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RESUMEN

La espectrometria de masas demuestra que el dimero y el monémero de la
F1Fo-ATP sintasa de Ustilago maydis contienen las 14 subunidades candnicas, pero
ademas, el dimero contiene en el sector Fo-estator las subunidades ey g, las cuales

se sugiere son proteinas dimerizantes.

El dimero del complejo V tiene un papel importante en la formacion de las
crestas de la membrana interna mitocondrial y al eliminar la subunidad g la
proporcion de dimero disminuye y se modifica la arquitectura mitocondrial. En U.
maydis la eliminacion genética de la subunidad g no impide la dimerizacién del
complejo V manteniéndose la misma proporcion entre dimero y monémero. Por otro
lado, observamos que la actividad de ATPasa del dimero es lenta, demostrando que
la subunidad g no es esencial para la dimerizacién pero que podria tener un papel
importante para de la actividad de la enzima. Aunado a ésto, en la cepa Ag la AOX
aparece a partir de la primera fase de crecimiento, lo que sugiere que la célula

podria entrar en un estrés oxidativo.

El consumo de oxigeno durante la fase logaritmica de crecimiento fue
alrededor de 108 natgO/mg/min para la cepa silvestre y 120 natgO/mg/min para la
cepa Ag. Por otro lado, en las células recuperadas de la fase estacionaria el
consumo de oxigeno para la cepa WT fue de 348 natgO/mg/min y de 168
natgO/mg/min para la Ag. La sintesis de ATP en ambas cepas es similar, para la
cepa WT es de 0.34 umolas de ATP/g peso humedo/min y para la Ag es de 0.31

umolas de ATP/g peso humedo/min.

Aunado a esto, el analisis de la arquitectura mitocondrial de la cepa Ag de U.
maydis mostré crestas tubulares y lamelares, y no los anillos de cebolla descritos
para S. cerevisiae. Asimismo, la sintesis de ATP y AWn, en la cepa Ag y WT fueron

similares y lo que sugiere que su estado bioenergético no fue afectado.



ABSTRACT

Mass spectrometry reveals that the dimer and monomer of FiFo-ATP
synthase from Ustilago maydis contain the 14 canonic subunits, but in addition the
dimer contains the subunits e and g at Fo-membrane-stator which are suggested to

play a role in dimerization.

F1Fo-ATP synthase plays a central role in the creation of internal membrane
cristae, and therefore in mitochondrial architecture. In U. maydis genetical removal
of the g subunit does not prevent dimerization of the V complex maintaining the same
ratio of dimer to monomer. On the other hand, we observed that the ATPase activity
of the dimer is slow, demonstrating that the subunit is not essential for dimerization
but might play an important role in the enzymatic activity. In addition, in the Ag strain
the AOX is expressed in the early stages of growth, which suggest that the cell

oxidative stress is present since premature phases in contrast to the WT strain.

Oxygen consumption in the logarithmic phase was about 108 natgO/mg/min
for the wild-type strain and 120 natgO/mg/min for the Ag strain. On the other hand,
in cells recovered from the steady state oxygen consumption for the WT strain was
348 natgO/mg/min and 168 natgO/mg/min for the Ag. The synthesis of ATP in both
strains was similar; for the WT strain 0.34 umoles ATP/g wet weight/min and for Ag

is 0.3134 umoles ATP/g wet weight/min.

Mitochondrial architecture from the of U. maydis Ag-strain showed a tubular
and lamellar crista, and not the onion ring morphology previously described in S.
cerevisiae. Also, ATP synthesis, and AWn, in the Ag and WT-strain were similar;
suggesting that, although the ATPase activity of dimer was inhibited, its role in

cristae structure and bioenergetics was not affected.
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1. INTRODUCCION

1.1. Generalidades

Las mitocondrias son organelos que adaptan su arquitectura y metabolismo
a los requerimientos celulares, consiguiendo asi producir mas del 90% del ATP
necesario para alejar a la célula del equilibrio termodinamico. Las mitocondrias
estan constituidas por dos membranas cuya composicion proteica y lipidica varia
enormemente: la membrana externa mitocondrial (MEM) es relativamente
permeable para la mayoria de las moléculas, mientras que la membrana interna
mitocondrial (MIM), es impermeable a los iones y a muchas moléculas organicas.
La MIM incrementa su area de superficie al proyectarse hacia el interior de la matriz
mitocondrial en forma de invaginaciones que se denominan crestas mitocondriales.
La biogénesis y el mantenimiento de las crestas dependen de los procesos de fisién
y fusion, asi como de los cambios en la composicion proteica y lipidica (Figura 1)
(Hackenbrock et al., 1986; Frey et al., 2002).

Membrana

" externa

—— Crestas -

Membrana
interna—

= Matriz

+ Uni
de cresta

:IB.".’ ’I
S A . :
Figura 1. Morfologia mitocondrial. Mitocondrias aisladas de Saccharomyces cerevisiae. (A) Se muestra la reconstruccion

tridimensional. (B) Se muestra un corte histolégico por criotomografia, en el cual se muestran las membranas mitocondriales,
la matriz, las crestas, las uniones de cresta y el espacio intermembranal (Modificado de Kiihlbrandt, 2015).



