentables y ser seleccionada en
fuentes no-fermentables después de modificaciones, reparaciones o restituciones del gen

defectuoso.

En una cepa mutante de S. cerevisiae, que carece del gen mitocondrial cox2 (dcox2) que
codifica a la proteina homonima, se expresd el mismo gen desde el nucleo (Supekova et
al., 2010). La construccion del gen alotopico codifica a la MTS de la proteina
mitocondrial Oxal, fusionada al LP de 15 aminodcidos de Cox2, seguida de la
secuencia primaria de la subunidad Cox2, recodificada con el uso de codones nuclear,
que ademas contiene la sustitucion W56R en el TMS1 (Cox2W*®R). La MTS permite que
el precursor sea reconocido por los receptores de TOM, y posteriormente, se entregue al
translocador de la membrana interna TIM23. La sustitucion W56R disminuye
sustancialmente la hidrofobicidad promedio del TMSI, facilitando su movimiento a
través de TIM23 y su completa translocacion hasta la matriz mitocondrial. Una vez que
el TMS1 se expone a la matriz mitocondrial, la MTS es removida y el LP permite que la
translocasa Oxal inserte al cruce transmembrana en la MIM. De este modo, la cepa
complementada Acox2 + COX2"5°R  puede crecer en fuentes de carbono no
fermentables, restaurando parcialmente la capacidad respiratoria de la cepa mutante. Sin
embargo, la transformante exhibe una menor capacidad respiratoria, mostrando
unicamente el 60% de los niveles de COX en comparacion con la cepa silvestre (wt)
(Cruz-Torres et al., 2012). Un analisis bioquimico mas detallado revel6 que tanto
Cox2W3%R como Cox2WT mostraban secuencias N-terminales idénticas, lo que indica que
tanto la MTS como el LP fueron escindidos durante la internalizacion de Cox2 alotdpica.

Como se describid anteriormente, Cox2 se procesa proteoliticamente una vez durante su
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biogénesis (eliminacion del LP), mientras que Cox2W*®R expresado alotopicamente se
procesa dos veces (eliminacion de la MTS y del péptido sefial). La menor
hidrofobicidad de TMS1 permite su translocaciéon completa a la MIM, mientras que la
hidrofobicidad de TMS2 provoca que TIM23 lo libere lateralmente a la membrana. La
eliminacion del LP se lleva a cabo en Cox2WV3®R de la misma manera que sucede con la

proteina Cox2WT sintetizada in organello.

Para investigar la causa de la disminucion de los niveles de actividad COX de Cox2
expresada de forma alotopica, Rubalcava-Gracia et. al (2018), generaron una cepa que
produce una subunidad Cox2WV>¢R idéntica, pero dentro de la matriz mitocondrial, con el
fin de reproducir las mismas condiciones naturales de biogénesis de una cepa wt. La
comparacion de la mutante mitocondrial cox2”°R con la cepa silvestre reveld que
ambas levaduras presentaban tasas de crecimiento similares en fuentes de carbono no
fermentables y niveles de actividad de COX idénticos. Esto sugiere que la disminucion
en los niveles de COX no se debe a la mutacion W56R en si misma, sino que deben
existir factores que afecten a la subunidad Cox2 durante su proceso de importacion,
maduracion y ensamblaje cuando se produce de forma alotopica. El hecho de que la
Cox2 alotdpica siga una ruta de biogénesis diferente a la de su contraparte de tipo

silvestre, respalda esta hipotesis.

El gen COX2"R puede expresarse a partir de un plasmido episomal multicopia de 2p o
de manera constitutiva, en un bajo nimero de copias, cuando se inserta en algun
cromosoma nuclear o en un vector centromérico. Cuando se expresa a través de un
vector multicopia con un promotor fuerte, como el promotor PGK de la enzima 3-
fosfoglicerato cinasa, el precursor de la subunidad Cox2W3R (eCox2WV36R) tiende a
acumularse en la superficie de las mitocondrias, siendo minima la porcion que se
internaliza y que se procesa correctamente. En contraste, cuando la expresion proviene
del gen insertado en el ntcleo, se observan niveles mas altos de la subunidad Cox2WV36R
madura (nCox2W>R). Se ha sugerido que cuando la tasa de sintesis de la subunidad
citosdlica Cox2W*R excede la tasa de importacion, el precursor tiende a acumularse y

agregarse en la superficie mitocondrial (Rubalcava-Gracia et al., 2019).
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PLANTEAMIENTO DEL PROYECTO

Como se describié anteriormente, la cepa mutante Acox2, transformada con un gen
mitocondrial cox2 que produce la subunidad homoénima con la sustitucion W56R, puede
crecer tan bien como una cepa wt en sustratos no-fermentables. Esto indica que la
mutacion no tiene un efecto detectable ni sobre la estructura ni sobre la funcion de la
COX ensamblada (Rubalcava-Gracia et al., 2018). Por lo anterior, la observacion de que
la complementacion respiratoria de una cepa nula Acox2 es parcial cuando la subunidad
Cox2W36R ge sintetiza en el citosol, sugiere la existencia de un proceso o factor limitante,
posiblemente vinculado al transporte del precursor a través del translocador TIM23. El
gen COX2"3R puede expresarse a partir de un plasmido episomal multicopia de 2p o de
manera constitutiva en un bajo nimero de copias cuando se inserta en el nicleo o se
expresa desde un plasmido centromérico. Cuando se utiliza un vector multicopia con un
promotor fuerte, el precursor de la subunidad Cox2W*R denominado en lo sucesivo
eCox2W>R tiende a acumularse en la superficie de las mitocondrias, con una minima
fraccion que se internaliza y procesa correctamente. En contraste, cuando la expresion
proviene del gen insertado en el nucleo, se observan niveles mas bajos de acumulacion
del precursor de la subunidad Cox2W3%R  designado en lo sucesivo nCox2W3R  Se
planted previamente que cuando la tasa de sintesis de Cox2W*R citosolica supera la
velocidad de importacion, el precursor tiende a acumularse y agregarse en la superficie
mitocondrial (Rubalcava-Gracia et al., 2019). Con el objetivo de identificar los factores
que limitan la capacidad de complementacion total de Cox2WV®R en una mutante nula
Acox2, en este estudio se propuso evaluar si la sobreexpresion de genes relacionados
directa o indirectamente con la internalizacion del precursor, son capaces de

incrementar el crecimiento respiratorio de la cepa Acox2 + COX2"7R,
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PREGUNTA DE INVESTIGACION

(La sobreexpresion de algunos genes que codifican proteinas involucradas en la
importacién de proteinas mitocondriales, favorecera la internalizacion de la proteina

alotopica Cox2WV36R?

HIPOTESIS

La sobreproduccion de ciertas proteinas en la levadura S. cerevisiae, podria facilitar la
internalizacién de la proteina alotopica Cox2%V3®R en la mitocondria y su posterior
ensamblaje en el complejo de la citocromo ¢ oxidasa. Dado que, se ha planteado
previamente que el paso limitante de la importacion de la proteina producida
alotopicamente ocurre durante su paso por el translocador TIM23, la eliminacién o
sobreproduccion de Mgr2, un factor que participa en el control de liberacion lateral de
precursores hidrofobicos por TIM23, permitira comprender la naturaleza del paso

limitante en la internalizacion de Cox2WV>®R alotopica.

OBJETIVO GENERAL

Determinar si la sobreexpresion de alguna de las proteinas implicadas en la importacién
de proteinas a la mitocondria puede facilitar la internalizacién de la proteina alotopica
Cox2W3R en este organelo. Ademas, se evaluara el papel de Mgr2, una subunidad
implicada en el control de la liberacion lateral de precursores hidrofobicos por TIM23,
en el proceso de importacion de Cox2V3R y se buscara identificar la naturaleza del paso

limitante de dicha importacion.

OBJETIVOS PARTICULARES

1. Utilizando una genoteca de fragmentos cromosomicos de levadura clonados en un

vector de sobreexpresion, identificar y caracterizar aquellos supresores multicopia
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que aumenten el crecimiento en medios respiratorios de una cepa de levadura que

produzca alotopicamente a la proteina Cox2W>R,

Seleccionar una serie de genes cuyos productos proteicos participan en la

importacion de proteinas a la mitocondria y estudiar el efecto de su sobreexpresion

sobre la importacion de la subunidad Cox2 W3R,

Explorar el efecto de eliminar y sobreexpresar el gen MGR2 sobre la importacion

de la subunidad Cox2 producida alotopicamente.

Identificar cual es el paso limitante en la importacion de la proteina alotopica Cox2.
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MATERIALES Y METODOS
Cepas de levadura y construcciones genéticas

En este estudio, se utilizaron cepas de la levadura Saccharomyces cerevisiae derivadas
de la cepa parental D273-10B (laboratorio Fred Sherman, ATCC® 24657™). La cepa
NB40-36A (MATa lys2 arg8::hisG, leu2-3, 112 ura3-52 [rho+]), (Pérez-Martinez et al.,
2003) y la cepa EHW154 (MATa arg8::hisG ura3-52 leu 2-3, 112 his3-AHindIII [rho+]
cox2(1,89-91)::ARG8m) (Williams y Fox, 2003) corresponden a la cepa silvestre y a la
mutante nula 4cox2, respectivamente. Las cepas de levadura utilizadas en este estudio

se enlistan en la Tabla 1.

Tabla 1. Cepas de levadura utilizadas en este trabajo.

Cepa Genotipo Referencia o procedencia

MATo lys2 leu2-3,112 arg8::hisG ura3-52
NB40-36A [rho+] Pérez-Martinez et al., 2003

MATa arg8::hisG his3-AHindlIII leu 2-3,112 lys2
EHW154 ura3-52 [rho+] cox2(1,89-91)::ARG8m Williams y Fox, 2003

EHWI154 ura3-52::hphNT1 PGKS5 MTSOXAI

DRG102 COX2WS56R PGK3 Rubalcava-Gracia et al., 2019
FNY101 NB40-364 mgr2A::KanMX6 Este trabajo
FNY102 EHW154 mgr2A::KanMX6 Este trabajo

Para lograr la expresion alotopica de Cox2W>R en la mutante Acox2, se introdujo el
vector de integracion pRS306H (Rubalcava-Gracia et al., 2019). Este vector contiene un
casete de resistencia a higromicina (B), y facilita la insercion de la construccion a través
de recombinacion homologa en el locus URA3, lo que resulta en la cepa denominada
Acox2 + nCOX2"3 R Ademas, se empled el plasmido multicopia episomal de 2 pFL61,

que porta el marcador de auxotrofia URA3, para generar la cepa denominada Acox2 +
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eCOX2"3%R_Estos dos sistemas de expresion nos permitieron obtener niveles bajos (1) y

altos (e) de la subunidad Cox2"V3R producida alotopicamente.

Las cepas nulas de Mgr2 (4mgr2) se generaron reemplazando el locus MGR?2
(YPLO98C) mediante recombinacion homoéloga. Para este propdsito se uséd el casete
kanMX6 del plasmido pFA6a-kanMX6 (Bahler et al., 1998), el cual confiere resistencia
al antibiotico G418. El casete kanMX6 se amplifico utilizando los

desoxioligonucle6tidos mgr2-kanMX6: 5'-
TAGCACAAATAGCGCAACAGCTTCAAGTCCAATATTAAGATATACCAGCTG
AAGCTTCGTACGC-3’ y 5'-

GAAAACGATGGGGAAGCGTAAATATATGCAAAATTTCCCCCATCGATGAAT

TCGAGCTCGTT-3’, disefiados para incluir regiones homologas que flanquean
aproximadamente 20 pb (nucle6tidos subrayados) rio arriba y rio abajo del locus MGR2.
La region amplificada resultante reemplaza completamente el marco de lectura abierto

de MGR?2.

Las cepas de levadura que sobreexpresan MGR2 (MGR21) se generaron mediante la
introduccion del vector episomal de alto nimero de copias pMK2, un derivado de
pFL61. Este plasmido, que contiene el marcador seleccionable LEU2 en lugar de URA3
(Minet et al., 1992), presenta un promotor de 3-fosfoglicerato cinasa (PGK), que quedd
localizado rio arriba del locus MGR2 de tipo silvestre. El proceso de clonacion implico
amplificar el gen MGR2 utilizando los cebadores MGR2OE: directo, 5'-
GCGCGGCCGCATGCCTCCTCTTCCACA-3"; y reverso, 5'-
GCGCGGCCGCTCAGTCCTTACGTACCGT-3". Estos desoxioligonucleétidos se
disefiaron para incluir secuencias de sitios de restriccion Notl, que permitieron la

clonacion de MGR?2 en el sitio de insercion multiple del mismo vector.

Genoteca de supresores multicopia

Buscando ampliar el espectro de proteinas cuya sobreexpresion podria incrementar el
crecimiento respiratorio de la cepa que expresa alotopicamente al gen COX2"%R, se
transformo a la cepa Acox2 + nCOX2"%R con una genoteca de levadura clonada en el

vector pFL44L (Chevalier et al., 1980; Bonneaud et al., 1991). Tras una seleccion
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inicial, se realiz6 una segunda seleccion de aquellas colonias que mostraban un mayor
tamafio y crecian mas rapido en sustratos no fermentables, principalmente etanol y
glicerol a pH 7.0. Experimentos subsecuentes de co-segregacion mostraron que el
incremento en su capacidad respiratoria habia sido conferido por el plasmido
proveniente de la genoteca. Los plasmidos de cada cepa seleccionada fueron obtenidos
mediante el método de extraccion de DNA plasmidico, que se describe mas adelante, y
fueron recuperados en células competentes MR32 para su posterior caracterizacion

molecular.

Sobreexpresion de candidatos seleccionados.

Para determinar si la sobreproduccion de algunas proteinas implicadas en la importacion
de proteinas a la mitocondria facilita la internalizacion de Cox2W>¢R en este organelo, se
seleccionaron proteinas candidato, cuyos genes correspondientes fueron introducidos en
las cepas Acox2 + nCOX2"*%R y Acox2 + eCox2"°R, Para esto, obtuvimos plasmidos
que sobreexpresan genes candidatos, y genes que codifican las subunidades de los
complejos de translocacion TIM22 y TIM23 de la coleccion de mosaicos gendmicos de
levadura “yeast genomic tilling collection” (Jones et al., 2008). Los pladsmidos
seleccionados, designados por sus respectivos identificadores, incluyeron: COX20
(YGPM21k21), OXAl (YGPM14cl8), SDH2 (YGPM20g17), TOM70 (YGPM33c09),
CISI1 (YGPM8p09), MSP1 (YGPM30f06), HSP104 (YGPM12el8), PSE1 (YGPM18pl15),
RRP5 (YGPM5p05), TIM22 (YGPMI17f03), SDH3 (YGPM317i06), TIMIS
(YGPM17d04), TIM54 (YGPM20p13), TIM9 (YGPM25001), TIM12 (YGPM32008),
TIM10 (YGPM30n09), TIM17 (YGPM4al3), TIM23 (YGPM23p01), MGR2 (YGPMS5118)
y TIM21 (YGPMZ21120). Estos pldsmidos se generaron mediante la clonacién de
fragmentos cromosOmicos que abarcan a los genes seleccionados, en el vector
plasmidico de alto numero de copias pGP564. La presencia de dichos genes en todos los
plasmidos utilizados en este estudio fue confirmada mediante la secuenciacion de los

bordes del inserto o mediante PCR diagnostico.
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Condiciones de cultivo y almacenamiento de levaduras

Las cepas de levadura se cultivaron en medio liquido o sé6lido (agar al 2.0%) a 30 °C y
37 °C, de acuerdo con lo especificado en cada resultado. Los medios empleados en este
estudio incluyeron medios fermentables (glucosa: YPDA), no fermentables
(etanol/glicerol: YPEG, etanol: YPE, lactato: YPLac), de seleccion (minimo glucosa:
SD, minimo galactosa: SGal) y en combinacién con antibidticos, que se describen en la
seccion Medios de cultivo de levaduras. El crecimiento se controld midiendo la
densidad 6ptica a 600 nm (D.O. 600) usando un espectrofotdmetro BioScreen C (Growth
Curves, EE. UU.). Para su almacenamiento, las cepas se cultivaron en medios liquidos
hasta superar la fase exponencial. Luego, se lavaron con agua destilada esterilizada y se
almacenaron en crioviales a -70 °C en una solucion esterilizada de glicerol al 30%. Para
su posterior recuperacion, se empled un palillo de madera estéril para extraer una
porcion de la solucion congelada y sembrarla en cajas de Petri con el medio de

seleccion adecuado.

Medios de cultivo de levaduras

YPDA: Extracto de levadura 1% p/v, bactopeptona 2% p/v, glucosa 2% p/v y adenina
0,002% p/v.

YPEG: Extracto de levadura 1% p/v, bactopeptona 2% p/v, etanol 3% p/v y glicerol 3%
p/v.

YPE: Extracto de levadura 1% p/v, bactopeptona 2% p/v, y etanol 3%.

YPLac: Extracto de levadura 3% p/v, KH2PO4 1% p/v, NH4CI 1%, CaCl>-2H20 0.5%
p/v, NaCl 0.5% p/v, MgSO4-7H20 1,1% p/v, FeCl3 0,003% p/v, acido lactico 2% v/v.
Ajustar pH 5,5 con KOH.

YPGal: Extracto de levadura 1 % p/v, bactopeptona 2% p/v y galactosa 2% p/v.

YPGly: Extracto de levadura 1% p/v, bactopeptona 2% p/v, etanol 3% p/v y glicerol 2%
p/v.
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SD (medio minimo): Base nitrogenada YNB sin aminoacidos ni (NH4)2SO4 0,17 % p/v,
(NH4)2S04 0,5 % p/v, glucosa 2% y aminoacidos y nucleoétidos.

SGal (medio minimo): Base nitrogenada YNB sin aminoacidos ni (NH4)2SO4 0,17 %
p/v, (NH4)2S04 0,5 % p/v, galactosa 2% y aminoacidos y nucleotidos.

Los medios en estado so6lido incluyen agar desde el 1.5% hasta el 2% p/v.

Transformacion de levaduras

Las transformaciones de levadura se llevaron a cabo mediante modificaciones de los
protocolos de transformacion de levadura de “un solo paso” de Chen et al., (1992), o
bien utilizando CHs3Li, DNA monocatenario como acarreador (SSDNA) vy
polietilenglicol (PEG) de acuerdo con lo reportado (Gietz y Woods, (2002); Gietz y
Schiestl, (2007).

En el protocolo de “un solo paso”, se prepararon tubos de 1.5 mm con 90 pl de
amortiguador 1S (CHs3Li 0.2 N, PEG 3350 40% (m/v) y ditiotreitol (DTT) 100 mM
ajustado a pH 5.0 esterilizado por filtracion), a los cuales se afiadieron 5 pul de DNA de
esperma de salmoén o arenque (10 mg [ml!]), desnaturalizado durante 15 minutos a 100
°C y mantenido en hielo. A esta mezcla se agregaron 100 pl de un cultivo liquido de
células en fase estacionaria, aproximadamente 5x107 células, y 3 ul del plasmido de
interés (500 ng [ul']). Los tubos con la mezcla se incubaron durante 1 hora a 45 °C y

luego se estrid la mezcla en cajas de Petri con medio sélido de seleccion.

Para el procedimiento de CHs;Li, SSDNA y PEG, se inocul6 una colonia de células en 5
ml de medio liquido y se incub6 durante 16 horas a 30 °C. Luego, el cultivo se diluy6 a
una D.O.600 0.1 y se incubd hasta alcanzar una D.O. 600 0.7 - 1.0. Las células de 1.5 ml
de este cultivo se recolectaron por centrifugacion a 4500 x g durante 3 minutos, y se
lavaron con agua estéril. El precipitado se resuspendié en 1 ml de CoH3LiO2 0.1 M y se
incub6 durante 10 minutos. Posteriormente, se recolectaron las células repitiendo el
paso de centrifugacion, y tras eliminar el sobrenadante, se agregaron 240 ul de PEG
3500 50 % (m/v), 36 ul de CoH3LiO2 1 M, 10 ul de DNA de esperma de salmoén (10 mg
[ml!]), desnaturalizado durante 5 minutos a 100 °C, 5 pl del plasmido de interés (500 ng
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[ul'] y 69 ul de agua estéril. La mezcla se homogenizé en un agitador tipo vortex y se
incubd a 42 °C durante 45 minutos para transformaciones episomales o 75 minutos para
transformaciones integrativas. Posteriormente, se recolectaron las células por
centrifugacion a 4500 x g durante 2 minutos, se elimind el sobrenadante y el precipitado
resultante se resuspendié en 100 pl de agua estéril. La mezcla fue estriada en cajas de

Petri conteniendo medio solido de seleccion.

Mutagénesis de levaduras por radiacion ultravioleta

Se seleccionaron colonias respiratorias revertantes inducidas por UV de la cepa
EHW154, que contenia a Cox2WV" integrado en el nticleo (Rubalcava-Gracia et al., 2019).
La reversion se indujo por radiacion UV sobre un cultivo de levaduras que habia
alcanzado la fase estacionaria en medio liquido YPDA, el cual se estrid en cajas de Petri
con medio solido YPDA. Las cajas se incubaron a 4 °C durante 16 horas previas al
proceso de mutagénesis. La irradiacion se llevo a cabo utilizando una fuente de UV con
emision a 245 nm, colocada a 12 cm de las cajas. Esto se produjo en ausencia de otro
tipo de luz, durante 10 segundos, y luego las cajas fueron incubadas durante 3 dias a 30
°C. Posteriormente, se hicieron réplicas en cajas con medio solido YPEG. De entre estas
ultimas, se recuperaron las colonias revertantes, es decir, aquellas capaces de crecer
en este medio respiratorio. Ya que el proceso en si tiene un 30% de letalidad, solamente
se recuperdé una colonia revertante por cada 2x10° células irradiadas. El DNA
genomico de la cepa se extrajo utilizando métodos que se describen mas adelante. El
ORF de COX2 integrado en el nticleo se amplifico utilizando los desoxioligonucledtidos
PGK-F: 5'-CAGATCATCAAGGAAGTAATTATC-3' y PGK-R: 5'-
CTATTATTTTAGCGTAAAGGATG-3'. El amplicon correspondiente se secuencio y

se corroboro la presencia de la mutacion puntual que da lugar a la sustitucion W56R.

Prueba de crecimiento mediante diluciones seriadas

Una colonia de células tomada con un asa bacterioldgica se inoculd y cultivé durante 16
horas en 3.0 ml de medio liquido YPDA a 30 °C, con agitacion constante. Después de

este tiempo, los cultivos se diluyeron hasta alcanzar la fase exponencial (D.O.s00 1,0), lo
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que equivale aproximadamente a 2.5x107 células [ml']). Las células se colectaron
mediante centrifugacion a 8600 x g y se lavaron una vez con 1,0 ml de agua estéril. A la
suspension celular de cada cepa se le hicieron cinco diluciones secuenciales 1:10
utilizando placas de 96 pozos. Se depositaron gotas de aproximadamente 3.5 pl en cajas
de Petri conteniendo medios s6lidos fermentables (YPDA) y no fermentables (YPEG,
YPE, YPLAC) utilizando una pipeta multicanal. Luego, las cajas de Petri se incubaron a

30 °C 0 37 °C durante 4 a 7 dias, segun se indica en los resultados.

Mediciones de consumo de oxigeno

El consumo de oxigeno se evalué mediante un ensayo polarografico de célula completa,
las cuales previamente habian sido sometidas a un ayuno en agua estéril durante 4 a 6
horas. El ensayo se llevd a cabo en una solucidon que contiene 4acido 2-
morfolinoetanosulfonico monohidrato (MES) 20 mM, con un pH de 6.0 ajustado con
trietanolamina, y etanol 50 mM como sustrato oxidable. Al final del ensayo, se afiadio
NaCN 200 pM, para inhibir la actividad de COX (Estabrook, 1967). Las mediciones del
consumo de oxigeno se efectuaron utilizando un medidor de oxigeno
Warner/Strathkelvin Instruments equipado con un electrodo tipo Clark, en una cdmara
de 1.0 ml con camisa de agua mantenida a 30 °C. Los datos fueron adquiridos mediante

el software 782 Oxygen System de Warner/Strathkelvin Instruments.

Extraccion de DNA gendomico

La extraccion de ADN genémico de levadura se realizd siguiendo un protocolo
modificado de Hoffman y Winston, (1987). Se inoculd una colonia de células y se
cultivé durante 16 horas en 3.0 ml de medio liquido YPDA a 30 °C, con agitacion
constante. Las células fueron lavadas con agua destilada y recuperadas por
centrifugacion a 13,200 x g durante 1 minuto. El precipitado resultante se resuspendio
en 500 pl de amortiguador de lisis (Triton X-100 2% v/v, SDS 20% 1 ml, NaCl 100 mM,
Tris-HCl 100 mM pH 8.0, EDTA-Na 1 mM pH 8.0). Luego se afiadieron 500 pl de
fenol-cloroformo-alcohol isoamilico (25:24:1) y la mezcla se agitd6 manualmente

durante 3 minutos. Después, se centrifugd a 13,200 x g durante 5 minutos a 4 °C. El
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sobrenadante se transfirid6 a un nuevo tubo con una mezcla de 1/10 volumenes de
NaC;H302 3.0 M pH 5.3 y 3/10 volumenes de etanol al 100% enfriado a -20 °C, e
incubado a -20 °C durante 10 minutos. A continuacidn, se centrifugd a 13,200 x g
durante 10 minutos a 4 °C, y el precipitado resultante se resuspendié en 1 ml de etanol
al 70% enfriado a -20 °C. Posteriormente, se centrifugd a 13,200 x g durante 1 minuto a
4 °C, y se elimind completamente el sobrenadante. El precipitado se sec6 dando vuelta
al tubo boca abajo durante 10 minutos a temperatura ambiente y finalmente se

resuspendi6 en 50 pl de agua estéril.

Extraccion de DNA plasmidico

Este proceso se llevo a cabo con un protocolo adaptado de Robzyk y Kassir, (1992). Se
inici6 con la recuperacion de la pastilla celular de un cultivo de 4 ml de YPDA de
levaduras en fase estacionaria mediante centrifugacion a 13,200 x g Tras lavar la
pastilla con agua destilada, ésta se resuspendid en 200 pl de amortiguador STET
(sacarosa 8% p/v, Triton X-100 5% v/v, EDTA 50 mM, Tris-HCI 50 mM pH 8,0), al
cual se le afadieron aproximadamente 0.4 g de perlas de vidrio de 0.45 mm. Tras
someter a un mezclado vigoroso en un agitador tipo vortex durante 5 minutos, se
agregaron 200 pl adicionales de STET, seguido de una breve homogenizacion y se
incubd en un bafio de agua a punto de ebulliciéon durante 3 minutos, asegurandose de
usar tapas en el tubo para evitar su apertura durante la ebullicion. Tras enfriar en hielo,
la mezcla se centrifugd a 13,200 x g durante 10 minutos a 4 °C. Se desecho el
sobrenadante y se incubo6 el precipitado con 10 ul de RNAasa (10 mg [ml!]) durante 20
minutos a temperatura ambiente. Se transfirieron 250 pl del sobrenadante a un nuevo
tubo con 125 pl de C:H/NO», y se incubd durante 1 hora més a -20 °C. Luego, se
colectd el precipitado centrifugando a 13,200 x g durante 20 minutos a 4 °C. En este
punto, el DNA cromosomal residual, las especies grandes de RNA y las potenciales
impurezas que podrian interferir con la transformaciéon del pldsmido en células
competentes, se habian precipitado. Luego, 200 pl del sobrenadante se agregaron a un
nuevo tubo con 400 pl de etanol enfriado a -20 °C. La mezcla se centrifugd a 13,200 x g
durante 10 minutos, el precipitado fue lavado con 1 ml de etanol al 70% enfriado a -20

°C, y el paso de centrifugado durante 5 minutos fue repetido. El precipitado final se seco
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en un bloque de calentamiento para tubos de 1.5 ml a 70 °C durante 5 minutos, para
después ser resuspendido en 25 pl de agua estéril. Se utilizaron volumenes de 1, 5y 10

ul para transformar células competentes MR32.

Obtencion de extractos proteicos totales

La extraccion de proteinas se llevo a cabo utilizando el método de tratamiento alcalino
de células completas de levadura descrito por Kushnnirov, (2000). Un indculo de
levaduras se cultivd en 20 ml de medio liquido SGal hasta alcanzar la fase estacionaria
(D.O.600 2.5). Posteriormente, las células se colectaron en una microcentrifuga a 2800 x
g durante 3 minutos y se lavaron con 500 pl de una solucion que contiene fluoruro de
fenil-metil-sulfonilo (PMSF) a una concentracion de 1.0 mM y N-a-tosil-L-lisil
clorometil cetona (TLCK) a una concentracion 50 pM. Al precipitado resultante se le
agregaron 100 pl de NaOH 0.2 M y se incubd durante 5 minutos a temperatura
ambiente, tras lo cual se centrifugd nuevamente. El nuevo precipitado se resuspendié en
50 pl de amortiguador de muestra de Laemmli (Tris-HC1 60 mM pH 6.8, glicerol 10%
v/v, SDS 2% p/v, B-mercaptoetanol 5% y azul de bromofenol 0.02% p/v), y se hirvid
durante 3 minutos. Después de una centrifugacién adicional, se cargaron 10 pl del
sobrenadante resultante en pozos de 1.5 mm de geles desnaturalizantes de

poliacrilamida (12 % de acrilamida y 0.2 % de bis-acrilamida).

Fraccionamiento celular

Se inocularon cepas de levadura en medios liquidos SGal y YPLac, que se describen en
la seccion Medios de cultivo de levaduras, en matraces de 125 ml hasta alcanzar una
D.O.s00 entre 1.0 y 1.5. Las células se recolectaron por centrifugacion a 2,500 x g
durante 5 minutos, y se lavaron con agua destilada. Posteriormente, se resuspendieron
en 10 ml de amortiguador TD (Tris 100 mM, DTT 10 mM) durante 10 minutos a 30 °C.
La centrifugacion fue repetida para después incubar el precipitado resultante en
amortiguador de zimoliasa (sorbitol 1.2 mM, KH>PO4 20 mM a pH 7.4 y 5 mg de
zimoliasa [g'] de peso humedo) durante 1 hora a 30 °C con agitacion constante. El

precipitado se recolectd centrifugando a 2,500 x g durante 5 minutos a 4 °C, y se
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homogeneizd en 1 ml de amortiguador Dounce (sorbitol 0.6 M, Tris 10 mM a pH 7.4,
EDTA 1 mM, albumina sérica bovina al 0.2 %, PMSF 1 mM) con 30 movimientos
sucesivos de un homogeneizador Dounce estrecho a 4 °C. Las muestras se transfirieron
a tubos de 1.5 ml y se centrifugaron a 2,500 x g durante 5 minutos a 4 °C. El
sobrenadante se recuper6 en tubos nuevos y se centrifug6 a 13,500 x g durante 10 min a
4°C. El sobrenadante, conteniendo la fraccion citosoélica, se recuperd en tubos nuevos,
mientras que el precipitado, la fraccion mitocondrial, se resuspendié en 100 pl de
amortiguador SH (sorbitol 0.6 M, HEPES 20 mM a pH 7.4). Ambas fracciones se

almacenaron a -70 °C para su uso posterior.

Solubilizacion de fracciones para electroforesis nativa

Una vez aislada la fraccién mitocondrial, se lavo dos veces con una solucion de sorbitol
250 mM y BisTris 50 mM ajustado a pH 7.0 con HCI, a 4 °C. La mezcla se centrifugo6 a
13,500 x g durante 2 minutos, y el precipitado se resuspendié en 55 ul de solucion de

acido amino-caproico 750 mM y BisTris 50 mM ajustado a pH 7.0 con HCI.

De acuerdo con la cantidad de proteina en la fraccion, determinada mediante el método
de Lowry, se agregaron 2 g de n-dodecil B-D-maltésido (DDM) para disociar complejos
mitocondriales o 2 g de digitonina para mantener supercomplejos intactos. La muestra
se solubilizo invirtiendo el tubo repetidamente y se dejo incubar durante 30 minutos a 4

°C. Luego, la mezcla se centrifug6 a 100,000 x g durante 30 minutos a 4 °C.

El sobrenadante se mezcldé con 5 pl de amortiguador de carga (dcido amino-caproico
750 mM, Bis Tris 25 mM y Coomassie Serva Blue G 35050 al 5%) y de esta mezcla, se
cargaron 30 pl en pozos de 1.5 mm de geles nativos con un gradiente de poliacrilamida

del 5a12%.

Electroforesis desnaturalizante e inmunodeteccion

La electroforesis en gel se llevo a cabo utilizando un sistema SDS-tricina (Schégger,
1994). Después de la electroforesis, las proteinas corridas en los geles se transfirieron a

membranas de nitrocelulosa. Estas membranas se bloquearon con gelatina de piel
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bovina tipo B (Marca Sigma) al 3%, se lavaron con amortiguadores de lavado TBS y
TBST y se sometieron a inmunodeteccion. Se utilizo el anticuerpo monoclonal anti-
Cox2 (Marca Abcam: 4B12A5) en una dilucion 1:9,000 y el anticuerpo policlonal anti-
Zwfl (Marca Sigma-Aldrich: A9521) en una dilucion 1:10,000 como control de carga,
cuyos niveles permanecen invariantes (Fujiwara et al., 2016). Para el sondaje
secundario, los anticuerpos anti-conejo de cabra y anti-raton de cabra conjugados con
fosfatasa alcalina se incubaron durante 4 h. Se formaron precipitados de color parpura
oscuro en forma de bandas después de la adicion de cloruro de nitro-azul de tetrazolio
(NBT) y sal de p-toluidina de 5-bromo-4-cloro-3'-indolil fosfato (BCIP). Las imagenes
de las bandas se capturaron utilizando un escaner de imagenes HP Scanjet G4050, y la
intensidad de las bandas se estim6 utilizando el software GelAnalyzer 23.1
(http://www.gelanalyzer.com), desarrollado por Istvan Lazar Jr., PhD e Istvan Lazar Sr.,

PhD, CSc.

Preparacion de células competentes

Para experimentos de clonacion y propagacion de plasmidos, las cepas de Escherichia
coli DH5a (F~ endAl ginV44 thi-1 recAl relAl gyrA96 deoR nupG purB20
080dlacZAM15 A(lacZYA-argF)U169, hsdR17(rK mK"), A7) y MR32, un derivado
recA— de MC1061 (str. K-12 F~ A~ A(ara-leu)7697 [araD139|B/r A(codB-lacl)3 galK16
galE15 €14 merA0 relAl rpsL150(Str®) spoT1 mcrBI hsdR2(r—m+)) fueron preparadas
como células quimiocompetentes, siguiendo el método de Hanahan, (1983). Se
cultivaron bacterias E. coli en 2 ml de medio LB (descrito al final de este texto), durante
16 horas a 37 °C con agitacidon constante. Luego, el cultivo resultante se inoculd en 100
ml de medio LB, el cual se incub6 a 37 °C hasta alcanzar una D.O.s00: 0.2 - 0.4. Después,
el cultivo se enfri6 en hielo durante 15 minutos y las células se recolectaron
centrifugando a 4,500 x g durante 15 minutos a 4 °C. El precipitado se resuspendio en
33 ml de solucion RF1 (RbCl 100 mM, MnCl;-4H,O 50 mM, CH3KO> 30 mM,
CaCl2'2H>0 10 mM, glicerol 15% p/v ajustando el pH a 5.8 con acido acético 0.2 M
filtrado por esterilizacion) y se incubd durante 90 minutos en hielo. Posteriormente, las
células se centrifugaron a 4,500 x g durante 15 minutos, se elimind el sobrenadante y se

volvieron a resuspender en 8 ml de solucion RF2 (RbCI 10 mM, CaCl>-2H>O 75 mM,
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MOPS 10 mM glicerol 15% p/v ajustando el pH a 6.8 con NaOH) durante 15 minutos
en hielo. Se hicieron alicuotas de 200 ul de la soluciéon en tubos de 1.5 ml para ser
congelados en nitrogeno liquido y almacenados a -80 °C para su uso posterior. Medios
de cultivo LB: Extracto de levadura 5% p/v, triptona 10% p/v y NaCl 10% p/v. Ajustar
pH 7.0 con NaOH 5N.
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RESULTADOS

Utilizando cepas con dos fondos genéticos distintos, Cox2W*R producida a partir de la
expresion de un gen integrado a un cromosoma nuclear (nCOX2"%R) y Cox2W36R
producida desde un plasmido episomal de alto nimero de copias (eCOX2"%K),
intentamos identificar los factores que limitan que la proteina producida de manera
alotopica en el citosol pueda complementar totalmente una mutante nula del gen
mitocondrial cox2. Abordamos este problema con tres enfoques experimentales
distintos, para determinar si el cambio en la expresion de ciertos genes, relacionados
directa o indirectamente con la importacion, internalizacion, maduracion y ensamblaje
de Cox2W3R podrian incrementar los niveles de esta proteina alotopica al interior de la
mitocondria. Los tres enfoques son: 1) identificacion de supresores multicopia de una
genoteca de sobreexpresion; 2) llevar a cabo una “conjetura fundamentada”, que
implico la sobreexpresion de genes identificados previamente cuyos productos proteicos
se relacionan de alguna manera con la importacion de proteinas a la mitocondria; y 3)
exploracion del papel de la subunidad Mgr2 del translocador TIM23, encargada de la

correcta translocacion y liberacion lateral de precursores hidrofobicos.

PRIMERA ESTRATEGIA EXPERIMENTAL: Obtencion y caracterizacion de supresores

multicopia

En el primer enfoque experimental, la cepa de integracion nuclear, nCox2W*R, la cual
es reconocida por su notable recuperacion del fenotipo respiratorio (Rubalcava-Gracia
et al., 2019), fue sometida a transformacion con una biblioteca de supresores multicopia,
basada en el vector pFL44L. Este vector contiene el marcador prototréfico URA3, que
permite la seleccion de transformantes en ausencia de este aminodcido. De alrededor de
307,000 transformantes generadas, 55 colonias presentaron un crecimiento aumentado
en medios respiratorios. Tras una tercera seleccion y de la eliminacion de duplicados, el
numero de transformantes se redujo a 10. Estas 10 colonias exhibieron un incremento
conspicuo en su capacidad para crecer en sustratos respiratorios (Fig. 5A),

particularmente cuando se usé glicerol como fuente de carbono a un pH de 7.0.
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A Fermentable Oxidable

Glucosa Etanol/Glicerol Etanol Lactato

: o207 .
Acox2+nCox2WR + MS01
Acox2+nCox2W5R + MS02
Acox2+nCox2WsR + MS03
Acox2+nCox2WsR + MS04
Acox2+nCox2WseR + MS05
Acox2+nCox2WsR + MS06
Acox2+nCox2WseR + MSO7
Acox2+nCox2WseR + MS08
Acox2+nCox2WsR + MS09
Acox2+nCox2WsR + MS10

B Acox2 + COX2WsER C Acox2 + COX2Ws6R

. 'el“ . N\S(::\* ﬂ?‘ﬁf‘\n‘ﬁ:‘i \\“s:f: ‘4\50‘" - k@l“ N “"S?‘Bk “\?‘0: @5:?( ‘4\5:2 N‘S“)
0-Cox2 | e e e e e e | I (28kDa) o-Coxz | ::—= M (28 kDa)
a-Zwft L 57 kDa G-ZWI | g s s e s ~ [-57kDa

Figura 5. Diez transformantes, MS0/ a MS10, mostraron un incremento significativo en su crecimiento

respiratorio y mayores niveles de subunidad Cox2"**R madura. A) Diluciones seriadas a 30°C que

muestran el fenotipo de crecimiento fermentativo (glucosa) y respiratorio (etanol/glicerol, etanol y lactato)
de una cepa silvestre (wt), la cepa de integracion nuclear (nCox2%*R) y las 10 cepas (MS0I a MSI10)
obtenidas tras la transformacion con la genoteca multicopia. Las fotografias se obtuvieron en el cuarto dia
de crecimiento. B y C) Se utilizaron anticuerpos contra Cox2 y Zwfl para inmunodetectar las proteinas
correspondientes en extractos celulares totales de las cepas de levadura indicadas: la cepa nCox2WV>R, 1a
cepa control transformada con un vector vacio (n + EV), y las transformantes B) MS01 a MSO05, y C)
MS06 a MS10. Se indican las formas precursora (p) y madura (m) de Cox2%V**R, E] anticuerpo anti-Zwf1

reacciona contra una banda de 57 kDa que se utilizé como control de carga.

El andlisis de las inmunodetecciones revel6 que, en cada una de las colonias, la

sobreexpresion de los 10 plasmidos incrementd los niveles de la proteina madura
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Cox2W3R (ya procesada proteoliticamente) y de su precursor (conteniendo aun su
presecuencia) (Fig. 5B y 5C), en comparacion con una cepa que Unicamente fue

transformada con el vector vacio (n + EV).

En experimentos de co-segregacion, donde se estudio la tendencia de las cepas a perder
los plasmidos, se observo que, al resembrar las colonias que habian perdido el plasmido,
éstas ya no mostraban mayor crecimiento en sustratos respiratorios. Esto indica que son
precisamente los vectores de la genoteca de sobreexpresion los que le habian conferido

a la levadura la capacidad de crecer més en sustratos no fermentables (Fig. 6).

Figura 6. Experimentos de co-segregacién. Se sembraron las 10 colonias que mostraban crecimiento

respiratorio aumentado en un medio so6lido fermentable (YPDA), y se realizaron réplicas en medios de
seleccion SD-ura (izquierda), y en medios oxidables YPGly (derecha). En los recuadros de ambas cajas
de Petri, se muestra una porcion de la réplica. Se puede observar que las mismas colonias que crecen
predominantemente en el medio de seleccion son también las que crecen mas en el medio conteniendo
sustratos respiratorios. Las flechas negras indican, las colonias auxétrofas para URA3, cuyo crecimiento

respiratorio se encuentra disminuido.

El DNA plasmidico de 9 de las 10 colonias fue recuperado y analizado mediante
perfiles de digestion con las enzimas de restriccion Sall, Sphl y Bglll, cuyos sitios
flanquean el lugar de insercion de DNA dentro del plasmido. Los perfiles de digestion
caracterizados se agruparon en tres grupos diferentes. En el primer grupo, se incluyeron

los supresores MS01, MS02, MS03, MSO8 y MS05, mientras que el segundo grupo
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comprendid los supresores MS06 y MS07. El supresor MS09, se encontr6 en el tercer
grupo, exhibiendo un perfil unico. A pesar de multiples intentos, nunca se logro

recuperar el DNA plasmidico del supresor MS10.

Se secuenciaron los extremos de los insertos contenidos en dos supresores de cada uno
de los grupos de 1 y 2, asi como el unico supresor del tercer grupo (Fig. 7). Se
identificaron los fragmentos cromosomicos que se describen a continuacion: En el
primer grupo, se identificd un inserto gendmico de ~6.5 kb del cromosoma XV (chrXV:
976066 - 982119), cuyas coordenadas gendmicas nos permitieron inferir la existencia
de 5 marcos de lectura abiertos (ORFs) adyacentes intactos, entre los que se encuentra
TYE7 (YOR344C) (chrXV:977194 - 978069). En el segundo perfil de digestion, se
obtuvo un inserto gendmico de ~5.8 kb correspondiente al cromosoma XIV (chrXIV:
438453 - 444288), dentro del cual se identificaron 6 ORF adyacentes intactos, entre los
que se encuentra RAS2 (YNLO098C) (chrXIV:439602 - 440570). En el tercer perfil de
digestion, se obtuvo un inserto gendmico de ~1.5. kb correspondiente al cromosoma XII
(chrXII: 223901 - 226780), dentro del cual se encontré solamente 1 ORF intacto,
correspondiente al gen COX12 (YLRO38C).
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Grupo
chrXV: 971064..987116

~ MS01
. .7 MS02
5 TYE7 - l 3 .. MS03
Ty2LTR EMT2 TYILTR  tP(UGG)03 MS08
e e e e e — = - 465kh - = — = = = — = = !
1 5 TYE7 B By o Msos
Ty2LTR EMT2 TYILTR  tP(UGG)03 -
e e e e e o= - 47kb - = = = = = = = = !
; e == = -
Ty2LTR EMT2 TyILTR  tP(UGG)03  ARS1529 YOR345C

chrXIV: 433455..449290

. . " MS06
2 s RAS2 3 e MS07

0CA1 YNLO97C-B PHO23 YNLO97W-A YNCNOO7W RPS7B

chrXIl: 219915 .. 230771

3 s {coxiz 3 < MS09

RIC1

Figura 7. Los supresores MS0/ a MS09 contienen tres fragmentos cromosomicos. El esquema representa

los fragmentos genomicos de los cromosomas XV, XIV y XII con sus correspondientes coordenadas,
insertados en el plasmido pFL44L de la genoteca de sobreexpresion y los ORFs presentes en cada uno de
ellos (cuadros grises y celestes). Los tres ORFS seleccionados para analisis posteriores, TYE7, RAS2 y

COX]12, se muestran en color celeste.
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Para determinar si los tres genes propuestos eran efectivamente los responsables de
generar el fenotipo observado, se clonaron los tres ORFs en un vector multicopia de la
familia de pFL (Bonneaud et al., 1991; Minet et al., 1992), que contiene el promotor
fuerte PGK. Este plasmido denominado pMK2, permitié generar una transformacion

independiente de la cepa original nCox2"7%R con los tres genes propuestos.

Inicialmente y al contrario de lo que se esperaba, ninguna de las sobreexpresiones en la
cepa control incrementd el crecimiento de la levadura en medios respiratorios. Por lo
tanto, decidimos producir una nueva cepa que expresara al gen COX2"°%F desde el
nucleo. Para esto, una cepa que ya tenia integrado el gen COX2"7, fue sometida a
mutagénesis por radiacion UV. Las colonias que crecieron en medios respiratorios
después del proceso fueron secuenciadas. Se encontré que las colonias,
consistentemente con el estudio previamente reportado (Supekova et al., 2010),
presentaban la mutacion W56R. En esta cepa (nV"Cox2WR) generada de manera
independiente, transformamos nuestros genes propuestos. Observamos que la
sobreexpresion de los genes TYE7, RAS2 y COX12 condujo a una restauracion notable

del crecimiento en medios respiratorios (Fig. 8A).
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A Fermentable Oxidable

Glucosa Etanol/Glicerol Etanol Lactato

wt
Acox2+nUVCox2WsER
Acox2+nUWCox2WEER + TYET7T
Acox2+nUCox2WsER + RAS21
Acox2+nUVCox2WR + COX127
Acox2+nUVCox2WseR + EV
wt
Acox2+nUVCox2WseR
Acox2+nUVCox2WsER + TYET7T
Acox2+nUVCox2W5ER + RAS21
Acox2+nUVCox2WseR + COX121
Acox2+nYVCox2WsER + EV

B Acox2 + COX2WseR
uv
A ARVLYA n
A e
RO A nV+ TYET]
©
]
—p S nYv+RAS2T miioxs
a-Cox2 | I — m (28 kDa) © mpCox2
nY+ COX12¢
a-Zwf1 — 57 kDa nY 1 EV
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Abundancia de proteina (u. a.)

Figura 8. La sobreexpresion de los genes TYE7, RAS2 y COXI12 incrementan el crecimiento de una cepa

que expresa el gen COX2"3°R desde el nlicleo. A) Diluciones seriadas a 30 °C que muestran el fenotipo de

crecimiento fermentativo (glucosa) y oxidable-respiratorio (etanol/glicerol, etanol y lactato) de una cepa
silvestre (wt), la cepa de expresion alotopica obtenida por mutagénesis UV (nV"Cox2%V*%R) y las cepas
sobreexpresando ( 1 ) el gen indicado o, en su caso, portando el vector vacio (EV). Las fotografias se
tomaron el cuarto dia (paneles superiores) y séptimo dia de crecimiento (paneles inferiores). B) Se
utilizaron anticuerpos contra las proteinas Cox2 y Zwfl para inmunodetectar a las proteinas
correspondientes en extractos celulares totales de las cepas de levadura indicadas: tipo silvestre (wt); la
cepa que produce la subunidad nY"Cox2W>®R (nU"), las tres cepas que sobreexpresan el gen indicado ( 1)
y la cepa de control transformada con un vector vacio (Y + EV). Se indican las formas precursora (p) y
madura (m) de Cox2 y Cox2%*R (28 kDa). El anticuerpo anti-Zwf1 reconoce una banda de 57 kDa que se

utilizé como control de carga.
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A pesar de que las cepas de expresion alotopica UV con los tres genes sobreexpresados
mostraron mayor crecimiento en medios respiratorios, la cantidad de proteina madura
(Fig. 8B) fue notablemente menor que la reportada anteriormente en nuestro laboratorio
(Rubalcava-Gracia et al., 2019). Por lo tanto, en un segundo escenario, y teniendo en
cuenta el precedente previamente publicado, donde un menor niimero de copias de
Cox2 resultaba en una mayor internalizacion de la proteina alotopica que cuando se
producia en un alto nimero de copias, se generd una cepa Acox2 transformada con un
plasmido centromérico (CENCox2V3%R), Aunque la construccion de esta cepa también
produce Cox2W3R en bajo nimero de copias, difiere de cepa original nCox2W>R en que
lleva consigo un plasmido con secuencias centroméricas (CENG) y de replicacion
autonoma (4ARS4) en levadura. Esto le permite expresar constitutivamente la

construccion de Cox2W36R

en bajo numero de copias, al tiempo que se mantiene
mitoticamente estable (Sikorski y Hieter, 1989). Las cepas que sobreexpresan los genes
propuestos mostraron un crecimiento mayor en medios respiratorios (Fig. 9), ain mayor
que el de la cepa nV"Cox2WV3R, Ademas, el andlisis de inmunodetecciones, reveld que
los tres genes sobreexpresados en esta cepa centromérica aumentaron los niveles de la

forma madura de Cox2W>¢R (Fig. 9B).
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A Fermentable Oxidable

Glucosa Etanol/Glicerol Etanol Lactato

wt
Acox2+ CENCox2WseR
Acox2+CENCox2Ws6R + TYET?
Acox2+CENCox2VsER + RAS21
Acox2+CENCox2WstR + COX 127
Acox2+ CENCox2WseR + EV

wt
Acox2+ CENCox2WsER
Acox2+CENCox2Ws6R + TYET7?T
Acox2+CENCox2W5ER + RAS21
Acox2+CENCox2WseR + COX121
Acox2+CENCox2WSeR + EV

B Acox2 + COX2W56R
'1\ CEN
eh el

o \\\k?“x‘\\ﬁoﬂ*?ﬂ CEN + TYET?

¢ A e\ 2 2.2 ©

n 2 CEN+RAS2! lmé:oxzz
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a-Cox2 e A S — m (28 kDa

- ( ) CEN + COX121
a-Zwf1 ~ [—57kDa CEN + EV

01 2 3 45
Abundancia de proteina (u. a.)

Figura 9. La sobreexpresion de los genes 7YE7, RAS2 y COXI2 incrementd el crecimiento en medios

respiratorios en una cepa que expresa el gen COX2"?%R desde un plasmido centromérico. A) Diluciones

seriadas a 30 °C que muestran el fenotipo de crecimiento fermentativo (glucosa) y oxidable-respiratorio
(etanol/glicerol, etanol y lactato) de una cepa tipo silvestre (wt), la cepa de expresion alotdpica
centromérica (CENCox2W>®R) y las cepas sobreexpresando (1) el gen indicado o portando el vector vacio
(EV). Las fotografias se tomaron el cuarto dia (paneles superiores) y séptimo dia de crecimiento (paneles
inferiores). B) Se utilizaron anticuerpos contra Cox2 y Zwfl para inmunodetectar las proteinas
correspondientes en extractos celulares totales de las cepas de levadura indicadas: tipo silvestre (wt); la
cepa CENCox2W>®R (CEN), las tres cepas que sobreexpresan el gen indicado (1), y la cepa de control
transformada con un vector vacio (CEN + EV). Se indican las formas precursora (p) y madura (m) de
Cox2 y Cox2W*R (28 kDa). El anticuerpo anti-Zwfl reconoce una banda de 57 kDa que representa el

control de carga.
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Finalmente, como prueba adicional de que la sobreexpresion de los tres genes
propuestos aumenta la internalizacion de la proteina Cox2W>®R, también exploramos su
efecto en un sistema de expresion en alto nimero de copias. Existia la posibilidad de
que la sobreexpresion de los tres genes propuestos se debiera a que estos genes
modulaban positivamente la importacion de la proteina alotopica, pero Unicamente
cuando era expresada en bajo numero de copias. Para investigar esto, recurrimos a la
cepa que produce la proteina alotdpica desde un plasmido episomal de alto nimero de

copias (eCox2WV®R) (Fig. 10).

A Fermentable Oxidable

Glucosa Etanol/Glicerol Etanol Lactato

wi
Acox2+eCox2WsER
Acox2+eCox2WsER + TYET7T
Acox2+eCox2WsR + RAS21
Acox2+eCox2WseR + COX 121
Acox2+eCox2WstR + EV
wt
Acox2+eCox2WsER
Acox2+eCox2WsER + TYET?T
Acox2+eCox2WER + RAS2T
Acox2+eCox2"Ws5R + COX121
Acox2+eCox2W5R + EV

B Acox2 + COX2WseR
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©
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Figura 10. La sobreexpresion de los genes T7YE7, RAS2 y COX12 afecta el fenotipo respiratorio de una

cepa que expresa el gen COX2"3%R desde un plasmido multicopia. A) Diluciones seriadas a 30 °C que
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muestran el fenotipo de crecimiento fermentativo (glucosa) y oxidable-respiratorio (etanol/glicerol, etanol
y lactato) de una cepa tipo silvestre (wt), la cepa de expresion alotopica multicopia (eCOX2W3R) y las
cepas sobreexpresando (1) el gen indicado o portando el vector vacio (EV). Las fotografias se tomaron el
cuarto dia (paneles superiores) y séptimo dia de crecimiento (paneles inferiores). B) Se utilizaron
anticuerpos contra Cox2 y Zwfl para inmunodetectar las proteinas correspondientes en extractos
celulares totales de las cepas de levadura indicadas: tipo silvestre (wt); la cepa eCox2WV3R (e), las tres
cepas que sobreexpresan el gen indicado (1), y la cepa de control transformada con un vector vacio (e +
EV). Se indican las formas precursora (p) y madura (m) de Cox2 y Cox2%3%R (28 kDa). El anticuerpo

anti-Zwf1 reconoce una banda de 57 kDa que funciona como control de carga.

Bajo las circunstancias de expresion de COX2"?%% en alto nimero de copias, sélo las
cepas que sobreexpresan 7YE7 y en menor medida, pero ain de manera considerable,
RAS2, muestran un mayor crecimiento en medios respiratorios. Estos efectos son
especialmente evidentes al cuarto dia de crecimiento en los medios de cultivo con etanol
y lactato (Fig. 10A), lo cual se correlaciona con niveles mds bajos del precursor

Cox2W3R y niveles mas altos de su forma madura (Fig. 10B).

SEGUNDA ESTRATEGIA EXPERIMENTAL: Prediccion/Conjetura fundamentada

Para entender como otros factores influyen en la capacidad de la mitocondria para
internalizar a la proteina alotopica Cox2W>R, probamos sobreexpresar genes que
codifican otras proteinas que participan en la importacién mitocondrial. Junto con la
expresion de Cox2W3R gsobreexpresamos los genes que codifican las siguientes
proteinas: Tom70, subunidad del complejo TOM involucrada en el reconocimiento de
proteinas precursoras entrantes (Meisinger et al., 1999; Brix et al., 2000); Cox20, una
chaperona esencial para la biogénesis de Cox2 y la exportacion de su TMS1 a través del
IMM (Hell et al., 2000); Oxal, una insertasa de la MIM que media la exportacion del
extremo N-terminal de Cox2 desde la matriz mitocondrial al EIM (Hell et al., 1997,
2000). La chaperona Hspl04, una proteina citosolica de choque térmico que
desensambla agregados de proteinas (Krdamer et al., 2023), Mspl, una dislocasa AAA-

ATPasa mitocondrial que extrae proteinas mal dirigidas para su degradacion en el
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proteosoma (Nakai et al., 1993; Castanzo et al., 2020), y Cisl, un factor asociado del
complejo TOM que ayuda a reducir la acumulacion de precursores mitocondriales al
interactuar con Mspl (Kabeya et al., 2007). Ademads, exploramos la sobreproduccion de
la proteina Psel, una carioferina que interactia con el complejo del poro nuclear
implicado en la exportacion de mRNA, y finalmente Rrp5, una proteina de unién a
RNA que tiene un importante papel en la biogénesis del dominio ribosémico mas
grande (Venema et al.,, 1996). Los genes PSE! y RRP5 habian sido identificados
previamente en un analisis de supresores multicopia que se encontrd facilitaron la
importacion de proteinas membranales a la mitocondria (Corral-Debrinski et al., 1999;
Torchet et al., 1998). Como control, también exploramos la sobreexpresion de un gen
no relacionado con la biogénesis de Cox2, por lo que se seleccion6 a SDH2, que
codifica la subunidad hierro-azufre de la enzima mitocondrial succinato deshidrogenasa

(SDH o complejo II).

Cuando sobreexpresamos estos genes en la cepa que produce nCox2W3¢R  no
observamos efectos significativos sobre el crecimiento en sustratos respiratorios. Sin
embargo, al utilizar como fondo la cepa que produce eCox2WV36R, notamos que COX20,
OXAl y PSEI aumentaban el crecimiento respiratorio en comparacion con la cepa que
se transformd con el vector vacio. Aunque este incremento fue apenas perceptible
cuando los transformantes se cultivaron a 30 °C, fue mucho mas evidente cuando las
levaduras se crecieron a 37 °C (Fig. 11). Cabe senalar también que el aumento en el
crecimiento respiratorio es mas pronunciado en los transformantes que expresan COX20

y OXAI que en la que expresa PSE].
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30°C

Fermentable Oxidable

Glucosa Etanol/Glicerol Etanol Lactato

B 37°C

wi
Acox2
Acox2+eCox2WsER
Acox2+eCox2W5ER + RRP5T
Acox2+eCox2W5ER + COX201
Acox2+eCox2WsER + OXATT
Acox2+eCox2W5ER + MSP11
Acox2+eCox2W5R + TOM701T
Acox2+eCox2WiER + SDH2T
Acox2+eCox2W5ER + CIS11
Acox2+eCox2W5ER + PSETT
Acox2+eCox2W5ER + HSP1041

Acox2+eCox2W5ER + EV

Fermentable Oxidable

Glucosa Etanol/Glicerol Etanol Lactato

Figura 11. La sobreexpresion de los genes OXAI1, COX20 y PSE] aumenta el crecimiento respiratorio de

una cepa que expresa el gen COX2"3°R desde un pldsmido multicopia. A) Diluciones seriadas a 30 °C que

muestran el fenotipo de crecimiento fermentativo (glucosa) y oxidable-respiratorio (etanol/glicerol, etanol

wt
Acox2
Acox2+eCox2WseR
Acox2+eCox2W5ER + RRP5T
Acox2+eCox2W5R + COX201
Acox2+eCox2W5ER + OXATT
Acox2+eCox2wssr + MSP17
Acox2+eCox2Wser + TOM701
Acox2+eCox2WseR + SDH21
Acox2+eCox2W5ER + CIS11
Acox2+eCox2W5ER + PSET}
Acox2+eCox2WR + HSP1047

Acox2+eCox2W5ER + EV

y lactato) de una cepa tipo silvestre (wt), la cepa de expresion alotopica multicopia (eCOX2WV*R) y las
cepas que sobreexpresan (1) el gen indicado o portando el vector vacio (EV). B) Diluciones seriadas, que
presentan la misma disposicion de las cepas en el panel A, pero crecidas a 37 °C. Las fotografias se

tomaron el cuarto dia después del inoculo inicial.
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El anélisis posterior de los niveles de la proteina Cox2%V3%R de la subunidad alotopica
cuando se sobreexpresan los genes COX20, OXAI y PSEI revelo una relacion positiva
entre la proteina precursora y la madura. En la sobreexpresion de COX20y OXAI (Fig.
12A), se observd un aumento tanto en los niveles de la proteina madura, como del

precursor, mientras que con PSE! (Fig. 12C), los niveles del precursor fueron menores.
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Figura 12. La sobreexpresion de los genes OXAI, COX20 y PSEI incrementa la proporcion de proteina

madura en una cepa que expresa el gen COX2"9%R desde un plasmido multicopia. Se utilizaron

anticuerpos contra Cox2, Zwfl y Oxal para inmunodetectar a las proteinas correspondientes en extractos
celulares totales de las cepas de levadura indicadas: tipo silvestre (wt); la cepa eCox2W>R (e), las cepas
que sobreexpresan los genes: A) RRP5, COX20 y OXAl; B) MSP1, TOM70 y SDH2; C) CIS1, PSEl y
HSP104 (1), y la cepa de control transformada con un vector vacio (e + EV). Se indican las formas
precursora (p) y madura (m) de Cox2 y Cox2W®R (28 kDa). El anticuerpo anti-Oxal reconoce a la
insertasa Oxal (45 kDa), mientras que el anticuerpo anti-Zwfl reconoce una banda de 57 kDa (control de

carga).
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Por otro lado, la sobreexpresion de RRPS5, MSP1, TOM70, SDH2, CIS] y HSP104 no
favorece el crecimiento en medios respiratorios, siendo la sobreexpresion de RRPS5 y
MSP1 las que inhiben de manera mas importante dicho crecimiento a 30 °C (Fig. 11A).
La sobreexpresion de RRP5 y MSPI mantienen su efecto negativo cuando las cepas son
crecidas a 37 °C (Fig. 11B), lo cual se corrobor6 mediante el andlisis los niveles de
proteina madura de Cox2%3%R usando inmunodetecciones (Figs. 12A y 12B). Sin
embargo, no podemos llegar a la misma conclusién en cuanto al efecto de TOM?70,

SDH2, CIS1 'y HSP104.

Para corroborar que la sobreexpresion de los genes OXAI, COX20 y PSEI inducian la
sobreproduccién de las proteinas correspondientes, analizamos los niveles de la proteina
Oxal (Fig. 12A). Las cuantificaciones de las inmunodetecciones por densitometria (no
mostradas), revelaron un aumento de al menos un 30% en los niveles de esta proteina en

comparacion con los de una cepa silvestre.

Una de las incognitas no resueltas por trabajos anteriores era si la proteina alotdpica
Cox2 es internalizada en la mitocondria por el translocador TIM22 o por TIM23. En
principio, se sugirid que fuese a través de TIM23, ya que es el translocador principal
para todos los precursores mitocondriales que contienen una MTS. Debido a la
naturaleza de su construccion genética, la proteina Cox2 alotdpica cuenta con la MTS
de la proteina Oxal, cuya importacion se sabe que ocurre a través de TIM23 (Herrmann
et al., 1997). Sin embargo, también se ha considerado la posibilidad de que la subunidad
alotdpica sea insertada en la MIM por TIM22, cuyo mecanismo de accidon consiste en
insertar horquillas de dos cruces transmembranales en la direccion IMS hacia la matriz
mitocondrial. Aunque TIM22 presenta un repertorio bien conocido de sustratos, que en
su mayoria se caracterizan por presentar 6 TMS (muchos de ellos transportadores de
sustancias pequefas), se ha descrito que también puede translocar sustratos no
convencionales, como el transportador mitocondrial de piruvato, la subunidad Mpcl
(Gomkale et al., 2020), que al igual que Cox2V36R también presenta 2 TMS. Aunque
poco probable, puede considerarse la posibilidad de que TIM22 fuera la translocasa de
la Cox2 alotdpica. Dado que, en su topologia final, Cox2 queda dispuesta con ambos
dominios N-terminal y C-terminal hacia el EIM, no descartamos la posibilidad de que

pueda translocarse en forma de horquilla (kairpin) a través de TIM22. Haciendo uso de
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la misma biblioteca de sobreexpresion utilizada para observar el efecto de los genes de
nuestra prediccion fundamentada, decidimos explorar el efecto de sobreexpresar
algunas de las subunidades que conforman a cada complejo de translocacion. Esto nos
podria proporcionar mas informacion sobre el translocador de membrana interna que

inserta a la subunidad alotopica Cox2.

A Fermentable Oxidable

Glucosa Etanol/Glicerol Etanol Lactato

wi
Acox2

= l l l l

Acox2 + COX2vimr

Acox2+eCox2WR + TIM227
Acox2+eCox2WseR + SDH31
Acox2+eCox2WsR + TIM 181
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Acox2+eCox2WsER + TIMIT

Acox2+eCox2WseR + TIM121
Acox2+eCox2WseR + TIM101

Acox2+eCox2WR + EV

B Acox? + COXIWHR C Aoox2 + COXWseR D
E—— 5 Ao
N RN
TORCNIN W S N L LA >
& booﬂ'e 6*“25“2*‘“‘&*(‘ - |>°°*1s or e T s N A A A
. Srpe—— =
- =
a-Cox? | [ e makDa)  OC2 (e | m@skpa) a-coxz [T [ {28:kDa)
1 T e

Figura 13. La sobreexpresion de genes que codifican algunas subunidades de la maquinaria de

translocaciéon TIM22 no tiene ningun efecto sobre el fenotipo respiratorio de una cepa que expresa el gen

COX2"3%R desde un plasmido multicopia. A) Diluciones seriadas a 30 °C que muestran el fenotipo de
crecimiento fermentativo (glucosa) y oxidable-respiratorio (etanol/glicerol, etanol y lactato) de una cepa
tipo silvestre (wt), la cepa de expresion alotopica multicopia (eCOX2WV6R) y las cepas sobreexpresando (1)
el gen indicado o portando el vector vacio (EV). Las fotografias se tomaron el cuarto dia de crecimiento.
Se utilizaron anticuerpos contra Cox2 y Zwfl para identificar a las proteinas correspondientes en
extractos celulares totales de las cepas de levadura indicadas: tipo silvestre (wt); la cepa eCox2W3R (e),
las cepas que sobreexpresan los genes: B) TIM22, SDH3 y TIM18; B) TIM54, TIM13 y TIMS; C) TIM9,
TIMI2 y TIMI10 (1), y la cepa de control transformada con un vector vacio (e + EV). Se indican las
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formas precursora (p) y madura (m) de las proteinas Cox2 y Cox2W3R (28 kDa). El anticuerpo anti-Zwfl

revela una banda de 57 kDa (control de carga).

Algunos de los componentes centrales del complejo de translocacion TIM22 son las
subunidades Tim18, Tim22, Tim54 y Sdh3. La sobreproduccion de estas subunidades
no resultd en un mayor crecimiento respiratorio en la cepa que produce eCox2W>*R (Fig.
13A) ni pareci6 incrementar los niveles en estado estacionario de Cox2 V>R madura (Fig.
13B, 13C). El crecimiento de las cepas que sobreexpresan a las subunidades Tim9,
Tim10, Tim12 y Tim13, conocidas como "pequefias TIM" —una familia de chaperonas
que funcionan en el EIM e interactian con proteinas de membrana hidréfobas para
mantenerlas en un estado competente de importacion— tampoco aumentd el
crecimiento de la cepa que expresa el gen COX2"?9R (Fig. 13A, 13C, 13D). Por lo tanto,
inferimos que la importacion de la subunidad Cox2 alotopica probablemente no

dependa del translocador TIM22.

Respecto a TIM23, al estudiar el efecto de la sobreproduccion de sus subunidades, las
proteinas Tim17, Tim23, Tim21 y Mgr2, reconocidas por su papel fundamental en la
importacion de proteinas hidrofébicas, identificamos que la sobreexpresion de los genes
TIM21 y TIM23 tuvo un efecto deletéreo notorio sobre el crecimiento respiratorio de la
cepa eCox2W*R en fuentes de carbono no fermentables, mientras que la sobreexpresion
de TIMI7 tuvo un efecto negativo menos pronunciado (Fig. 14A). El andlisis de
inmunodetecciones indicd que la sobreexpresion de TIM17, TIM23, TIM21 y MGR?2
aumentd la acumulacion del precursor eCox2WV%R reduciéndose concomitantemente los
niveles de la proteina madura. En particular, cuando se sobreexpresaron los genes
TIM2] y TIM23, la acumulacién de la proteina alotopica madura disminuyd

drasticamente (Fig. 14B y 14C).
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A Fermentable Oxidable

Glucosa Etanol/Glicerol Etanol Lactato
wt
Acox2
Acox2+eCox2WseR
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Figura 14. La sobreexpresiéon de genes que codifican subunidades de la maquinaria de translocacion

TIM23 afecta el fenotipo respiratorio de una cepa que expresa el gen COX2"?%R desde un plasmido

multicopia. A) Diluciones seriadas a 30 °C que muestran el fenotipo de crecimiento fermentativo (glucosa)
y oxidable-respiratorio (etanol/glicerol, etanol y lactato) de una cepa tipo silvestre (wt), la cepa de
expresion alotopica multicopia (eCOX2"%R) y las cepas sobreexpresando (1) el gen indicado o portando
el vector vacio (EV). Las fotografias se tomaron el cuarto dia de crecimiento. Se utilizaron anticuerpos

contra Cox2 y Zwfl para inmunodetectar las proteinas correspondientes en extractos celulares totales de
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las cepas de levadura indicadas: tipo silvestre (wt); la cepa eCox2WV3R (e), las cepas que sobreexpresan los
genes: B) TIM17 y TIM23; B) MGR2 y TIM21 ( 1), y la cepa de control transformada con un vector
vacio (e + EV). Se indican las formas precursora (p) y madura (m) de Cox2 y Cox2W3R (28 kDa). El
anticuerpo anti-Zwfl se une a una banda de 57 kDa (control de carga). A la derecha de cada fotografia,
los graficos de barras representan la cuantificacion de las bandas identificadas en las inmunodetecciones
independientes. Los resultados se presentan como media = DE, n = 3. La abundancia promedio y la
desviacion estandar de la proteina de la cepa tipo silvestre se indican mediante lineas de puntos negras y
grises, respectivamente. Los resultados para 4cox2 no se muestran, ya que siempre tuvieron un valor de

CCro.

El hecho de que la sobreexpresion de los componentes de TIM23 produzca un efecto
deletéreo sobre el crecimiento respiratorio y la importacion de eCox2W*°R| se tomo
como una indicacion de que la subunidad alotépica Cox2 probablemente ingresa a las
mitocondrias a través de este translocador, como ocurre con todos los precursores que

contienen una MTS.

TERCERA ESTRATEGIA EXPERIMENTAL: Exploracion del papel de la subunidad
Mgr?2 del translocador TIM23

Mgr2 se ha descrito como un regulador de TIM23 que controla la distribucion de
proteinas a través o dentro de la MIM, y que poseen al menos un cruce transmembranal
(Gebert et al.,, 2012). Por lo tanto, este factor podria también participar en la
importacién de la proteina alotopica Cox2. Para estudiar los efectos de Mgr2 en la

importacion de Cox2WV3¢R, decidimos tanto eliminar como sobreexpresar el gen MGR2.

Al abolir la expresion del gen MGR2 en una cepa silvestre (4mgr2), no observamos
ninguna alteracion en su fenotipo en sustratos fermentables o respiratorios a 30 °C. Sin
embargo, como se describié previamente (Matta et al., 2020), la eliminaciéon de la
funcion del gen MGR2 result6 en un claro defecto en el crecimiento respiratorio a 37 °C
(Fig. 15A). Por lo tanto, parece que la ausencia de Mgr2 restringe el crecimiento

respiratorio en condiciones limitantes.
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También examinamos el patron polipeptidico de las mitocondrias solubilizadas aisladas
de la cepa tipo silvestre y de la mutante nula Amgr2 cultivadas a 30 °C. Para separar a
las proteinas mitocondriales, utilizamos electroforesis en geles azules nativos, seguida
de la deteccion colorimétrica de la actividad de COX en el gel (Figura 15B). Estos
experimentos revelaron claramente que la ausencia de Mgr2 disminuye los niveles

estacionarios de COX.
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A Fermentable Oxidable

Glucosa Etanol/Glicerol Etanol Lactato

wt
30°
Amgr2
wit .
37
Amgr2

B Time
__—#
Coomasie CcO CcO CcO
wt  Amgr2 wt  Amgr2 wt  Amgr2 wt Amgr2

= ] =

Figura 15. La eliminacién del gen MGR2 en una cepa de tipo silvestre no afecta el crecimiento

respiratorio a 30 °C, pero tiene un notable efecto negativo a 37 °C. Diluciones seriadas a 30 °C (paneles

superiores) y a 37 °C (paneles inferiores) que muestran el fenotipo de crecimiento fermentativo (glucosa)
y respiratorio (etanol/glicerol, etanol y lactato) de una cepa tipo silvestre (wt), y una cepa cuyo gen MGR2

fue eliminado (4mgr2). Las fotografias se tomaron el cuarto dia posterior al indculo. B) Geles azules
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después de electroforesis en condiciones nativas (BN-PAGE). Las mitocondrias de las cepas de tipo
silvestre (wt) y de la mutante nula de Mgr2 (4mgr2) se extrajeron después de cultivar las células a 30 °C.
El primer gel se tiiid con azul de Coomassie y los tres siguientes muestran el curso temporal de la tincion

de la actividad de la COX en el gel. La posicion de la COX se indica (IV).

Ensayos polarograficos adicionales de consumo de oxigeno en células completas (Tabla
2) revelaron que al menos un 30% de la capacidad respiratoria de la cepa se ve afectada
como consecuencia de la pérdida de Mgr2. Junto con la limitacion del crecimiento en
sustratos oxidables a 37 °C, la disminucion de la actividad de la COX y la pérdida de la
actividad respiratoria, concluimos que la ausencia de Mgr2 afecta negativamente el

comportamiento respiratorio de la cepa wt.

Posteriormente, exploramos el efecto de eliminar y sobreexpresar el gen MGR2 en
nuestro modelo de expresion alotopica. En el fondo de expresion en bajo niimero de
copias (nCox2W3¢R) la eliminacion del gen MGR2 no tuvo un efecto notable sobre el
crecimiento en sustratos fermentables, pero afectd sustancialmente el crecimiento
respiratorio a 30 °C (Figura 16A, paneles superiores). Es importante destacar, que en
esta misma cepa nCox2W3®R, la sobreexpresion de MGR2 desde un vector multicopia
(nCox2W3R + MGR21) también disminuy6 el crecimiento de la cepa, mientras que la

transformacion con el vector vacio (nCox2W*R + EV) no mostrd ningun efecto.
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A Fermentable Oxidable

Glucosa Etanol/Glicerol Etanol Lactato

wt
Amgr2
Acox2+nCox2W56R
Acox2+nCox2WseR + Amgr2
Acox2+nCox2WsR + MGR21

Acox2+nCox2WseR + EV

wt
Amgr2
Acox2+eCox2WER
Acox2+eCox2WsER + Amgr2
Acox2+eCox2WeR + MGR21
Acox2+eCox2WstR + EV

B Acox2 + COX2Ws6R C Acox2 + COX2WS6R
URRPR-UA PR - A
9 RN {2 0@ e el
o Dﬁ\g( 0:« B “xw “kei o Dﬁ\g & Gkb ex\\r‘ e”
- ———— — P —p
a-Cox2 | . _ m@skpa) OCo2 | — e @B e T o5 k0a)
a-Zwf1 ‘ i | 57 a-Zwf1 . 57

Figura 16. La eliminacién y sobreexpresion del gen MGR2 afectan el fenotipo respiratorio de cepas que
expresan el gen COX2"%R integrado en el nicleo o desde un pldsmido multicopia. A) Diluciones seriadas

a 30 °C que muestran el crecimiento fermentativo (glucosa) y oxidable-respiratorio (etanol/glicerol, etanol
y lactato). Se comparan una cepa silvestre (wt), una cepa sin el gen MGR2 (4dmgr2) y cepas con diferentes
niveles de expresion de MGR2, ya sea con el gen COX2"°F integrado en el nticleo (nCox2W*R) (paneles
superiores), o en un vector multicopia (eCox2%*®) (paneles inferiores). También se incluye una cepa
portando el vector vacio (EV). Las fotografias fueron tomadas el cuarto dia después de inocular las cajas.
B) Se utilizaron anticuerpos contra Cox2 y Zwfl para inmunodetectar las proteinas de las cepas
correspondientes en extractos celulares totales de levadura. Se incluyen las siguientes cepas: la cepa tipo
silvestre (wt); la cepa sin el gen MGR2 (4dmgr2), la cepa nCox2VR, y las cepas con diferentes niveles de
expresion de MGR?2 en este fondo genético y la cepa de control transformada con un vector vacio (e +
EV). C) Se realizé la misma serie de inmunodetecciones que en B, pero utilizando la cepa eCox2V*R, Se
indican las formas precursora (p) y madura (m) de Cox2 y Cox2%V*R (28 kDa). El anticuerpo anti-Zwfl

revela una banda de 57 kDa (control de carga).

Cuando se utiliz6 un vector de expresion de alto numero de copias para producir

eCox2WV3%R  Ja eliminacion de MGR2 afectd aln mdas notablemente el crecimiento
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respiratorio de la cepa, disminuyéndolo completamente (Fig. 16A). De igual manera, la
sobreexpresion de MGR2 redujo el crecimiento respiratorio de la transformante, de
forma aun mas pronunciada que sobre la cepa nCox2"*%R, En conjunto, los resultados
con ambos fondos genéticos sugieren que la presencia de Mgr2 es fundamental para el

crecimiento respiratorio de la cepa alotopica.