Los cambios morfolégicos de las crestas son reflejo del nivel energético de la
mitocondria, los cuales se clasifican en dos estados: el ortodoxo (alta concentracion
de ATP y baja de ADP), donde el numero de crestas es bajo y las uniones de cresta
son minimas; y el condensado (baja concentracion de ATP y alta de ADP), en el
que hay un incremento en el numero de las crestas al igual que de las uniones de
cresta, provocando la contraccion de la matriz mitocondrial (Mannella, 2006). En el
estado condensado donde el consumo de oxigeno aumenta, se acopla con el
bombeo de protones y la sintesis de ATP.

La respiraciéon celular aerdbica, es el proceso mediante el cual las células
transfieren poder reductor generado a partir de la degradacion de azucares, grasas
y proteinas hasta el oxigeno molecular (O2), es fundamental para el metabolismo
energético de todas las células eucariontes y algunas procariontes. En las
eucariontes las etapas finales de la respiracion aerdbica se llevan a cabo en las
mitocondrias, donde ocurren diversas vias metabdlicas relacionadas con la
obtencion de energia, entre las cuales podemos mencionar a la 3-oxidacion, el ciclo
de Krebs, la generacion del gradiente electroquimico y la sintesis de ATP. El poder
reductor (representado por el NADH y FADH2) que se genera en la B-oxidacion, la
descarboxilacion del piruvato y el ciclo de Krebs, pueden ser utilizados por la cadena
de transporte de electrones para la generacion del gradiente electroquimico de
protones (Aun+), €l cual dirige la sintesis del ATP por la F1Fo-ATP sintasa (Cardol et
al., 2009; Letts et al., 2019).

Los complejos de la cadena de transporte de electrones se encuentran
embebidos en la membrana interna mitocondrial y catalizan las reacciones
terminales de transferencia de electrones. Esta se compone de cuatro grandes
complejos proteicos: (1) la bomba de protones NADH-CoQ oxidorreductasa
(complejo Cl), (2) la succinato- CoQ oxidorreductasa (complejo Cll), (3) el dimero
obligado de la bomba de protones CoQH:-citocromo c-oxidorreductasa (complejo
Clll2) y (4) la bomba de protones citocromo ¢ oxidasa (complejo CIV) responsable



de la reduccién del oxigeno en agua (Figura 2) (Cardol et al., 2009; Letts et al.,
2019).

El complejo | (NADH-CoQ oxidorreductasa) es el primero de los complejos
de la cadena respiratoria, tiene una masa molecular alrededor de ~1 MDa y esta
formado por 45 subunidades de proteina dispuestas en dos "brazos": un brazo
extrinseco que se extiende hacia la matriz mitocondrial y un brazo de membrana
que esta incrustado en el MIM. La transferencia de electrones es estimulada por K*
e inhibida por rotenona. El transporte de electrones comienza en el complejo |, el
cual acepta los electrones cuando se pierde el ion hidronio del NADH y los transfiere
hacia el flavin mononucleétido (FMN), y varios centros fierro-azufre hasta la
ubiquinona (Q) convirtiéndola en ubiquinol (CoQH2). Durante este proceso, se
obtiene la energia necesaria para el bombeo de 4 H* al espacio intermembranal o
interior de la cresta (lado P). El sitio de oxidacion del NADH se encuentra expuesto
hacia la cara interna de la MIM, asi como el sitio para la reduccion de la CoQH>
(lado N). Si tomamos en cuenta que la MIM es impermeable al NADH, el complejo |
debe oxidar a los equivalentes reductores que provienen de las deshidrogenaciones
de los sustratos del ciclo de Krebs, la descarboxilacion oxidativa del piruvato y de la
B-oxidacidn de los acidos grasos, todas localizadas en la matriz mitocondrial;
ademas de consumir el poder reductor producido en la glucdlisis, empleando las
lanzaderas de aspartato-malato (Hirst, 2013; Sazanov, 2015).

El complejo Il (succinato- CoQ oxidorreductasa) es un tetramero de 140 kDa,
que tiene un FAD como grupo prostético y ademas tiene tres centros fierro-azufre.
Esta enzima forma parte del ciclo de Krebs, oxidando al succinato en fumarato. El
sitio activo de la succinato deshidrogenasa se encuentra situado en el lado N de la
MIM. Por lo tanto, en mitocondrias integras, el succinato debe ser generado en la
matriz, o bien ser transportado hacia ese EIM para su oxidacion. La succinato
deshidrogenasa, que reduce a la CoQ, es inhibida por el oxaloacetato y malonato
(Chavez et al., 2013).



La coenzima Q es una benzoquinona liposoluble que contiene una cadena
lateral constituida por 11 unidades de isoprenos (Q1o). Esta quinona es reducida por
los complejos Cl y Cll a ubiquinol (CoQH2) y es oxidada por el Clll. Durante su
reduccién en el Cl se realiza el bombeo de H* al espacio intermembranal, mientras
que en el Clll se realiza el ciclo-Q, donde ocurre la oxidaciéon de dos moléculas de
CoQH: y la reduccion de una Q, con la formacion de una semiquinona (HQ®).
Ademas, durante el ciclo-Q, el Clll acopla la energia libre disponible de la reaccion
de transferencia de electrones con el bombeo de H* al espacio intermembranal. Los
electrones transferidos de la CoQH: al citocromo c¢1 del Clll son translocados al
citocromo c, el cual actua como agente reductor del CIV (Figura 2) (Chavez et al.,
2013).