Para evaluar los cambios en los niveles de proteina madura y precursora de Cox2 y
Cox2W3R cuando el gen MGR2 estaba ausente o bien sobreexpresado, se analizd la
acumulacion de la subunidad Cox2 producida alotopicamente en extractos totales de
levadura (Fig. 16B y 16C). En el contexto de nCox2"*R, la eliminacién de MGR2 dio
lugar a un ligero aumento en los niveles del precursor y niveles disminuidos de la forma
madura. Por otro lado, en el entorno de eCox2W3%R la ausencia de Mgr2 condujo a una
importante acumulacion del precursor, mientras que la presencia de la proteina madura
fue casi indetectable. En ambos casos se revela que la internalizacion del precursor
alotopico en la mitocondria esta parcialmente disminuida. Ademas, la pérdida de la
funcion de Mgr2 produce un fenotipo atin mas grave cuando el gen alotopico COX2"R
se expresa en copias multiples. En contraste, cuando se sobreexpresa MGR2, se observa
que la forma madura de la proteina correspondiente estd presente, aunque se acumulan
altos niveles del precursor (Fig. 16B y 16C). Esto podria estar correlacionado con el
hecho de que, en ambos fondos genéticos nCox2WV*R y eCox2W36R  las cepas alin
mantienen la capacidad de crecer en medios respiratorios, aunque de forma limitada,

como resultado de la alta acumulacion de precursores.

Como se muestra en la Tabla 2, de acuerdo con el fenotipo de crecimiento respiratorio,
la pérdida de la funcion Mgr2 en el entorno de nCox2WV3®R produce una disminucion del
50% en el consumo de oxigeno, mientras que en la cepa eCox2W*%R se produce un
bloqueo completo de la respiracion. En cuanto a las cepas que portan el gen alotopico
COX2"6R y a la vez sobreexpresan a MGR?2, el consumo de oxigeno disminuye entre un
20 a 30%. En conclusion, el fenotipo de crecimiento respiratorio y el estado estacionario
de Cox2W36R ge correlacionaron con la capacidad respiratoria de las levaduras

transformadas.
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Tabla 2. Mediciones del consumo de oxigeno.

Consumo de

Consumo de

% de consumo de

Cepa oxigeno* oxigeno* CR oxigeno vs referente
Sin sustrato Con etanol
wild-type 66.2 (£8.1) 158.8 (x0.9) 24 100
Amgr2 63.1(£6.1) 114.9 (£2.3) 1.8 72
nCox2W6R 51.6 (£ 1.1) 76.7 (£ 0.9) 1.5 100
nCox2WV36R + Amgr2 49.1 (£ 0.5) 41.5(x0.9) 0.8 54
nCox2W3R + MGR21 65.6 (£6.9) 60.4 (+=4.5) 1.0 79
nCox2WR +EV 53.0 (£ 0.3) 76.4 (£ 0.6) 1.4 99.6
eCox2W36R 50.6 (£5.5) 68.6 (£3.2) 1.4 100
eCox2WV3R + Amgr2 17.4 (+0.6) 1.5 (£0.03) 0.1 2
eCox2W3R + MGR2% 46.1 (£ 0.6) 46.9 (+0.9) 1.0 68
eCox2W3R + EV 43.5 (£3.1) 67.7(£2.7) 1.6 98.7

*expresado en ng de oxigeno atomico/min/mg de proteina mitocondrial.

Para asegurar la fiabilidad de nuestros procedimientos experimentales y descartar la
posibilidad de artificios en nuestro sistema de expresion alotopica, complementamos la
mutante nula Amgr2 con MGR2 clonado en un plasmido multicopia; esto dio lugar a un
incremento en el crecimiento respiratorio (Fig. 17A). Esta complementaciéon no se
produjo cuando el gen se insertd en direccion antisentido (3'-5') con respecto al
promotor PGK del vector, ni cuando se transform6 unicamente con el vector vacio (Fig.

17A).
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Ademas, aislamos mitocondrias de la cepa tipo silvestre, la mutante nula Amgr2 y la
mutante nula Amgr2 que sobreexpresa el gen MGR2 (Admgr2 + MGR2 1), se
solubilizaron con DDM y se sometieron a BN-PAGE (Fig. 17B). La tincién en gel de la
actividad de COX reveld una actividad disminuida en la mutante nula Amgr2 en
comparacion con la cepa silvestre. Esta actividad de COX se restablecié en la cepa
Amgr2 complementada con el gen MGR?2 expresado desde un plasmido multicopia (Fig.
17B, panel central). Por el contrario, la actividad hidrolitica del complejo V (ATP
sintasa) permanecid inalterada en las tres cepas (Fig. 17B, panel derecho). Finalmente,
los geles azules nativos se sometieron a electroforesis de segunda dimension de manera
independiente en condiciones desnaturalizantes (2D-SDS-PAGE), y los geles
resultantes se transfirieron e inmunodetectaron utilizando un anticuerpo anti-Cox2 (Fig.
17C). Se observé una disminucion cercana al 50% en los niveles de Cox2 en la mutante
nula 4mgr2 en comparacion con la cepa de tipo silvestre, los cuales se recuperaron
parcialmente tras la complementacién con el gen MGR2 (Fig. 17C). Estos resultados
indican claramente que la ausencia de Mgr2 provoca niveles disminuidos de COX,
incluso cuando el crecimiento respiratorio de la mutante nula Amgr2 es comparable al

de una cepa silvestre a 30 °C.
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30°C

Fermentable Oxidable

Glucosa Etanol/Glicerol Etanol Lactato

Acox2+nCox2WseR + Amgr2
Acox2+nCox2WstR + Amgr2 + MGR21 (5°- 3)
Acox2+nCox2WseR + Amgr2 + MGR21 (3°-57)

Acox2+nCox2WseR + Amgr2 + EV

Acox2+nCox2WstR + Amgr2
Acox2+nCox2WstR + Amgr2 + MGR21 (5°- 3)
Acox2+nCox2WseR + Amgr2 + MGR27 (3'- 57)

Acox2+nCox2WseR + Amgr2 + EV
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Figura 17. La expresién del gen MGR2 complementa el defecto respiratorio en cepas de levadura como

consecuencia de la ausencia de dicho gen. A) Diluciones seriadas a 30 °C (paneles superiores) y a 37 °C
(paneles inferiores) muestran el fenotipo de crecimiento fermentativo (glucosa) y oxidable-respiratorio
(etanol/glicerol, etanol y lactato) de una cepa con el gen COX2"*6R integrado en el nicleo y cuyo gen
MGR? fue eliminado (nCox2W3R + Amgr2), la cepas con el mismo fondo genético pero que albergan un
vector multicopia portando el gen MGR2 en la orientacion 5'-3' (nCox2%VR + Amgr2 + MGR21 (5'-3"),
en la orientacion opuesta 3'-5' (nCox2%V>R + Amgr2 + MGR21 (3'-5")), y con el vector vacio (nCox2W>°R +
Amgr2 + EV). B) Geles azules después de electroforesis en condiciones nativas (BN-PAGE). Las
mitocondrias de las cepas de tipo silvestre (wt), de la mutante nula de Mgr2 (4mgr2) y de esta misma
complementada con un vector expresando el gen MGR2 desde un vector multicopia (4mgr2 + MGR21) se
extrajeron después de cultivar las células a 30 °C. Los geles presentados, de izquierda a derecha, fueron
teflidos con Coomassie Brilliant Blue (Serva), y muestran la actividad en gel de COX (precipitados color

marrén) y la actividad en gel de ATPasa (precipitados blancos). La posicion de la COX y ATPasa se
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indica como IV y V, respectivamente. C) Se realizd una inmunodeteccion de los geles 2D (SDS-PAGE
después de BN-PAGE). Las tiras de geles azules nativos se incubaron en presencia de SDS y se cargaron
en geles desnaturalizantes de segunda dimension. Los geles 2D resultantes se transfirieron a membranas
de PVDF y se marcaron con un anticuerpo anti-Cox2. Las manchas correspondientes a las proteinas Cox2

se indican como m (forma madura de la proteina de 28 kDa).
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DISCUSION

En este trabajo, identificamos algunos genes cuya sobreexpresion promueve un mayor
crecimiento respiratorio de una cepa COX2"°%R 1o cual se correlaciond con mayores
niveles de la proteina alotopica Cox2V*%R madura dentro de las mitocondrias. A través
de los tres enfoques experimentales utilizados, evidenciamos que los genes identificados
son de particular relevancia en dos puntos criticos del proceso: 1) actuando como
moduladores de la expresion del gen alotdpico, al funcionar como activadores
transcripcionales en el nucleo celular, y 2) facilitando la translocacion y correcta
disposicion en la MIM de la proteina que se importa a la mitocondria. A continuacion,
sugerimos posibles mecanismos a través de los cuales los productos proteicos
codificados en estos genes incrementan la internalizacion de la subunidad alotdpica en

las mitocondrias.

El gen TYE?7. El producto de su expresion es una proteina de 33 kDa, que forma parte de
una familia de proteinas ricas en residuos de serina, que contienen motivos de union a
DNA tipo bHLH (basic region/Helix-Loop-Helix/leucine-zipper, por sus siglas en
inglés). Aunque no es esencial para el crecimiento, esta proteina funciona como un
activador transcripcional en la expresion de genes controlados por el retrotransposon de
terminacion larga (LTR), Tyl (Lohning y Ciriacy, 1994). Los retrotransposones LTR
son comunes en el reino eucariota y son considerados precursores evolutivos de los
retrovirus. Aunque su replicacion e integracion ocurren de manera similar a la de los

retrovirus, estos fendmenos se llevan a cabo intracelularmente y de forma no infecciosa.

Tye7 actia uniéndose a las cajas E de varios genes que codifican enzimas glicoliticas,
como la enolasa I, la 3-fosfoglicerato cinasa, la piruvato cinasa, la gliceraldehido-3-
fosfato deshidrogenasa, la fosfoglicerato mutasa y la triosafosfato isomerasa (Nishi et
al., 1995; Sato et al., 1999; Robinson y Lopes, 2000). Estudios recientes utilizando la
técnica de inmunodeteccion de cromatina con exonucleasa lambda (ChIP-exo) han
revelado que Tye7 activa una serie de genes relacionados con la maquinaria de
importacion de proteinas mitocondriales (Horak et al., 2002; Holland et al., 2019). Estos
genes incluyen a la insertasa Oxal; a los factores Cox18, Cox20 y Coa6, implicados en

la biogénesis de la proteina mitocondrial Cox2; a Tom40, un componente del complejo
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TOM; a Tim50 y Sscl, dos subunidades del complejo TIM23; asi como a chaperonas de
la familia HSP70, como Sse2, Ssbl y Mdj1. Esto sugiere que la sobreexpresion de TYE7
puede promover la internalizacién de Cox2WV®R en las mitocondrias a través de un
mecanismo indirecto, posiblemente activando la expresion de varios genes cuyos

productos proteicos estan implicados en la importacion de proteinas mitocondriales.

El gen RAS2. La proteina Ras2 forma parte de la superfamilia Ras, que comprende mas
de 150 GTPasas pequenias que median multiples respuestas metabolicas, actuando como
reguladores clave en diversas vias de senalizacion (Broach y Deschenes, 1990; Goitre et
al., 2014), que incluyen el control de la biogénesis y funciéon mitocondrial (Hlavatd y
Nystrom, 2003). Cuando la levadura crece utilizando glucosa como fuente de carbono,
las proteinas Ras (las isoformas Rasl y Ras2) se acumulan principalmente en la
membrana plasmatica y el nucleo. Sin embargo, en ausencia de glucosa, dichas

proteinas tienden a acumularse en las mitocondrias (Broggi et al., 2013).

Se ha descrito que la eliminacion del gen RAS2 impide el crecimiento de la levadura en
fuentes de carbono no fermentables (Tatchell et al., 1985). Ras2 activa la adenilil
ciclasa (AC) y otras cinasas dependientes del adenosin monofosfato ciclico (cAMP),
como la proteina cinasa A (PKA), que se encuentra localizada en las mitocondrias (Papa
et al, 1996). La ruta de sefializacion Ras/cAMP estd intimamente ligada a la
disponibilidad de nutrientes, desempenando un papel critico en el crecimiento celular de
S. cerevisiae (Matsumoto et al., 1983). En estudios previos, se observd que, en la
levadura, el cAMP revierte la represion de la glucosa en la biogénesis mitocondrial
(Fang y Butow,1970) y activa genes mitocondriales que codifican subunidades que
forman parte de la COX y otros componentes de la OXPHOS (Chandrasekaran y
Jayaraman, 1978). Por lo tanto, junto con la PKA, el cAMP parece controlar la
transcripcion mitocondrial (Miiller y Bandlow, 1987), actuando sobre un elemento
regulador cis presente en el DNA mitocondrial que atin no ha sido identificado (Igbal et

al., 1996).

También se ha reportado que la sobreexpresion de RAS2 suprime una mutacion en la
citrato sintasa (CI72), una enzima del ciclo del glioxilato (Swiegers et al., 2006), asi

como una mutacién en un sitio no catalitico de la subunidad alfa (atpl-2) de la ATP
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sintasa mitocondrial (Mabuchi et al., 2000), ilustrando los efectos de este gen sobre
enzimas mitocondriales. Ademds, células RAS2"“"° que exhiben una sefializacion
hiperactiva de Ras/PKA, anulan la actividad del transportador mitocondrial de
ATP/ADP (Hlavata et al., 2007). Todos estos hallazgos parecen indicar que Ras2 induce
la expresion de genes que codifican proteinas ribosomales (Neuman-Silberberg et al.,
1995). Esto parece estar relacionado con una mayor tasa de transcripcion de genes

nucleares que codifican proteinas mitocondriales.

Por otra parte, el incremento de los niveles celulares de cAMP inducidos por Ras2
también aumenta la estabilidad del coactivador transcripcional Hap4, un regulador clave
del complejo HAP (Bouchez et al., 2020). El complejo transcripcional HAP es esencial
para el crecimiento de la levadura en sustratos respiratorios, ya que controla la
traduccion mitocondrial, reprogramando la célula para hacer la transicion de
fermentacion a respiracion y sirviendo como coordinador de la expresion entre genes
mitocondriales y nucleares (Buschlen et al., 2003). En general, un aumento en la
actividad de la via de cAMP regula positivamente la biogénesis mitocondrial (Yoboue

etal., 2012).

Debido a la amplia gama de efectos que las vias reguladoras de las proteinas Ras tienen
en varias enzimas mitocondriales, proponemos que la sobreexpresion de RAS2 puede
promover una mayor transcripcion de varios genes mitocondriales relacionados con la
OXPHOS, incluidos los genes mitocondriales cox!/ y cox3, con un aumento
concomitante en los niveles de los médulos Cox1 y Cox3 en el IMM. Estos modulos
pueden incorporar ficilmente las subunidades alotopicas Cox2W*%R que van ingresando
a la mitocondria, para formar complejos COX maduros y completamente ensamblados.
Sugerimos que la incorporacion preferencial de las subunidades Cox2W%*R producidas
alotopicamente en estos mddulos preformados puede formar niveles més altos de COX

y a la vez promover una mayor internalizacion del precursor alotdpico.

El gen COXI2. Este gen codifica a la subunidad VIb de la COX en levadura. Esta

subunidad es soluble, unida débilmente a la enzima y se encuentra expuesta hacia el
EIM (LaMarche et al., 1992; Ing et al., 2022). Se ha reportado que Cox12 es necesario

para la formacion de COX activa, y su ausencia conduce al ensamblaje de una COX que
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es espectroscopicamente detectable, pero que presenta una actividad enzimatica
notablemente reducida. Cox12 interactia con las proteinas Rcfl y Rcf2, las cuales
participan en la formacion del supercomplejo respiratorio III-IV, y facilitan el
ensamblaje de subunidades adicionales en la misma COX. Esto sugiere que Cox12 tiene
un papel crucial en la formacion de supercomplejos, regulando ademads el ensamblaje y
la actividad enzimatica del complejo IV (Das et al., 2021). Adicionalmente, estudios
genéticos recientes han revelado que junto con Coa6, Cox12 desempefia una funcion
relevante en la insercion del centro binuclear de cobre en la COX. Mientras que la
ablacion de Coa6 o Cox12 puede ser rescatada mediante la suplementacion con cobre,
la eliminacion simultanea de ambos anula completamente la biogénesis de Cox2 y la
suplementacion con cobre resulta insuficiente para restaurar sus niveles (Ghosh et al.,
2014; 2016). Ademas, la sobreproduccion del gen COXI2 rescata parcialmente la
mutante nula 4coa6. Dado que se han observado interacciones fisicas entre Coa6, Cox2,
Cox12 y las proteinas Sco, que participan en el suministro de cobre a Cox2, es posible
que la sobreexpresion del gen COX12 suprima la mutante nula Acoa6 promoviendo la

formacion del sitio binuclear CuA.

La insercion de cobre en el centro metalico es probablemente un paso limitante de la
biogénesis de Cox2, debido a los diversos factores que participan en su formacion, los
cuales también podrian minimizar la produccion de intermediarios reactivos de COX
(Nyvltova et al., 2022). Por lo tanto, sugerimos que los niveles altos de la subunidad
Cox12 en el EIM podrian acelerar la entrega de cobre y el ensamblaje del centro CuA,
facilitando la posterior incorporacion de Cox2W*R en COX y aumentando

simultdneamente la tasa de internalizacion del precursor alotdpico en las mitocondrias.

El gen OXAI. La translocasa Oxal es una proteina embebida en la MIM (Hell et al.,
1997, 2000; Homberg et al., 2023) que desempeiia un papel crucial en la insercion de
proteinas codificadas en el genoma mitocondrial (Szyrach et al., 2003). Entre estas
proteinas, destacan las subunidades Coxl, Cox2 y Cox3 de la COX, componentes
fundamentales de la OXPHOS (Bonnefoy et al., 1994; Herrmann y Funes, 2005).
Ademas, Oxal contribuye a la insercion de los TMS de muchas proteinas de membrana
codificadas en el ntcleo. Se ha demostrado que Oxal es esencial para la insercion del

TMSI1 de la subunidad alotopica Cox2W3¢R (Elliott et al., 2012). Para explicar los
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efectos de Oxal en este trabajo, proponemos que su sobreproduccion puede facilitar el
reconocimiento del péptido sefial cercano al TMS1 de Cox2W*R lo que a la vez
permitiria una insercion mas eficiente de la proteina alotdpica en la membrana interna
mitocondrial. Una incorporacién mas eficiente de la subunidad alotdpica a la MIM, a su

vez podria promover la entrada de mas precursores de Cox2V3R a la mitocondria.

El gen COX20. Cox20 es una proteina embebida en la MIM, que sirve como chaperona

especifica de Cox2 y estd involucrada en varios pasos de la biogénesis de COX
(Herrmann y Funes, 2005; Kumar et al., 2015; Keerthiraju et al., 2019). Junto con el
receptor de membrana Mbal que ancla al mitoribosoma a la MIM, Cox20 estabiliza el
polipéptido Cox2 naciente que es sintetizado en la matriz mitocondrial y, tras la
remocion del péptido lider de Cox2, entrega la subunidad a Cox18, responsable de
exportar el TMS2 y la region C-terminal de Cox2, el cual contiene el sitio de union de
cobre (Lorenzi et al., 2016; Bourens et al., 2017). La uniéon de Cox20 a Cox2 en la cara
de la MIM que estd expuesta hacia el EIM, acelera la disociacion de la translocasa
Cox18 de la proteina Cox2 recién exportada (Elliot et al., 2012) y promueve su
maduracion posterior al entregar la subunidad al sistema de insercion de cobre Scol-

Sco2-Coa6 (Hell et al., 2000).

La importacion de Cox2W3R alotdpica no requiere de la participacion de Cox18 (Elliot
et al.,, 2012), lo que sugiere que la via de biogénesis de la subunidad producida
alotopicamente no implica la translocaciéon del TMS2 hasta la matriz mitocondrial para
después ser insertada en la MIM. Es posible que la sobreexpresion de COX20 estabilice
la insercion del TMSI de la subunidad alotopica Cox2W**R mediada por Oxal y facilite

la interaccion de la subunidad con la maquinaria de insercion de Cu.

El gen PSE]. Psel es un miembro de la superfamilia de la carioferina § que interactiian
con el complejo del poro nuclear. En estudios previos, se ha observado que la
sobreexpresion de PSE] facilita la insercion de proteinas a la mitocondria, incluida la
proteina hidrofobica Atml, un transportador ABC dependiente de ATP que contiene
varios TMS. Atm1 exporta precursores mitocondriales que contienen grupos de hierro-
azufre Fe/S al citosol (Corral-Debrinsky et al., 1999). También se ha reportado que las

cepas de levadura con mutaciones en el gen PSE] no son capaces de crecer en medios
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que contienen glicerol como fuente de carbono, y exhiben un patron de mayor
fragmentacion en su red mitocondrial, ademas de una disminucioén significativa del

potencial de membrana AW, en comparaciéon con una cepa silvestre (Lord et al., 2015).

No es evidente de inmediato por qué la sobreexpresion de PSE! suprime el fenotipo de
Cox2W3R_Es posible que Psel tenga una localizacion dual y ejerza sus efectos tanto en
el niicleo como en las mitocondrias. Sin embargo, hasta la fecha, esta localizacion dual
no ha sido confirmada. También es posible que la sobreexpresion de PSE! facilite la
exportacion nuclear de un mRNA que codifique una chaperona necesaria para la
importacion mitocondrial de proteinas de membrana. Esta chaperona podria prevenir la
agregacion de sus TMS, manteniendo su estructura desplegada de manera conveniente
para su importacion. La existencia de este posible factor tampoco ha sido confirmada.
Sin duda, dilucidar el mecanismo al través del cual actua la sobreproduccion de Psel es

de gran interés y amerita estudios futuros.

Participacion de Mgr2 en la biogénesis de la subunidad alotopica Cox2WV56R, Mgr2 es

una pequefia proteina hidrofobica de 12kDa, que tiene dos TMS. Fue identificada
inicialmente como un factor de acoplamiento del translocador de la MIM, TIM23
(Gebert et al., 2012; Ieva et al., 2013; 2014). Se ha propuesto que Mgr2 regula el
mecanismo de translocacion del complejo TIM23 (Mirzalieva et al., 2019), que como ya
se menciond, puede existir en la MIM en tres formas estructural y funcionalmente
distintas que se encuentran intercambiandose continuamente: TIM23core, TIM23motor
y TIM23sort (Popov-Celeketi¢ et al., 2008; Bohnert et al., 2010; Chacinska et al., 2010).
Varios trabajos sugieren que Mgr2 se une cerca a la apertura lateral de la cavidad de
Tim17 durante la translocacion de proteinas (Sim et al., 2023; Zhou et al., 2023), de

alguna manera regulando la liberacion lateral de ciertos precursores.

A pesar de lo anterior, Mgr2 no es esencial para el crecimiento de la levadura a una
temperatura de 30 °C (Fig. 15). La no esencialidad de Mgr2 sugiere que la formacion de
la estructura a la que contribuye puede ser requerida selectivamente para la
translocacion de ciertos precursores (Ieva et al., 2014; Sim et al., 2023). También se ha
descrito que Mgr2 funciona como un modulador que interactia directamente con las o-

hélices hidrofobicas que estan siendo translocadas a través de TIM23 (Matta et al.,
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2020). En resumen, Mgr2 parece monitorear la hidrofobicidad de las proteinas en
transito por TIM23, favoreciendo la apertura lateral de la cavidad de translocacion y la

liberacion lateral de ciertas proteinas de membrana en la MIM (Gebert et al., 2012).

Por otra parte, Pam18 que es una proteina que sirve de andamiaje para la forma de la
translocasa conocida como TIM23motor, €s crucial para la importacion de proteinas
hasta la matriz mitocondrial (Mokranjac et al., 2020). Cuando Pam18 es reclutada a la
translocasa, la funcion principal de su dominio a-hélice transmembranal es obstruir la
liberacion lateral de proteinas dentro de la MIM. Una vez que un TMS hidrofébico
queda arrestado en la cavidad de translocacion de TIM23, Pam18 se desasocia y permite
el reclutamiento de Mgr2 (Schendzielorz et al., 2018). Lo anterior implica
necesariamente una transicion del translocador de su forma TIM23motor @ TIM23sort.
El rol de Mgr2 en TIM23sorT entonces, es discriminar qué a-hélices deben ser liberadas
lateralmente dentro de la MIM o translocadas a través de la MIM. Mgr2 probablemente
actia monitoreando las sefales “stop-transfer” contenidas en los TMS hidrofobicos para
que sean liberadas dentro de la membrana, mientras que las o-hélices menos
hidrofobicas cruzan a través de la cavidad de Timl7 hasta la matriz mitocondrial

(Botelho et al., 2011; Lee et al., 2020).

Aunque estudios previos han mostrado que una mutante nula Amgr2 presenta un
fenotipo de crecimiento respiratorio sensible a la temperatura (Matta et al., 2020), no se
habian descrito otros efectos sobre la cadena respiratoria causadas por la ausencia de
Mgr2. En este trabajo corroboramos que la ausencia de Mgr2 en un contexto silvestre
no tiene un efecto deletéreo sobre el crecimiento de la levadura; sin embargo, da lugar a
una disminucion del 30% tanto en el consumo de oxigeno como en la actividad de COX
(Fig. 15). ;Cémo podemos explicar que una disminucién importante en los niveles de
COX no afecte el crecimiento de la levadura? Dado que la COX (complejo IV) y el
complejo bcl (complejo III) se encuentran en una alta abundancia en una célula de S.
cerevisiae (67000 y 83000 copias/célula respectivamente) (Morgenstern et al., 2017;
Pfanner et al., 2019), una reducciéon moderada en los niveles de COX no deberia afectar
drasticamente el crecimiento de la levadura. Es posible que sus efectos adversos solo se

manifiesten una vez que los niveles caigan por debajo de un umbral critico.
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Es muy probable que Mgr2 participe también en la biogénesis de COX, incluso cuando
la subunidad Cox2 se sintetiza normalmente dentro de las mitocondrias. Es probable
que Mgr2 controle el proceso de importacion de algunas de las subunidades de COX
codificadas en el ntcleo que contienen un TMS hidrofébico. De hecho, nueve
subunidades codificadas en el nicleo estan presentes en la estructura tridimensional
obtenida por crio-EM del complejo COX de levadura (PDB: 6YMY; Berndtsson et al.,
2020), y seis de ellas exhiben un TMS orientado con una topologia N-afuera/C-afuera
(Cox5, Cox7, Cox8, Cox9, Cox13 y Cox26). Para alcanzar esta topologia final,
TIM23sort debe liberar lateralmente las seis subunidades en la MIM y muy
probablemente Mgr2 modula este proceso. La ausencia de Mgr2 podria afectar la
liberacion lateral de estas subunidades en la MIM, disminuyendo los niveles de COX en
estado estacionario. Sin embargo, consideramos que el papel de Mgr2 se vuelve crucial
cuando aumenta la temperatura o bien cuando el ensamblaje de COX depende de la

subunidad Cox2 producida alotopicamente.

Nuestros hallazgos revelan que la ausencia de Mgr2 afecta negativamente el
crecimiento respiratorio y la internalizacion tanto de nCox2W3R como de eCox2W36R,
Un escenario posible es que, en ausencia de Mgr2, el TMS1 con la sustitucion W56R ya
no se considere menos hidrofébico y se reconozca como una sefal “stop-transfer”. De
esta manera, el TMSI1 seria liberado lateralmente en la MIM en lugar de ser importado
hasta la matriz mitocondrial, lo que resultaria en una proteina embebida en la membrana
con una topologia incorrecta (N-adentro/C-afuera en lugar de N-afuera/C-afuera). Esto
esta respaldado por el hecho de que en una mutante nula de Mgr2, TIM23 tiende a
acelerar la liberacion lateral de TMS en la MIM a través de la via de "paro-

transferencia" (Ieva et al., 2014; Lee et al., 2020).

La sobreproduccion de Mgr2 también disminuyd la internalizacion de nCox2W6R,
efecto que se hizo atin mas evidente en el caso de eCox2W*R, Dado que Pam18 y Mgr2
parecen competir por el mismo sitio de unién en el complejo TIM23core (Schendzielorz
et al., 2018), un escenario plausible es que la produccién de altos niveles de Mgr2
tiendan a desplazar a Pam18. Esto podria afectar la funcion de TIM23wmotor y disminuir

2W56R

la internalizacion del TMS1 de Cox en la matriz mitocondrial.
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Ademas de los resultados aportados en este trabajo respecto a Mgr2, se realizd6 un
sencillo andlisis bioinformatico utilizando dos aproximaciones: complexémica de alta
resolucion y modelos del complejo TIM23. El analisis de perfiles de complexdmica de
alta resolucion de proteinas que comprenden el 90% del proteoma mitocondrial de
levadura, ha sido generosamente puesto a disposicion del publico en el sitio MitCOM
(Schulte et al., 2023). En dichos perfiles hemos identificados dos picos independientes
relacionados con la subunidad Tim17. Estos picos corresponden a las asociaciones
Tim17-Pam18 y Tim17-Mgr2, que claramente presentan distintas masas moleculares
aparentes (Fig. 18). Estas asociaciones distintas podrian representar las dos formas

alternas del translocador TIM23: TIM23motor y TIM23s0rT.

Tim17 + Pam18

l

Figura 18. Perfiles de complexdémica de alta resolucién que muestran asociaciones independientes de

Tim17 con Pam18 o Mgr2. Las flechas azules indican picos independientes para los pares Tim17/Pam18

y Tim17/Mgr2.
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De forma complementaria, modelos del complejo proteico TIM23 generados mediante
AlphaFold-Multimer (Jumper et al., 2021) sugieren que tanto Pam18 como Mgr2 se

unen de forma independiente al mismo dominio de Tim17 (Fig. 19).

Figura 19. Modelos tridimensionales de las asociaciones Tim23/Tim17/Mgr2 y Tim23/Timl17/Pam18

obtenidos mediante AlphaFold Multimer. Paneles A y C: Dos vistas del complejo Tim23/Tim17/Mgr2.
Paneles B y D: Dos vistas del complejo Tim23/Tim17/Pam18. Para mayor claridad, los modelos muestran
secuencias parciales de los componentes proteicos (Tim17, de M1 a K141; Tim23, de E75 a K222; Mgr2,
de M1 a DI113; y Paml18, de K47 a KI168). Las lineas azules discontinuas indican la membrana
mitocondrial interna. EIM: espacio intermembranal: MIM: membrana interna mitocondrial; MM: matriz

mitocondrial.
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Un nuevo modelo de importacion de Cox2W36R, Estudios anteriores sobre la biogénesis

de la subunidad alotopica Cox2W3R han postulado la capacidad de TIM23 de distribuir
precursores a través de dos rutas diferentes: el TMS1 de la proteina se transloca hasta la
matriz mitocondrial a través de la “via conservada” (comnservative pathway), mientras
que el TMS2 se libera lateralmente a la MIM a través de la via de paro/transferencia
(stop-transfer pathway) (Cruz-Torres et al., 2012; Rubalcava-Gracia et al., 2018; Nieto-
Panqueva et al., 2023). Aqui, el hallazgo de que Mgr2 es esencial para la importacion de
Cox2W38R nos llevod a elaborar atin mas el modelo original propuesto previamente en
nuestro grupo de trabajo. En esta nueva propuesta (Fig. 20), TIM23wotor transloca la
MTS y el TMSI1 de Cox2WVR hasta la matriz mitocondrial. Luego, el TMS2 sera
detenido debido a su alta hidrofobicidad y a la presencia de una senal de
paro/transferencia. En este paso, el motor PAM debe desensamblarse de TIM23motor,
lo que resulta en la formacion transitoriamente de TIM23core (Tim50/Tim23/Tim17).
Inmediatamente después, Mgr2, Tim21 y los complejos respiratorios III y IV pueden ser
reclutados por TIM23core para ensamblar un complejo TIM23sorr funcionalmente
competente. Con la ayuda de Mgr2, este complejo liberara lateralmente el TMS2 de
Cox2W3R dentro de la MIM. Por lo tanto, proponemos, que la importacion de la
subunidad Cox2 alotopica requiere la participacion secuencial de las tres formas
funcionales/estructurales del translocador TIM23: TIM23mortor, TIM23core y
TIM23sort. Los analisis bioinformaticos descritos anteriormente (Fig. 18 y Fig. 19)

parecen respaldar este modelo.
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Figura 20. Nuevo modelo que describe la ruta de biogénesis que sigue la subunidad alotopica Cox2W3R,

En el panel superior, el complejo TOM (en color violeta) transloca el precursor alotopico de Cox2 y lo
entrega a TIM23motor (en colores amarillo y fucsia). La secuencia de direccionamiento mitocondrial
(MTS), el péptido lider (LP) y el TMS1 (nAGapp = 0.55 kcal/mol) del precursor de Cox2 (en azul claro,
con una marca roja indicando la sustitucion W56R) son translocados completamente por TIM23motor
hasta la matriz mitocondrial. La MTS es eliminada proteoliticamente por la proteasa de procesamiento de
matriz (MPP, en verde claro). El TMS2 de Cox2 (en azul oscuro), con uAGapp = 0.44 kcal/mol, se
detiene a su paso por TIM23 debido a su alta hidrofobicidad. Lo anterior induce la disociacién del motor
PAM (en color fucsia) y el reclutamiento de Mgr2 (en verde claro), Tim21 (en verde) y los complejos
respiratorios III y IV (en azul claro) para ensamblar TIM23sort. Luego, TIM23sort libera lateralmente el
TMS2 de la Cox2 alotopica en la MIM. Subsecuentemente, como se muestra en el panel inferior, la
insertasa Oxal (en color rojo) reconoce el LP y lleva a cabo la insercion del TMS1 en la MIM (este paso
puede ocurrir antes, simultaneamente o después de que el TMS2 se libere en la MIM). Posteriormente, la
proteasa Impl (IMP1/2), ubicada en el EIM, elimina el LP. Postulamos que el resto de la ruta de
biogénesis es idéntica a la de una proteina Cox2 sintetizada en la mitocondria: incorporacion del centro de
cobre binuclear, ensamblaje con los médulos Cox1 y Cox3, formacion de COX maduro, y ensamblaje en
el supercomplejo IIIIV,. Los valores de pAGapp fueron calculados como en Nieto-Panqueva et al.,
(2023).
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En resumen, consideramos que se requiere de un intercambio dindmico entre
TIM23motor 'y TIM23sorr durante la translocacion y distribucion del precursor
alotopico Cox2WV36R, Nuestro modelo explica por qué la ruta de biogénesis seguida por
una proteina Cox2 codificada en el ntcleo de forma natural (Adams et al., 1999; Daley
et al., 2002) o artificial (Rubalcava-Gracia et al., 2018) es mucho mas compleja que la
seguida por su contraparte sintetizada en el interior de la mitocondria. Por ultimo, el
modelo sugiere que el paso limitante en la importacion de Cox2W*R a las mitocondrias
probablemente ocurre cuando Tim17 retiene su TMS2, lo que provoca el desmontaje de
TIM23motor (liberacion del motor PAM), seguido del ensamblaje de un complejo
TIM23sort funcional. Este intercambio de la maquinaria de translocacién debe ocurrir
mientras se internaliza un unico polipéptido Cox2V3%R, lo que implica inevitablemente

una discontinuidad importante en el proceso de importacion de la subunidad alotopica.

Nuestro modelo ilustra la complejidad del proceso necesario para que una subunidad
Cox2W38R producida alotopicamente alcance su topologia funcional final N-afuera/C-
afuera en la MIM. También arroja luz sobre el mecanismo mediante el cual otras
proteinas de membrana mitocondriales codificadas en el nucleo, que presentan una
MTS, dos TMS y una topologia N-afuera/C-afuera, son importadas y distribuidas por el
translocador TIM23.
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CONCLUSIONES

1l.

1il.

1v.

Vi.

La sobreexpresion de los genes TYE7, RAS2 y PSEI incrementa los niveles
estacionarios de la subunidad alotopica Cox2%V3%R, Cada uno de los productos

proteicos correspondientes posiblemente actua a través de mecanismos diferentes.

El hecho de que los niveles elevados de Oxal y Cox20 incrementen el crecimiento
respiratorio de Cox2W>®R con respecto a su control, sugiere que ambas proteinas
probablemente participan en un paso limitante en la biogénesis de la proteina
alotopica. La sobreproduccion de Oxal aparentemente facilita el reconocimiento
del péptido sefial de Cox2WVR y promueve la insercion del TMS1 de la proteina.
Por su parte, Cox20 parece estabilizar al TMS1 en la MIM vy facilitar la insercion de

cobre por los factores residentes en el EIM.

La sobreproduccion de Cox12, subunidad de la COX expuesta al EIM, podria
facilitar la incorporacion del sitio binuclear de cobre mediado por el sistema Scol-

Sco2-Coab.

La subunidad alotopica Cox2W*R es importada por el translocador de la membrana
interna TIM23. Aunque esto ya habia sido predicho en trabajos previos (debido a
que todos los precursores que contienen una MTS son dirigidos hacia TIM23 para
su internalizacioén), no se habia demostrado formalmente. Aqui, proporcionamos
evidencia formal de la participacion de Mgr2 en la importacion de la Cox2
alotopica, lo que a su vez indica que dicha subunidad ingresa a la mitocondria a

través de TIM?23.

La eliminacion del gen MGR2 afectd la internalizacion de la subunidad Cox2
producida alotépicamente. La participacion de Mgr2 en la importacion de Cox2W3R
sugiere fuertemente que las dos formas del translocador TIM23, TIM23motor y
TIM23sorT, también participan en este proceso: TIM23wmotor translocando la MTS
y el TMS1 de Cox2V3R hasta la matriz mitocondrial y TIM23sort, con la ayuda de
Mgr2, liberando lateralmente el TMS2 de la subunidad en la MIM.

La sobreexpresion del gen MGR2 también afectd negativamente la internalizacion
de la subunidad Cox2 alotopica. Ya que Mgr2 y Pam18 se unen al mismo dominio

de la subunidad Tim17, bloqueando el acceso directo de la cavidad translocadora a
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Vil.

la bicapa lipidica, la sobreproduccion de Mgr2 podria competir por el sitio de union,

desplazando a la subunidad Pam18.

El paso limitante en la biogénesis de Cox2WV36R se debe al intercambio de las dos
formas funcionales/estructurales de la maquinaria de translocacion TIM23. Ya que
un polipéptido unico, que es internalizado en un momento dado, no puede
interactuar con dos translocadores simultineamente, debe existir un intercambio
secuencial de TIM23moror a TIM23sort durante la biogénesis de la subunidad
Cox2 alotopica. El reordenamiento de TIM23moror a TIM23sorr implica
inevitablemente una discontinuidad importante en el proceso de importacién de la
subunidad alotépica. Es por esto que proponemos que el intercambio
TIM23wmotor/TIM23sorT representa el paso limitante en la biogénesis de Cox2W36R,
ya que necesariamente implica el desensamble de una forma del translocador y el

ensamblaje de otra forma del translocador.
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PERSPECTIVAS

Identificar, a través de ensayos de proteémica cuantitativa (SILAC-MS), si
proteinas relacionadas con la biogénesis e importacion mitocondrial se ven
afectadas en cepas donde los genes TYE7, RAS2 y PSEI son eliminados. Esto nos
permitira determinar si la interaccion entre estas proteinas y Cox2W>®R se origina
por un segundo factor o por cambios en su expresion desde el nucleo celular antes

de su importacion.

Explorar, mediante ensayos de co-inmunoprecipitacion, en qué medida los
componentes del complejo IV y otras proteinas mitocondriales ademas de Cox2, se

ven afectadas en mitocondrias aisladas de células wt y deficientes de Cox20.

Examinar si la fusiéon covalente de Mgr2 a la subunidad Timl7, durante la
importacion de proteinas de membrana con uno y varios TMS, influye en la

eficiencia del proceso de liberacion lateral dentro de la MIM.

Investigar los efectos de la delecion y sobreexpresion del gen PAMI8 en nuestra
cepa de expresion alotopica COX2"?9R para corroborar si la presencia de las
proteinas Mgr2 y Paml8 en el complejo de translocacion TIM23 es en efecto

mutuamente excluyente.
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Allotopic expression is the functional transfer of an organellar gene to the nucleus, followed by synthesis of the
gene product in the cytosol and import into the appropriate organellar sub compartment. Here, we focus on
mitochondrial genes encoding OXPHOS subunits that were naturally transferred to the nucleus, and critically
review experimental evidence that claim their allotopic expression. We emphasize aspects that may have been
overlooked before, i.e., when modifying a mitochondrial gene for allotopic expression=besides adapting the
codon usage and including sequences encoding mitochondrial targeting signals—three additional constraints
should be considered: (i) the average apparent free energy of membrane insertion (MAGgpp) of the trans-
membrane stretches (TMS) in proteins earmarked for the inner mitochondrial membrane, (i) the final, functional
topology attained by each membrane-bound OXPHOS subunit; and (iii) the defined mechanism by which the
protein translocator TIM23 sorts cytosol-synthesized precursors. The mechanistic constraints imposed by TIM23
dictate the operation of two pathways through which alpha-helices in TMS are sorted, that eventually determine
the final topology of membrane proteins. We used the biological hydrophobicity scale to assign an average
apparent free energy of membrane insertion (WAGgpp) and a “traffic light” color code to all TMS of OXPHOS
membrane proteins, thereby predicting which are more likely to be internalized into mitochondria if allotopically
produced. We propose that the design of proteins for allotopic expression must make allowance for pAGap,
maximization of highly hydrophobic TMS in polypeptides whose corresponding genes have not been transferred
to the nucleus in some organisms.

1. Endosymbiotic origin of mitochondria and natural transfer of
mitochondrial genes to the nucleus

Mitochondria perform oxidative phosphorylation (OXPHOS), a
fundamental energy-conversion process (Green and Tzagoloff, 1966;
Mitchell, 1961). These organelles arose from the endosymbiosis between
an ancestor of an alpha proteobacterium (Andersson et al., 1998; Martin
and Miiller, 1998; Roger et al., 2017; Martijn et al., 2018) and an
ancestor of an archaeon related to extant members of the phylum
Lokiarchaeota (Zaremba-Niedzwiedzka et al., 2017). After establishing
this association, a massive transfer of genetic material from the endo-
symbiont to the archaeal host occurred (Lynch 1997; Gray, 1989; Gray
et al., 1998). Once a protein-encoding gene from the endosymbiont (or
protomitochondrion) relocalizes to the nucleus, there is evolutionary

pressure for the relocated gene to become functional (Adams and
Palmer, 2003), i.e., the transferred gene requires changes in its genetic
code and/or codon usage, the acquisition of transcriptional and trans-
lational regulatory sequences, and the addition of nucleotide sequences
encoding mitochondrial targeting sequences (MTS) which will enable
the corresponding protein products to localize to the mitochondria. As a
result, contemporary mitochondrial genomes are reduced and encode
between 10- and 100-times fewer genes than most alpha proteobacterial
genomes (Adams and Palmer, 2003), e.g., the human mitochondrial
genome (mtDNA) encodes only 2 rRNAs, 22 tRNAs, and 13 proteins
required for OXPHOS (Attardi, and Schatz, 1988; Roger et al., 2017).
Despite the ongoing transfer of mitochondrial genes to the nuclear
genome, some genes never become activated, and remain as pseudo-
genes, the so called nuclear-mitochondrial DNA segments (NUMTs)
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(Wallace et al., 1997; Bensasson et al., 2001; Woischnik and Moraes,
2002; Ricchetti et al., 2004; Calabrese et al., 2017; Lutz-Bonengel et al.,
2021). A recent study shows that over 99 % of 66,083 whole-genome
sequences in the human population carry at least one NUMT, and that
most of these NUMTs have been inserted after humans diverged from
apes (Wei et al. 2022).

Mitochondrial gene transfer to the nucleus has played a central role
in the evolution of the organelle (Henze and Martin, 2001). If the relo-
cation of mtDNA to the nuclear genome results in the successful acti-
vation of all genes, then it is expected that all coding sequences could be
eventually lost from the mitochondrion (Berg and Kurland, 2000).
However, mitochondria from virtually all oxygen-respiring eukaryotes
possess a mitochondrial genome, except for the parasitic dinoflagellate
Amoebophrya ceratii (John et al., 2019). In this text, we focus on human
mtDNA-encoded genes and their protein products, although we also
include seminal discoveries on allotopic expression made using budding
yeast as a model system. However, the fundamental differences between
mammalian and yeast mtDNA must be considered when describing ex-
amples of allotopic expression. Mammalian mtDNA is a small, circular
molecule of ~16 kb encoding intron-less genes. The mtDNA of the yeast
Saccharomyces cerevisiae is larger (~86 kb) and encodes genes inter-
spersed by introns. In contrast to mammalian mtDNA, yeast mtDNA is
subject to homologous recombination if it is biparentally inherited after
mating (Birky, 2001). Notably, there is no evidence for the functional
transfer of mitochondrial tRNA or mitoribosomal RNAs encoding genes
to the nucleus (Adams and Palmer, 2003; Telonis et al., 2015). Mito-
chondria can use nuclear-encoded tRNA genes whose gene products are
imported into the mitochondria but there is no support for a mito-
chondrial ancestry for these genes (Salinas-Giegé et al., 2015).

Here, we review examples of natural and artificial gene transfer of
mitochondrial genes to the nucleus. We formulate the main constraints
to be considered in the design of constructs for allotopic expression and
examine previous reports using this experimental approach.

2. Biogenesis of mtDNA-encoded OXPHOS subunits and
topological arrangement in the membrane

OXPHOS results from the concerted activity of five oligomeric

Mitochondrion 73 (2023) 30-50

protein complexes (I to V) embedded in the inner mitochondrial mem-
brane (IMM) (Saraste, 1999; Papa et al., 2012; Vercellino and Sazanov,
2022). Electron transport through complexes I, III, and IV is tightly
linked to protons being vectorially translocated from the matrix into the
intermembrane space (IMS), generating an electrochemical potential
ApH + across the IMM that is harnessed by complex V to generate ATP
(Mitchell, 1961). High-resolution 3D structural models of human
OXPHOS complexes are now accessible: the membrane-bound region of
complex I, the whole complexes III and IV (Guo et al., 2017; Zong et al.,
2018), and the complete complex V (Lai et al., 2023). Furthermore,
many 3D structures of other mammalian OXPHOS complexes are also
available (Iwata et al., 1998; Inaoka et al.,2015; Fiedorczuk et al., 2016;
Letts et al., 2016; Gu et al., 2019; Pinke et al., 2020; Spikes et al., 2021).
Thus, we now know the exact number and folding architecture of the
transmembrane segments (TMS) of all OXPHOS subunits. Based on the
experimentally deduced topological arrangement, the human mtDNA
encoded subunits can be classified in four groups based on the exposi-
tion of its N or C-terminus to the IMS (out) or to the matrix (in): Noyut-
Cout> Nin-Cin, Nout-Cin and Niy-Cour (Fig. 1).

The mitochondrial proteome is a mosaic of components with two
different genetic origins, with most proteins encoded by nuclear genes
(1136 in humans according to Mitocarta 3.0) (Rath et al., 2021), and a
small portion by mtDNA (~1.1 %). In general, mitochondrial genomes
encode ribosomal RNAs, transfer RNAs, and a subset of proteins required
for OXPHOS (Attardi, and Schatz, 1988; Roger et al., 2017). In mam-
mals, 13 out of the 89 genes encoding OXPHOS proteins reside in the
mtDNA: nd1, nd2, nd3, nd4, nd4L, nd5, nd6 (for complex 1), cox1, cox2,
cox3 (for complex IV), cytb or cob (for complex III), atp6, and atp8 (for
complex V) (Anderson et al, 1981; Boore and Fuerstenberg, 1999).
Complex Il is typically composed only of nuclear DNA-encoded subunits,
with some exceptions in land plants (Roger et al., 2017; Huang et al.,
2019). Although outnumbered, mtDNA-encoded proteins reside at the
core of their respective OXPHOS complexes and are highly hydrophobic,
membrane-embedded polypeptides (von Heijne, 1986; Popot and de
Vitry,1990, Johnston and Williams, 2016). In this review, we will focus
on the human genes mentioned above and their protein products,
although the gene atp9, which is encoded in the mitochondrial genome
of yeast, is briefly discussed.

N
Nip-Coyt topology N,,-C,, topology Nd3§c Nd4L Nd6
N N
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Vs, ,jfij/} '
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Fig. 1. The 13 human mtDNA encoded OXPHOS proteins can be classified in four different topologies.
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Newly made mitochondrial polypeptides cotranslationally insert into
the IMM (Dennerlein et al., 2021; Kummer and Ban, 2021), acquire
prosthetic groups, and integrate into their OXPHOS complex with the
aid of assembly factors (Singh et al., 2020). MtDNA-encoded subunits
are synthesized by membrane-tethered mitochondrial ribosomes
(mitoribosomes) and then co-translationally integrated into the IMM by
Oxal (OxalL in mammals) (Bonnefoy et al., 1994; Rehling et al., 2003,
Szyrach et al., 2003; Preuss et al., 2005; Ott and Herrmann, 2010; Itoh
et al. 2021), an insertase belonging to a family of evolutionarily
conserved membrane-embedded translocases found in bacteria and in
other organelles such as the endoplasmic reticulum (ER) (McDowell
et al., 2021; Giingor et al., 2022) and the chloroplasts (Wang and Dal-
bey, 2011). Oxal interacts with the N-termini of nascent polypeptides,
looped segments of neighboring TMS (hairpins), and C-terminal seg-
ments of polytopic proteins (Hell et al., 2001; Szyrach et al., 2003).
Human mitoribosomes are anchored to the IMM through the interaction
of OxalL and mL45 (Mbal in yeast), a mitoribosome subunit (Ott et al.,
2006). OxalL also inserts proteins harboring multiple TMS, which are
thought to be integrated into the membrane through hairpins (Engelman
and Steitz, 1981; Herrmann et al., 1997; Herrmann and Neupert, 2003)
i.e., two antiparallel, hydrophobic alpha-helices linked by a central turn.
Except for Nad3 and Nad4L, all OXPHOS subunits follow a different
insertion pathway into the IMM. Although details remain to be explored
for each protein, we depict how the human mtDNA-encoded OXPHOS
subunits may be cotranslationally inserted into the IMM, giving a
representative for each of the four topological arrangements described
in Fig. 1 (Suppl Figs. S1-S4).

3. Mitochondrial protein import of inner membrane proteins
through TIM23

Mitochondria specialized their translocase machinery throughout
evolution to allow the import of cytosol-synthesized proteins. The
endosymbiont that gave rise to mitochondria probably contained core
import components such as the PAM motor complex and the TOM, SAM,
and OXA1 translocases at the plasma membrane, although their function
was probably involved in exporting proteins (Hewitt et al., 2011; Liu
et al., 2011). In addition, primitive forms of the TOM and TIM com-
plexes, capable of importing presequence containing proteins, were
most probably present in the last common ancestor of eukaryotes
(Fukasawa et al., 2017).

A comprehensive description of all the import pathways of proteins
targeted to mitochondrial sub-compartments and the evolution of the
mitochondrial import machinery may be found in recent reviews
(Pfanner et al., 2019; Grevel et al., 2020; Dimogkioka et al. 2021; Ruiz-
Pesini et al., 2021; Schneider 2022). Most proteins imported into
mitochondria contain an N-terminal cleavable peptide, known as
mitochondrial targeting sequence (MTS), which guides them through
the outer and inner membranes, and into the mitochondrial matrix.
Although MTS do not have defined sequence motifs, they display some
general features: they span 15-50 amino acids, tend to form positively
charged, amphiphilic alpha-helices, and are rich in alanine, leucine,
serine, glycine, and arginine residues, with few if any acidic residues
(von Heijne et al., 1989; Chacinska et al., 2009).

MTS-containing precursors in transit to mitochondria are kept in an
import-competent form by cytosolic chaperones (e.g., HSP70) and are
recognized and translocated by the translocase of the outer mitochon-
drial membrane (TOM complex, Hartl et al., 1989; Dimogkioka et al.
2021), while others are cotranslationally imported into mitochondria
(Williams et al., 2014). These precursors then cross the inner membrane
through the translocase complex of the inner mitochondrial membrane,
TIM23 (Callegari et al., 2020).

Proteins targeted to the IMM that lack a cleavable MTS, like the
family of carriers containing six TMS, use specialized translocation
machinery known as TIM22, the carrier translocase (Sirrenberg et al.,
1996; Neupert, 2015; Wiedemann & Pfanner, 2017; Hansen &
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Herrmann, 2019; Horten et al., 2020). Aided by the membrane poten-
tial, this complex distinctively inserts multispanning, inner-membrane
proteins that exhibit internal targeting signals (Rehling et al., 2004;
Chacinska et al., 2009). TIM22 has a narrow, well-defined substrate
repertoire (Chacinska et al., 2009): the members of the mitochondrial
carrier’s family with 6 TMS; the translocase components Tim23, Tim17,
and Tim22 that share the same No-Coyt topology; sideroflexins; and the
Mpc2 and Mpc3 pyruvate carriers (Gomkale et al., 2020; Rampelt et al.,
2020). Thus, there seems to be a clear-cut separation of protein sub-
strates entering through TIM22 or TIM23: while TIM22 inserts hairpins
of a specific group of membrane proteins in an IMS-matrix direction,
TIM23 sorts MTS containing precursors (Fig. 2). Since protein import
through TIM22 is not relevant to the discussion that follows, we only
describe here the details of TIM23 function.

4. Mechanisms of protein sorting by TIM23 - Translocation vs.
Lateral release

TIM23 exhibits the dual ability to sort TMS using either the “con-
servative-sorting” or the “stop-transfer” pathway (Mahlke et al., 1990;
Bohnert et al. 2010) (Fig. 2). In the latter, the TMS containing a “stop-
transfer” signal within their sequence stops their translocation, arrested
by a TIM23 conformational state known as TIM235°RT, which releases
them laterally into the lipid phase of the IMM (Chacinska et al., 2005;
van der Laan et al., 2006; 2007). In the “conservative sorting” pathway,
alpha helices are fully translocated through TIM23, linked to the motor
ATP-dependent presequence translocase-associated protein import
motor (PAM), in a conformational state known as TIM23MOTOR | Thys,
alpha-helices get delivered into the matrix where their MTS is cleaved
(by the matrix processing peptidase, MPP). If required, in a subsequent
step, TMS may be inserted into the IMM by OxalL from the matrix side
of the membrane (Omura, 1998; van der Laan et al., 2006; Mossmann
et al., 2012).

Although it is not completely clear how the TIM23 complex alter-
nates between its two distinct conformational states, incoming TMS
containing stop-transfer signals will be integrated into the IMM (Glick
et al., 1992). Hydrophobicity and the location of polar and aromatic
residues are strong determinants of the fore-mentioned membrane
insertion pathway. Alpha helices with low hydrophobicity and carrying
one or more prolines, are prone to be fully translocated by TIM23MOTOR,
In contrast, TMS exhibiting high average hydrophobicity, low or null
proline content, and having positively charged residues (Arg, Lys)
flanking the alpha-helix (mainly on the matrix side), tend to be arrested
and released laterally by TIM235CORT (Meier et al., 2005; Botelho et al.,
2011; Osterberg et al., 2011; Lee et al., 2020). In yeast, Tim23 interacts
with the Mgr2 subunit (ROMO1 in humans), which functions as a lateral
gatekeeper providing quality control while binding the Tim21 subunit
forming all together the TIM23%°RT arrangement (Gebert et al., 2012;
Matta et al., 2020; Richter et al. 2019; Needs et al., 2021). Since Mgr2
monitors the hydrophobicity of transiting alpha-helices, mgr2-null yeast
strains display increased lateral release of proteins by TIM235°RT to the
IMM (leva et al., 2014). Conservative sorting and stop-transfer are not
mutually exclusive pathways, they represent mechanisms that may
cooperate in the membrane integration of a protein (Bohnert et al.,
2010). Although structurally different, TIM235°RT and TIM23MOTOR are
in dynamic exchange during precursor translocation and sorting (Cha-
cinska et al., 2010).

Pioneer work revealed that TIM23 behaves as a voltage-gated
channel with an estimated diameter of 13 A (Schwartz and Matou-
schek 1999; Truscott et al. 2001). An NMR-derived structure revealed
dimeric Tim23 forms a pore with a width of ~12 A at its narrowest, and
~22 A at its widest (Zhou et al., 2020). More recently, a cryo-EM
structure at 2.9 A resolution of the yeast core TIM23 complex (formed
by subunits Tim17, Tim23 and Tim44) shows that Tim23 and Tim17 do
not form a water-filled channel (Sim et al., 2023). Instead, these two
subunits interact back-to-back, and exhibit separate, membrane-exposed



F. Nieto-Panqueva et al.

translocation of TMS
(TIM23MOTOR)

IMS

NI
el

= e

@WWWMM

Mitochondrion 73 (2023) 30-50

lateral release of TMS
(TIM2350RT)

successive hairpin insertion and lateral release

Fig. 2. Protein import mechanisms of the IMM translocators TIM23 and TIM22. For simplicity, the Outer Mitochondrial Membrane is not depicted. Top: TIM23
(pink) exhibits the dual ability to distribute proteins into two different pathways. When following the “conservative sorting” pathway, alpha-helices of relatively low
hydrophobicity (white) are translocated by the TIM23M°TOR into the matrix. By contrast, when following the “stop-transfer” pathway, highly hydrophobic alpha-
helices (red) usually lacking prolines and flanked by positively charged amino acids in their matrix-exposed end, are arrested by TIM235°*" and released later-
ally into the IMM. Bottom: the TIM22 complex (green) inserts successively hairpins composed of a pair of TMS into the IMM. Although not exclusively, TIM22 is the
main import system for carrier proteins containing six TMS. The mitochondrial inner membrane is represented in light blue. IMS: intermembrane space; Mtx: matrix.
N and C termini of protein substrates are indicated, and the blue rectangle indicates the mitochondrial targeting sequence that is cleaved by the matrix peptidase

(top panel).

concave cavities that are facing away from each other. Crosslinking
experiments suggest that Tim23 probably plays a structural role, while
protein translocation occurs through the Tim17 cavity, which appears to
be in close contact with the Mgr2 subunit. A cryo-EM structure of
another TIM23 subcomplex (formed by subunits Tim17, Tim23 and
Mgr2) revealed how Tim23 and Mgr2 shield the polypeptide substrates
from the lipid environment (Zhou et al., 2023). Furthermore, both
recent 3D structures suggest that the cavity formed by Tim17 is highly
conserved, exhibiting a patch of negatively charged residues at the
entrance (close to the IMS) and a 10-15 A long hydrophobic patch in the
middle of the translocation pathway (Sim et al., 2023; Zhou et al., 2023).
Altogether this novel structural data, along with previous biochemical
results (Rehling et al., 2004), strongly indicate that TIM23 handles the
translocation of a single TM at a given time.

5. Mitochondrial diseases and their therapeutics

Mitochondrial diseases are prevalent genetic disorders characterized
by defects in OXPHOS (La Morgia et al., 2020; Gorman et al., 2016).
These diseases can result from mutations in either the nuclear or mito-
chondrial genomes, with mtDNA mutations accounting for approxi-
mately 75 % of the cases in adults and 25 % in children. The nuclear
DNA mutations that cause mitochondrial dysfunction (Gorman et al.,
2016) are not addressed here. Most patients with mitochondrial diseases
harbor heteroplasmic mtDNA mutations, where both mutant and wild
type mtDNA versions coexist. The disease phenotype is manifested when
the ratio of mutant versus wild type mtDNA copies exceed a certain
threshold that depends on the type of mutation, the tissue, and the pa-
tient (Russell et al., 2020). Over 300 pathogenic mtDNA mutations have
been reported in the well-curated MITOMAP database (https://www.

mitomap.org).
Mitochondrial diseases exhibit heterogeneous clinical symptoms and
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tissue-specificity but typically affect multiple organ systems. The link
between a mitochondrial mutation and its pathophysiology is not well
understood. Tissues with high energy demands, such as nerves and
muscles, are often the most affected. Clinical syndromes range from the
muscle disorder Progressive External Ophthalmoplegia (PEO) to multi-
systemic syndromes such as Myoclonus Epilepsy with Ragged-Red Fibers
(MERRF) and Mitochondrial Myopathy, Encephalopathy, Lactic
Acidosis, and Stroke-like episodes (MELAS). Leber Hereditary Optic
Neuropathy (LHON) is a maternally inherited mitochondrial disorder
that affects retinal ganglion cells, causing visual impairment and po-
tential blindness (Carelli et al., 2004). Over the 19 mtDNA mutations
associated with LHON, the three most prevalent (G3460A in Nd1,
G11778A in Nd4 and T14484C in Nd6) affect subunits of complex I
(Wallace et al., 1988; Howell et al., 1991; Jun et al., 1994).

MtDNA mutations fall into three categories: mutations in protein-
encoding genes, mutations in structural RNAs (tRNAs and rRNAs), and
large-scale mtDNA rearrangements (deletions or duplications). Here, we
focus on the 13 genes encoding OXPHOS proteins for which mutations
result in severe mitochondrial diseases that currently lack effective
treatments. While direct manipulation of human mtDNA is still in
development, other strategies for mitochondrial disease therapies have
been put forward (DiMauro et al., 2006; Wallace, 2018; Russell et al.,
2020; Ng et al., 2021), including mitochondrial delivery of nucleic acids,
manipulation of mtDNA heteroplasmy, direct mtDNA editing, and
allotopic expression (Di Donfrancesco et al., 2022).

Mitochondrial delivery of nucleic acids involves the use of an ade-
noassociated virus capsid VP2 fused to an MTS (Yu et al., 2012) or the
generation of mitochondrial-targeted transcripts produced in the cytosol
and competent in protein translation inside the mitochondrial matrix
(Wang et al., 2015). This approach was successfully tested in Drosophila
melanogaster with the Atp6 subunit encoding transcript (Markantone
et al.,, 2018). Future approaches involve silencing of mitochondrial
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translation by importing precursor-morpholino hybrids that could target
individual mRNAs at the mitochondrial matrix (Cruz-Zaragoza et al.,
2021). Another strategy for manipulating mtDNA heteroplasmy involves
the targeted elimination of mutated mtDNA copies using nucleases
(Srivastava and Moraes 2001; Bacman and Moraes, 2007; Alexeyev
et al., 2008; Xu et al., 2008; Bacman et al., 2013; Gammage et al., 2014;
Hashimoto et al, 2015; Bacman et al., 2018; Barrera-Paez and Moraes,
2022). CRISPR-based methods have been used to edit mtDNA (Hussain
et al., 2021), although they remain to be substantiated by other studies
(Gammage et al., 2018). In addition, advances have been achieved with
CRISPR-free mitochondrial base editing of cytosines (Mok et al., 2020;
Chen et al., 2022; Nakazato et al., 2022), although this alternative
approach also induces undesirable editions in the nuclear genome (Lei
et al., 2022). Even though all these approaches show promise, they are
still in early stages of development and have not reached mainstream
use in gene therapies. Here, we concentrate on allotopic expression, i.e.,
overcoming mutations in mtDNA-encoded proteins by introducing a
wild-type copy of the affected gene in the nucleus and targeting the
corresponding cytosol-synthesized protein to mitochondria, thus
replacing the defective mitochondrial counterpart (de Grey, 2000; Zullo,
2001; Gonzalez-Halphen et al., 2004; DiMauro et al., 2006; Kyriakouli
et al., 2008).

6. Allotopic expression

Allotopic expression is a strategy to reroute the biogenesis and
intracellular transport of a protein (Nagley and Devenish,1989), thus
involving the functional activation of an organellar gene in the nucleus
(de Grey, 2000). Allotopic expression as therapeutics is intended to
overcome mutations in mtDNA-encoded proteins, by placing a modified
wild-type copy of the affected gene in the nucleus. If successful, the
corresponding protein product can reach the mitochondrion, thereby
replacing its dysfunctional counterpart. To achieve this, changes in
codon usage must be considered. While the UGA codon is interpreted as
tryptophan in mitochondria, it is a termination codon in the nucleus
(Macino et al., 1979). Likewise, the AUA codon directs the incorporation
of methionine in mitochondria but isoleucine in the nucleus (Takemoto
et al., 2009). Prior pioneering research on allotopic expression was
carried out in baker’s yeast using mitochondrial genes encoding soluble
proteins. The first example involved a nuclear version of a cytochrome b
gene intron encoding the soluble mitochondrial bI4 maturase, which
was able to restore respiratory competence to a strain defective in the
mtDNA-encoded version of the maturase protein (Banroques et al.,
1986; 1987). A similar approach was used in yeast for the soluble Varl
protein, a subunit of the mitoribosome encoded in a mitochondrial gene
(Sanchirico et al. 1995). In the plant Nicotiana sylvestris, another suc-
cessful allotopic production of a soluble protein was achieved by tar-
geting the cytosol-synthesized subunit Nd7 (subunit 7 of complex I) to
its mitochondrion. Such expression restored complex I biosynthesis in
plants lacking a functional mitochondrial nd7 gene (Pineau et al., 2005).
Allotopic expression of genes encoding soluble proteins can be consid-
ered trivial, since it is usually achieved after codon optimization and the
addition of a sequence encoding an adequate MTS. Undeniably, attempts
to direct cytosol-synthesized membrane-bound proteins to mitochondria
represents a more significant challenge. A successful allotopic expres-
sion requires that the cytosol-synthesized membrane protein gets
internalized into mitochondria, inserted in the IMM in its correct to-
pology, and functionally assembled within its corresponding OXPHOS
complex. Before describing the specific strategies to achieve allotopic
expression in different experimental systems, we discuss examples of
mitochondrial genes, encoding membrane proteins, which have been
transferred to the nucleus in nature.

7. Examples of mitochondrial gene transfer to the nucleus

Several hypotheses on why mitochondria have retained a genome
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have been formulated (Daley and Whelan, 2005; Wang, 2012; Allen,
2015). One pioneering hypothesis suggested that, since the protein
export machinery of the ER was already in existence when mitochondria
appeared, only those genes whose protein products were not highly
hydrophobic could have been successfully transferred to the nucleus
(von Heijne, 1986). Indeed, hydrophobic stretches, especially those
located at the N-terminus of proteins, act as export signals because they
are recognized by the Signal Recognition Particle (SRP) and target the
protein to the ER (Bjorkholm et al., 2015). As demonstrated by selective
ribosome profiling experiments carried out in Escherichia coli, SRP
sometimes fails to bind the first TMS and binds instead a TMS located
more closely to the C-terminus of the nascent protein. When this hap-
pens, the second TMS tends to exhibit a higher hydrophobicity (i.e., a
more negative Gibbs free energy difference of membrane insertion
AGgpp) (Schibich et al., 2016). So even when the N-terminal TMS is
skipped, there will be another one recognized by SRP more internally,
and at the end SRP will triage the protein to the ER. Experimental
support for the hypothesis that cytosol-synthesized mitochondrial pro-
teins may be mis-targeted to the ER via the SRP was provided with the
finding that synthesis of all 13 human mitochondrial-encoded OXPHOS
subunits with strong mitochondrial-targeting sequences in the cytosol of
human cells, resulted in their transport to the ER, except for Atp8
(Bjorkholm et al., 2015). Thus, the hydrophobicity of the TMS in the
mitochondrial proteins was hypothesized to be a critical limiting factor.
In general, mitochondrial proteins whose genes have been relocated to
the nucleus exhibit a diminished average hydrophobicity relative to
their mtDNA-encoded counterparts (Funes et al., 2002a). A diminished
hydrophobicity of proteins synthesized in the cytosol and destined to
mitochondria may be a key feature to avoid misrouting to the ER and
enable the internalization in the mitochondria (Claros et al., 1995; Daley
et al., 2002a,2002b; Gonzalez-Halphen et al., 2004; Cardol et al., 2006).
In some organisms, mitochondrial genes encoding membrane pro-
teins have been transferred to the nucleus. For example, the genes atp6,
cox2, cox3, nd3, and nd4L, are absent in the mtDNA of Chlamydomonas
reinhardtii and related algae (Vahrenholz et al., 1993; Denovan-Wright
et al., 1998; Fan and Lee, 2002), and have been functionally relocated
to the nucleus. Their corresponding protein products are synthesized by
cytosolic ribosomes, post-translationally or co-translationally imported
into mitochondria, and functionally assembled into the appropriate
OXPHOS complex (Pérez-Martinez et al., 2000; Pérez-Martinez et al.,
2001; Funes et al., 2002a). Through evolutionary time the transferred
genes have undergone extensive sequence modification to become
functional, including mutagenesis, capture of introns, promoters, 5" and
3' UTRs, and nucleotide sequences encoding MTS. Addition of MTS may
occur by duplication of already existing targeting sequences in instances
where functional transfer has already taken place (Kadowaki et al.,
1996). In certain lineages the acquired MTS are atypically long, ranging
from 100 to 140 residues (Pérez-Martinez et al., 2002; Gonzalez-Hal-
phen et al., 2004). These long MTS could either promote the binding of
precursors to the mitochondrial import machinery or facilitate protein
unfolding to enhance its importability (Claros and Vincens, 1996; Claros
et al., 1995). When the import rates of artificial precursors containing
MTS of varying lengths were measured, it was found that the unfolding
of a precursor at the mitochondrial surface is accelerated if the MTS is
long enough to span both the OMM and the IMM, enabling the MTS to
interact with mtHsp70 in the mitochondrial matrix (Matouschek et al.,
1997). Moreover, the synergy between two distinct alpha-helices in a
long MTS may stimulate the internalization of some precursors, as
demonstrated for the mammalian glutamate dehydrogenase (Kalef-Ezra
etal., 2016). In the sections below, we describe examples of natural gene
transfer of genes encoding OXPHOS subunits in different organisms.

7.1. The atp6 gene

A gene that is mtDNA-localized in almost all eukaryotic taxa is atp6,
which encodes subunit 6 of FiF,-ATP synthase (Atp6 or subunit a).
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Prominent exceptions are found in the malarial parasite Plasmodium and
the ciliates Tetrahymena and Paramecium, where the ATP6 gene is
localized in the nucleus (Feagin et al., 1992; Pritchard et al., 1990).

The chlorophycean green alga Chlamydomonas reinhardtii also has a
nucleus encoded ATP6 gene (Funes et al., 2002a). The Atp6 precursor
with a large MTS of 107 amino acids is synthesized in the cytosol. The
algal Atp6 subunit differs from its bovine homolog in that it lacks the
first TMS, as observed when comparing the 3D structures of both pro-
teins (Spikes et al., 2021; Murphy et al., 2019) (Suppl Fig. 5). In mam-
mals, Atp6 is mitochondria-synthesized and has five TMS, the first of
which is proposed to be cotranslationally inserted into the IMM, fol-
lowed by the subsequent insertion of two hairpins (Suppl Fig. 1), a
process most probably mediated by the Oxal insertase. In contrast,
during the biogenesis of a cytosol synthesized, algal Atp6 subunit, it is
proposed that four TMS are fully translocated into the matrix using
TIM23MOTOR Once inside, they are embedded in the IMM as two hair-
pins via an Oxal-dependent process (Suppl Fig. 6). It is assumed that the
lack of TMS1 in the algal cytosol synthesized Atp6 subunit may facilitate
its import into mitochondria.

Subunit a (ATP6) is also encoded in the nuclear genome of the api-
complexan parasite Toxoplasma gondii (Miihleip et al., 2021). In most
eukaryotes, Atp6 typically exhibits a structure with six helices. How-
ever, in the case of T. gondii, this subunit is distinct, since it lacks helices
1-4 (aH1-4), as revealed by its 3D structure (Suppl Fig 5). Only the
helices aH5 and aH6 were found to interact with the c-ring (an oligomer
of Atp9 subunits), which serves as one of the rotary components in all
ATP synthases. The absence of helices 1-4 appears to be compensated by
the independent subunits ATPTG16 and ATPG17. Consequently,
T. gondii Atp6 exhibits a simplified structure with only two TMS. This
structural divergence may explain why the cytosol synthesized Atp6
subunit of this parasite can be imported into the mitochondria. Split
ATP6 subunits have been also identified in Trypanosoma brucei and in
other members of the Euglenozoa lineage (Wong et al., 2023).

7.2. The atp8 gene

The atp8 gene usually resides in the mtDNA, although some excep-
tions have been reported. The absence of atp8 is common in rotifers,
commonly called wheel animals (Nie et al., 2016). Although the atp8
gene was originally thought to be absent in some bivalve species, this
may not be the case (Breton et al., 2010). In addition, atp8 seems to be
absent from the mtDNA of the chlorarachniophyte alga Lotharella oce-
anica as well, albeit not detected in the nuclear genome either (Tanifuji
et al., 2016). In parasitic red algae, the atp8 gene has either become a
pseudogene or disappeared completely from the mtDNA (Hancock et al.,
2010). In general, atp8 may be absent from the mitochondrial genomes
because it has migrated to the nucleus or because its encoded protein is
no longer a constituent of mitochondrial ATP synthase (i.e., the enzymes
from chlorophycean algae typically lack the Atp8 subunit). Neverthe-
less, to the best of our knowledge, no atp8 gene that was functionally
transferred to the nucleus has been reported.

7.3. The cox1 gene

The cox1 gene seems to be invariably located in the mtDNA. How-
ever, in some organisms, a small fragment of the gene has been trans-
ferred to the nucleus. In the amoeboid Acanthamoeba castellanii and
some other protists, a small, hydrophilic C-terminal portion of Cox1 of
only 36 residues, lacking a TMS, has been found to be encoded in the
nucleus. The mtDNA-encoded hydrophobic Cox1 large fragment
retaining 12 TMS, lacks this C-terminus, but is still encoded in mtDNA
(Gawryluk and Gray, 2010). Thus, at some point in evolution, the protist
mitochondrial cox1 gene was fragmented, with the nucleotide sequence
encoding the C-terminus of Cox1 functionally integrated into the nuclear
genome. This example shows that hydrophobicity limits the transfer of
mitochondrial genes to the nucleus, as only the gene encoding the
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hydrophilic part of Cox1 was successfully relocated.
7.4. The cox2 gene

The Cox2 subunit is usually synthesized in the mitochondrial matrix,
(Suppl Fig 2) and embedded in the IMM by the concerted action of the
Oxal insertase (He and Fox, 1997) and the peripheral IMM protein Mss2
(Broadley et al., 2001). In some species, the cox2 gene has been trans-
ferred to the nucleus, either as a full-length gene (as in leguminous
plants) or as a split gene (COX2A and COX2B in green algae and api-
complexan parasites) (Nugent and Palmer, 1991; Covello et al., 1992;
Adams et al., 1999; Pérez-Martinez et al., 2001; Gardner et al., 2002;
Funes et al., 2002b). Legumes provide an illustrative example that gene
transfer from mitochondria to the nucleus is still occurring. While many
species in this clade contain orthodox, mitochondrial cox2 genes, others
show nucleus-localized cox2 genes, and yet others possess both the
mitochondrial and the nuclear versions of the gene (Adams et al., 1999).
While in certain instances only one of the versions is active, in others
both the nuclear and mitochondrial copies are expressed, strongly sug-
gesting that transfer of mitochondrial genes to the nucleus is an ongoing
evolutionary process.

In several chlorophycean algae, the mitochondrial cox2 gene un-
derwent a fragmentation event, giving rise to the COX2A and COX2B
genes (encoding the hydrophobic domain of Cox2 with its two TMS, and
the hydrophilic domain that binds the binuclear copper center, respec-
tively). In some of these green algae, like Scenedesmus obliquus, the cox2a
gene was retained in the mtDNA, while the COX2B migrated to the
nucleus. In other algal species, like C. reinhardtii, Volvox carteri, and
Polytomella parva, both genes were relocated to the nucleus and inte-
grated into different chromosomes (Pérez-Martinez et al., 2001). A
similar split in COX2A and COX2B genes has also been described in
apicomplexan parasites (Funes et al., 2002a), and the genes were found
to be present in the nuclear genome. All examples of natural, cytosol
synthesized Cox2 subunits, i.e., in legumes, chlorophycean algae, and
apicomplexan parasites, exhibit low hydrophobicity in their TMS1 and a
slightly increased hydrophobicity in their TMS2. Thus, it is suggested
that TIM23 may allow the transit of TMS1 toward the matrix (through
the conservative sorting pathway) while retaining TMS2 and subse-
quently releasing it laterally into the IMM (through the stop-transfer
pathway) (Daley et al. 2002a; Jiménez-Suarez et al. 2012; Rubalcava-
Gracia et al., 2018). The proposed mechanism is the only one that
provides a suitable explanation as to why the cytosol-synthesized Cox2
acquires the same final topology as its mitochondria-synthesized coun-
terpart, with both its N- and C-termini exposed to the IMS (Fig. 1 and
Suppl Fig. S2).

7.5. The cox3 gene

In several chlorophycean species, closely related to the green alga
Chlamydomonas, the cox3 gene is absent from the mtDNA (Vahrenholz
etal., 1993; Denovan-Wright et al., 1998; Fan and Lee, 2002) and resides
in the nucleus instead (Pérez-Martinez et al., 2000, 2001, 2002; Wata-
nabe and Ohama, 2001; Merchant et al., 2007; Prochnik et al., 2010).
Therefore, the algal Cox3 subunit is synthesized in the cytosol as a
precursor containing an unusually large MTS of 98 residues that directs
it to mitochondria, where it gets internalized, and functionally assem-
bled into cytochrome c¢ oxidase. The mature Cox3 subunit, lacking its
MTS, is present in the isolated complex IV of the chlorophycean alga
Polytomella sp. (Pérez-Martinez et al., 2000). Since Cox3 is a component
of the catalytic core of cytochrome oxidase, the knock-down of the nu-
clear COX3 gene leads to loss of complex IV assembly, as demonstrated
in C. reinhardtii (Remacle et al., 2010). In vitro experiments have shown
that the Cox3 precursor is also readily internalized in isolated Poly-
tomella mitochondria and assembled into cytochrome c oxidase
(Vazquez-Acevedo et al., 2014). In ciliates, for a long time it was
considered that their mtDNA did not contain a cox3 gene, but upon re-
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examination it was found that the gene was present but fused to a cox1
gene that has undergone many variations in its sequence (Degli Esposti
et al, 2014).

7.6. The nd3 and nd4L genes

The ND3 and ND4L genes are localized in the nucleus in Chlamydo-
monas and other closely related chlorophycean algae. The Nd3 and Nd4L
subunits, exhibiting three TMS each, are synthesized in the cytosol as
precursors containing MTS of 160 and 130 residues respectively. Both
polypeptides show lower hydrophobicity compared to their
mitochondrion-encoded counterparts found in other organisms (Cardol
et al., 2006). These subunits are eventually processed by the MPP in the
mitochondrial matrix, giving rise to the mature subunits that will ulti-
mately integrate into complex L.