La CoQH-citocromo c-oxidorreductasa (Clll2) es un homodimero, cuyo
monomero tiene un peso molecular de 500 kDa y esta formado por 10 subunidades,
en donde se encuentran 3 centros de oxido-reduccién formados por un centro [2Fe-
2S] y los grupos hemo b562, b566 y c1 (Chavez et al., 2013). El complejo Il acepta
los electrones del CoQH: y el poder reductor es transferido al citocromo c, el cual es
una proteina pequefia de 13 kDa, que se encuentra situada hacia el lado P de la
MIM; este citocromo transporta los electrones del complejo Il al complejo IV y se
libera de la membrana a alta fuerza i6nica, utilizando soluciones con altas
concentraciones de sales como el KCl. Este complejo es el tercer sitio de
acoplamiento, bombea 4 protones y puede inhibirse con Antimicina A y Mixotiazol
(Chavez et al., 2013).

La citocromo c¢ oxidasa (CIV) tiene una masa molecular alrededor de 240
KDa, se reconoce como la oxidasa terminal y comprende a los citocromos a y a3,
esta formado por 13 subunidades y contiene tres atomos de cobre idnico (2 CuA'y
1 CuB) y los grupos hemo necesarios para la funcion redox de la enzima. La
citocromo oxidasa oxida al citocromo c, reduce al oxigeno molecular (O2)
produciendo 2 H.O y bombea 4 H* al espacio intermembranal. La citocromo oxidasa

es inhibida por cianuro, azida de sodio o mondéxido de carbono (Chavez et al., 2013).

7



Complejo | Complejo Il Complejo Il Complejo IV Complejo V
NADH NAD*+H*

Succinato ADP + Pi

» Fumarato % ) 4H*

Matriz oy ; G, $— Py Y-

EIM

bbb

Lado P
4H* 4H* citocromoc 2H* °

Figura 2. Cadena de trasporte de electrones. Esquema general de la cadena de transporte de electrones, la teoria
quimiosmatica propone que los protones se conducen desde la matriz mitocondrial a través de la membrana interna y dentro
del espacio intermembranal por el mecanismo de trasporte electronico para generar un gradiente, el cual es aprovechado
gfj'azée; ;;htesis de ATP por la ATP sintasa. Ap= fuerza protén motriz. EIM = Espacio InterMembranal (Modificado de Letts et

Estos complejos se asocian entre si para formar supercomplejos que pueden
ser aislados de la membrana cuando se solubilizan con un detergente suave, como
la digitonina. Gracias a esto, se ha propuesto un modelo de estado sélido para la
transferencia de los electrones, el bombeo de H* y el consumo de Oo; sin embargo,
algunos estudios han demostrado que los supercomplejos no son la entidad
funcional esencial de la cadena respiratoria, ya que los complejos respiratorios
pueden encontrarse en su forma monomérica (modelo de plasticidad) (Acin-Pérez
et al., 2008) y llevar asi la transferencia de los electrones y formar el Auy™ necesario
para la sintesis de ATP por medio de la F1Fo-ATP sintasa, proceso que se conoce

como fosforilacion oxidativa (Schagger, 2000).

La teoria quimiosmotica, que explica la fosforilacion oxidativa, fue descrita
por Peter Mitchell en 1961. En esta se describe que el transporte de electrones de
una serie de reacciones de oxido-reduccion entre los grupos prostéticos (hemos,
flavinas, FeS y Cu?*) de los diferentes complejos respiratorios, que convierten la
energia de las coenzimas NADH y FADH: en energia electroquimica representada
por el Aun+. Manipulando la ecuacion de Nernst, Mitchell (1961) definio el término
conocido como fuerza protdn-motriz (Ap), la cual estd compuesta por un
componente quimico (ApH) y un componente eléctrico (AY) de los protones

separados por la membrana interna mitocondrial de las células eucariotas o la
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membrana plasmatica de las bacterias. De esta manera, se reconoce como lado
positivo (P) a la cara de la membrana interna hacia donde se bombean de forma
vectorial los protones (H*), mientras que el lado negativo (N) es la cara de la
membrana donde la [H*] disminuye. Posteriormente, el Aun+ se traduce en energia
quimica en forma de ATP a partir de ADP y fosfato (Pi), gracias al flujo de H* desde
el lado P al lado N de la membrana a través del nanomotor conocido como F1Fo-
ATP sintasa, lo cual se interpreta como la conversion de la energia libre almacenada
en el Aun+ (Mitchell, 1961; Boyer, 2000; Nicholls et al., 2013).



1.2. Arquitectura y funcion de la F1Fo-ATP sintasa

La F1Fo-ATP sintasa o complejo V desempefia un papel central al acoplar su
actividad al Apyn+ para llevar a cabo la sintesis de ATP necesaria para realizar todos
los procesos metabdlicos incluyendo fusion vy fision (Alfonzo et al,, 1981). Esta
enzima es considerada un nanomotor y la podemos describir estructuralmente por
un sector hidrofilico denominado F+1 y un sector hidrofébico llamado Fo; mientras
que funcionalmente la podemos dividir en un rotor y un estator. Al considerar ambas
clasificaciones se ha definido que el dominio catalitico hidrofilico Fi-estator esta
compuesto por las subunidades solubles a y B; mientras que el dominio F4-rotor
contiene las subunidades v, d, y €, con una estequiometria general para la F1 de
3:3:1:1:1 (o, B, v, 6, Yy &, respectivamente). En la interfase de cada par de
subunidades o y B se forma un sitio activo, por lo que se tiene un total de 3
(Habersetzer et al., 2013).

La estructura de los segmentos cataliticos muestra un alto grado de
conservacion evolutiva; por ejemplo, se ha determinado que las subunidades de
mayor masa molecular de la enzima de las mitocondrias de bovino y de Escherichia
coli, comparten un 72% de identidad en sus secuencias. A pesar de su alto grado
de complejidad estructural, la F1Fo-ATP sintasa mitocondrial es la enzima mas
estudiada (Yoshida et al., 2001).

El dominio F1 esta unido al dominio hidrofébico Fo por el Fo-estator-tallo
periférico el cual esta constituido por las subunidades ATP4/b, OSCP, h(F6), dy f,
mientras que la porcion Fo-estator-membranal contiene a las subunidades ATP6(a),
ATP8(A6L), i, j y entre 9-11 subunidades ATP9/c componen el Fo-rotor (Figura 3).
Las subunidades de dimerizacion son las e, ATP20 (g) y k (Tabla 1) (Walker et al.,
2006; Devenish et al., 2008; Watt et al., 2010; Couoh-Cardel et al., 2010).

Se han reportado otras proteinas asociadas al sector Fo cuya funcion aun se
desconoce, pero se sugiere que podrian estar relacionadas con mecanismos de

regulacion o que tiene un papel estructural. Adicionalmente, existe una proteina
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cuyo papel es el de inhibir y/o regular la actividad de hidrolisis de ATP, la cual en
Saccharomyces cerevisiae es denominada Inh1 e /F; en mamiferos. Mientras que
en Paracoccus denitrificans, miembro de las a-protobacterias, se encontré el
inhibidor denominado subunidad £ (Morales-Rios et al., 2010). La F1Fo-ATP sintasa
de los mamiferos y las levaduras cuentan con la subunidad OSCP (del inglés
“Oligomycin - Sensitivity Conferring Protein”) que le confiere la susceptibilidad al
inhibidor oligomicina (Racker, 1693; Pullman et al., 1963; Ebner et al., 1977; Arselin
et al., 1996; Minauro-Sanmiguel et al., 2005; Bisetto et al., 2007; Strauss et al., 2008;
Vonk et al., 2009;). La F1Fo-ATP sintasa es una enzima altamente conservada,
sobre todo en aquellas subunidades involucradas en la catalisis y el bombeo de
protones (Tabla 1) sin embargo, existen subunidades especie-especificas (Strauss
et al., 2008); por ejemplo, las subunidades i/j y k en levadura (Racker, 1693).

Figura 3. La F1Fo-ATP sintasa. Es la enzima encargada de la sintesis de ATP a partir de ADP y Pi, a través de un mecanismo
rotatorio acoplado al gradiente de protones generado por el proceso oxidativo. El flujo de protones desde el EIM hacia la
matriz mitocondrial impulsa la rotaciéon de las subunidades ¢ del dominio Fo y el tallo del dominio F1 formado por las
subunidades y y ¢, alrededor de la cual se encuentran localizadas las tres subunidades a y las tres subunidades (3 que tienen
una distinta conformacion y diferentes afinidades para los nucleétidos, impuestas por la asimetria del tallo central.
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Tabla 1. Composicion de la F1Fo-ATP sintasa mitocondrial de S. cerevisiae, B. taurus y U. maydis.

4 : S. cerevisiae B. taurus U. maydis
Sector Funcién Subunidad Tamano ID Tamano ID Tamano ID
(aa) (aa) (aa)
a (ATP1) 510 (545) P07251 510 (553) P19483 510 (543) UMAG_10213
Fi F1-estator B (ATP2) 480 (511) P00830 480 (528) P00829 472 (540) UMAG_10397
y (ATP3) 278 (311) P38077 273 (298) P05631 279 (312) UMAG_05090
F-rotor 8 (ATP16) 138 (160) Q12165 146 (168) P05630 139 (168) UMAG_01103
¢ (ATP15) 61 (62) P21306 50 (51) P05632 65(65) UMAG 10754
Fo Fo-rotor c (ATP 9) 76 (76) P61829 75(136)  P32876/07926 73 (73) QOH8W9
OSCP (ATP5) 195 (212) P09457 190 (213) P13621 202 (218) UMAG_06324
b (ATP 4) 209 (244) P05626 214 (256) P13629 205 (240) UMAG 10548
Estator- tallo h (Fe) (ATP14) 92 (124) Q12349 76 (108) P02721 99 (132)  UMAG 02360
periférico d (ATP7) 173 (174) P30902 160 (161) P13620 139 (170)  ;MAG 12050
f (ATP17) 95 (101) Q06405 87 (88) Q28851 60 (114) . G 10180
a (ATPS6) 249 (259) P00854 226 (226) P00847 254 (254) QOH8Y6
Estator de ATP 8 (A6L) 48 (48) P00856 66 (66) Q7JAT2 48 (48) QOH8Y5
membrana ilj (ATP18) 59 (59) P81450 - . 62(62) UMAG 11576
e (TIM11) 95 (96) P81449 70 (71) Q00361 64 (92) UMAG_10374
Subunidades g (ATP20) 115 (115) Q12233 102 (103) Q28852 132 (159) UMAG 00975
~ de k (ATP19) 68 (68) P81451 - - 82(82) UMAG 10479
dimerizacién (s) - . 175 (200) P22027 - =
Regulacion pill i), 63 (85) P01097 84 (109) P01096 64(91) UMAG_02361
(ATP5IF1) =