7.7. The nd4, nd5 and nd6 genes

To the best of our knowledge, no report of nucleus encoded Nd4,
Nd5, and Nd6 exists. This is scarcely surprising, considering the number
of TMS in these subunits and their overall high hydrophobicity.

8. Which cytosol synthesized OXPHOS proteins may integrate
and reach their correct topology in the IMM? The pAG,p;, of each
TMS may be the limiting factor

To date, all designs of OXPHOS subunits allotopically produced for
import into mitochondria include adding an MTS, since these engi-
neered precursors are expected to be sorted by the TIM23 translocon. As
discussed above, a large core of data suggests that TIM23 manages a
single alpha-helix at a time, which can either be fully translocated into
the matrix or arrested and then released laterally into the IMM. Thus, the
average hydrophobicity must be a key parameter that determines
through which pathway (conservative or stop-transfer) TIM23 directs a
given alpha-helix in an imported protein substrate. To quantify how the
hydrophobicity of each alpha-helix governs the insertion of membrane
proteins by TIM23, Botelho et al., (2011) took advantage of the nucleus-
encoded yeast Mgm1, a membrane protein with two TMS (TMS1 and
TMS2) that exhibits an alternative topogenesis and produces two iso-
forms (large and small). Upon import of the Mgm1 precursor into the
mitochondria, TIM23 may laterally release TMS1 into the IMM, giving
rise to the large isoform of Mgml which remains membrane bound.
Alternatively, TMS1 is translocated into the matrix and TMS2 is laterally
released into the IMM, where it will be proteolytically processed, giving
rise to the small isoform of Mgm1, which will remain as a soluble protein
in the IMS (Herlan et al., 2003). For a given population of cytosol syn-
thesized Mgm1 precursors, a mixture of membrane-anchored and solu-
ble isoforms will be formed, where nearly 30-40 % will represent the
large isoform of Mgml (Botelho et al., 2013). Both isoforms can be
resolved according to their different apparent molecular masses in
denaturing electrophoresis (SDS-PAGE). By replacing the single TMS of
Mgml with sequences of varying hydrophobicity, followed by
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quantification of the ratios of the two Mgm1 isoforms, an apparent free
energy of membrane insertion AG;(pp was estimated for each of the 20
amino acids. Thus, for yeast mitochondria, a “biological scale” was
constructed, providing AG;(pp values for each residue, ranging from
—0.20 (leucine, highly hydrophobic) to +3.01 kcal/mol (arginine,
highly hydrophilic). Making use of this tool, the average apparent free
energy of membrane insertion pAG,pp can be estimated for any TMS
based on its amino acid composition and used as a prediction for TIM23-
dependent translocation into the matrix or arrest and lateral release into
the IMM.

Tablel lists the calculated pAG,p, values for the TMS of three pro-
teins that are known to be in this threshold scenario: the TMS1 of the
yeast Mgm1 protein (Botelho et al., 2013); the TMS1 of the yeast Cox2
subunit (Supekova et al., 2010); and the TMS1 of soybean Cox2 subunit
(Daley et al., 2002a). Based on Table 1, we can predict that TMS with
HAG,pp values below 0.54 kcal/mol will probably be arrested and
released laterally by TIM23, those with pAG,p, values above 0.62 kcal/
mol will probably be translocated, and those with pAG,,, values be-
tween 0.54 and 0.62 kcal/mol are in a threshold zone and can be either
translocated or arrested like the TMS1 in Mgm1l. For simplicity, we
developed a “traffic-light” color code for each TMS, intended to graph-
ically illustrate which one may be fully transferred (green light), which
ones will be presumably arrested and released laterally (red light), and
the ones which are in the threshold zone (yellow-light) (Fig. 3). It must
be underscored that besides this “traffic-light” color, the choice of
pathway through which each alpha-helix in the TMS will be directed
does not depend exclusively on its hydrophobicity, but also on other
determinants such as its proline content and the presence/absence of
charged residues flanking the TMS. Here, we used the biological scale to
estimate the HAG,pp values of all TMS present in the 13 mitochondria
encoded OXPHOS proteins (Suppl Table S1) and of all the naturally
nucleus encoded, membrane-embedded subunits of complexes I, III, IV
and V (Suppl Table S2). All 13 mitochondria encoded OXPHOS proteins
were found to contain from 1 to 15 “red light” TMS in their sequence
(Fig. 4). This result indicates that if allotopically produced, the transfer
into the matrix through TIM23 will be hampered and ultimately impede
that the proteins reach their final, functional topology. In sharp contrast,
the 34 naturally occurring, nucleus-encoded, membrane-embedded
subunits of OXPHOS complexes exhibit mainly “green light” TMS, and
few of them “red” or “yellow light” (Suppl Table S2). Altogether, the
data suggest that the TMS of the nucleus encoded subunits are on
average less hydrophobic than the TMS of their mitochondria encoded
counterparts (Fig. 3). Although the traffic-light color is a good predictor
of the feasibility of TIM23 to sort a given TMS, it reveals some outliers.
Of the six nucleus-encoded proteins exhibiting TMS with “red lights”,
four consist either of a sole TMS or harbor the TMS exhibiting high
hydrophobicity as the last one. Conceivably, such TMS would not pose
challenge for their insertion into the membrane. The two remaining
proteins, have two predicted arrested TMS indicating that our prediction
is not absolute. Alternatively, it is possible that these proteins rely on
specialized factors that could facilitate their insertion. As illustrated in
Fig. 5, the pAGypp of each TMS must be considered when designing a

HAGgpp values for TMS that are in the threshold of being either translocated by TIM23 or arrested and released laterally.

SOURCE PROTEIN SEQUENCE OF TMS1 AG,p, (keal/mol) TRAFFIC LIGHT
YEAST nu Mgm1 (CAA99426.1) IISKIIRLPIYVGGGMAAAGSYIAYKM 0.61 TRANSLOCATED
40 %

YEAST mt Cox2 GILELHDNIMFYLLVILGLVSWMLYTIVMTYS 0.51 ARRESTED
(NP_009326.1)

YEAST Allotopic Cox2 (W56R mutant) GILELHDNIMFYLLVILGLVSRMLYTIVMTYS 0.57 TRANSLOCATED

SOYBEAN mt Cox2 MMQGIIDLHHDIFFFLILILVFVSWILVRALWHF 0.53 ARRESTED
(NP_001276209.2)

SOYBEAN nu Cox2 IMQGIIDLHHDIFFFVIQIGVFVSWVLLRALWHF 0.63 TRANSLOCATED
(YP_007516925.1)

SOYBEAN Allotopic Cox2 (1169Q/L171G mutant) MMQGIIDLHHDIFFFLIQIGVFVSWILVRALWHF 0.62 TRANSLOCATED
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Fig. 3. BAGgp, values for TMS of membrane embedded OXPHOS proteins. The nAGgp, values of various TMS were calculated using the biological scale (Botelho
et al., 2011). Boxplots on the left show pAG,,, values for all the TMS of OXPHOS subunits listed on Suppl Table 1 (mitochondria-encoded) and Suppl Table 2
(nucleus-encoded). TMS from mitochondrial encoded subunits exhibit pAG,p, values between 0.14 and 0.80 kcal/mol, with a mean value of 0.44, a median of 0.43
and a mode of 0.31 kcal/mol. In contrast, the TMS from nucleus encoded OXPHOS components tend to be less hydrophobic, exhibiting nAG,p, values between 0.36
and 1.2 kcal/mol, with a mean of 0.70, a median of 0.68 and a mode of 0.55 kcal/mol. Shown on the right is an expanded view of the same biological scale. The upper
limit with an pAG,p,, value of 3.01 kcal/mol, corresponds to a highly hydrophilic stretch of arginines, whereas the lower limit with an pAGgp, value of —0.20 kcal/
mol would represent a highly hydrophobic stretch of leucines. Based on their calculated pAGgp, values, TMS were assigned a “traffic light” color: red, for highly
hydrophobic (HAG,p, values below 0.54 kcal/mol), yellow for moderately hydrophobic (RAG,p, values between 0.54 and 0.62 kcal/mol) and green for marginally
hydrophobic or highly hydrophilic (pAG,p, values above 0.62 kcal/mol). Arrows indicate pAGyp, values for the single TMS of Mgm1, TMS1 of the wild-type yeast
Cox2 subunit, TMS1 of the yeast Cox2"V°°R subunit variant, TMS1 of the wild-type soybean Cox2 subunits (mitochondria and nucleus encoded) and TMS1 of the
soybean Cox2Q169/C171L gyuhunit variant. Boxplots were built using the R graphics package (version 4.1.0, Vienna, Austria) (R Core Team, 2021).

protein precursor that will be allotopically synthesized. successfully target, import, and restore OXPHOS activity by any gene
Our rationale here assumes that the biological scale of Botelho, expressed allotopically (Gearing and Nagley, 1986; Manfredi et al.,
experimentally determined for yeast mitochondria, also applies to 2002; Bonnet et al., 2007; Ojaimi et al., 2002). The choice of an
mitochondria from other eukaryotes (note for example, that the tAG,p, adequate MTS sequence is relatively simple, i.e., the fusion of the MTS of
values for TMS1 of the wild-type and mutant yeast Cox2 are very similar either the beta subunit of ATP synthase (Atp2), the iron-sulfur Rieske
to the ones of soybean Cox2, as shown in Table 1). Our demonstration protein (ISP) of complex III, or subunit IV of cytochrome ¢ oxidase
that mimicking the naturally occurring mutations that lower the hy- (Cox4) were sufficient to provide access to the allotopically produced
drophobicity of soybean Cox2 in its yeast counterpart allows the allo- bacteriorhodopsin of the archaeon Halobacterium salinarum into the
topic expression of Cox2, suggest that tAG,p, extends to mitochondria in mitochondria of the yeast Schizosaccharomyces pombe (Hoffmann et al.,
other organisms (Rubalcava-Gracia et al. 2019). However, this case may 1994). In other cases, MTS duplication may increase import efficiency
not be generalized, and further experimentation is required considering (Galanis et al.,1991; Chin et al., 2018). The addition of untranslated
the variation from organism to organism. For example, the yeast m-AAA regions, e.g., a 3-UTR sequence, has been considered as a parameter to
protease, that is known to dislocate substrate proteins from the IMM enhance allotopic expression (Kaltimbacher et al. 2006). However, an
(Korbel et al., 2004), can modulate the threshold hydrophobicity of a unbiased screening comparing a wide variety of 3-UTR sequences has
given hydrophobic segment being translocated through TIM23. Thus, shown that their role is not as critical as that of the MTS (Chin et al.,
the pulling force exerted by the m-AAA protease during protein 2018).
biogenesis may determine whether a hydrophobic segment will form a Here, we underscore the concept that the key constraint for the
TMS in the IMM or not (Botelho et al., 2013). allotopic expression of a given mitochondrial gene is the hydrophobicity
of its encoded protein precursor. There is a large body of evidence
9. Allotopic expression of human OXPHOS related genes suggesting that the high hydrophobic nature of the proteins whose final
destination is the IMM hinders the functional, nuclear relocalization of
Allotopic expression is considered as one of the promising strategies their cognate mitochondrial genes, either by natural gene transfer or by

to develop gene therapies for diseases linked to mtDNA mutations in experimental design (Popot & de Vitry 1990; Claros et al. 1995; Claros &
protein-encoding genes (Zullo, 2001; Gonzalez-Halphen et al., 2004; Vincens 1996; Adams & Palmer 2003; Ojaimi et al. 2002; Daley et al.,
DiMauro et al., 2006; Kyriakouli et al., 2008; Scarpelli et al., 2010; 2002; Oca-Cossio et al. 2003; Gonzalez-Halphen et al. 2004; Figueroa-
Cwerman-Thibault et al., 2010; Tischner and Wenz 2015). To date, all Martinez et al. 2011; Neupert 2015; Bjorkholm et al. 2015; Johnston &

reports of allotopic expression in human cells share two minimal re- Williams 2016). As shown in some instances, increasing the pAGgp,
quirements: i) the recoding of mitochondrial genes to mirror the genetic (which indicates a decrease of the hydrophobicity) of certain TMS may
code and the codon bias of nuclear genes (Lewis et al., 2020) and ii) the facilitate the import of proteins into mitochondria (Claros et al., 1995;
addition of a nucleotide sequence encoding an MTS, usually from a Gonzalez-Halphen et al., 2004). Indeed, changing one or two residues in
precursor protein already known to be targeted to mitochondria (Artika, the Cox2 protein was shown to be sufficient to allow its in vivo import in
2019). In principle, these two modifications should suffice to yeast (Supekova et al., 2010) or its in vitro import into isolated soybean
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Fig. 4. “Traffic light” color code for all the TMS of the 13 mitochondria encoded OXPHOS subunits. (A) Topological arrangement of the mitochondria-encoded
subunits corresponding to complexes III, IV and V, and the “traffic-light” color code assigned to each TMS. (B) Topological arrangement of the mitochondria-
encoded subunits of complex I with TMS colored accordingly. Red TMS are predicted to be arrested and released into the IMM by TIM23%°RT, The HAGgpp values
used to assign the “traffic-light” colors (Fig. 3) were taken from Table S1. The mitochondrial inner membrane is represented as a light blue rectangle. IMS: inter-
membrane space; Mtx: matrix. N and C termini of each represented protein are indicated.

mitochondria (Daley et al., 2002a). Reports of allotopic expression of
genes encoding OXPHOS components have been listed in a recent
comprehensive review (Saravanan et al., 2022) and are critically dis-
cussed here.

9.1. The atp6 gene

More than 12 pathogenic mutations identified in the atp6 gene have
been implicated in several mitochondrial diseases, including LHON,
Neuropathy, Ataxia, and Retinitis Pigmentosa (NARP), Parkinson’s
disease, multiple sclerosis (MS), and systemic lupus erythematosus (SLE)
(Ganetzky et al, 2019). Moreover, the protein product of atp6 is part of
the proton channel of complex V and is thus essential for ATP synthesis.
Hence, several efforts have been directed to accomplish the allotopic
expression of this gene (Kucharczyk et al., 2019). However, the highly
hydrophobic nature of Atp6 makes its allotopic production challenging.
The proposed mechanism for the internalization into mitochondria of a
cytosol synthesized Atp6 subunit (Noy-Cip) implies the complete trans-
location of five TMS (Fig. 4) followed by the insertion of two hairpins
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and an additional TMS into the IMM, probably mediated by the Oxal
insertase (Suppl Fig. 7).

Allotopic expression of the atp6 gene in human cells was described in
several reports (Manfredi et al., 2002; Zullo et al., 2005; Kaltimbacher
et al., 2006; Bonnet et al., 2007). The atp6 gene was re-designed for
nuclear expression, and several MTS were tested, such as the one from
Cox8, a nucleus-encoded subunit of complex IV, or from the P1 isoform
of subunit ¢ of ATP synthase (Manfredi et al., 2002; Oca-Cossio et al.,
2003). In other constructs, the MTS of superoxide dismutase 2 (SOD2)
was used, along with the addition of the 3-UTR from the same gene
inserted at the end of the transcriptional unit (Kaltimbacher et al., 2006;
Bonnet et al., 2007). In these reports, the presence of the Atp6 subunit
inside mitochondria was detected by immunofluorescence or immuno-
detection of a FLAG epitope engineered in the allotopic construct.
However, no direct evidence for the allotopically produced subunit
assembling into complex V was provided.

Restoration of ATPase activity was reported in cells transformed with
the atp6 gene from human and from the green alga C. reinhardtii (Ojaimi
et al., 2002) using transiently transfected HEK293T cells, and JCP213 or
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Fig. 5. When things go wrong with allotopic expression and protein import. (A) Diagram representing the import by TIM23 of a cytosol-synthesized membrane
protein containing three TMS (that could correspond to Nd3 or Nd4L subunits). For the allotopic protein to adopt a topology identical to the one reached by its
mitochondria encoded counterpart, the three TMS must be initially fully translocated into the matrix. If the first (B), second (C) or third TMS (D) is highly hy-
drophobic (red), TIM23 will laterally release the corresponding alpha-helix into the IMM, and the protein will acquire an anomalous topology. Proteins with an
improper folding in the bilayer are recognized by mitochondrial proteases and degraded. The higher the number of red traffic light TMS in a protein, the greater the
probability that it will be folded into an inappropriate conformation. The mitochondrial inner membrane is represented as a light blue rectangle. IMS: intermembrane

space; Mtx: matrix. N and C termini of each represented protein are indicated.

JCP216 cybrids for stable transfection. The Atp6 subunits were immu-
nodetected as part of a high molecular weight species that was inter-
preted to be complex V following blue native electrophoresis (BN-
PAGE). However, independent experiments by other investigators car-
ried out with the same human and C. reinhardtii atp6 constructs, showed
that both subunits failed to integrate into ATP synthase, and aggregated
instead into a high molecular weight species (Bokori-Brown and Holt,
2006). Also, in this report, human and algal constructs were optimized
for import into mitochondria of human cell lines (i.e., HEK293T for
transient transfection, and JCP2116 cybrid and human osteosarcoma
cell line 143B for stable transfection) using the human and the algal MTS
of the beta subunit from ATP synthase.

In an independent approach, the human atp6 gene was engineered as
a chimeric human-C. reinhardtii construct including the algal MTS and
several amino acid substitutions in the TMS to mimic the algal sequence.
This chimeric construct was expressed in homoplasmic human mutant
cells carrying the T8993G mutation in the mitochondrial atp6 gene
(Figueroa-Martinez et al., 2011). Although the Atp6 subunit chimera
was successfully internalized into mitochondria as judged by
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fluorescence microscopy, the construct failed to increase ATP synthesis.

Zullo et al. (2005) reported that the Atp6 subunit from Chinese
Hamster Ovary (CHO) cells could be imported in vitro into isolated yeast
mitochondria. The construct used in this work was modified to enable
the usage of the nuclear genetic code and included a sequence coding the
MTS of ornithine transcarbamylase, which was known to direct the
import of dihydrofolate reductase (Horwich et al.,1985). A mature form
of Atp6 was assumed to be internalized into mitochondria because it
exhibited resistance to protease treatments. Nonetheless, these authors
did not provide evidence that mitochondrial import was dependent on
the electrochemical gradient, i.e., that it could be suppressed by un-
couplers or OXPHOS inhibitors; and proof that the allotopic Atp6 was
incorporated into Complex V was not given.

The pathogenic human T8993G mutation in atp6 (NARP mutation)
was used as a case study with transgenic mice (Dunn and Pinkert, 2012;
Dunn and Pinkert, 2021). Two constructs were designed, one carrying
the human EFla promoter plus sequences encoding the MTS of human
Cox8 followed by either the human wild-type atp6 gene or the one
carrying the T8993G mutation, plus a region encoding a C-terminal myc
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epitope tag. Transgenic mice expressing either construct were subjected
to several neuromuscular and motor tests that yielded mixed results.
Mutant mice exhibited motor deficiencies like those observed in NARP
patients in some tests, but enhanced performance in others. Biochemical
assays to assess the restoration of OXPHOS included quantification of
serum lactate concentrations, mitochondrial Manganese superoxide
dismutase (MnSOD) levels, ATP synthesis rate, and oxygen uptake rates.
Mice from both transgenic lines did not differ substantially from non-
transgenic controls, except for lower lactate concentrations in the
mice expressing wild-type human atp6. Although the presence of the
allotopic proteins in mitochondria was assayed by immunostaining
striatum sections with gold particles, the delivery of proteins to mito-
chondria was not quantified, and no evidence was provided that the
labeled, allotopically produced Atp6 subunits were assembled into the
ATP synthase complex. In these systems, the mitochondrial Atp6 subunit
is still efficiently synthesized inside mitochondria, competing against
incoming allotopic proteins from the cytosol.

An automated, quantitative, and unbiased screening platform was set
up to evaluate protein localization and mitochondrial morphology. This
approach entailed generating 124 plasmids with different combinations
of 31 MTS and 15 3-UTRs that were assayed for their ability to localize
OXPHOS subunits Atp6, Atp8, Cox2, Cox3, Nd1, Nd3, Nd4 and Nd6 to
the mitochondrion (Chin et al., 2018). While the different 3-UTR se-
quences did not significantly alter the localization of these proteins,
distinct MTS exhibited a superior capability to direct these proteins into
mitochondria. In particular, the MTS of maize 4-hydroxybenzoate pol-
yprenyltransferase (encoded by the LOC100282174 gene), either by it-
self or combined in tandem with another MTS, yielded the highest
localization for the allotopically expressed proteins. Chemically modi-
fied mRNAs with enhanced stability encoding an optimized allotopic
expression construct for atp6 carrying the MTS of LOC100282174 could
functionally rescue a cell line harboring the T8993G point mutation in
the mitochondrial atp6 gene. Although no biochemical evidence
showing the presence of the allotopic Atp6 subunit in ATP synthase was
provided, expression of the construct in transiently transfected HeLa
cells restored respiratory function and ATP synthase functionality. The
report by Chin et al. highlights the importance of MTS selection in
designing constructs for the allotopic expression of OXPHOS-related
genes.

9.2. The atp8 gene

The mitochondrial atp8 gene encodes subunit Atp8 (also known as
subunit A6L in the bovine enzyme), a small hydrophobic polypeptide of
48 amino acids with a single TMS (Fig. 4) that is an essential component
of the Fy sector of the mitochondrial F1Fy-ATP synthase (Hong and
Pedersen, 2004). The group of Philip Nagley in Australia led pioneering
efforts in the field achieving the allotopic expression of the yeast atp8
gene, after optimizing its codon usage for nuclear expression. These
experiments made use of two different MTS-encoding sequences, one
from the fungus Neurospora crassa Atp9 subunit (NcAtp9) and the other
from the yeast Cox6 subunit. Whereas the MTS of NcAtp9 (66 residues)
promoted the import of Atp8, the MTS of subunit Cox6 did not (Gearing
and Nagley, 1986). Furthermore, when the MTS of the NcAtp9 subunit
was duplicated in tandem, the import efficiency of the yeast Atp8 sub-
unit was notably increased (Galanis et al., 1991). The successful import
into mitochondria of the Atp8 subunit was corroborated by direct
sequencing of radiolabeled methionine residues in the imported protein.
In another study, the role of the three positively charged residues at the
C-terminus of Atp8 was explored using a series of truncated variants, in
which the most distal K47 residue was found to be dispensable for Atp8
importability (Nero et al., 1990). This time, the structural and functional
assembly of Atp8 and its truncated K47 variant into complex V was
demonstrated by its ability to restore respiratory growth to an atp8-null
yeast strains and by the immunochemical detection of the produced
proteins (Grasso et al, 1991; Nagley et al., 1988; Law et al. 1990).
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Moreover, expression of the atp8 gene in the nucleus of yeast atp8 null
mutants restored respiration to levels like that of the wild-type strain
(Roucou et al., 1999). Altogether, these results show the successful
allotopic expression of the yeast atp8 gene.

The human mitochondrial atp8 gene was optimized for nuclear
codon usage and expressed allotopically in human cells (Oca-Cossio
et al., 2003). For this purpose, a recombinant sequence harboring the
Atp8 subunit encoding sequence appended with the sequences corre-
sponding to the MTS of Cox8 and a hemagglutinin (HA) C-terminal tag
was designed. Although the incorporation of Atp8 into mitochondrial
ATP synthase was not examined, the subunit was successfully targeted to
mitochondria after transfection of the COS and HeLa cells with the
engineered construct, as evidenced by the colocalization of Mitotracker
fluorescence and the HA tag detected via immunofluorescence.

In a separate report, all 13 human mitochondrial OXPHOS proteins
with sequences carrying the strong MTS of Cox8 were synthesized in the
cytosol of human HelLa cells when produced from recoded gene con-
structs. A FLAG tag sequence at the 3-terminal end of each gene
construct was introduced to enable localization of the synthesized pro-
teins by immunofluorescence confocal microscopy (Bjorkholm et al.,
2017). Only Atp8 was successfully internalized into mitochondria, while
the other 12 OXPHOS proteins were all found in the ER, indicating that
subcellular protein mistargeting was the reason for lack of functional
allotopic expression.

Furthermore, the mouse Atp8 recoded and bearing the MTS of the
mouse ATP6G1 subunit and a Myc-FLAG epitope at the C-terminus was
produced. A doxycycline dependent induction system was used in C57/
BL6(™TVE) mouse fibroblast cybrids bearing the G7778T mutation in the
mitochondrial atp8 gene. BN-PAGE showed that the allotopically-
expressed Atp8 subunit integrated into Complex V and increased the
viability of the cybrids (Lewis et al., 2020).

Boominathan et al. (2016) used an homoplasmic cell line harboring
the G8529A mutation in the overlap region of the atp8 and atp6 genes.
This mutation causes premature truncation of the Atp8 subunit but also
reduced levels of Atp6 and yields complex V deficiency. Mutant cells
were transfected with constructs enabling the synthesis of either Atp8 or
Atp6 subunits carrying the MTS of human ATP6G1 fused to a FLAG-tag
at their C-termini. Transfections were also carried out with a modified
construct containing both genes (atp8 and atp6) in tandem. While the
allotopic expression of either the atp6 or the atp8 gene had negligible
effects, the simultaneous expression of both genes partially recovered
complex V assembly and around 55 % of its enzymatic activity.

Overall, there is a large body of experimental evidence indicating
that Atp8 subunit has been allotopically expressed successfully in
various systems. Since the Atp8 subunit has a single TMS (Nout-Cin)
(Fig. 1), the proposed mechanism for the internalization into mito-
chondria is relatively simple, involving the complete translocation of
this TMS into the matrix followed by its insertion into the IMM, allowing
the protein to expose its N-terminus to the IMS.

9.3. The cox1 gene

Although the cox1 gene, which encodes subunit I of cytochrome ¢
oxidase (with 12 TMS) is invariably found in mtDNA, several claims of
successful allotopic production have been made. The bovine cox1 gene
was modified to encode Cox1 carrying the MTS of the nucleus-encoded
subunit Cox4 and an hexahistidine (6xHis) tag at the C-terminus. The
genes encoding wild type and variant versions (D51N) of Cox1 were
cloned in a mammalian expression vector under the control of the
human cytomegalovirus promoter, which was then used to transfect
HeLa cells to obtain stable transfectants. The presence of the Cox1l
subunit in complex IV was demonstrated by immunodetection, asserting
that both wild-type and mutant subunits formed hybrid enzymes along
with the other 12 human subunits of cytochrome ¢ oxidase in the
transfected HeLa cells (Tsukihara et al., 2003; Shimokata et al., 2007). It
is unlikely that the hydrophobicity barrier was overcome by the
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allotopically produced Cox1 subunit (Nj,-Ci,) (Fig. 1) in these experi-
ments, since the mechanism by which this cytosol synthesized subunit is
imported into mitochondria must involve the entire translocation of
twelve TMS by TIM23 followed by the insertion of six hairpins by Oxal
(Suppl Fig. 8). Allotopic expression would probably require reducing the
hydrophobicity of at least eight “red light” TMS (Fig. 4). Finally, as part
of another approach, the human cox1 gene, including both the wild-type
and the mutant version W494R responsible for a mitochondrial disease,
were allotopically expressed in HEK293T cells. Even though the allo-
topically produced wild-type and variant Cox1 subunits were reported
to be located to mitochondria, the allotopically produced proteins
appeared to aggregate, and no evidence for their functional integration
into complex IV was obtained (Singh et al., 2019).

9.4. The cox2 gene

As discussed above (see section 7.4), the cox2 gene has been natu-
rally transferred to the nucleus in several legumes, i.e., soybean contains
both mitochondria-encoded and nucleus-encoded versions of the Cox2
subunit. In soybean, the nucleus encoded Cox2 precursor exhibits a long
MTS of 136 residues, which is required for internalizing the protein into
mitochondria. Comparison of the sequences of mitochondria and nu-
cleus encoded Cox2 sequences unveiled significant differences in resi-
dues present in the first TMS of the protein. With an MTS and two-point
mutations (L169Q and L171G) that together lower the hydrophobicity of
the first TMS, the mitochondrial version of the Cox2 protein could be
imported into isolated soybean mitochondria (Daley et al., 2002a). This
result was a proof-of-concept that hydrophobicity of TMS1 is a key
parameter for the allotopic expression of mitochondrial OXPHOS sub-
units. This is further substantiated by the fact that allotopically pro-
duced Cox2 subunit successfully complemented a respiration deficient
yeast cox2-null mutant when tryptophan was replaced with arginine at
position 56 in the first TMS of the protein (Supekova et al., 2010). The
W56R mutation was isolated following PCR-prone mutagenesis of a
recoded cox2 gene encoding an MTS from either Atp9 or Oxal and
shown to restore respiratory growth of a cox2-null strain. Also, the
W56R mutation increases the pAG,pp of the first TMS of COX2W56R,
thereby allowing its import into mitochondria and its assembly into
complex IV (Fig. 3). Subsequent experiments have shown that other
variants of the Cox2 yeast subunit like Cox2"V>®* and Cox2"5¢? are also
imported into mitochondria, albeit less efficiently than Cox2"°6R
(Rubalcava-Gracia et al., 2018). It is assumed that the higher pAG,p;, of
COX2W5R TMS1 enables its transfer into the mitochondrial matrix by
the TIM23 translocon, while COx2W56R TMS2, exhibiting a lower
HAGgpp, will be retained by TIM23 and released laterally into the IMM
(Qualmann et al., 2003; Rubalcava-Gracia et al., 2018) (Suppl Fig. 9).
Complementing the Acox2 mutant with a cytosol synthesized Cox2">°R
(Nout-Cout) only yields partial recovery of the respiratory proficiency
(Supekova et al., 2010). This partial complementation could be due to
the lower activity of cytochrome c oxidase carrying the W56R mutation
or reduced steady-state accumulation levels of this enzyme. The specific
enzymatic activity of the purified complex IV from both the wild-type
strain and the Cox2W°®® mutant was almost equivalent, suggesting
that the W56R mutation does not affect the intrinsic complex IV activity.
However, in-gel activity and spectroscopic quantification revealed that
only 40-60 % of cytochrome c¢ oxidase accumulates in the strain pro-
ducing the Cox2"®%® protein (Cruz-Torres et al., 2012). This suggests
that the W56R mutation affects complex IV biogenesis, leading to lower
steady state levels of the enzyme.

In yeast, defects in mitochondrial Cox2 synthesis impact Cox1 syn-
thesis (Naithani et al., 2003; Barrientos et al., 2004; Pérez-Martinez
etal., 2009; Garcia-Villegas et al., 2017), but the allotopically expressed
Cox2WSeR precursor subunit can restore the mitochondrial synthesis of
Coxl in a Acox2 mutant to wild-type levels. In addition, a strain syn-
thesizing Cox2"°® from a mitochondrial cox2W56R gene which fol-
lowed a canonical biogenesis of subunit Cox2, exhibited normal levels of
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functional cytochrome c oxidase (Rubalcava-Gracia et al., 2018). This
suggests that the W56R substitution does not affect complex IV activity.
Instead, the import of the Cox2"°°R precursor through TIM23 could be
the limiting step of complex IV biogenesis. Furthermore, when both the
cytosolic Cox2W>R and the mitochondrial Cox2 were co-expressed, each
protein assembled into complex IV independently from its genetic
origin, resulting in a mixed population of this complex, most of which
contained the mitochondria-synthesized version (Rubalcava-Gracia
et al., 2018).

9.5. The cox3 gene

The human cox3 gene was re-designed to facilitate the mitochondrial
import of its gene product by emulating the structural properties of the
corresponding nucleus-encoded algal proteins from C. reinhardtii. The
algal MTS from Cox3 was used, including multiple algal-like amino acid
substitutions to reduce TMS hydrophobicity. The resulting human-algal
chimeric cox3 gene was expressed in a CHO cell line carrying an
homoplasmic 15 bp deletion in the mitochondrial gene (Figueroa-Mar-
tinez et al., 2011). The chimeric Cox3 protein re-designed for nuclear
expression was targeted to the mitochondria but failed to integrate into
complex IV. To our knowledge, no further attempts to achieve allotopic
expression of the cox3 gene have been described. The predicted insert
pathway of an allotopic Cox3 subunit (Nijy-Cout)(Fig. 1) requires the full
translocation of six TMS (Fig. 4) by TIM23 (three of which are “red
light”) followed by the lateral release of TMS7 into the IMM and inser-
tion of three hairpins into the IMM.

9.6. The cytb gene

Cytochrome b of complex III, a subunit with six TMS (Fig. 4), is
invariably encoded in the mitochondrial genome. Several attempts to
engineer the cytb gene for allotopic expression have been documented.
In a pioneering study, hybrid proteins containing different combinations
of the cytochrome b transmembrane domains fused to both the MTS of
the N. crassa Atp9 subunit at the N-terminus and a cytoplasmic version
of the bl4 RNA maturase at the C-terminus were produced. The bI4 RNA
maturase was used as a reporter to assess the efficiency of mitochondrial
import of the different combination of TMS. All TMS from Cytb, either
alone or in combination, were found to be internalized into mitochon-
dria, but no more than four TMS could be imported at once (Claros et al.,
1995), an indication that overall hydrophobicity was a constraint. It was
proposed that the entire protein hydrophobicity and the local TMS hy-
drophobicity were the limiting factors for Cytb import into mitochondria
(Lewis et al., 2020).

In other experiments, different MTS (from the Cox8 subunit, P1
isoform of subunit ¢ of ATP synthase, and Nicotinamide Nucleotide
Transhydrogenase) were attached to the full-length cytochrome b pre-
cursor to target the protein to the mitochondria. The resulting allo-
topically synthesized cytochromes b were found to aggregate in fiber-
like structures in the periphery of mitochondria, indicating that hydro-
phobicity was a physical impediment for internalization into the
organelle (Oca-Cossio et al., 2003). The case of cytochrome b illustrates
the difficulties in achieving the correct import and functional integra-
tion of a highly hydrophobic membrane protein into its appropriate
mitochondrial complex. Indeed, the proposed theoretical mechanism for
the import of a cytosol synthesized Cytb subunit (Nj,-Ci,) (Fig. 1) in-
volves the complete translocation of its eight TMS (Fig. 4) into the
mitochondrial matrix by TIM23, seven of which are “red-light”, fol-
lowed by the insertion of four hairpins by Oxal.

9.7. The nd1 gene
The human nd1 gene, encoding subunit Nd1 of complex I (8 TMS),

was claimed to be allotopically produced (Bonnet et al., 2008). A
construct containing the ndI gene with an appended sequence encoding
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the MTS from Cox10 protein was used to stably transfect cultured skin
fibroblasts from LHON patients (carrying the mutation G3460A). The
transfected fibroblasts were restored for growth on galactose, complex I
activity, and the rate of ATP synthesis.

A similar construct with additional 3-UTR from the COX10 gene was
used to transform 43B osteosarcoma-derived cybrids harboring a mostly
homoplasmic mutation in the ndl gene. Immunoblotting analysis
revealed the presence of the Nd1 subunit in transfected cells that also
exhibited partial recovery of bioenergetic competence (Calabrese et al.,
2013; lommarini et al., 2018). Nonetheless, since only 8 % of the ATP
synthesis was recovered, this suggests that only a small proportion of the
imported subunit reaches its final compartment or is functionally
incorporated into complex I.

In a recent study the nd1 gene was engineered for codon optimization
to obtain a robust and efficient expression (Lewis et al., 2020). A
homoplasmic cybrid cell line containing the mutation m.3571insC
which is an insertion of an additional cytosine resulting in a premature
stop codon, truncation of the Nd1 subunit, and failure of complex I to
assemble, was used as recipient cell line. This recipient cell-line was
used for the allotopic production of a FLAG-tagged human ND1 protein
fused to the MTS of human ATP5G1 subunit. Allotopically produced Nd1
was immunodetected using anti-FLAG antibodies in a high molecular
weight complex following BN-PAGE. However, the integration effi-
ciency of the allotopic Nd1 subunit was suboptimal and insufficient to
restore complex I activity to wild-type levels.

The proposed mechanism for a cytosol-synthesized Nd1 subunit
(Nout-Cout) (Fig. 1) implies translocation of the protein first TMS fol-
lowed by its insertion into the IMM, such that the N-terminus is exposed
to the IMS. After that, full translocation of the seven remaining TMS
through TIM23 must occur. Finally, three hairpins will be inserted into
the IMM, followed by the insertion of TMS8 (Suppl Fig. 10).

9.8. The nd2 gene

Despite the lack of reports describing the allotopic expression of the
nd2 gene, the proposed mechanism for the Nd2 subunit (Nj;-Coyt, 11
TMS, Fig. 4) internalization involves the full translocation of ten TMS
(six “red-light”, Fig. 4) and the lateral release of TMS11 into the IMM,
followed by the insertion of five hairpins.

9.9. The nd3 and nd4L genes

Although no claims for the allotopic expression of the nd3 and nd4L
genes have been put forth, the theoretical insertion pathway of Nad3
and Nad4L (Noy-Cin, each one carrying three “red-light” TMS, Fig. 4)
involves the full translocation of the three TMS, followed by the inser-
tion of TMS1 and 1 hairpin into the IMM.

9.10. The nd4 gene

The nd4 gene encoding the membrane-bound subunit Nd4 of com-
plex I has been the subject of efforts to achieve its allotopic expression,
mostly because a point mutation in the nd4 gene (G11778A) is respon-
sible for about 70 % of LHON cases (Manickam et al., 2017).

Pioneering attempts involved expressing constructs encoding the
Nd4 subunit fused to the MTS of the Cox8 subunit and tagged either with
a HA or a green fluorescent protein (GFP) in COS-7 or HelLa cells. As a
result, the Nd4 protein (14 TMS) aggregated, forming fiber-like struc-
tures around mitochondria. Similar results were reported when C-ter-
minal truncated forms of the Nd4 subunit (with only 6 or 8 TMS) were
allotopically produced (Oca-Cossio et al., 2003). In contrast, successful
allotopic expression in human cells has been reported for the nd4 gene
(Bonnet et al., 2007; Bonnet et al., 2008; Guy et al., 2002; Ellouze et al.,
2008). In a set of experiments, the recoded nd4 gene attached to a
sequence encoding the MTS of the P1 isoform of subunit ¢ of human ATP
synthase (Atp9) and a sequence encoding a short FLAG epitope tag for
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import detection was used. Complementation of G11778A cybrids with
this construct showed a threefold increase in ATP synthesis (Guy et al.,
2002). In other independent constructs, the MTS from either mito-
chondrial SOD2 or COX10 were added to the Nd4 subunit. Immunode-
tection of the FLAG epitope confirmed the presence of the Nd4 subunit
inside mitochondria, but no direct evidence for the allotopically pro-
duced subunit assembling into complex I was provided (Bonnet et al.,
2007). Also, a human variant Nd4 subunit was expressed allotopically in
a murine model. Constructs encoding a synthetic wildtype human Nd4
subunit and a variant Nd4 subunit corresponding to the LHON R340H
mutation, carrying the MTS of the Atp9 subunit, were delivered to the
mouse visual system. The effects of the variant Nd4 subunit on the optic
nerve were assessed by electron microscopy, magnetic resonance im-
aging, and immunohistochemistry. While the variant Nd4 subunit dis-
rupted mitochondrial architecture and elevated reactive oxygen species,
severely affecting the retina ganglion cells, the wild-type Nd4 subunit
had no apparent deleterious effects (Qi et al., 2007). Subsequent works
used the nuclear-encoded human Nd4 subunit fused to the P1 isoform of
subunit ¢ (Atp9) of ATP synthase MTS and FLAG epitope with a self-
complementary adeno-associated virus to induce an efficient synthesis
of the human Nd4 subunit in the mouse visual system, although no ev-
idence for integration of Nd4 into complex I was provided (Koilkonda
et al., 2010).

More recently, efficient delivery of the Nd4 subunit into mitochon-
dria was claimed after ocular administration of a recombinant adeno-
associated viral vector containing the human nd4 gene sequence to
adult rats (Cwerman-Thibault et al., 2015). The construct expressed the
Nd4 subunit attached to the MTS of the Cox10 subunit and a triple HA
tag. An electrophoretically resolved species of about 54 kDa, present in
treated retinas but not in the untreated, was identified using an anti-HA
antibody. This species was assumed to be the Nd4 subunit (51.7 kDa)
fused to a 27-residue segment corresponding to three contiguous HA1
epitopes (about 3 kDa). However, in preparations of complex I from
bovine heart mitochondria, Nd4, which is a highly hydrophobic subunit,
migrates in SDS-PAGE with a substantial lower apparent molecular mass
of about 39 kDa, due to its high hydrophobicity (Fearnley et al., 1991).
The discrepancy in apparent molecular masses deserves further experi-
mentation to establish unambiguously if the observed human 51.7 kDa
band indeed corresponds to the allotopically-produced Nd4.

It has been claimed that sustained expression of the human nd4 gene
does not lead to harmful effects and that the human Nd4 subunit is
efficiently imported into mitochondria and assembled into complex I
(Vignal et al., 2018; Vignal-Clermont et al., 2021). Furthermore, in this
experimental model of LHON retinal ganglion cell degeneration was
prevented, while visual function and complex I activity in optic nerves
were preserved. Surprisingly, m.11778G > A LHON patients treated
with rAAV2/2-ND4 exhibited an improvement in visual acuity for more
than 4 years after vision loss (Newman et al., 2021; 2023). In this regard,
GenSight Biologics (Paris/New York) is currently conducting clinical
trials using Nd4 in an allotopic expression strategy to treat LHON pa-
tients. Since the proposed mechanism for import of the Nd4 subunit
(Nout-Cout) into mitochondria involves the full translocation of 14 TMS
(nine of which are “red light”), followed by insertion of TMS1 and 6
hairpins into the IMM, probably mediated by Oxal, such results in pa-
tients are unexpected, and unambiguous proof for successful allotopic
production of the subunit must be provided.

9.11. The nd5 gene

To date, the allotopic expression of the nad5 gene has not been re-
ported. The proposed theoretical mechanism for the import into mito-
chondria and insertion into the IMM of an allotopic Nd5 subunit (Noy-
Cout) (Fig. 1) involves the entire translocation of 17 TMS (15 of which
are “red-light”, Fig. 4), the insertion of TMS1 and 7 hairpins, followed by
the insertion of TMS16 and the translocation of TMS17.
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9.12. The nd6 gene

The mouse mitochondrial nd6 gene was optimized for nuclear
expression and sequences encoding the MTS from Cox8, and an HA
epitope were integrated in a construct designed for allotopic production.
Transfection of a mice KO mutant line exhibiting a cytosine
13887deletion in mtDNA with the construct showed that the Nd6 sub-
unit was mainly located outside of mitochondria, although complex I
activity seemed to be restored. Further experimentation showed that the
selected clones were revertants for the mitochondrial nd6 mutation
(Perales-Clemente et al., 2010). No further reports claiming the allotopic
expression of the nd6 gene are currently available. The proposed
mechanism for the import of a cytosol synthesized Nd6 (Noy-Cin) (Fig. 1)
involves the full translocation of 5 TMS (4 of which are “red-light”,
Fig. 4) and the insertion of TMS1 and two hairpins.

10. Allotopic expression of the atp9 gene, a gene not present in
human mtDNA

Although the atp9 gene (encoding c¢ subunit, a constituent of ATP
synthase rotary c-ring) is absent from the mtDNA of mammals, we will
briefly discuss its allotopic expression in yeast as the results are relevant
here. In early experiments, the yeast atp9 gene recoded for nuclear
expression fused to a sequence encoding the MTS of the atp9 gene from
N. crassa was tested (Law et al., 1988). The resulting fusion protein was
imported in purified yeast mitochondria and adequately processed. The
import of yeast Atp9 was less efficient than the import observed for the
yeast Atp8 subunit attached to the same MTS in parallel import exper-
iments (Farrell et al., 1988). Furthermore, duplication in tandem of
N. crassa Atp9 MTS notably increased its import efficiency (Galanis
et al., 1991).

More recently, Bietenhader et al. (2012), developed a strategy that
involved relocating the mitochondrial atp9 gene of S. cerevisiae by using
the version of atp9 from the fungus Podospora anserina, which naturally
carries the ATP9 gene in its nuclear genome. A notable difference be-
tween P. anserina and yeast Atp9 proteins is the reduced hydrophobicity
of TMS1 in the former, as indicated both by hydropathy plots and its
diminished resistance to extraction by detergents. In vivo, the P. anserina
Atp9 subunit was successfully imported into mitochondria and restored
the respiratory function of a yeast atp9-null strain, restoring fully
functional OXPHOS. Nevertheless, these experiments also illustrated
other limitations of allotopic expression: the production of Podospora
Atp9 in yeast perturbed cellular morphology and activated the heat
shock response, as revealed by transcription profiling.

11. Discussion

While several allotopic expressions of mitochondrial genes in human
or mammalian cell lines have been reported (Manfredi et al., 2002,
Ojaimi et al., 2002; Guy et al., 2002), some of the initially described
reports could not be reproduced by other investigators (Oca-Cossio
et al., 2003; Bokori-Brown and Holt, 2006). In some of these studies, the
apparent improvements in OXPHOS performance may not have resulted
from allotopic expression. This is due to the inherent difficulties of
working with cultures in which cells with apparently identical geno-
types can exhibit clone-to-clone variability (King and Attardi, 1989). In
one case, the apparent complementation of a mtDNA mutation by an
allotopically produced subunit of ATP synthase was due to a reversion of
the original mutation in the cell line used for the experiment (Perales-
Clemente et al., 2010). In addition, experimentalists must be mindful of
the fact that nonmitochondrial tags could hinder mitochondrial proteins
from reaching their correct topology (Sickmann et al., 2003). In our
view, the publication of negative data has been instrumental in
advancing the field since it has allowed researchers to avoid repeating
unsuccessful experimental approaches.

Here, we discussed the factors that limit the import of cytosol-
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synthesized polytopic membrane proteins impacting the allotopic
expression of OXPHOS-related genes, underscoring the importance of
the pAG,p, of each TMS. Synthesis of membrane proteins inside mito-
chondria and their incorporation into the IMM is undoubtedly, on the
surface, less complicated than that of their cytosol-synthesized coun-
terparts. The latter follow a multi-step and seemingly more complex
biogenesis: import through the TOM/TIM23 translocators, protease-
dependent maturation, incorporation into the IMM, and assembly into
a multi-subunit complex. When the original mitochondrial gene is still
functional, allotopically expressed proteins must outcompete, at least to
a functional threshold, the defective endogenous proteins which are
continuously synthesized inside mitochondria and that follow their ca-
nonical biogenesis pathway. Therefore, complete recovery of OXPHOS
after allotopic expression, as reported for the Atp6 and Nad4 subunits
(Bonnet et al., 2007,2008), is not necessarily expected, since it implies
that all ATP synthase or complex I enzymes preferably incorporate
allotopically produced subunits, entirely replacing all endogenous,
mutant ones. More likely, a mixed population of OXPHOS complexes
coexists, some carrying the allotopically-produced protein and others
bearing the mitochondria-synthesized mutant subunit. Indeed, when
mtDNA-encoded and allotopically expressed Cox2 proteins were coex-
pressed in yeast, each protein could assemble into a complex, resulting
in a mixed population of complex IV, with most complexes containing
the mtDNA-encoded version (Rubalcava-Gracia et al., 2018). In the case
of biological models with null mutations (or equivalent to null) in their
mtDNA, this competition problem is circumvented.

Another challenge in allotopic expression is selecting appropriate
promoters and genome loci to control protein levels. High doses of
allotopically expressed proteins could be counterproductive, since they
may aggregate outside the organelle or clog the mitochondrial import
machinery (Boos et al., 2019; Rubalcava-Gracia et al., 2019).

As suggested before, claims of allotopic production of respiratory
chain components should be ideally supported by biochemical evidence
showing that imported proteins were fully integrated and functionally
assembled into their appropriate complex (Kyriakouli et al., 2008;
Perales-Clemente et al., 2010), especially for membrane proteins with
two or more TMS. Demonstration should be unambiguous and include
multiple experimental approaches such as immunodetection, regain of
function, and if possible, biochemical purification and identification of
the allotopic subunit by mass spectrometry. This is of utmost impor-
tance, especially in instances where allotopic expression approaches are
used in human clinical trials to treat mitochondrial diseases (Lam et al.,
2010,2022; Newman et al., 2023). It is our opinion that in non-human
species, only three reports provide unequivocal functional and
biochemical evidence of incorporation of allotopically expressed
OXPHOS proteins into their respective complexes, namely Atp8, Atp9,
and Cox2 in yeast (Law et al., 1990; Supekova et al., 2010; Bietenhader
et al., 2012). These three proteins share some crucial features: (i) they
are membrane proteins with just one or two TMS, (ii) they are products
of genes for which examples of naturally re-localized gene versions to
the nuclear genome exist in several species, and (iii) the allotopic
expression was carried out in a mutant organism where the original
mitochondrial gene was inactivated entirely, thus avoiding competition
between the assembly of the nucleus-encoded version and its mito-
chondrial counterpart. As for humans, several lines of evidence suggest a
successful allotopic expression for the Atp8 subunit (Oca-Cossio et al.,
2003; Bjorkholm et al., 2017; Lewis et al., 2020). In addition, a report
describing the expression of an Atp6 construct in cultured mutant HeLa
cells carrying the T8993G mutation, showed an evident partial resto-
ration of coupled respiration, which strongly suggests that the allotopic
Atp6 subunit was successfully integrated into complex V (Chin et al.,
2018).

From a large scale bioinformatic analysis using 150,000 organellar
DNA sequences and over 300 whole nuclear genome sequences (Gian-
nakis et al., 2022), four universal features that seem to determine gene
retention in organelles were postulated: (i) hydrophobicity of the
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organelle-encoded protein; (ii) the centrality of the encoded subunit
within its protein complex; (iii) enrichment of residues with a higher
carboxyl pKa in the organelle-encoded protein; and (iv) the GC content
of its cognate gene. Hydrophobicity of the protein product was therefore
confirmed to be a reliable predictor for gene retention in mitochondria,
and as an inevitable corollary, hindering both transfer to the nucleus and
successful allotopic expression of certain organellar genes. We conclude
that several mitochondrial genes like cox1, cytb, nd1, nd2, nd4, nd5 and
nd6, whose protein products are highly hydrophobic and mistargeted to
the ER when synthesized in the cytosol (Bjorkholm et al., 2017), do not
lend themselves to allotopic expression, unless extensive modifications
designed to increase the pAGgp, of certain TMS are incorporated in the
original design of their expression constructs. In addition, even if pre-
cursors are targeted to the mitochondrion, the presence of one or more
TMS exhibiting a low pAGj,pp, may cause the TIM23 translocator to
misguide them into an inappropriate sorting route, thus blocking their
ability to reach their final functional topology (Fig. 4).

The existence of hydrophilic pathways with lateral opening gates,
representing potential paths for preprotein sorting, is a common feature
of many protein translocons, such as SecY on the bacterial inner mem-
brane (Ma et al., 2019), Sec61 and Hrd1 complex on the ER membrane
(Wu et al., 2019, 2020), TIM22 on the mitochondrial inner membrane
(Qi et al., 2021) and the chloroplast TIC complex (Jin et al., 2022; Liu
et al., 2023). As discussed above, TIM23 sorts alpha helices either
translocating them into the matrix or releasing them laterally into the
IMM. Constrained by this sorting mechanism, all the TMS of the allo-
topically produced membrane proteins must be fully translocated into
the mitochondrial matrix (by TIM23MOTOR) and then incorporated into
the IMM (except for the last TMS, which in certain proteins could be
laterally released into the IMM (by TIM235CRT), Inevitably, physical
limitations in importing a cytosol-synthesized membrane protein must
augment as the number of TMS increases (Claros et al., 1995). Hence it is
expected that major hurdles may be encountered when the Nd6 (5 TMS),
Cytb (8 TMS), Nd1 (8 TMS), Nd2 (11 TMS), Cox1 (12 TMS), Nd4 (14
TMS), and Nd5 (17 TMS) subunits are expressed allotopically (Fig. 1).
The key challenge in designing constructs for allotopic expression is to
include mutations that increase the pAGgp, of certain TMS without
altering protein function, as exemplified by the yeast Cox" >R allotopic
subunit. While the W56R mutation allows the internalization of the
protein into mitochondria, its effect on cytochrome c activity is negli-
gible (Rubalcava-Gracia et al., 2018). By contrast, other OXPHOS genes,
mainly those that have been transferred to the nucleus in some organ-
isms and encode relatively few “red-light” TMS (Fig. 4), may be viable
candidates to attempt allotopic expression in humans, namely: atp8,
cox2 and cox3. As a general strategy, it might be conceivable to mimic
the structural changes that the protein products have undergone, i.e.,
point mutations replacing hydrophobic amino acids with more polar
residues in the first TMS of the protein as in the yeast and algal Cox2, or
the loss of a TMS as in the algal Atp6 and Cox3 proteins. Alternatively,
the sequence of a complete TMS could be exchanged by the TMS of the
same protein pertaining to a closely related organism whose pAGgp,
exhibits a higher value. The fragmentation of genes, as illustrated above
for Cox2a and Cox2b, each encoding one of the two complementary
subunits, may also represent an alternative strategy. Split subunits, each
one containing a small number of TMS, may enter mitochondria more
efficiently and functionally associate in the IMM after import. There are
several examples of genes encoding OXPHOS components that have
undergone natural fragmentation including the cox1, cox2, nadl, nad2,
and sdhB genes (Szafranski, 2017). Alternative approaches could also
involve mutations in the TIM/TOM import apparatus or overexpression
of certain factors that could enhance the import of allotopic proteins into
mitochondria.

The arguments presented above largely rest upon the available data
on 3D structures of OXPHOS proteins and the known mechanisms of
protein import into mitochondria. In this work, one critical assumption
was made: that the biological hydrophobicity scale of Botelho et al.
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(2011), originally determined in yeast mitochondria, may be extrapo-
lated to other organisms including humans. Further experimentation in
human cells will clarify this issue, but at present, we find it to be a
reasonable assumption. Two of the approaches used in the past to
modify genes for allotopic expression, i.e., codon optimization and the
addition of a sequence encoding an MTS, are necessary but not sufficient
to ensure a successful outcome. Here, we have argued that three addi-
tional elements should be considered: i) the pAGgp, of the TMS of pro-
teins destined to reside in the IMM; ii) the final topology of each
OXPHOS subunit and the number of TMS they contain; and iii) the
mechanism by which TIM23 distributes cytosol-synthesized precursors.
The last two factors are intimately related, since the pAG,p, value will
determine the biogenesis pathway by which TIM23 will direct a given
TMS. Despite all its caveats, allotopic expression remains a promising,
intellectually challenging strategy to develop gene-based therapies for
mitochondrial diseases.
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Abstract

Mitochondrial genes can be naturally or artificially relocalized in the nuclear genome in a
process known as allotopic expression, such is the case of the mitochondrial cox2 gene,
encoding subunit Il of cytochrome ¢ oxidase (CcO). In yeast, cox2 can be allotopically
expressed and is able to restore respiratory growth of a cox2-null mutant if the Cox2
subunit carries the W56R substitution within the first transmembrane stretch. However, the
COX2WseR strain exhibits reduced growth rates and lower steady-state CcO levels when
compared to wild-type yeast. Here, we investigated the impact of overexpressing selected
candidate genes predicted to enhance internalization of the allotopic Cox2"*¢R precursor
into mitochondria. The overproduction of Cox20, Oxal, and Psel facilitated Cox2W®¢R
precursor internalization, improving the respiratory growth of the COX2WSeR strain.
Overproducing TIM22 components had a limited effect on Cox2W%¢R import, while
overproducing TIM23-related components showed a negative effect. We further explored
the role of the Mgr2 subunit within the TIM23 translocator in the import process by deleting
and overexpressing the MGR2 gene. Our findings indicate that Mgr2 is instrumental in
modulating the TIM23 translocon to correctly sort Cox2V*R, We propose a biogenesis
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pathway followed by the allotopically produced Cox2 subunit based on the participation of
the two different structural/functional forms of the TIM23 translocon, TIM23MOT°R gnd
TIM235°RT, that must follow a concerted and sequential mode of action to insert Cox2"séR
into the inner mitochondrial membrane in the correct Nout-Cout topology.

Introduction

Mitochondrial cytochrome ¢ oxidase (CcO or complex V), is the final electron acceptor of
the respiratory chain and functions as an electrogenic proton pump (Wikstrom, 1989). In
the yeast Saccharomyces cerevisiae and many other eukaryotic organisms, CcO is
assembled from mitochondria- and nucleus-encoded subunits (Barrientos et al., 2002).
The yeast CcO is composed of 11 subunits; the three largest, Cox1, Cox2, and Cox3, are
encoded in the mitogenome, synthesized by mitoribosomes, and cotranslationally inserted
into the inner mitochondrial membrane (IMM) (Dennerlein et al., 2021). The other eight
subunits are nucleus-encoded, synthesized in cytosolic ribosomes, and internalized into
mitochondria through the TOM/TIM import machinery (Poyton and Groot, 1975; Fontanesi
et al., 2008). The final maturation of CcO takes place when its three independent
assembly modules join into a functional holoenzyme containing copper (Cu) and heme A
prosthetic groups. Each module or assembly intermediate consists of a subcomplex which
is named based on the presence of one mitochondrial synthesized CcO subunit: the Cox1,
Cox2 and Cox3 modules. These assembly intermediates contain both mitochondria and
nucleus synthesized subunits as well as several other biogenesis factors that bind
transiently but do not end up being part of the mature CcO complex (Bourens et al., 2014;
Franco et al., 2020).

The Cox2 subunit has two transmembrane domains (TMS1 and TMS2) embedded in the
IMM and exhibits a Nou-Cout topology, i.e., it exposes both N- and C-termini to the
mitochondrial intermembrane space (IMS). The large, hydrophilic, C-terminal domain of
the protein that binds the binuclear copper center (Cua), also resides in the IMS. Inside
mitochondria, Cox2 is synthesized as a precursor containing a natural leader peptide (LP)
of 15 residues (Torello et al., 1997). The TMS1 is co-translationally inserted in the inner
mitochondrial membrane (IMM) by the concerted action of mitoribosomes, the Oxal
translocase, and the assembly factors Mbal and Cox20 (Hell et al. 1997; Herrmann &
Bonnefoy 2004; Fiumera et al. 2007). When the N-terminus of Cox2 gets exposed to the
IMS, the Impl protease removes the LP giving rise to the mature protein (Sevarino &
Poyton 1980; Torello et al. 1997). The Cox2 subunit reaches its final topology once the
TMS2 and the hydrophilic domain of the protein are translocated across the IMM by the
concerted action of Cox18, Pntl and Mss2 (Saracco & Fox 2002). Once TMS2 is
embedded in the IMM and the large, hydrophilic domain of the protein reaches the IMS,
the Scol/Sco2/Coab/Cox12 copper relay system assembles the binuclear Cu center of
Cox2 (Rigby et al. 2008; Pacheu-Grau et al. 2015; Ghosh et al. 2016; Maghool et al.,
2020; Swaminathan et al., 2022). After the Cox2 module binds to the Cox1 module, the
newly formed Cox1-Cox2 module integrates the Cox3 module giving rise to the mature
CcO complex (Franco et al., 2020).

Since the endosymbiotic event that gave rise to mitochondria, many genes from this
organelle have naturally migrated to the nuclear genome (Gray, 2000). When the gene

transfer is carried out artificially, the procedure is known as allotopic expression.
Understanding this process may help understand the evolution after endosymbiosis and

how the gene flow from the organellar genome to the nucleus occurred (Nieto-Panqueva
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et al., 2023). Previously, the mitochondrial COX2 gene was allotopically expressed in a
yeast mutant lacking a functional mitochondrial gene (Acox2 null mutant) (Supekova et al.,
2010). The nuclear COX2 gene encodes a mitochondrial targeting sequence (MTS) from
the Oxal protein fused to a recoded COX2 gene carrying the point mutation resulting in
the W56R substitution in the Cox2 subunit. Both the MTS and the mutation promote the
translocation and sorting of the allotopic Cox2 subunit through the TOM/TIM import
machinery (Callegari et al., 2020). In particular, the W56R substitution, located in the
TMS1 of Cox2, diminishes the hydrophobicity of this alpha-helix and facilitates its
translocation into the mitochondrial matrix. Thus, a Acox2 null strain expressing COX2Ws¢R
is respiratory competent (Supekova et al., 2010), although it exhibited less respiratory
capacity and lower CcO levels as compared to the wild-type strain (Cruz-Torres et al.
2012).

The allotopic COX2W55R gene can be expressed either from a single copy directly inserted
in a nuclear chromosome or from an episomal plasmid. When expressed from a multicopy
vector with a constitutive promoter, the precursor of the Cox2"5¢R subunit (eCox2V6R) is
produced in high amount and tends to accumulate on the surface of mitochondria
(Rubalcava-Gracia et al., 2019). By contrast, when the gene is inserted in the nuclear
genome, its expression gives rise to a Cox2W*R subunit (NnCox2"*tR) that is readily
imported, and its precursor does not accumulate at high levels. It was suggested that
when the rate of synthesis of the cytosolic Cox2W5¢R precursor exceeds its rate of import
into mitochondria, the protein tends to aggregate on the mitochondrial surface (Rubalcava-
Gracia et al.,, 2019). Thus, we view the accumulation of the Cox2"W*¢R precursor as an
indication that the rate of synthesis of the allotopic product supersedes its import rate.

The W56R substitution is necessary and sufficient to allow the allotopically produced yeast
Cox2 subunit to be imported into mitochondria. The presence of this substitution does not
directly affect CcO assembly or activity, since a strain that produces the Cox2W5¢R protein
from an engineered cox2"%¢R in the mitochondrial genome, cannot be distinguished from a
wild-type strain in terms of respiratory growth and CcO activity (Rubalcava-Gracia et al.,
2018). Since the presence of the W56R substitution by itself does not account for the
partial complementation of respiratory phenotype by the allotopically produced subunit, the
translocation or sorting of the TMS of Cox2"*¢R by the TIM23 complex is likely to constitute
a limiting step in its biogenesis. In this work, we aimed to define the nature of this limiting
step.

We reasoned that proteins controlling some aspects of the biogenesis of mitochondrially
synthesized Cox2 might be limiting when Cox2 is allotopically produced. We sought to test
if overexpression of candidate genes whose protein products may directly or indirectly
participate in the biogenesis of Cox2W5¢R could improve the respiratory growth of a Acox2
strain expressing the COX2W5¢R from the nucleus (producing nCox2WsR) or from an
episomal, multicopy vector (producing eCox2"%¢R), Thus, we opted to test genes encoding
proteins known to participate in the import, maturation, or assembly of mitochondrial
proteins. Some of these candidate genes encode proteins whose function is known,
except for the PSE1 gene, which was originally identified as a multicopy suppressor that
enhanced the levels of an allotopic reporter protein targeted to mitochondria (Corral-
Debrinski et al., 1999). We found that overexpression of genes encoding the mitochondrial
import-related components Cox20, Oxal, and Psel facilitated the internalization of the
eCox2"%6R precursor into mitochondria.

We further explored the effect of Mgr2 on the import of Cox2V*¢R, Mgr2 is a regulator of the
TIM23 complex (Gebert et al., 2012) that functions as a quality control factor involved in

3
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the lateral release of TMS into the IMM. We studied the effects that result from either
deleting or overexpressing the MGR2 gene on the respiratory phenotype of the allotopic
strain and the steady state levels of the Cox2W°¢R precursor and of its mature protein. We
discovered that Mgr2 is instrumental in the import of the allotopic Cox2 subunit, since
either the absence or the overproduction of this factor affects the import process. Based
on these results, we propose a model describing the mechanism through which the
allotopically-produced Cox2 subunit is translocated and sorted by the TIM23 machinery.
This new biogenesis model suggests the participation of the two structural/functional forms
of the TIM23 translocon, TIM23MOTOR and TIM23S°RT, that must follow a concerted and
sequential mechanism to internalize the allotopically produced Cox2 subunit and embed it
in the IMM. We propose that the required interchange of the two different
structural/functional forms of the TIM23 translocator during the import of the allotopically
produced Cox2 subunit defines the limiting step of the process. To the best of our
understanding, the necessity for the sequential involvement of both TIM23MOTOR and
TIM23SORT in the internalization process of a singular membrane protein has not been
examined until now. The hypothesized mechanism potentially transcends the special case
of the allotopically produced Cox2 subunit and may apply to several other nucleus-
encoded precursors destined to mitochondria characterized by possessing an MTS, two
TMS, and a Nout-Cout arrangement within the IMM.

Materials and Methods

Yeast strains and gene constructs

In this study, yeast strains derived from the parental strain D273-10B (Fred Sherman
laboratory, ATCC® 24657™) were used. NB40-36A (MATa lys2 arg8::hisG leu2-3, 112
ura3-52 [rho+]), (Perez-Martinez et al., 2003) and EHW154 (MATa arg8::hisG ura3-52 leu
2-3, 112 his3-AHindlll [rho+] cox2(1,89-91)::ARG8™) (Williams and Fox, 2003) were used
as wild-type and cox2-null strains, respectively. Yeast strains used in this study are listed
in Table S1.

To achieve Cox2W*R allotopic expression in the Acox2 mutant we introduced the
hygromycin B-resistance based integrative vector pPRS306H (Taxis and Knop, 2006), which
targets insertion via homologous recombination at the URA3 locus (Acox2 + nCOX2W5eR),
Additionally, we utilized the episomal 2u URA3 multicopy plasmid pFL61 (Acox2 +
eCOX2W*eR), These two expressions systems allowed us to achieve low (n) and high (e)
levels of allotopically produced Cox2"56R,

The mgr2-null (Amgr2), strains were generated by replacing the MGR2 locus (YPL098C)
through homologous recombination. We used the kanMX6 cassette from the pFAG6a-
kanMX6 plasmid (Bahler et al., 1998), which confers resistance to the selective antibiotic
G418. The kanMX6 cassette was amplified using the oligonucleotides mgr2-kanMX6: 5’-
TAGCACAAATAGCGCAACAGCTTCAAGTCCAATATTAAGATATACCAGCTGAAGCTTC
GTACGC-3 and 5-
GAAAACGATGGGGAAGCGTAAATATATGCAAAATTTCCCCCATCGATGAATTCGAGCT
CGTT-3". These oligonucleotides were designated to include ~50bp flanking homologous
regions (underlined) upstream and downstream of the MGR2 locus. The amplified kanMX6
cassette was designed to replace the entire ORF of MGR2.

The yeast strains overexpressing MGR2 (MGR271) were generated by introducing the high-
copy episomal vector pMK2 which is a pFL61-derivative. The pMK2 plasmid contains the

4
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LEU2 selectable marker instead of the URA3 marker (Minet et al.,, 1992) and the
phosphoglycerate kinase (PGK) promoter with a cloned wild-type MGR2 locus. The
cloning process involved amplifying the MGR2 gene using the following oligonucleotides
MGR20E: forward, 5-GCGCGGCCGCATGCCTCCTCTTCCACA-3"; and reverse 5'-
GCGCGGCCGCTCAGTCCTTACGTATACCGT-3'. These oligonucleotides were designed
to include restriction site sequences for Not1 to be cloned in the same site in pFL61.

We obtained plasmids overexpressing candidate genes and genes encoding TIM22 and
TIM23 translocation subunits from the yeast genomic tiling collection (Jones et al., 2008).
The specific plasmids, designated by their respective identifiers) included: COX20
(YGPM21k21), OXAl (YGPM14c18), SDH2 (YGPM20g17), TOM70 (YGPM33c09), CIS1
(YGPM8p09), MSP1 (YGPM30f06), HSP104 (YGPM12e18), PSE1 (YGPM18p15), RRP5
(YGPM5p05), TIM22 (YGPM17f03), SDH3 (YGPM317i06), TIM18 (YGPM17d04), TIM54
(YGPM20p13), TIM9 (YGPM25001), TIM12 (YGPM32008), TIM10 (YGPM30n09), TIM17
(YGPM4a13), TIM23 (YGPM23p01), MGR2 (YGPMS5I18) and TIM21 (YGPM21I20).These
plasmids were created by cloning genomic fragments encompassing selected genes into
the high-copy plasmid vector pGP564. We confirmed the presence of such genes in all the
plasmids used in this study through sequencing the insert borders or through diagnostic
PCR.

Yeast transformations were carried out using the one-step yeast transformation protocol
(Chen et al.,1992), and the C:HsLiO2 and single-stranded DNA as a carrier method (Gietz
and Schiestl, 2007).

For cloning experiments and propagation of plasmids, Escherichia coli DH5a (F~ endA1
ginv44 thi-1 recA1 relA1 gyrA96 deoR nupG purB20 @80dlacZAM15 A(lacZYA-
argF)u169, hsdR17(rk-mK*), A-) and MR32, a recA- derivative of MC1061 (str. K-12 F~ A~
A(ara-leu)7697 [araD139]|B/r A(codB-lacl)3 galK16 galE15 e14- mcrAO relA1 rpsL150(StrR)
spoT1 merB1 hsdR2(r-m+)) were employed.

Yeast culture conditions

Yeast strains were cultured in either liquid or solid (2.0% agar) media at 30 °C, unless
otherwise specified. The media employed in this study included fermentable media, such
as YPDA or YPGal (1.0% yeast extract, 2.0% bacto peptone, and 2.0% dextrose or
galactose), as well as non-fermentable media, including YPEG (1.0% yeast extract, 2.0%
bacto peptone, 3.0% ethanol and 3.0% v/v glycerol); YPE (1.0% yeast extract, 2.0% bacto
peptone, and 2.0% ethanol), and YPLAC (3.0% yeast extract , 1.0% KH2POa4, 1.0% NH4Cl,
0.5% CaClz-2H20, 0.5% NaCl, 0.6% MgSOa4-H20, 3.0% FeCls, and 2.0% (v/v) lactate with
pH adjusted to 5.5 with NaOH pellets). Additionally, minimal media SD or SGal (0.17%
yeast nitrogen base [lacking amino acids and (NH4)2S0Oa4], 0.5% (NH2)2SO4, 2% glucose or
galactose supplemented with specific amino acids and nucleotides) were used for
selection based on restoration of leucine or uracil prototrophy. Antibiotics Hygromycin B
(300 pg/ml) and Geneticin (G418) (200 pg/ml) were employed for selection on YPDA.
Growth was monitored by measuring optical density at 600 nm (O.D.s00) using a Bio
screen C spectrophotometer (Growth Curves, USA).

Growth fest by fenfold serial difutions

Cells were cultured overnight in 3.0 ml liquid YPDA at 30 °C, with constant agitation at 180
rpm. The following morning, cultures were diluted to reach exponential phase (O.D.s00 1.0)
(approximately 2.5 x 107 cells ml?t). Cells were harvested by centrifugation at 8,600 x g
and washed once with 1.0 ml of sterile water. This suspension was diluted in a 1:10 ratio
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five sequential times for each strain using 96-well plates. Drops of approximately 3.5 pl
were spotted onto solid fermentable (YPDA) and non-fermentable (YPEG, YPE, YPLAC)
media using a multichannel pipette. The plates were then incubated either at 30 °C or 37
°C for 4-7 days as indicated.

Protein extraction and immunodetection

Protein extraction was performed using an alkaline treatment method on whole
yeast cells cultured in 20 mL of liquid SGal media and in stationary phase (O.D.so0 2.5).
The cells were collected at 2,800 x g) in a microcentrifuge for 3 mins and subsequently
washed with 500 pl of a solution containing 1.0 mM phenyl-methyl-sulfonyl-fluoride
(PMSF) and 50 uM N-a-tosyl-L-lysyl-chloromethyl ketone (TLCK). The resulting pellet was
boiled in SDS-PAGE sample buffer as described (Kushnirov, 2000). Gel electrophoresis
was performed using an SDS-tricine-PAGE system (Schéagger, 1994). Following
electrophoresis, the gels were electro-transferred onto nitrocellulose membranes. The
membranes were blocked with 3.0% gelatin from bovine skin type B (Sigma), washed and
subjected to immuno-decoration. Monoclonal anti-Cox2 antibody (Abcam: 4B12A5) was
used at a 1:9000 dilution), and polyclonal anti-Zwfl antibody (Sigma-Aldrich: A9521) was
used at a 1:10000 dilution as a loading control as described (Fujiwara et al., 2016). For
secondary antibody labeling, alkaline phosphatase-conjugated goat anti-rabbit and goat
anti-mouse antibodies were incubated for 4 h. Dark purple precipitates in the form of
bands were formed upon the addition of nitro-blue tetrazolium chloride (NBT) and 5-
bromo-4-chloro-3'-indolyl phosphate p-toluidine salt (BCIP). Finally, the colored bands on
membranes were captured using an HP Scanjet G4050 image scanner. When indicated,
band intensity was estimated using the GelAnalyzer 23.1 freeware (available at
www.gelanalyzer.com), developed by Istvan Lazar Jr., PhD and Istvan Lazar Sr., PhD,
CSc. Bar plotting and statistical analysis were conducted using GraphPad Prism version
10.1.1(27) for macOS (GraphPad Software, Boston, Massachusetts, USA,
www.graphpad.com). A two-way ANOVA followed by Tukey’s multiple comparisons test
was performed for each subset of samples.

Gel electrophoresis and in-gel enzymatic activities

Blue Native Polyacrylamide Gel Electrophoresis (BN-PAGE) was performed as previously
described (Schagger, 1994). Yeast cells were grown in SGal medium, and mitochondria
were isolated as described above. Mitochondria were washed with a solution containing
250 mM sorbitol and 50 mM Bis-Tris (pH 7.0). Subsequently, they were centrifuged at
13,500 x g for 2 mins at 4°C. The resulting pellet was resuspended in 750 mM
aminocaproic acid, 50 mM Bis-Tris (pH 7.0) and solubilized with 2.0 g of n-Dodecy! 3-D-
maltoside (DDM) per gram of protein for 30 mins at 4°C. Then, the mixture was centrifuged
at 63,000 x g at 4 °C for 30 mins. The resulting supernatant was combined with 5 pl of
digesting solution (containing 750 mM amino caproic acid, 25 mM Bis-Tris and 5% Serva
Blue G 35050) and loaded onto 3-12% polyacrylamide gradient gels (stacking included).
In-gel CcO activity staining was performed using 3,3'- diaminobenzidine and horse heart
cytochrome c as described by Wittig et al., (2007). For in-gel ATPase activity staining BN
gels were incubated for 3 hours in 270 mM glycine and 35 mM Tris-HCI (pH 8.4). Then,
final concentrations of 8.0 mM ATP, 14.0 mM MgSO4, and 0.2% Pb(NOs)2 were added.
When white precipitates of lead phosphate became visible, the reaction was stopped with
the addition of methanol so that the final concentration is 50% (v/v) (Zerbetto et al.,1997).
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Oxygen uptake measurements

Oxygen consumption was measured in a polarographic assay with whole cells that had
been previously fasted in water for 4 to 6 hours. The assay included 20 mM 2- (N-
morpholino) ethane sulfonic acid (MES) pH 6.0 (triethanolamine), 50 mM ethanol as
substrate and 200 yM NaCN, which was added at the end of the assay to inhibit CcO
activity (Estabrook, 1967). Oxygen consumption measurements were conducted using a
Warner/Strathkelvin Instruments oxygen meter equipped with a Clark type electrode in a
1.0 mL water-jacketed chamber maintained at 30 °C. Data acquisition was performed
using the 782 Oxygen System software (Warner/Strathkelvin Instruments).

In silico analyses

AlphaFold (Jumper et al.,, 2021) and ColabFoldA (Mirdita et al., 2022) were run on the
HMS O2 cluster at the Center for Computational Biomedicine at Harvard Medical School
(https://computationalbiomed.hms.harvard.edu/tools-technologies-old/alphafold-
colabfold/). PDB files were visualized using Swiss-PdbViewer (https://spdbv.unil.ch/)
(Schwede et al., 2003) and figures prepared using Chimera 1.12 (Pettersen et al., 2004).
The yeast mitochondria high-resolution complexome (Schulte et al., 2023) was explored at
MitCOM (https://lwww.complexomics.org/datasets/mitcom).

RESULTS

To uncover the factors limiting the ability of cytosol-produced Cox2W*¢R to fully complement
a cox2-null mutant, we undertook an “educated guess” approach, i.e., we sought to test if
overexpression of certain genes, encoding proteins involved in mitochondrial protein
import, could improve the respiratory growth of the cox2-null strain expressing COX2Ws6R
from the nuclear chromosome (NCOX2%R) or from an episomal, multicopy vector
(eCOX2WseR),  We selected several candidate proteins known to participate in
mitochondrial protein import or Cox2 biogenesis, reasoning that overproduction of their
corresponding gene products might enhance the import of the allotopic Cox2W°¢R subunit if
these proteins control a limiting step. We therefore tested the overproduction of the
following proteins involved in protein import: Tom70 (a subunit of the TOM complex
involved in the recognition of incoming precursor proteins [Meisinger et al., 1999; Brix et
al., 2000]); Cox20 (a chaperone essential for Cox2 biogenesis and export of its TMS1
across the IMM [Hell et al., 2000]); and Oxal (an IMM insertase that mediates the export
of the N-terminus of Cox2 from the mitochondrial matrix to the IMS [Hell et al., 1997,
2000]). We also considered the potential indirect impact of overproducing candidate
chaperones: Hsp104 (a cytosolic heat shock protein that disassembles protein aggregates;
[Kramer et al, 2023], Mspl (a mitochondrial AAA-ATPase dislocase that extracts
mistargeted proteins for proteasomal degradation; [Nakai et al., 1993; Castanzo et al.,
2020]), and Cisl (an associated factor of the TOM complex that helps to reduce
accumulation of mitochondrial precursors by interacting with Mspl; [Kabeya et al., 2007]).
Additionally, we explored the overproduction of the Psel protein, a karyopherin interacting
with the nuclear pore complex involved in the export of mMRNA, and Rrp5, an RNA-binding
protein with a role in the biogenesis of the large ribosomal subunit (Venema et al.,1996).
Both the PSE1 and RRP5 genes were previously identified in a multicopy suppressor
screen as enhancing the production of an allotopic reporter membrane protein targeted to
the mitochondria (Torchet et al.,1998; Corral-Debrinski et al., 1999). As a control, we also
tested the overexpression of a gene unrelated to Cox2 biogenesis and selected SDH2,
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which encodes an iron-sulfur subunit of mitochondrial succinate dehydrogenase (complex

).