Los numeros corresponden al nimero de aminoacidos de la proteina madura y, entre paréntesis la inmadura (Modificado de Habersetzer et al., 2013; Esparza-Perusquia et al.,

2017). EI ID fue recopilado de la base de datos de Uniprot (http://www.uniprot.org) y KEGG (https://www.genome.jp/kegg-bin/show_organism?org=uma).
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La funcién de la F1Fo-ATP sintasa es producir el ATP a través de un sistema
acoplado entre el sector F1 y Fo. Esto es posible debido a que la energia
almacenada en el Aun+ impulsa el flujo de los H* desde el interior de la cresta hacia
la matriz mitocondrial, a través del sector Fo-rotor (Figura 4) (Junge et al.,1997;
Allegretti et al., 2015; Guo et al., 2017). El Apn+ tiene dos componentes: un
diferencial de pH (ApH) y un potencial eléctrico de membrana (Aym) ambos
componentes forman la fuerza protdn-motriz (Mitchell, 1961; Boyer, 2000). Cuando
los protones atraviesan la membrana acoplados al dominio Fo, provocan el giro de
un anillo formado por 9 - 15 subunidades ¢ (Cox et al., 1984; Wittig et al., 2008.
Kuhlbrandt et al., 2016), esta rotacion hace girar al tallo central (subunidades d y €
del rotor F1) (Boyer et al., 1981) en movimientos de 120°, provocando cambios
conformacionales consecutivos en las subunidades cataliticas (subunidades o y 3
del estator F1) e induciendo la union de sustratos (ADP + Pi), la sintesis de ATP y
la liberacion de éste (Figura 5) (Walker, 1998; Itoh et al., 2004).

ADP+P, Fy F,

Figura 4. Mecanismo para la sintesis de ATP. Los protones atraviesan la membrana del lado P al lado N a favor del Apn+
a través de un hemicanal formado entre la subunidad a y el anillo de subunidades ¢ generando una rotacion en la direccién
indicada (flechas). En el modelo aceptado en la actualidad, cada subunidad ¢ contiene un grupo carboxilo de un glutamico
que contacta el hemicanal a través del cual pasan los protones. Una vez aceptado el proton por la subunidad c, esta gira
dentro de la membrana lipidica y la rotacién se completa por una atraccion entre el residuo glutamico, con carga negativa, y
un residuo de arginina, con carga positiva, de la subunidad a (Modificado de Yoshida et al., 2001).

Las subunidades j, o, ¢y c estan involucradas en el movimiento del rotor de
la enzima durante la catalisis, mientras que el estator lo forman las subunidades del
tallo periférico (Tabla 1), las cuales se mantienen estaticas durante la sintesis de
ATP y a su vez mantienen fijas a las subunidades cataliticas a 'y g (Weber et al,,
2003).
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Para la sintesis de ATP, el sector F1 (heterohexamero o/f) es donde se lleva
a cabo la catalisis alternando cambios estructurales (Cabezén et al., 2003; Glendhill
et al., 2005). Mediante cristalografia de rayos X se resolvié que el sitio activo de la
enzima se encontraba principalmente en la subunidad £ en cada uno de los sitios
(uno en cada p) y que estos muestran cooperatividad. Esto significa que uno de
estos sitios esta en la conformacion gz 6 sitio T (cerrado que une al ATP
fuertemente) y es considerado el sitio catalitico activo, un segundo esta en la
conformacion o sitio L (relajado y con el ADP y Pi unidos) y un tercero esta en la
conformacion f. o sito O (abierto-vacio de union muy deébil por el ATP, pero afin por
el ADP y Pi) (Abrahams et al., 1994; Orriss et al., 1998).

La fuerza proton-motriz hace que el eje central rote (subunidad ), el cual se
pone en contacto con cada par de subunidades o/ de forma sucesiva. Esto produce
un cambio conformacional cooperativo en el que el sitio f3 se convierte en la
conformacién Sy el ATP se disocia; simultaneamente el sitio f7 se convierte en la
conformaciéon fs, que promueve la condensacion del ADP-Pi unidos para formar
ATP; y el sitio 2 se convierte en un sitio 7, donde se lleva a cabo la union del ADP
y Pi. Por lo que el Aux+ sirve para el giro de la enzima (cambio conformacional) pero

no para la unién del Pi al ADP.

La estequiometria H*/ATP puede variar dependiendo del numero de
subunidades ¢ que forman el semicanal de protones en la membrana, aqui se
muestra la estequiometria 3H*/ATP para la F1Fo-ATP sintasa de corazon de bovino
(9 subunidades c). La flecha central indica la rotacion de la subunidad y impulsada
por el Aun+ (Figura 5) (Walker, 1998). Este mecanismo que describe la sintesis de
ATP también puede ocurrir en sentido contrario durante la hidrélisis del ATP (Adachi
et al., 2007).
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ATP *
liberado

ATP
liberado

ATP
liberado

Figura 5. Mecanismo de los sitios cataliticos de la porcién F1 de la ATP sintasa durante la sintesis de ATP. Las tres
subunidades cataliticas p adquieren diferentes estados conformacionales durante la sintesis de ATP: Abierta (O), semiabierta
(L) y cerrada (T). Este ciclo se repite alternadamente en cada una de las subunidades 3 que componen el dominio catalitico
de la enzima (Modificado de Nicholls et al., 2013)

Utilizando técnicas de crio-microscopia, se obtuvo un mapa tridimensional de
las subunidades involucradas en la translocacion de protones, en el cual se pudo
observar que la subunidad a tiene una interaccién particular con la membrana y con
el anillo de subunidades c, ya que presenta un grupo de hélices integrales de
membrana, las cuales forman dos horquillas, éstas se acomodan casi de forma
paralela a la membrana y parecen abrazar al anillo ¢ (Figura 6A) (Allegretti et al.,

2015; Guo et al., 2017; Guo et al., 2018 ).
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En el modelo propuesto se observa que la disposicion de las subunidades a
y ¢ da lugar a dos semicanales, cuyas cavidades son hidrofilicas y que permiten la
entrada y salida de protones, respectivamente (Figura 6B). Los residuos
involucrados en la asociacion entre las subunidades a y c¢ estan altamente
conservados por lo que se considera que el evento ocurre en todas las ATPasas de
este tipo (Allegretti et al., 2015; Guo et al., 2018).

Intermembranal \

Cavidad

B Espacio H¢ C

subunidad a

Espacio
intermembranal

Intermembranal
Figura 6. Estructura de la subunidad a y la translocaciéon de protones. (A) Durante la translocacion de protones estos
siguen el camino indicado por la linea amarilla (izquierda), ingresando al semicanal desde el espacio intermembranal por las
hélices 5y 6 de la subunidad a y saliendo a través del semicanal de la matriz entre las hélices 5 y 6 del anillo ¢ (B). (Modificado
de Guo et al., 2017). (C) Mapa tridimensional propuesto para la subunidad a de Polytomella sp. En este mapa se representa
a la subunidad a en color azul y el anillo de subunidades c en color amarillo (Modificado de Allegretti et al., 2015).
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1.3. Las crestas mitocondriales

Las crestas mitocondriales pueden ser estructuras tubulares, lamelares o
discoides, las cuales tienen un diametro de 12 a 40 nm y una longitud de 30 a 50
nm y se conectan con la membrana interna por medio de estructuras tubulares
denominadas uniones de cresta. Dichas estructuras limitan el compartimento que
corresponde a la cresta con la membrana interna, de esta manera, las uniones de
cresta podrian representar barreras para la difusidon de moléculas entre el espacio
de la cresta y el espacio intermembranal, lo que tendria un impacto en la
fosforilacion oxidativa (Mannella, 2000; Mannella et al., 2001; Frey et al., 2002; Zick
et al., 2009; Mannella et al., 2013).

Es en la membrana de las crestas donde se encuentran integrados los
complejos de la fosforilacion oxidativa, los cuales son responsables de consumir
oxigeno y de generar la energia para la sintesis de ATP a través de la F1Fo-ATP
sintasa. La distribucién de los complejos respiratorios y de la F1Fo-ATP sintasa
también sugiere la presencia de dos compartimientos delimitados por las uniones
de crestas, el interior de la cresta y el espacio intermembranal (Figura 7) (Zick et al.,
2009; Cogliati et al., 2016). Asi, la membrana interna mitocondrial se encuentra
dividida en dos secciones, aquella que forma la crestas, donde se encuentran los
componentes de la fosforilacion oxidativa asi como las proteinas encargadas de la
sintesis de los centros fierro-azufre y el resto de la membrana interna, donde se
encuentran los translocadores que participan en el transporte de proteinas (Wurm
et al., 2006). Al igual que con el reticulo mitocondrial, la morfologia de las crestas
varia de una célula a otra e inclusive dentro de la misma célula; sin embargo, los
factores que determinan esta morfologia aun estan por definirse (Zick et al., 2009;
Mannella et al., 2013).
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Figura 7. Representacion esquematica de la fosforilacion oxidativa en una cresta plegada. Los complejos se ensamblan
en diferentes supercomplejos de composiciones muy dinamicas a lo largo de la membrana (en las crestas). Los dimeros de
la ATP sintasa estan organizados en largas filas en el canto de las crestas y el citocromo ¢ se mantiene dentro de ellas. Asi,
la cadena de transporte de electrones funciona eficientemente y el gradiente de protones se forma a través de las membranas
de las crestas, para ser aprovechado por la ATP sintasa. El espacio delimitado para la cresta se forma con ayuda del complejo
MICOS, la proteina OPA, entre otras. MEM = Membrana Externa Mitocondrial; EIM = Espacio InterMembranal; MIM =
Membrana Interna Mitocondrial; CM = Cresta Mitocondrial; CJ = Uniones de cresta (Crista Junction) (Modificado de McArthur
et al., 2020).