When we overexpressed the CIS1, COX20, HSP104, MSP1, OXA1l, PSE1, RRP5, SDH2,
and TOM70 genes in the strain producing nCox2"*¢R we did not observe major effects on
the growth depending on respiratory substrates (data not shown). In contrast, when we
overexpressed the same set of genes in the strain producing eCox2V*R we observed that
COX20, OXA1l, and PSE1 had the ability to enhance respiratory growth compared to the
strain carrying only the corresponding empty vector. The enhanced respiratory growth was
visible when the transformants were grown at 30 °C and could still be observed at 37 °C in
lactate media (Figures 1A and 1B). On one hand, enhancement of the respiratory growth is
more pronounced for the transformants expressing OXAl or COX20 than for those
expressing PSE1. On the other hand, overexpression of MSP1, RRP5, TOM70, SDH2,
CIS1, and HSP104 appears detrimental to the respiratory growth, with RRP5 and MSP1
overexpression eliciting the strongest effect. Immunoblotting analysis of the relative
precursor and mature levels of the allotopic subunit when the COX20, OXAl and PSE1
genes were overexpressed, revealed an increased accumulation of the mature eCox2"s6R
protein compared to the levels observed in the strains carrying only the empty vector or
overexpressing a gene which does not improve respiratory growth (Figures 1C, 1D, and
1E). In the case of Oxal, quantification of the bands obtained after immunoblotting (Figure
1C) suggests that overexpression of the OXA1 gene resulted in a 45% increase in Oxal
protein levels. Expectedly, the RRP5 and MSP1 genes whose overexpression is severely
detrimental to the respiratory growth of the strain producing eCox2V*R, yield a significant
decrease in the amount of mature Cox2"*¢R. These results suggest that the overproduction
of Cox20, Oxal, and Psel enhanced the internalization into mitochondria of the allotopic
Cox2 subunit.

One of the two primary protein import machineries of the IMM is TIM22, a translocon that
specializes in the import of polytopic membrane proteins, mainly those of the large family
of carrier proteins and some of the IMM-embedded subunits of the protein translocators
(Horten et al., 2020). While the substrate repertoire of TIM22 is well-defined (Chacinska et
al., 2009), TIM22 can also insert unconventional cargos such as the pyruvate carrier
subunit Mpc1, which exhibits only two TMS (Gomkale et al., 2020). Therefore, in principle,
TIM22 could also insert both TMS of Cox2%*R as a hairpin, allowing the allotopic Cox2
protein to reach its characteristic Nout-Cout topology after a single insertion step into the
IMM. Consequently, we studied the effect of overproducing proteins related to the TIM22
translocon on the import of the eCox2"%R subunit. The core components of the TIM22
translocase, include Tim18, Tim22, Tim54 and Sdh3, as well as the so-called “small TIMs”,
a family of chaperones that function in the IMS and interact with hydrophobic membrane
proteins to maintain their import-competent state (Weinh&upl et al., 2021), namely Tim9,
Tim10, Tim12, and Tim13. Overproduction of the TIM22 components did not result in
enhanced respiratory growth in the strain producing eCox2V%R (Figure S1A) and did not
appear to enhance the steady-state levels of the mature Cox2V*R. We concluded that
import of the allotopic Cox2 subunit is probably not dependent upon the TIM22
components.

TIM23 is the other main translocator located in the IMM, that imports and sorts all
incoming precursors containing an MTS (Herrmann and Bykov, 2023), so we also studied
the effect of overproducing proteins related to TIM23 on the import of the eCox2%5¢R
subunit. We overexpressed the genes encoding four subunits of the TIM23 translocon,
Tim17, Tim21, Tim23 and Mgr2, which are recognized for their pivotal role in importing
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hydrophobic proteins. Overexpressing TIM21 and TIM23 genes had a deleterious effect on
the respiratory growth of the eCox2"VR strain in all the non-fermentable carbon sources
assayed. By contrast, the overexpression of TIM17 and MGR2 had a milder negative
effect (Figure 2A). Immunoblotting analysis indicated that the overexpression of TIM17,
TIM21, TIM23 and MGR2 increased the accumulation of the eCox2W°¢R precursor.
Notably, the accumulation of the mature allotopic subunit was drastically diminished when
the TIM21 and TIM23 genes were overexpressed (Figures 2B and 2C). That TIM23
overexpression produces a deleterious effect on respiratory growth and eCox2%5¢R import,
was taken as an indication that the allotopic Cox2 subunit most likely enters mitochondria
through the TIM23 import pathway, as it occurs with all MTS-containing precursors.

Mgr2 has been described as a regulator of TIM23 overseeing the quality control of protein
sorting and translocation (Gebert et al., 2012); so, it could also participate in the import of
allotopic Cox2. To study the effects of Mgr2 on the import of the allotopic Cox2 protein, we
decided to both delete and overexpress the MGR2 gene. We found that loss of MGR2
function led to a clear respiratory growth defect at 37°C (Figure S2A). In contrast, and as
previously reported (Gebert et al., 2012; Matta et al., 2020), deletion of the MGR2 gene in
an otherwise wild-type background had no observable growth phenotype at 30 °C, whether
on fermentable or respiratory substrates. Therefore, the absence of Mgr2 seems to
become limiting at higher growth temperatures.

We then examined the polypeptide pattern of solubilized mitochondria isolated from both
the wild-type and the mgr2 null mutant grown at 30 °C. To resolve the mitochondrial
proteins, we used Blue Native electrophoresis (BN-PAGE) followed by detection of the
CcO activity in the mgr2 null mutant compared to the wild-type strain (Figure S2B). These
experiments revealed that the absence of Mgr2 decreases the activity of CcO. In
agreement with the decrease in CcO, loss of Mgr2 impacts the respiratory activity (Table
1). We noted that 1/3 of the respiratory capacity is lost due to the mgr2-null mutation. We
concluded that the absence of Mgr2 impacts cellular respiration and CcO activity even
though respiratory growth appears unaffected on non-fermentable carbon sources.

We then explored the effects of overexpressing or deleting the MGR2 gene in the
nCox2W%eR background. Deletion of the MGR2 gene had no noticeable effect on growth in
a fermentable substrate, but substantially affected respiratory growth even at 30 °C (Figure
3A, upper panels). Under these conditions, overexpression of MGR2 from the multicopy
vector pMK2 (nCOX2W%6R + MGR217) also negatively impacted growth of the yeast strain.
As expected, transformation with the corresponding empty vector (hnCOX2W5eR + EV) had
no effect.

The overexpression and deletion of MGR2 were assessed in the eCox2"*®R background,
i.e., where the eCOX2W%¢R construct was expressed from a multicopy plasmid (Figure 3A,
lower panels). Deleting MGR2 strongly impaired the respiratory growth of the eCox2W6R
strain, indicating that Mgr2 plays an instrumental role in the import of the allotopic subunit.
Likewise, overexpression of MGR2 in the eCox2V*R strain had a markedly detrimental
effect on the respiratory growth, which was more pronounced compared to the nCox2W6R
strain.

To assess changes in the steady-state levels of the different versions of Cox2 and
Cox2W*R when Mgr2 was present or absent, total yeast extracts were assayed for the
accumulation of the allotopically produced Cox2 subunit, using a specific anti-yeast Cox2
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antibody (Figures 3B and 3C). In the Acox2 + nCOX2W%¢R hackground, deletion of MGR2
resulted in a slight accumulation of the nCox2"%%R precursor and diminished levels of the
mature form, revealing that the internalization into mitochondria of the allotopic precursor
is partially impaired. In contrast, in the Acox2 + eCOX2W%6R packground, the absence of
Mgr2 led to an accumulation of the precursor while the presence of mature Cox2W6R
protein was nearly undetectable. As shown in Table 1, strains carrying the allotopic
COX2WseR gene and overexpressing MGR2 display a 20-30% decrease of the oxygen
uptake. In accord with the respiratory growth phenotype, loss of Mgr2 function in the
nCox2W%eR hackground yields a 50% diminution of oxygen uptake while the mgr2-null
mutation results in a complete block of respiration in the eCox2W*¢R strain. In conclusion,
the respiratory growth phenotype, and the steady state of Cox2W°®R correlated with the
respiratory capacity measured by the oxygen uptake. Loss of Mgr2 function yields a more
severe phenotype when the allotopic COX2"%6R gene is present in multicopy.

The Amgr2 mutant could be complemented when transformed with MGR2 cloned in a
multicopy plasmid. Complementation was not observed when the gene was inserted in an
antisense direction (3°-5") in relation to the PGK promoter or when only the empty vector
was used for the transformation (Figure 4A). Mitochondria were isolated from the wild-
type, the Amgr2 mutant, and the Amgr2 overexpressing the MGR2 gene (Amgr2 +
MGR2?1), solubilized with DDM and subjected to BN-PAGE (Figure 4B). In-gel staining of
CcO activity revealed diminished activity of the mgr2-null mutant compared to the wild-type
strain. This CcO activity was restored in the Amgr2 strain complemented by the wild-type
gene (Figure 4C). By contrast, the hydrolytic activity of complex V (ATP synthase)
remained unaltered in the three strains (Figure 4D). Subsequently, the BN-gels were
independently subjected to second dimension electrophoresis in denaturing conditions
(2D-SDS-PAGE) and the resulting gels were blotted and immunodecorated using an anti-
Cox2 antibody. An evident decrease in the levels of CcO was observed in the mgr2 null
mutant as compared to the wild-type strain (around 50%, data not shown); and enhanced
levels were recovered upon complementation with the MGR2 gene (Figure 4E). The
results described above strongly indicate that the absence of Mgr2 elicits diminished levels
of CcO, even if the growth of the mgr2-null strain is comparable to that of the wild-type
yeast.

DISCUSSION

Oxal, Cox20 and Psel control a limiting step of the biogenesis of allotopic
Cox2WseR,

Overexpression of COX20 and OXA1 improved the respiratory growth of a yeast strain
expressing COX2WsR and facilitated the internalization of Cox2%eR subunit into yeast
mitochondria when high levels of the Cox2"R subunit are synthesized (Figure 1). We
hypothesize that overexpression of the two tested genes yields enhanced levels of their
cognate protein products. That increased levels of Oxal or Cox20 improve the respiratory
growth of the eCox2W5eR strain, suggests that both proteins control a limiting step of the
biogenesis of allotopically produced Cox2.

The Oxal translocator is a protein embedded in the IMM (Hell et al., 1997, 2000; Homberg
et al., 2023) that inserts mitochondrial membrane proteins during their synthesis by
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mitoribosomes (Szyrach et al., 2003), including the Cox1, Cox2 and Cox3 subunits of CcO
(Bonnefoy et al., 1994; Herrmann and Funes, 2005). Oxal is also instrumental in inserting
the TMS of cytosol-synthesized membrane proteins that are imported into mitochondria
and is essential for the insertion of the TMS1 of the allotopic Cox2"5¢R subunit (Elliott et
al., 2012). Overproduction of Oxal may facilitate the recognition of the LP close to the
TMS1 of Cox2%56R reaching the mitochondrial matrix and guiding insertion into the IMM
more efficiently.

Cox20, an IMM-bound protein with a Nou-Cout topology is a Cox2-specific chaperone
involved in several steps of CcO bhiogenesis (Herrmann and Funes, 2005; Kumar et al.,
2015; Keerthiraju et al.,, 2019). Along with the mitochondrial ribosome receptor Mbal,
Cox20 stabilizes the nascent Cox2 polypeptide exiting the mitoribosome, while its TMS1 is
inserted from the matrix into the IMM and delivers the subunit to the Cox18-dependent
Cox2 tail export machinery (Lorenzi et al., 2016). Subsequently, the Cox18 insertase
interacts with Cox2 to promote translocation from the matrix across the inner membrane of
the TMS2 and the C-tail of Cox2, the latter containing the Cu binding site for formation of
the Cua binuclear center (Bourens et al., 2017). Binding of Cox20 to Cox2 on the IMS-
facing side of the IMM accelerates dissociation of Cox18 translocase from the newly
exported Cox2 protein (Elliot et al., 2012) and promotes subsequent maturation by
delivering the subunit to the Cu-inserting system facing the IMS, i.e., the Scol-Sco2-Coa6
copper metalation module (Hell et al., 2000).

Import of cytosol synthesized Cox2W**R does not require the Cox18 translocase,
suggesting that the biogenesis pathway of the allotopically produced subunit does not
involve import of TMS2 and the C-tail into the matrix followed by export across the IMM to
the IMS (Elliott et al., 2012). Hence, the COX20-dependent improvement of the respiratory
phenotype of eCox2W*R strain cannot be attributed to the function of Cox20 in
translocating the TMS2 and C-tail of Cox2. Conceivably, overexpression of COX20 may
promote the production of mature Cox2"5¢R by enhancing the delivery of Cu to the subunit
already inserted in the IMM through interaction with the Cu-inserting machinery. In
summary, increased levels of Oxal and Cox20 may facilitate the overall import rates of
eCox2WseR,

The basis for the PSE1-dependent suppression is not obvious but it is likely that PSE1
overexpression facilitates the import of Cox2W*R into mitochondria, by mediating the
nuclear-to-cytoplasm transport of a transcript encoding a factor directly or indirectly
required for mitochondrial import of membrane proteins (Lord et al.,, 2015). Also,
overexpression of RRP5 or MSP1 in the eCOX2Y56R strain appeared to be detrimental to
respiratory growth (Figure 1A and 1B). This suggests that overexpression of these genes
affects the internalization of Cox2W5¢R and/or other aspects of mitochondrial respiration.
For genes that did not elicit any enhancement of the respiratory growth, we cannot rule out
the possibility that there is no overproduction of the corresponding gene product, or that
the level of the overproduced protein is not sufficient to enhance respiratory growth.

Mgr2 participates in the biogenesis pathway of the allotopic Cox2%“R subunit.

Mgr2, a small hydrophobic protein with two TMS, was initially identified as a coupling
factor of TIM23, the translocase of most cytosol-synthesized proteins containing an MTS
and destined to the mitochondrial matrix or the IMM (Gebert et al., 2012; leva et al., 2013).
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Mgr2 regulates the gating mechanism of TIM23 (Mirzalieva et al., 2019), which has been
proposed to exist in the IMM as three distinct structural/functional forms in continuous
dynamic interchange: TIM23CORE TIM23MOTOR = and TIM23S°RT (Popov-Celeketi¢ et al.,
2008; Bohnert et al., 2010; Chacinska et al., 2010). Mgr2 provides “quality control” to the
lateral release of membrane proteins into the IMM via TIM23SORT (Gebert et al., 2012). In
essence, Mgr2 works as a gatekeeper directly interacting with alpha helices (TMS) being
sorted by TIM23 (Matta et al., 2020). Pam18 is a scaffold component of TIM23MOTOR crycial
for importing proteins into the mitochondrial matrix (Mokranjac et al., 2020). When Pam18
is recruited to the translocase, the main function of its membrane-spanning alpha-helix
domain is to obstruct the lateral release of proteins into the IMM. When a hydrophobic
TMS gets arrested in the TIM23S°RT protein translocation crevice, Pam18 dissociates and
allows Mgr2 recruitment (Schendzielorz et al., 2018). The role of Mgr2 in TIM23S°RT is to
discriminate which alpha-helices should be laterally released into the IMM or translocated
through the IMM. The model is that Mgr2 probably acts by sensing hydrophobic signals
and allowing stop-transfer signals contained in the hydrophobic TMS to be released into
the membrane, but less hydrophobic alpha-helices to get across the IMM into the matrix
(Botelho et al., 2011; Lee et al., 2020). Here, we asked if Mgr2 also modulates TIM23
function during the internalization of the allotopically produced subunit and examined the
effects of overexpressing and deleting this factor on Cox2VR import.

Our findings revealed that the overproduction of Mgr2 exhibited a marginal detrimental
effect on the internalization of allotopic nCox2W%¢R, which becomes more pronounced in
the case of eCox2"*®R, Since Pam18 and Mgr2 compete for the same binding site in the
TIM23C°RE complex (Schendzielorz et al., 2018), one possible scenario is that production
of high levels of Mgr2 might displace Pam18. Conceivably, this might impair the function of
TIM23MOTOR and diminish the import of the TMS1 of Cox2Y5®R into mitochondria.

While previous studies reported the temperature sensitive respiratory growth phenotype of
a mgr2-null mutant (Matta et al., 2020), there was no additional description of the
consequences on the respiratory chain caused by loss of Mgr2 function. Here we show
that the absence of Mgr2 in an otherwise wild-type background has no evident effect on
yeast growth, but nevertheless, it yields a 30% decrease of both the oxygen consumption
and CcO activity. Since CcO (complex 1V) and the bc: complex (complex IlI) are in a high
copy number in a yeast cell (67,000 and 83,000 copies/cell respectively) (Morgenstern et
al., 2017; Pfanner et al., 2019) a relatively small decrease in the levels of CcO should not
drastically affect yeast growth, and its deleterious effects can only be observed when a
critical, minimum level is reached. Mgr2 may also participate in CcO biogenesis even
when the Cox2 subunit is synthesized inside the mitochondria, most probably, by
controlling the import process of some of the nucleus-encoded subunits of yeast CcO that
contain one TMS. Indeed, nine nucleus encoded subunits are present in the cryo-EM
structure of yeast CcO complex (PDB: 6YMY; Berndtsson et al.,2020) and six of them
exhibit one TMS oriented with a Nin-Cout topology (Cox5, Cox7, Cox8, Cox9, Cox13 and
Cox26). To reach this final topology, the six subunits must be laterally released into the
IMM by TIM23S°RT most probably in a Mgr2-dependent manner. The absence of Mgr2
could affect the lateral release of these subunits into the IMM, therefore slightly diminishing
the steady-state levels of CcO. Nevertheless, Mgr2 becomes crucial when CcO assembly
depends on allotopically produced Cox2. The absence of Mgr2 negatively impacted
respiratory growth and the internalization of both nCox2"*¢R and eCox2"*¢R, One possible
scenario is that, in the absence of Mgr2, TMS1 with the W56R substitution is no longer
sensed as less hydrophobic and is recognized as a stop-transfer signal. Subsequently, the
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TMS1 is laterally released in the IMM instead of being imported into the matrix, leading to
a protein embedded in the membrane with an incorrect topology (Nin-Cout instead of Nout-
Cout). This is supported by the fact that in a mgr2-null mutant, TIM23 tends to accelerate
lateral release of TMSs into the IMM through the “stop-transfer” pathway (leva et al., 2014;
Steffen and Koehler, 2014). We conclude that both the deletion and overexpression of
MGR?2 affect the import of the allotopically produced Cox2 subunit. The detrimental effects
of Mgr2 on Cox2W°®R import strongly suggest the participation of TIM23S°RT in this process.

A model for the import of the allotopically synthesized Cox2%R subunit.

Previous models of the biogenesis of the allotopic Cox2V**R subunit postulated the dual
functionality of TIM23 in sorting proteins through two different routes: the TMS1 of the
protein is translocated into the mitochondrial matrix through the “conservative-sorting”
pathway, while the TMS2 is laterally released into the IMM through the “stop-transfer”
pathway (Cruz-Torres et al., 2012; Rubalcava-Gracia et al., 2018; Nieto-Panqueva et al.,
2023). Here, the finding that Mgr2 is essential for the import of Cox2V*¢R |ed us to define
our model (Figure 5). TIM23MOTOR translocates the MTS and the TMS1 of Cox2V*¢R into the
matrix, then, TMS2 will get arrested due to its high hydrophobicity and the presence of a
stop transfer signal. At this stage, the PAM motor must disassemble from TIM23YOToR
giving rise transiently to TIM23C°RE (Tim50/Tim23/Tim17), and immediately thereafter
Mgr2, Tim21 and respiratory complexes Il and IV could be recruited by TIM23CORE to
assemble a functionally competent TIM23SORT complex, that with the help of Mgr2, will
laterally release the TMS2 of Cox2%%%R into the IMM.

Additional observations support the proposed model: i) two high resolution cryo-EM
structures of the yeast TIM23 complex indicate that the Tim23 and Tim17 subunits interact
back-to-back, and that protein translocation occurs through a cavity in Tim17 (Sim et al.,
2021; Zhou et al., 2023) that is found to be in close contact with Mgr2 (Zhou et al., 2023).
ii) Since Pam18 and Mgr2 compete for the same binding site in Tim17 (Schendzielorz et
al., 2018), once Pam18 gets displaced, Mgr2 may bind and facilitate the lateral release
into the IMM of the TMS2 of the allotopic Cox2 precursor (Figure S3). iii) Recently, using
high-resolution complexome profiling, a quantitative map of protein assemblies of more
than 90% of the yeast mitochondrial proteome, termed MitCOM, was made available
(Schulte et al., 2023). Mining this database, we could identify two independent peaks in
these complexome profiles, representing Tim17-Pam18 and Tim17-Mgr2 associations with
distinct apparent molecular masses (Figure S4). iv) Models of protein complexes built
using AlphaFold-Multimer (Jumper et al., 2021) suggest that both Pam18 and Mgr2
independently bind to the same domain of Tim17 (Figure S5).

In summary, we propose that a dynamic exchange of TIM23“OTOR and TIM23SORT is
required during allotopic Cox2W%eR precursor translocation and sorting. Our model also
explains why the biogenesis pathway followed by either a naturally (Adams et al., 1999;
Daley et al., 2002) or artificially (Rubalcava-Gracia et al., 2018) nucleus-encoded Cox2
protein is much more complex than the one followed by its mitochondria-synthesized
counterpart. Lastly, the model suggests that the limiting step of Cox2W*R import into
mitochondria probably occurs when its TMS2 is retained by Tim17, forcing the
disassembly of TIM23MOTR (release of the PAM motor) followed by the building of a
functional TIM23SORT complex. We speculate that a “Pam18-Mgr2 switch” could control the
Tim23SORT and TIM23MOTR interchange required for the correct import/sort of IMM-
embedded proteins. This translocation machinery disassembly-assembly shift must occur
while a single Cox2"5eR polypeptide is being internalized, and it inevitably implies a major
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discontinuity in the import process of the allotopic subunit. We therefore suggest that the
limiting step of the Cox2W°®R biogenesis is due to the rearrangement TIM23MOTOR _—,
TIM23S°RT, Our model illustrates the complexity of a process required for an allotopically
produced Cox2W*R subunit to reach its final, functional Nout-Cout topology in the IMM, and it
also sheds light on the mechanism through which several other nucleus-encoded
mitochondrial membrane proteins, exhibiting a MTS, two TMS, and an Nout-Cout topology,
are imported and sorted into the IMM by TIM23.
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Figure Legends:

Figure 1. Overexpression of OXA1l, COX20 and PSE1 enhances the respiratory
growth of a strain expressing the COX2"*R gene from a multicopy plasmid. A) Serial
dilution series showing the fermentative (glucose) and respiratory (ethanol/glycerol,
ethanol, and lactate) growth phenotype of a wild-type strain (wt), the cox2-null strain
(Acox2), the Acox2 + eCOX2WeR strain (eCOX2W5tR), and the 9 strains overexpressing (1)
the indicated gene or carrying the empty vector pGP564 (Tilling collection, labeled as EV)
in the eCOX2Y5¢R background at 30°C. Photographs were taken on the fourth day of
growth. B) Same serial dilution series as in A, except that growth was assayed at 37°C.
Photographs were taken on the fourth day of growth. C, D and E) Antibodies against Cox2
and Zwfl were used to immunodetect the corresponding proteins in total cellular extracts
of the indicated yeast strains: wild type (wt); the cox2-null mutant strain (Acox2); the Acox2
+ eCOX2W5eR strain (e), the 9 strains overexpressing (1) the indicated gene on an
eCOX2W*R hackground, and the control strain (e) transformed with an empty vector
pGP564 (Tilling collection) (e + EV). The precursor and mature forms of Cox2 or Cox2WeR
(28 kDa) are indicated as p and m, respectively. The anti-Zwf1 antibody immunoreacts
against a 57 kDa band which is used as a loading control. Antibodies against Oxal, reacts
against a 45 kDa band and is use here to show increased accumulation of OXA1 in the e +
OXA11 strain. Bar plots represent quantification of technical replicates of immunoblots.
Results are presented as mean + SD, n = 3. The mean and SD abundance of the wild-type
protein are indicated by black and grey dotted lines, respectively. Acox2 data is not
displayed.

Figure 2. Overexpression of genes related to the TIM23 translocon affects the
growth of a strain expressing the COX2"%¢R gene from a multicopy plasmid. A) serial
dilution series showing the fermentative (glucose) and respiratory (ethanol/glycerol,
ethanol, and lactate) growth phenotypes of a wild-type strain (wt), the cox2-null strain
(Acox2), the Acox2 + eCOX2WeR strain (eCOX2Y5eR), and the 4 strains overexpressing (1)
the indicated gene or carrying the empty vector pGP564 (Tilling collection) (EV) in the
eCOX2W*R hackground at 30°C. Photographs were taken on the fourth day of growth. B)
and C) antibodies against Cox2 and Zwf1 were used to immunodetect the corresponding
proteins in total cellular extracts of the indicated yeast strains: wild-type (wt); the cox2-null
mutant strain (Acox2); the Acox2 + eCOX2"5R strain (e), the four strains overexpressing
(1) the indicated gene on an eCOX2"%¢R background, and the control strain (€)
transformed with an empty vector pGP564 (Tilling collection) (e + EV). The precursor and
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mature forms of the Cox2 or Cox2">%R proteins (28 kDa) are indicated as p and m
respectively. The anti-Zwf1 antibody immunoreacts against a 57 kDa band which is used
as a loading control. Bar plots represent quantification of technical replicates of
immunoblots. Results are presented as mean £ SD, n = 3. The mean and SD abundance
of the wild-type protein are indicated by black and grey dotted lines, respectively. Acox2
data is not displayed.

Figure 3. Overexpression or deletion of the MGR2 gene affects the growth of the
strains expressing the COX2"5R gene either from the nucleus or from a multicopy
plasmid. A) Upper panels: Serial dilution series at 30°C showing the fermentative
(glucose) and respiratory phenotype (ethanol-glycerol, ethanol, or lactate) of a wild-type
strain (wt), the cox2-null strain (Acox2), a wild-type strain whose MGR2 gene was deleted
(Amgr2), the Acox2 + nCOX2W55R strain (nCOX2W*eR), and the effect over the latter strain
of the MGR2 deletion (nCOX2W*R + Amgr2) or its overexpression from a multicopy
plasmid (NnCOX2W5¢R + MGR2 1). The effect on growth of the multi copy empty vector
(PMK?2) is also shown (nCOX2WseR + EV). Lower panels: Same serial dilution series as in
the upper panels, except that growth was assayed in the strain expressing the multicopy
plasmid eCOX2%56R  B) Antibodies against Cox2 and Zwf1 were used to immunodetect the
corresponding proteins in total cellular extracts of the indicated yeast strains: wild-type
(wt); a strain whose MGR2 gene was deleted (Amgr2), the Acox2 + nCOX2Y5R strain (n),
the effect over the latter strain of the MGR2 deletion (n + Amgr2), the effect of
overexpressing MGR2 (n + MGR217), and the effect of the empty vector pMK2 (n + EV).
The precursor and mature forms of Cox2 or Cox2W%¢R (28 kDa) are indicated as p and m
respectively. Antibodies anti-Zwfl were used as loading control. C) Same series of
immunoblots as in B but carried with the strain expressing the multicopy plasmid
eCOX2WseR,

Figure 4. Expressing the MGR2 gene restores growth of the mgr2-null mutation in a
Acox2 + nCOX2W5eR strain. A) Serial dilution series at 30°C and 37°C showing the
fermentative (glucose) and respiratory phenotype (ethanol-glycerol, ethanol, or lactate) of
the following strains: Acox2 + nCOX2W%R strain carrying a MGR2 deletion (nCOX2W56R +
Amgr2), the latter strain complemented with a multicopy vector carrying the MGR2 gene in
the 5’-3’ orientation [NCOX2W5¢R + Amgr2 + MGR21 (5’-3")], and a strain expressing MGR2
cloned in the opposite direction [(NnCOX2WsR + Amgr2 + MGR21t (3-5')]. The effect on
growth of the multi copy empty vector (pMK2) is also shown (nCOX2W%eR + Amgr2 + EV).
B, C and D) BN gels of solubilized mitochondrial proteins. Mitochondria were isolated from
the wild-type strain (wt), the mgr2-null mutant (Amgr2) and the complemented mutant
(Amgr2 + MGR21). The gels were stained with Coomassie Brilliant Blue (B), CcO in gel
activity (C), and ATPase in gel activity (white precipitates, D). The bands for complex IV
(CcO) and complex V (ATPase) are indicated. Band IV’ corresponds to CcO lacking the
Cox6 subunit (Horan et al., 2005). C) Immunobilotting of 2D gels (SDS-PAGE) after BN-
PAGE. Slices of the BN gels were incubated in the presence of SDS and added on second
dimension SDS gels. After electrophoresis, the resulting 2D gels were transferred to PVDF
membranes and decorated with an anti-Cox2 antibody. The spots corresponding to the
mature Cox2 or Cox2V*6R proteins are indicated as m (28 kDa).

Figure 5. Proposed biogenesis pathway followed by the allotopic Cox2W*R subunit.
A) The allotopic Cox2 precursor is translocated by the TOM complex (colored violet) and
delivered to TIM23MCTOR (colored yellow and fuchsia). The MTS, the leader peptide (LP)
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and the TMS1 (UAGapp = 0.55 kcal/mol) of the Cox2 precursor (colored in light blue with a
red asterix indicating the W56R substitution) are fully translocated by TIM23 MOTOR into the
mitochondrial matrix and the MTS is proteolytically removed by the Matrix Processing
Protease (MPP, light green). B) TMS2 (uAGapp = 0.44 kcal/mol) of allotopic Cox2 (colored
in dark blue) is arrested in TIM23 and induces the dissociation of the PAM motor (colored
fuchsia) and the recruitment of Mgr2 (light green), Tim21 (green) and respiratory
complexes Il and IV (colored in light blue) to assemble TIM23S°RT Then, TIM23SORT
laterally releases the TMS2 of Cox2 into the IMM. C) The Oxal insertase (colored red)
recognizes the LP and embeds TMS1 in the IMM (this step may occur before,
simultaneously, or after TMS2 is released into the IMM). Subsequently, the Impl protease
(IMP1/2), located in the IMS, removes the LP. The rest of the biogenesis pathway is
identical to the one followed by a mitochondrion synthesized Cox2 protein: incorporation of
the binuclear copper center, assembly with the Cox1 and Cox3 modules, formation of
mature CcO, assembly into super complex lll2IV2. pAGapp values were calculated as in
Nieto-Panqueva et al., (2023).

TABLE 1

Oxygen consumption measurements

STRAIN Oxygen uptake* Oxygen uptake* RC % O2
uptake
VS
reference
no substrate + ethanol
wild-type 66.2 (+- 8.1) 158.8 (+- 0.9) 2.4 100
Amagr2 63.1 (+- 6.1) 114.9 (+-2.3) 1.8 72
nCox2W56R 51.6 (+-1.1) 76.7 (+- 0.9) 15 100
nCox2W36R Amgr2 49.1 (+- 0.5) 41.5 (+- 0.9) 0.8 54
nCox2W36R +MGR21 65.6 (+- 6.9) 60.4 (+- 4.5) 1.0 79
NCox2W56R +EV 53.0 (+- 0.3) 76.4 (+- 0.6) 1.4 99.6
eCox2W56R 50.6 (+- 5.5) 68.6 (+- 3.2) 1.4 100
eCox2W5R Amgr2 17.4 (+- 0.6) 1.5 (+ 0.03) 0.1 2
eCox2W5R MGR21 46.1 (+- 0.6) 46.9 (+-0.9) 1.0 68
eCox2W5R EV1 43.5 (+-3.1) 67.7 (v 2.7) 1.6 98.7

*Expressed in ng atomic oxygen/min/mg mitochondrial protein.

22

20z |4dy gz uo Jasn wod ooyeA@weun-o0osgaysapdiays Agq 66/919//8509eA1/soneuab/es0 L 0 L/10p/alo1le-aoueApe/sonauab/wod dno-ojwapede//:sdjy woly papeojumoq



—

A WM

0 NO O

30°C

day 4

Non-Fermentable
c)

a)
Fermentable
Glucose
wt
Acox2
Acox2 + eCOX2W3H
eCOX2WsR + RRP5 *

0COX2WSER + COX20 1
eCOX2W36R + OXA1 1
COX2WSER + MSP1 |
COX2WseR + TOM70 1
©COX2W5eR + SDH2 1
eCOX2WseR + CIST {
COX2WSeR + PSET 1
COX2WSER + HSP104 1
eCOX2WssR + EV

b)

Ethanol/Glycerol

Ethanol Lactate

Acox2 + eCOX2H%

[xDa)

p
oOxal F 45

o [Eeeeam= e

P
2
¢ e (SN0

Acox2 + eCOX2W5=

w0
& o oV
579 & e T e o

Fermentable

dayd  sooe [ERENESeEERESEE ’:rpnza)

Non-Fermentable

Glucose

wt
Acox2
Acox2 + eCOX2v/5eR
8COX256% + RRP5 *
eCOX2WsR + COX20 t
OCOX2WS6R + OXAT
eCOX2WotR + MSP1 1
eCOX2WS6R + TOM70 1
eCOX2WstR + SDH2 1
QCOX2WstR + CIST 1
OCOX2WS6R + PSET ©
eCOX2WstR + HSP104 1
QCOX2WssR + EV

a)

wit
Acox2

Acox2 + eCOX2WoER
eCOX2W56R + TIMT7 1
eCOX2WEER + TIM23 1
eCOX2W5R + MGR2 1
eGCOX2WS6R + Tip21 1
eCOX2W5R + EV

b)
Acox2 + eCOXHER

Wl
") BT )

N S o

[kDa]

——a_kp
e g o e mz8)

azwfl [ —-———-}»57

Ethanol/Glycerol

Ethanol Lactate

Strain

e)
Acox2 + eCOX2WS=
PR z*c‘\z\:‘ﬁfﬁ{‘ﬁ [kDa]
aCoxz [ ISR SR P 25y
vt (S 9
Figure 1
347x206 mm ( x DPI)
Fermentable Non-Fermentable
Glucose Ethanol/Glycerol Ethanol Lactate

c)
Agax2 + aCOX2T

PR
5 WOl o
e+ TIMITT LIt

umCox2 KDal

- 0
pCox2 aCox2 ———— — P

. — m(28)
v EEEEES

Strain

&+ TIM23T

e+EV

a 2 4 6 8
Protein abundance (a. u.)

Figure2
347x206 mm (x DPI)

¥
© Y
e+ RRP5I,
nmCox2
=pCox2
o+ OXAT S
erEv i
02 46 8
Protein abundance (a. u.}
el
e+ MSP1- |,
c [ mmCox2
% o TOMIO =pCox2
o+ SOHZ],
erEv i
6 8
Protein abundance (a. u.)
.‘% mmCox2
& #pCox2
o+ HSP1047
o+E
246 8

Protein abundance (a. u.)

day 4 (30°C)

mmCox2
pCox2

0 2 4 6 8
Protein abundance (a. u.)

23

20z |4dy gz uo Jasn wod ooyeA@weun-o0osgaysapdiays Agq 66/919//8509eA1/soneuab/es0 L 0 L/10p/alo1le-aoueApe/sonauab/wod dno-ojwapede//:sdjy woly papeojumoq



—

A wWN

0 NO O

a)
Fermentable

Non-Fermentable

Glucose Ethanol/Glycerol Ethanol

wt
Amgr2
Acox2 + nCox2W5eR
nCox2W5R + Amgr2
nCox2W56R + MGR21
nCox2Ws6R + EV

wt
Amgr2
Acox2 + eCox2W56R
eCOX2W56R + Amgr2
eCOX2W56R + MGR21
eCOX2WS6R + EV

day 4 (30°C)
Lactate

Acox2 + eCOX2W5R

T an
B MICAN]
N“gﬂe NG e

x
e

[kDa]

oo o ™ m (28)

B

b) Acox2 + nCOX2WseR ¢
a YA
o ‘(\g(z' “ar b(“g“x N‘O?\ x?’\l
M [kDa]
S i — P
aCox2 | .. . L m(8) aCox2 | e
aZwf1 ] e |—57 azZwf1
Figure 3

347x206 mm (x DPI)

a)
Fermentable

Non-Fermentable

Glucose Ethanol/Glycerol Ethanol

nCOX2W5R + Amgr2
nCOX2WSR + Amgr2 + MGR21 (5™~ 37)
nCOX2WS6R + Amgr2 + MGR2t (3°- 5)
nCOX2WSER + Amgr2 + EV
nCox2"W5% + Amgr2
nCOX2"S5R+ Amgr2 + MGR2? (57~ 3)
nCOX2WSR+ Amgr2 + MGR21 (3~ 57)
nCOX2WEER + Amgr2 + EV

\»"\ﬂ\

b)

= <

Figure 4
318x195 mm (x DPI)

Lactate

day 4 (30°C)

day 7 (37°C)

e)

10t
l—) BN-PAGE
2n¢
o
wt g o — m (28 kDa)
@
=]
o
Amgr2
- — m (28 kDa)
Amgr2 + MGR2{ o> |— m(28kDa)

24

20z |4dy gz uo Jasn wod ooyeA@weun-o0osgaysapdiays Agq 66/919//8509eA1/soneuab/es0 L 0 L/10p/alo1le-aoueApe/sonauab/wod dno-ojwapede//:sdjy woly papeojumoq



Downloaded from https://academic.oup.com/genetics/advance-article/doi/10.1093/genetics/iyae058/7646799 by ehelpdeskebsco-unam@yahoo.com user on 22 April 2024

b)
Figure5
347x206 mm (ax DPI)

=

TIM23
2077

™S

o A0

P 9
Tinz3

| =y |
¢)

g

; g

[
"
TikZ3
22017

a)

25



Articulo III.
Enviado, en revision

Nieto-Panqueva, F., Vazquez-Acevedo, M., Hamel, P. P., & Gonzélez-Halphen, D.
(2024). A high copy suppressor screen identifies factors enhancing the allotopic

production of subunit II of cytochrome ¢ oxidase. G3: Genes, Genomes, Genetics. N/A.



13
14
15

16
17

18
19
20
21

22

23

24

25

26

27

28
29
30
31
32
33
34
35
36

A high copy suppressor screen identifies factors enhancing the
allotopic production of subunit Il of cytochrome ¢ oxidase.
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RUNNING TITLE:

Factors enhancing the allotopic production of Cox2.