Diversos modelos explican la formacion de las crestas, como el modelo de
invaginacion y el modelo de globo. El modelo de invaginacion propone que, debido
a la mayor produccion de membrana interna, hay una tendencia a su plegamiento
termodinamicamente favorable; una vez que se inicia este plegamiento, se reclutan
las proteinas involucradas en la formacion de las uniones de cresta (Figura 8A) (Zick
et al., 2009; Song et al., 2014; Milenkovic et al., 2015). En el modelo del globo, hay
un agrupamiento inicial de los componentes proteicos de las uniones de cresta (CJ)

y a partir de éstos se inicia la formacion de la cresta (Figura 8B) (Legros et al., 2002).

Asimismo, la topologia de las crestas cambia con el estado energético de la
mitocondria. En el estado Ill de la respiracion mitocondrial (Chance et al., 1956),

cuando la concentracion de ADP es alta y la mitocondria entra en el modo de
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sintesis de ATP, este organelo adopta una conformacion o estado condensado, con
un espacio muy grande entre las crestas (Mannella, 2006). Por otro lado, cuando la
concentracion de ADP baja (estado IV de la respiracion), la mitocondria cambia al
estado ortodoxo, en el cual el volumen entre las crestas disminuye (Mannella, 2006).
Esta transicion entre el estado ortodoxo y condensado se relaciona con un balance

dinamico entre la fusion y la fisién de las crestas.

Distintas proteinas “esenciales” generan las crestas, tales como las
prohibitinas (PHB1 y PHB2), la proteina OPA1 (Optic atrophy 1), la proteina
formadora de la unién de cresta (Fcj1), el complejo MICOS, entre otros
componentes que aun no estan del todo identificados. Aunado a esto, se reconoce
al dimero de la FiFo-ATP sintasa como la principal entidad responsable de la
formacion de los bordes y las puntas de las crestas (Figura 7) (Zick et al., 2009;
Song et al., 2014; Milenkovic et al., 2015).

EIM A Modelo de invaginacion

0 e F
M

EIM B Modelo del globo

w a_¢ 1N @ Q IR
M

Figura 8. Mecanismos propuestos para la formacién de las crestas. A) El modelo de invaginacién supone el inicio de la
cresta previo a la incorporacion de los elementos proteicos de las uniones de cresta (CJ); en contraste, en el modelo del globo
(B) el reclutamiento de los elementos proteicos de la CJ es previo a la formacién de la cresta. M = Matriz mitocondrial EIM =
Espacio InterMembranal; MIM = Membrana Interna Mitocondrial (Modificado de Zick et al., 2009).
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1.4. La F+1Fo-ATP sintasa como dimero y su papel en el plegamiento
de las crestas mitocondriales

La F1Fo-ATP sintasa no sdlo tiene la funcidn bioenergética de producir ATP,
sino que también puede desempefar un papel morfo-funcional dentro de la
arquitectura mitocondrial. En este sentido, se ha reportado que la F1Fo-ATP sintasa
puede formar homo-oligomeros (Zick et al., 2009), siendo los estados monoméricos
y diméricos los mas estudiados. Se ha sugerido que los dimeros se asocian
formando largas filas, las cuales forzan a la membrana a asumir una curvatura
positiva, conservando asi la morfologia de las crestas mitocondriales (Strauss et al.,
2008).

La manera por la cual se ha estudiado a los oligdbmeros de la FiFo-ATP
sintasa es solubilizandolos con un detergente suave como la digitonina y
separandolos por medio de electroforesis en condiciones nativas en presencia de
azul brillante de Coomassie® G250 (BN-PAGE) o de n-dodecil 8-D-maltosido (DDM)
y desoxicolato de sodio (DOC) (hrCN-PAGE). La ubicacion del complejo V en el gel
se determina por medio de una tincion que revela la actividad de ATPasa (Figura 9)
(Schagger et al., 1991; Wittig et al., 2006).

A B C D E
D— D=
T—
D— M—
V]
V] e

[—_—
—

Figura 9. Actividad de ATPasa en gel de los oligomeros de la F1Fo-ATP sintasa. Mitocondrias solubilizadas con digitonina
donde se muestra la formacién de distintos oligémeros de la F1Fo-ATP sintasa en A) Corazén de Bovino (Modificado de
Strauss et al., 2008), B) Chlamydomonas reinhardtii (Modificado de van Lis et al., 2003), C) Yarrowia lipolitica (Modificado de
Wittig et al., 2008), D) Saccharomyces cerevisiae (Modificado de Guerrero-Castillo et al., 2012), E) Ustilago maydis
(Modificado de Esparza-Perusquia et al., 2017). La figura muestra la actividad de ATPasa de los Hexameros (H), Tetrameros
(T), Dimeros (D) y Monédmeros (M) que fueron resueltos en geles nativos azules (C) o claros (A, B, Dy E).
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Aunque aun se desconoce el papel bioenergético de los diferentes estados
oligoméricos de la F1Fo-ATP sintasa, se ha demostrado que el dimero tiene un papel
importante en la arquitectura de las crestas de la membrana interna mitocondrial
(Arnold et al., 1998).