ABSTRACT

Allotopic expression refers to the artificial relocation of an organellar gene to the nucleus.
Subunit 2 (Cox2) of cytochrome c oxidase, a two transmembrane stretches (TMS1 and
TMS2) protein with a NqwCou topology, is typically encoded in the mitochondrial cox2
gene. In the yeast Saccharomyces cerevisiae, the cox2 gene can be allotopically
expressed in the nucleus, yielding a functional protein that restores respiratory growth to a
Acox2 null mutant. In addition to a mitochondrial targeting sequence followed by its natural
15-residue leader peptide, the cytosol synthesized Cox2 precursor must carry one or
several amino acid substitutions that decrease the mean hydrophobicity of TMS1 and
facilitate its translocation into the matrix by the TIM23 translocase. Here, using a yeast
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strain that contains a COX2"**" gene construct inserted in a nuclear chromosome, we

searched for genes whose overexpression could facilitate import into mitochondria of the
Cox2"*°R precursor and increase respiratory growth of the corresponding mutant strain. A
COX2"*%R expressing strain was transformed with a multicopy plasmid genomic library,
and transformants exhibiting higher growth rates on a respiratory carbon source were
selected. We identified three genes whose overexpression facilitates the internalization of
the Cox2"“°®® subunit into mitochondria, namely: TYE7, RAS2 and COX12. TYE7 encodes
a transcriptional factor, RAS2 a GTP-binding protein, and COX12 a non-core subunit of
cytochrome ¢ oxidase. We discuss potential mechanisms by which the gene products of
TYE7, RAS2 and COX12 could facilitate the import and assembly of the Cox2"*®® subunit
produced allotopically.

KEY WORDS: subunit 2 of cytochrome ¢ oxidase, allotopic expression, protein import into
mitochondria, TIM23 translocator, TYE7, RAS2 and COX12.
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INTRODUCTION

Cytochrome c oxidase (CcO), or complex IV of the mitochondrial respiratory chain,
catalyzes electron transfer from cytochrome ¢ to molecular oxygen coupled to proton
pumping (Rich, 2017). In yeast, CcO is formed by polypeptides encoded in two different
genomes: three in the mitochondrial DNA and eight in the nucleus (Poyton et al., 1995).
The three mitochondria-encoded subunits, Cox1, Cox2, and Cox3, constitute the core of
the complex, and are normally synthesized by mitochondrial ribosomes and
cotranslationally inserted into the inner mitochondrial membrane (IMM) (Dennerlein et al.,
2023). The eight nucleus-encoded subunits, also referred to as non-core subunits, are
synthesized in the cytosol as precursors that usually carry a mitochondrial targeting
sequence (MTS), imported into mitochondria, proteolytically matured, and assembled into
CcO (Poyton and Groot, 1975; Fontanesi et al., 2018). Subunit Cox2 is a membrane-
embedded protein with two transmembrane stretches (TMS1 and TMS2) and a C-terminal,
hydrophilic domain that binds a catalytic binuclear copper center facing the mitochondrial
intermembrane space (IMS). Usually, Cox2 is synthesized by mitochondrial ribosomes as
a precursor containing a leader peptide of 15 residues (Torello et al., 1997). The TMSL1 of
the protein is inserted co-translationally into the inner mitochondrial membrane (IMM) by
the combined action of the mitoribosomes, the IMM-located Oxal insertase, and the
assembly factors Mbal and Cox20 (Hell et al. 1997; Herrmann & Bonnefoy 2004; Fiumera
et al. 2007). When the N-terminus of Cox2 reaches the mitochondrial intermembrane
space (IMS), the leader peptide is removed by the Impl protease (Sevarino & Poyton
1980; Torello et al. 1997). By contrast, TMS2 and the large, hydrophilic domain of the
protein are translocated across the IMM by Cox18, Pntl and Mss2, a process by which the
Cox2 subunit exposes the C-terminus to the IMS, thus reaching its characteristic Noy-Cout
topology (Saracco & Fox 2002).

Previously, the mitochondrial cox2 gene was artificially relocated to the nucleus in yeast
(Supekova et al., 2010). The expression of a COX2 gene construct from the nucleus
complemented a null Acox2 yeast strain, restoring growth in non-fermentable carbon
sources. Thus, the cytosol synthesized Cox2 subunit (Cox2*""°T°P) was successfully
directed to mitochondria and functionally assembled into CcO. To be internalized into
mitochondria, the allotopically produced Cox2 precursor must exhibit some characteristics:
a mitochondrial targeting sequence (MTS) followed by the natural leader peptide of the
yeast mitochondrial Cox2 precursor, and the presence of amino acid substitutions in
TMS1, that can be either W56R, W56K, W56Q or the double V49Q/L51G mutation
(Rubalcava-Gracia et al., 2018). As expected, the allotopically produced Cox2 protein
follows a different biogenesis pathway than the mitochondria synthesized Cox2 subunit,
entering mitochondria through the TOM translocator and subsequently sorted by the
TIM23 translocator. The amino acid substitutions diminish the mean hydrophobicity of
TMS1, promoting its full translocation into the mitochondrial matrix by TIM23. Once the
MTS reaches the matrix, it is selectively removed by the mitochondrial processing
protease (MPP). Then, the Oxal insertase recognizes the leader peptide and inserts the
TMS1 of the protein into the IMM. When the N-terminus of Cox2 gets exposed to the IMS,
Cox20 stabilizes TMS1 and the IMS-localized Imp1l protease removes the leader peptide.
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Paralleling this process, the highly hydrophobic TMS2 domain of Cox2*"-°™"'¢ is retained
by the TIM23 complex and released laterally into the IMM, along with the hydrophilic C-
terminal domain of the protein, which becomes exposed to the IMS. Thus, the allotopically
produced Cox2 subunit reaches the same functional No.-Co. topology (Nieto-Panqueva et
al., 2023) attained by its Cox2 counterpart synthesized on mitoribosomes (Rubalcava-
Gracia et al., 2018). In contrast to the Cox2 protein synthesized in mitochondria, the
biogenesis of Cox2*"-°T°"' does not require the participation of Cox18, which controls the
translocation of the TMS2 (Elliott and Fox, 2012). Once the allotopically produced Cox2
protein is inserted in the IMM, it must probably follow the same maturation steps than the
Cox2 protein synthesized inside mitochondria: acquisition of a binuclear CuA center (Rigby
et al. 2008; Pacheu-Grau et al. 2015; Ghosh et al. 2016; Pacheu-Grau et al. 2020) and its
functional assembly into the CcO complex (Franco et al., 2020).

Although allotopic production of a yeast Cox2 subunit is clearly viable, strains expressing
COX2W®R exhibit lower steady-state levels of CcO and diminished rates of oxygen uptake
when compared to wild-type yeast (Cruz-Torres et al. 2012). This phenotype was not due
to the presence of the W56R substitution, because when the mutant Cox2"“*°® protein was
synthesized inside mitochondria, the resulting activity and levels of CcO were found to be
equivalent to those of a wild-type strain (Rubalcava-Gracia et al., 2018). Thus, the inability
of allotopically produced Cox2"*®? protein to restore full CcO function was attributed to a
limiting step during the translocation and sorting of the Cox2"**" precursor by TIM23
(Rubalcava-Gracia et al., 2019).

Here, using a multicopy genomic library, we undertook a search for multicopy suppressors
that could enhance the respiratory growth of the yeast strain expressing the COX2"*%}
gene construct from the nucleus (nCOX2"*°F). Overexpression of three genes, COX12,
RAS2 and TYE7, were found to facilitate growth on non-fermentable carbon sources and
enhanced levels of mature Cox2“**® subunit in mitochondria. We suggest possible
mechanisms by which the independent overexpression of these three genes promote the
internalization into mitochondria of the allotopically produced Cox2">®R.
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MATERIALS AND METHODS

Yeast culture conditions

The yeast strains were cultivated in liquid or solid media containing 2% agar, maintained
at 30 °C, unless otherwise specified. Media compositions used throughout the study were:
YPDA (1% yeast extract, 2% bactopeptone, and 2% dextrose) as fermentable media,
YPEG (1% yeast extract, 2% bacto peptone, 3% ethanol and 3% v/v glycerol); YPE (1%
yeast extract, 2% bacto peptone, 2% ethanol), and YPLAC (3% yeast extract , 1%
KH,PO,4, 1% NH4CI, 0.5% CacCl,-2H,0, 0.5% NaCl, 0.6% MgS0O,4-H20, 3% FeCl;, 2%
(viv) lactate, pH 5.5), as non-fermentable media. Minimal media SD or SGal (0.17% yeast
nitrogen base [lacking amino acids and (NH,4),SO,], 0.5% (NH4),S0O,4, 2% glucose or 2%
galactose accordingly, supplemented with specific amino acids and nucleotides), and
hygromycin B (300 ug/ml) were used for selection purposes. To monitor growth, optical
density at 600 nm (0O.D.600) was measured using a Bioscreen C spectrophotometer
(Growth Curves, USA).

Yeast strains and gene constructs

Yeast strains used in this study are derived from the parental strain D273-10B (Fred
Sherman lab, ATCC® 24657TM). As a wild-type strain we used NB40-36A 36A (MATa ;
lys2 ; arg8:his ; leu2-3, 11 ; ura3-52 ; [rho']) (Pérez-Martinez et al., 2003) and as a
cox2-null strain we used EHW154 (MATa ; arg8::hisG ; ura3-52 ; leu 2-3, 112 ; his3-
AHindlll, [rho'] cox2(1,89-91)::ARG8m) (Williams and Fox, 2003). For COX2"*®® allotopic
expression in the Acox2 mutant, we utilized two approaches. Firstly, we introduced the
hygromycin B selectable plasmid pRS306H to target insertion via homologous
recombination at the URAS3 locus (designated as Acox2 + nCox2W56R), and the episomal
2y URA3 multicopy plasmid pFL61 (termed Acox2 + eCox2W56R) (Rubalcava-Gracia et
al., 2019). The strains used in this work are listed in Table S1.

Yeast strains overexpressing TYE7, RAS2, and COX12 (designated as TYE7%1, RAS21,
and COX127) were constructed by introducing of the high copy episomal vector pMK2 (M.
Karamoko, personal communication) containing each of the three genes. The wild-type
TYE7, RAS2, and COX12 ORFs were cloned at the Notl site in pMK2 between the
phosphoglycerate kinase (PGK) promoter and terminator. The ORFs were PCR-amplified
using each corresponding chromosomal fragment and the following oligonucleotides with
Notl sequences flanking the plasmid multicloning site:

TYE7OE: 5-GCGCGGCCGCATGAACTCTATTTTAGACA-3’ and 5-
GCGCGGCCGCTTATTTTTGGTCTTGTT-3;
RAS20E: 5-GCGCGGCCGCATGCCTTTGAACAAGTC-3 and 5-

GCGCGGCCGCTTAACTTATAATACAACAGCCACC-3;
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COX120E: 5-GCGCGGCCGCATGGCTGATCAAGAAAA-3 and 5-
GCGCGGCCGCTTAGTCTGAGTTGATATCAC-3".

The pMK2 plasmid, a derivative of pFL61, features LEU2 as a selectable marker instead
of URA3 (Minet et al.,, 1992). The plasmid was constructed by self-ligation of Bglll-cut
pFL61, which resulted in the deletion of the URA3 marker. A 2.8 kb Bglll fragment
containing the LEU2 marker was excised from pFL36 (Bonneaud et al., 1991) cloned into
the Bglll site of the pFL61 derived plasmid with no URA3 marker.

Yeast transformations were conducted employing the one-step yeast transformation
protocol outlined by Chen et al. (1992). Additionally, we utilized the CH3Li method along
with single-stranded DNA as a carrier, following the approach described by Gietz and
Schiestl (2007).

Plasmid manipulation and cloning procedures were used with Escherichia coli DH5a (F—
endAl ginv44 thi-1 recA1 relA1 gyrA96 deoR nupG purB20 ¢80dlacZAM15 A(lacZYA-
argF)u169, hsdR17(rKk—-mK+), A=) and MR32, a recA— derivative of MC1061 (str. K-12 F-
A A(ara-leu)7697 [araD139]B/r A(codB-lacl)3 galk16 galE15 el4— mcrAO relAl
rpsL150(StrR) spoTl1l mcrB1l hsdR2(r—m+)) according to published protocols (Sambrook,
2001).

Multicopy genomic library

The Acox2 + nCox2W56R was transformed with a yeast genomic library constructed in
the pFL44L vector (Bach et al.,, 1979; Oulmouden and Karst, 1990). Out of 307,000
primary transformants, 55 colonies displayed enhanced respiratory growth and after re-
testing 10 colonies (#3 to #12, now named MSO01l to MS10) exhibited a significant
improvement in their ability to grow on a respiratory substrate (glycerol pH:7.0). For co-
segregation experiments, each transformant was grown into liquid YPDA and subcloned
to single colony on solid YPDA medium, which was replicated in minimal medium lacking
uracil and YPEG medium. The plasmids were recovered from the strains by the glass
bead method adapted from Robzyk and Kassir, (1992) in E. coli MR32. At least two
independent bacterial clones resulting from transforming the MR32 strain with the
extracted DNA from the yeast transformants were selected and the plasmids profiled by
restriction digest. Digestion profiles were determined using Sall, Sphl, and Bglll, which are
present in pFL44L. One profile (profile 1) defines plasmids from suppressors MSO01,
MS02, MS03, MS08, MS04 and MSO05, a second profile (profile 2) is found in suppressors
MS06 and MSO07, and plasmid extracted from MS09 defines a third (profile 3) distinct
profile. Despite numerous attempts, the plasmid contained in the MS10 transformant
could never be recovered. The border of the genomic insert contained in the nine pFL44L-
based plasmids recovered from the transformants was sequenced using M13-40 forward
and M13-48 reverse primers.
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UV mutagenesis

One UV-induced respiratory-competent revertant was selected from the DRG103
EHW154 strain. The UV-induced suppressor was isolated from cells grown to stationary
phase, which were plated on YPDA medium and stored in the cold overnight before
mutagenesis. UV mutagenesis was performed using a UV source (254 nm) placed at 12
cm from yeast cells. Plates were then irradiated in the dark for 10 s, incubated for 3 days
in the dark at 28 °C, and replica plated on YPEG. One single revertant was recovered
from 2 x 10° irradiated cells at an irradiation time causing 30% lethality. The COX2 ORF in
the nucleus was amplified in the suppressed strain using primers PGK-F (5-
CAGATCATCAAGGAAGTAATTATC-3) and PGK-R (5’-
CTATTATTTTAGCGTAAAGGATG-3’) and sequenced to identify the mutation leading to
the W56R substitution.

Growth assessment by tenfold serial dilutions

Yeast cells were grown overnight in 3 mL of liquid YPDA at 30 °C with constant agitation.
The next day, the cultures were diluted and grown to exponential phase (O.D.600 1.0).
Cells were centrifugated at 8600 x g, followed by a single wash with 1 mL of sterile water.
This suspension was stepwise diluted five times in a 1:10 ratio for each strain and
dispensed onto 96-well plates. Using a multichannel pipette, small droplets of roughly 3.5
pl were dispensed onto solid fermentable (YPDA) and non-fermentable (YPEG, YPE,
YPLAC) media, and plates were incubated at 30°C for a duration of 4-7 days, as
specified.

Protein extraction and immunodetection

Alkaline extraction was employed for protein extraction from whole yeast cells
cultivated in 20 ml of liquid SGal media, reaching the stationary phase (0.D.600 2.5). The
cells were then collected at 2800 x g in a microcentrifuge for 3 minutes. Cells were then
washed using a 500 pl solution containing 1 mM phenylmethylsufonyl fluoride (PMSF) and
50 mM N-a-tosyl-L-lysyl-Chloromethyl Ketone (TLCK). The pellet was boiled in SDS-
PAGE sample buffer (100 mM Tris-HCI pH 6.8, 10% SDS, 30% glycerol, 4% B-
mercaptoethanol, 0.3% bromophenol blue) following the protocol by Kushnirov, (2000).
Gel electrophoresis was performed using an SDS-tricine-PAGE system as described by
Schagger, (1994). After electrophoresis, the gels were transferred onto nitrocellulose
membranes which were blocked with 1% bovine skin type B gelatin (Invitrogen), followed
by washing and subsequent immuno-decoration. The monoclonal aCox2 antibody
(Abcam: 4B12A5) was used at a 1:9000 dilution, as detailed in Ghosh et al. (2020). As a
loading control, a polyclonal aZwf1 antibody (Sigma-Aldrich: A9521) was employed at a
1:10000 dilution, as detailed in Fujiwara et al. (2016). Secondary antibody labeling
involved a 4-hour incubation with alkaline phosphatase-conjugated goat anti-rabbit and
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goat anti-mouse antibodies. The appearance of dark purple precipitates in band form was
observed after adding nitro-blue tetrazolium chloride (NBT) and 5-bromo-4-chloro-3'-
indolyl phosphate p-toluidine (BCIP) salt. An HP Scanjet G4050 image scanner was
utilized to capture the colored bands formed by the precipitate on the membranes. The
intensity of the colored bands was estimated using the GelAnalyzer 23.1 freeware
developed by Istvan Lazar Jr., PhD and Istvan Lazar Sr., PhD, CSc.
(www.gelanalyzer.com). For bar plotting and statistical analysis GraphPad Prism version
10.1.1(27) for macOS (GraphPad Software, Boston, Massachusetts, USA,
www.graphpad.com) was used. For each subset of samples, a two-way ANOVA followed
by Tukey’s multiple comparisons test was carried out.

In silico analyses

The genes networks up-regulated by the transcription factor Tye7 were searched in
YEASTRACT (Yeast Search for Transcriptional Regulators And Consensus Tracking), a
curated repository of regulatory associations between transcription factors (TF) and target
genes in Saccharomyces cerevisiae (http://yeastract.com/index.php) (Teixeira et al.,
2023). Physical and genetic interactions of Tye7 were explored in the yeast interactome
(Cherry et al, 1997) at the  Saccharomyces Genome  Database
(https://www.yeastgenome.ord/).

RESULTS

To uncover the factors limiting the ability of cytosol-produced Cox2"“**R to fully
complement a cox2-null mutant, we searched for high-copy suppressors that could
improve the respiratory growth of a strain expressing an allotopic COX2"*®® construct from
the nucleus (nCox2"*R). For this purpose, the nCOX2"*R strain was transformed with a
yeast genomic library containing chromosomal fragments inserted into the multicopy
pFL44L vector. Out of an estimated number of 307,000 primary transformants, 55 colonies
were found to display enhanced respiratory growth, and after retesting, ten colonies
(named as Multicopy Suppressors MS01 to MS10) were selected, since they exhibited a
significant improvement in their ability to grow on non-fermentable carbon sources when
compared to the nCOX2"*®® original strain (Figure 1A). Some transformants exhibited an
improved respiratory growth on ethanol/glycerol but not on lactate. The reason for this
carbon source dependent difference in respiratory growth is not obvious. Immunoblotting
analysis revealed that overexpression of the chromosomal fragments in the 10
transformants increased the levels of both the precursor and mature forms of Cox2"*®R
(Figures 1B and 1C) when compared to a strain carrying the empty vector (n + EV).

For each multicopy suppressor transformant (MS01 to MS10), a colony which had lost the
plasmid (-ura) was tested again for the presence of the arg8m and hph markers and
enhanced respiratory growth. The ten colonies were uracil auxotrophs, and concomitantly,
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had lost the enhanced respiratory growth phenotype (not shown). By contrast, all plasmid
containing colonies displayed enhanced respiratory growth compared to the recipient
strain (NCOX2"*F), suggesting that this trait was plasmid-borne for all the isolated
multicopy suppressors (not shown). Altogether, these co-segregation experiments showed
that the enhanced respiratory ability was indeed conferred by a multicopy plasmid
originating from the pFL44L-based genomic library.

Plasmid DNA was recovered from 9 of the 10 yeast multicopy suppressors (MSO1 to
MSO09) and three different restriction profiles were identified. The first profile was found in
suppressors MS01 to MS05 and in MS08. The second profile was found in suppressors
MS06 and MSO07. A third one was present in MS09 and appeared to be a re-arranged
plasmid. The borders of the inserts contained in five of the multicopy plasmids were
sequenced and four chromosomal fragments were identified, along with the ORFs present
in each one of them (Figure 2). This analysis allowed the identification of three candidate
ORFs conferring the suppression in the chromosomal fragments: TYE7 (YOR344C)
present in the plasmid contained in transformants MS01 to MS05 and in MS08; RAS2
(YNLO098C) present in transformants MS06 and MS07; and COX12 (YLR038C) present in
transformant MS09.

To assess if the three candidate genes were indeed responsible for causing the observed
phenotype, i.e., enhanced respiratory growth, the three ORFs were cloned in front of a
strong and constitutive promoter (PGK) in a different multicopy plasmid (pMK2). Thus, the
original nCOX2"*R strain was independently transformed with the three candidate genes
cloned in the pMK2 vector. The growth of the non-transformed nCOX2"**® strain and the
three transformants overexpressing TYE7, RAS2 and COX12 were compared.
Unexpectedly, none of the overexpressing genes caused a significant growth improvement
on respiratory media (Figure S1). We reasoned that the original strain containing the
nCOX2"*R gene construct integrated in the nucleus could have been silenced, or could
had evolved over a period, reaching maximal growth efficiency, which did not enhance
further upon the independent overexpression of the three candidate genes. This finding led
us to generate a new allotopic strain. For this purpose, a yeast strain carrying the
mitochondrial cox2 null mutation and a nucleus localized wild-type COX2 gene (lacking the
mutation corresponding to the W56R substitution) was subjected to UV irradiation. One
mutant strain that was able to grow on respiratory was recovered, and we hypothesized
that the UV induced mutation was in the COX2 gene. Sequence analysis showed that
indeed, UV light treatment induced a mutation in the COX2 gene that gave rise to a W56R
substitution in the corresponding protein product. The n“'COX2"**R strain was also
independently transformed with pMK2 plasmids containing the three candidate genes. The
growth of the non-transformed n“YCOX2"“**R strain and the three transformants
overexpressing TYE7, RAS2 and COX12 were compared, as well as the n“COX2"*°R
strain transformed with an empty pMK2 plasmid. The transformants overexpressing the
candidate genes exhibited a significant improvement in their growth in respiratory media
(Figure 3A). In addition, immunoblotting analysis revealed that overexpression of the three
candidate genes in the n"'COX2"*R strain led to increased levels of the mature form of
Cox2"*R (Figure 3B).
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To test if the high-copy suppressors improved the growth of COX2"**® strain, we also

transformed a strain expressing the COX2"“**R construct from a centromeric plasmid
(cenCOX2"**R) which should generate levels of cytosolic Cox2 precursor protein like
those present in an nCOX2"°®® strain. Thus, the strain cenCOX2"**F was independently
transformed with the three candidate genes cloned in the pMK2 vector. The growth of the
non-transformed COX2"*®® strain and the three transformants overexpressing TYE7,
RAS2 and COX12 were compared, as well as a cenCOX2"**® transformed with an empty
pMK2 plasmid. The transformants overexpressing the candidate genes exhibited a
reproducible and significant improvement in their growth in respiratory media (Figure 4A).
In addition, immunoblotting analysis revealed that the three high-copy suppressors in the
cenCOX2"*R strain increased the levels of the mature form of Cox2"*°® (Figure 4B).

It was previously shown that directing high doses of allotopically synthesized Cox2 subunit
to mitochondria (i.e., using an expression system with a multicopy vector) could be
deleterious because the subunit aggregates at the mitochondrial surface (Rubalcava-
Gracia et al., 2019). Following the same line of reasoning concerning dosage of the
cytosolically produced Cox2"*°R protein, we also explored the effect of overexpressing the
TYE7, RAS2 and COX12 genes on an eCOX2"*®R background, i.e., a strain expressing
the allotopic gene from a multicopy plasmid. Only the transformants overexpressing the
TYE7 and the RAS2 genes induced enhanced growth of the strain on lactate (Supp Fig
S2A), which correlated with lower levels of the Cox2"*®® precursor and higher levels of its
mature form (Supp Fig S2B).

The finding that COX12, RAS2 and TYE7 did not enhance the respiratory growth of the
nCox2"*°" (Supp Fig 1) prompted us to re-examine the respiratory growth of this strain
along with that of n“'COX2"“**R. As shown in Supp Fig 3, the respiratory growth of
nCox2"**R is enhanced compared to that of n“'COX2"*®® and this is correlated to elevated
levels of mature Cox2. This results suggest that the nCox2"**? evolved over time, possibly
through the acquisition of second site mutations.

DISCUSSION

In this work, we identified three genes (TYE7, RAS2 and COX12) whose overexpression
promotes higher respiratory growth of a COX2"*°® strain, which correlates with enhanced
levels of mature allotopic Cox2"**® protein inside mitochondria. We suggest possible
mechanisms through which the protein products encoded in these overexpressed genes
could enhance the internalization of the allotopic subunit into mitochondria.

Overexpression of the TYE7 gene facilitates the internalization of the allotopic
Cox2"*®*®subunit into mitochondria.

Overexpression of the TYE7 gene increased the levels of mature Cox2"°®® in
mitochondria. TYE7 encodes a 33 kDa member of the basic region/helix-loop-
helix/leucine-zipper (bHLH) protein family that exhibits a N-terminal region extremely rich
in serine and a C-terminal sequence that has similarity with Myc and Max proteins
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(Léhning and Ciriacy, 1994). The Tye7 protein functions as a transcriptional activator in
retrotransposon Tyl-mediated gene expression (Servant et al., 2012; Gui et al., 2021).
Through binding to E-boxes, Tye7 activates several genes encoding glycolytic enzymes
like Enolase |, 3-phosphoglycerate kinase, pyruvate kinase, glyceraldehyde-3-phosphate
dehydrogenase, phosphoglycerate mutase, and triosephosphate isomerase (Nishi et al.,
1995; Sato et al., 1999; Robinson and Lopes, 2000). Tye7 is also predicted to activate a
series of genes encoding components related to the mitochondrial protein import
machinery (Holland et al., 2019; Horak et al., 2002; Reimand et al., 2010) including the
Oxal insertase, Cox18 involved in the biogenesis of the mitochondrial Cox2 protein;
Tom40, a component of the TOM complex; Tim50 and Sscl, two components of the
TIM23 complex; as well as several chaperones of the HSP70 family, i.e., Sse2, Ssb1l and
Mdjl (Table S2). This suggests that overexpression of TYE7 may promote Cox2"°®®
internalization into mitochondria through an indirect mechanism, possibly by activating the
expression of several genes whose protein products are involved in mitochondrial protein
import.

Overexpression of the RAS2 gene raises the levels of the allotopic Cox2"*®® subunit
in mitochondria.

Overexpression of the RAS2 gene was also found to increase the growth of yeast strains
producing the allotopic Cox2"**R subunit encoded either in a gene inserted in the nucleus,
in a centromeric, or in a multicopy plasmid. The Ras superfamily comprises more than 150
small GTPases that share structural and biochemical properties, mediating multiple
metabolic responses and acting as key regulators in different signaling routes (Broach and
Deschenes, 1990; Goitre et al., 2014), including control of mitochondrial biogenesis and
function (Hlavatad and Nystrém, 2003). When yeast grows using glucose as a carbon
source, Ras proteins (the two isoforms Rasl and Ras2) accumulate preferably in both the
plasma membrane and in the nucleus. Nevertheless, in the absence of glucose, Ras
proteins tend to accumulate in mitochondria (Broggi et al., 2013). Furthermore, deletion of
the RAS2 gene impedes yeast growth in non-fermentable carbon sources (Tatchell et al.,
1985). The Ras2 protein activates adenylyl cyclase and other protein kinases that rely on
cAMP (Cannon et al., 1987), like the mitochondria-localized protein kinase A (PKA) (Papa
et al., 1996). Nutrient availability and the signaling route RAS/cCAMP play a critical role in
the cellular growth of S. cerevisiae (Matsumoto et al.,1983). Early on, it was observed that
in yeast, CAMP reverses the glucose repression on mitochondrial biogenesis (Fang and
Butow,1970), and activates mitochondrial genes encoding CcO subunits and other
OXPHOS components (Chandrasekaran and Jayaraman, 1978). Therefore, along with
PKA, cAMP seems to govern mitochondrial transcription (Muller and Bandlow, 1987), by
acting on a cis-regulatory element present in mitochondrial DNA (Igbal et al., 1996). In
mammals, the cAMP/PKA pathway was shown to regulate the biogenesis, assembly, and
catalytic activity of respiratory complex | (Papa et al., 2012). In addition, RAS2
overexpression suppresses a mutation of citrate synthase (CIT2), a participant of the
glyoxylate cycle (Swiegers et al., 2006) and suppresses a mutation in a non-catalytic site
of the alpha subunit (atp1-2) of mitochondrial ATP synthase (Mabuchi et al., 2000). Also,
RAS2Y¥ cells exhibiting an overactive RAS/protein kinase A (PKA) signaling abrogate
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activity of the mitochondrial ATP/ADP carrier (Hlavata et al., 2007). Some of these findings
seem to be related to an induced expression of ribosomal protein genes (Neuman-
Silberberg, et al., 1995) linked to an increased transcription rate of nuclear genes encoding
mitochondrial proteins. Overall, the Ras/adenylate cyclase/PKA pathway is involved in the
regulation of metabolism, adaptation to glucose, proliferation, cell growth, stress
resistance, in mediating the response to the availability of nutrients, and controlling
cytosolic cAMP levels and PKA activity (Tisi et al., 2014). This signaling route also
regulates proteins involved in other mitochondria-related phenomena like apoptosis and
mitochondrial fission (Cribbs and Strack, 2007; Ould Amer et al., 2018). In yeast mutants
exhibiting alterations in this signaling pathway, it was shown that high intracellular levels of
cAMP increase the relative abundance of OXPHOS complexes and the mitochondrial
respiratory activity (Dejean et al., 2002). Thus, a tight link exists between the activity of the
Ras/adenylate cyclase/PKA pathway and the levels of OXPHOS complexes (Bouchez and
Devin, 2019). The increased cell levels of cCAMP enhance the stability of the transcriptional
co-activator Hap4p, a key regulator of the HAP complex (Bouchez et al., 2020). HAP
transcriptional complex is an instrumental factor for yeast growth on respiratory substrates,
since it controls mitochondrial translation, reprogramming the yeast cell from fermentation
to respiration and serving as a coordinator of mitochondrial and nuclear gene expression
(Buschlen et al., 2003). Overall, an increase in the activity of the cAMP pathway positively
regulates mitochondrial biogenesis (Yoboue et al., 2012). Due to the wide range of effects
that Ras proteins regulatory pathways have on several mitochondrial enzymes, we
propose that overexpression of RAS2 may promote increased transcription of several
mitochondrial OXPHOS genes, including the mitochondrial cox1 and cox3 genes encoding
subunits 1 and 3 of CcO, with the concomitant increase in the levels of Cox1 and Cox3
modules in the IMM. These modules may readily integrate incoming allotopic Cox2"*®®
subunits to form fully assembled CcO complexes. We suggest that the favored
incorporation of the allotopically produced Cox2"**® subunits into these preformed
modules may promote increased overall levels of CcO and further internalization of the
allotopic precursor.

Overexpression of the COX12 gene facilitates the internalization of the allotopic
Cox2"**R subunit into mitochondria.

The COX12 gene encodes subunit VIb (also known as Cox12), a loosely bound and
soluble subunit of CcO facing the IMS (LaMarche et al., 1992; Ing et al., 2022). The Cox12
subunit is required for the formation of active CcO and its absence results in the assembly
of an optically detectable CcO with a markedly diminished activity. Cox12 interacts with
both Rcfl and Rcf2, which are required for respiratory complex biogenesis and act mainly
by regulating the assembly and enzyme activity of complex IV within supercomplexes,
suggesting a role for this CcO subunit in super complex formation (Das et al., 2021). A
function of Cox12 in the insertion of the binuclear copper center in the Cox2 subunit along
with Coa6, an assembly factor has emerged from recent genetic studies. While loss of
Coab or Cox12 can be rescued by copper supplementation, the simultaneous elimination
of Coa6 and Cox12 abrogates Cox2 biogenesis completely, and copper supplementation
fails to rescue Cox2 levels (Ghosh et al., 2014, 2016). The overproduction of the COX12
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gene partially rescued the coa6 null mutant. Physical interactions were observed between
Coa6, Cox2, Cox12 and the Sco proteins, which are involved in copper delivery to Cox2. It
is possible that the overexpression of the COX12 gene suppresses the Acoa6é mutant by
stabilizing and enhancing the formation of the binuclear CuA site. Copper insertion into the
metal center is probably a limiting step during Cox2 biogenesis, due to the several factors
that participate in the formation of its metal center, that must also minimize the production
of reactive CcO assembly intermediates (Nyvitova et al., 2022). We therefore suggest that
high levels of the Cox12 subunit in the IMS could speed-up copper delivery and assembly
of the CuA center, facilitating the subsequent incorporation of Cox2"**f into CcO, and
simultaneously enhancing the internalization rate of its precursor into mitochondria.

In summary, we identified three yeast genes that when overexpressed, facilitate the
internalization of the allotopically produced Cox2"**® protein into mitochondria. Although
the suggested mechanisms by which the Tye7, Ras2 and Cox12 independently exert their
effect are different, they all seem to facilitate either the internalization or the assembly line
of the allotopic Cox2 subunit.
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LEGENDS TO FIGURES

Figure 1. Ten transformants (MSO1 to MS10) exhibited a significant improvement in
their respiratory growth and increased levels of mature Cox2 subunit. A) Serial
dilution series at 30 °C showing the fermentative (glucose) and respiratory
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(ethanol/glycerol and lactate) growth phenotype of a wild-type strain (wt), the Acox2 +
nCOX2"*%" strain (nCOX2"**%), and the 10 strains (MSO1 to MS10) obtained after
transformation with the multicopy genomic library. Photographs were taken on the fourth
day of growth. B and C) Antibodies against Cox2 and Zwfl were used to immunodetect
the corresponding proteins in total cellular extracts of the indicated yeast strains: the
Acox2 + nCOX2"%%R strain (n), the control strain transformed with an empty vector (n +
EV), and the 10 transformants (MS01 to MS10). The precursor (p) and mature (m) forms
of Cox2"*®® are indicated. The anti-Zw1 antibody immunoreacts against a 57 kDa band
which is used as a loading control.

Figure 2. Three distinct chromosomal fragments are present in the multicopy
plasmids in transformants MOl to M09. The scheme depicts the genomic fragments
from chromosomes XV, XIV and XII (with corresponding coordinates) cloned in pFL44L-
based plasmids carried by the selected transformants and the ORFs present in each one
of them (gray and light blue boxes). The three candidate ORFs selected for further
analysis are shown in light blue color TYE7, RAS2, and COX12.

Figure 3. Overexpression of the TYE7, RAS2, and COX12 genes affects the growth of
a strain expressing the COX2"**® gene from the nucleus. A) Serial dilution series
showing the fermentative (glucose) and respiratory (ethanol/glycerol, ethanol, and lactate)
growth phenotypes of a wild-type strain (wt), the Acox2 + n“'COX2"**R strain
(n"YCOX2"**R) obtained after UV mutagenesis, and the three strains overexpressing (1)
the indicated gene or carrying the empty vector (EV) in the n*'COX2"**R background at 30
°C. Photographs were taken on the fourth day (upper panels) and on the seventh day of
growth (lower panels). B) Antibodies against Cox2 and Zwfl were used to immunodetect
the corresponding proteins in total cellular extracts of the indicated yeast strains: wild type
(wt); the Acox2 + n"'COX2"*R strain (n), the three strains overexpressing (1) the indicated
gene on a n"'COX2"“**" background, and the control strain transformed with an empty
vector (n "+ EV). The mature proteins Cox2 or Cox2"/*°R (28 kDa) are indicated. The anti-
Zw1 antibody immunoreacts against a 57 kDa band which is used as a loading control.
Quantification of technical replicates of immunoblots are represented by bar plots (mean +
SD, n = 3). Black and grey dotted lines indicate the mean and SD abundance of the wild-
type protein. Acox2 data is not displayed.

Figure 4. Overexpression of the TYE7, RAS2, and COX12 genes enhance the
respiratory growth of a strain expressing the COX2"**® gene from a centromeric
plasmid. A) Serial dilution series showing the fermentative (glucose) and respiratory
(ethanol/glycerol, ethanol, and lactate) growth phenotypes of a wild-type strain (wt), the
Acox2 + cenCOX2"**R strain (cenCOX2"*®®), and the three strains overexpressing (1) the
indicated gene or carrying the empty vector (EV) in the cenCOX2"**® background at 30
°C. Photographs were taken on the fourth day (upper panels) and on the seventh day of
growth (lower panels). B) Antibodies against Cox2 and Zwfl were used to immunodetect
the corresponding proteins in total cellular extracts of the indicated yeast strains: wild type
(wt); the Acox2 + cenCOX2"**F strain (cen), the three strains overexpressing (1) the
indicated gene on a cenCOX2"**® background, and the control strain transformed with an
empty vector (cen + EV). The mature proteins Cox2 or Cox2"*®® (28 kDa) are indicated.
The anti-Zwl antibody immunoreacts against a 57 kDa band which is used as a loading
control. Quantification of technical replicates of immunoblots are represented by bar plots
(mean £ SD, n = 3). Black and grey dotted lines indicate the mean and SD abundance of
the wild-type protein. Acox2 data is not displayed.

LEGENDS TO SUPPLEMENTARY FIGURES:
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Figure S1. Overexpression of the TYE7, RAS2, and COX12 genes does not improve
the growth of a strain expressing the COX2"**R gene from the nucleus. Serial dilution
series showing the fermentative (glucose) and respiratory (lactate) growth phenotypes of a
wild-type strain (wt), the Acox2 + nCOX2"*®® strain (nCOX2"**F), and the three strains
overexpressing (1) the indicated gene cloned in the pMK2 vector or carrying the empty
vector (EV) in the nCOX2"*®® background at 30 °C. Photographs were taken on the
seventh day of growth. Only lactate-dependent growth is shown, but no improvement was
observed on ethanol/glycerol.

Figure S2. Overexpression of the TYE7, RAS2, and COX12 genes affects the growth
of a strain expressing the COX2"**% gene from a multicopy plasmid. A) Serial dilution
series showing the fermentative (glucose) and respiratory (ethanol/glycerol and lactate)
growth phenotypes of a wild-type strain (wt), the Acox2 + eCOX2"**R strain (eCOX2"°%%)
expressing the allotopic construct from a multicopy vector and the three strains
overexpressing (1) the indicated gene or carrying the empty vector (EV) in the eCOX2V°%}
background at 30 °C. Photographs were taken on the fourth (upper panels) and on the
seventh day of growth (lower panels). B) Antibodies against Cox2 and Zwfl were used to
immunodetect the corresponding proteins in total cellular extracts of the indicated yeast
strains: wild type (wt); the Acox2 + eCOX2"*®® strain (e), the three strains overexpressing
(1) the indicated gene on a eCOX2"“**® background, and the control strain transformed
with an empty vector (e + EV). The precursor and mature proteins Cox2 or Cox2"**® (28
kDa) are indicated. The anti-Zwl antibody immunoreacts against a 57 kDa band which is
used as a loading control. Quantification of technical replicates of immunoblots are
represented by bar plots (mean = SD, n = 3). Black and grey dotted lines indicate the
mean and SD abundance of the wild-type protein. Acox2 data is not displayed.
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