Debido a la asociacién angular de dos mondmeros, la dimerizacién conduce
a la flexion de la membrana interna mitocondrial, es decir, al plegamiento de las
crestas mitocondriales. La presencia de la F1Fo-ATP sintasa dimérica en el vértice
de las crestas crea una fuerte curvatura positiva que genera una trampa de
protones; esto es, la curvatura de la membrana permite que incremente el niumero
de H* translocados por unidad de area de la MIM, lo que produce el aumento de la
[H*] local y por consiguiente una mayor densidad de cargas positivas (Figura 10).
En consecuencia, la contribucion de la fuerza proton-motriz aumenta en las regiones
curvadas (punta y borde de la cresta); suponiendo que la fuerza protéon-motriz a lo
largo de la membrana interna es constante, todos los protones en las crestas
mitocondriales tendrian el mismo potencial quimico, pero la contribucién del ApH a
la fuerza protén-motriz sera mas grande para los protones que se encuentran en el
apice y el borde, ya que al plegarse la membrana interna el espacio donde se
encuentran almacenados los protones se reduce, lo que incrementa la
concentracion local de los protones que se traduce en una mayor disponibilidad de
energia para la sintesis de ATP (Strauss et al., 2008, Rabl et al., 2009).

6°%03

protones

6 © 0 © do,
o © o © de°

bombas de protones de la CTE
Uniones de cresta (hipotéticas)

Figura 10. Densidad de protones al interior de la cresta. El esquema representa la densidad de protones dentro de la
cresta, (A) la presencia del dimero de la F1Fo-ATP sintasa crea una fuerte curvatura positiva que genera una trampa de
protones; lo que produce el aumento aparente de la [H+] dentro de la cresta y por consiguiente una mayor densidad de cargas
positivas (B) (Modificado de Strauss et al., 2008, Rabl et al., 2009).
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Aunque la estructura de la F1Fo-ATP sintasa es altamente conservada y el
plegamiento de las crestas es fundamental para la bioenergética mitocondrial, se ha
demostrado que las proteinas involucradas en la interaccibn monémero-mondémero

y en la estabilidad del dimero son diferentes en cada sistema bioldgico.

A continuacion, se describe la composicion proteica del dimero del complejo
V en diferentes reinos bioldgicos.

El dimero de la F1Fo-ATP sintasa en las algas cloroficeas.

Chlamydomonas reinhartii y Polytomella sp son algas cloroficeas o algas
verdes. El analisis de la composicién peptidica de la F1Fo-ATP sintasa en estas
especies mostro ocho péptidos canonicos: «, g, 7, €, 6, OSCP, a (ATP6)y ¢ (ATP9),
las subunidades en paréntesis corresponden a las subunidades en mamifero, pero
no se encontraron homologos para las subunidades b, d, e, f, g, IF1, A6L, y F6, que
se han reportado como parte del estator de la enzima en el resto de los eucariontes.
Tampoco se encontraron aquellas involucradas en la dimerizacidén del complejo; sin
embargo se identificaron 10 subunidades que conforman al brazo periférico y alguna
de ellas posiblemente son responsables de la dimerizacion (ASA10). Todas estas
subunidades son diferentes a otras proteinas, y han sido denominadas subunidades
ASA (del inglés “ATP Synthase-Associated protein”) (Figura 11) (Funes et al., 2002;
Cardol et al., 2005; Vazquez-Acevedo et al., 2006; van Lis et al., 2007, Colina-
Tenorio et al., 2018).

Las F1Fo-ATP sintasas de las algas cloroficeas (Figura 11A) tienen un tallo
periférico muy robusto formado principalmente por las subunidades ASA, donde
éstas tienen diferentes interacciones; esto se ha comprobado mediante
experimentos llevados a cabo con subunidades recombinantes. De esta forma se
encontré que las subunidades ASA4 y ASA7Y interaccionan por medio de sus
extremos carboxilos y su vez interaccionan con ASA2 (Miranda-Astudillo et al.,
2014). Por otro lado, se ha reportado que ASAG, ASA8 y ASA9 pueden tener cruces
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transmembranales y podrian estar encargadas de la dimerizacion (Sanchez-
Vazquez et al., 2017).

Existen interacciones tipicas de una ATP sintasa mitocondrial como OSCP
con y y o las cuales se asocian extrinsecamente con ASA2, ASA4 y ASA 7 (Cano-
Estrada et al., 2010). Colina-Tenorio et al., (2016) demostré que la subunidad ASA1
es la subunidad del tallo periférico mas grande uniéndose desde la subunidad OSCP
hasta ASA3, que a su vez mantiene interaccion con las subunidades ASA2, ASA7
y ASAS8.

A pesar de que las subunidades cataliticas presentan alta similitud con el
resto de las ATP sintasas, éstas presentan diferentes extensiones en la secuencia
de aminoacidos; por ejemplo, la subunidad o cuenta con aproximadamente 20
aminoacidos en el extremo N-terminal y la subunidad 3 contiene 60 aminoacidos
extras en el extremo C-terminal. Aunque aun no es clara la funcion de esta ultima
extension, se ha propuesto que podria desempefiar un papel regulador de la
actividad del complejo, ya que aun no se ha identificado el homdélogo de la proteina
inhibidora IF; (Villavicencio-Queijeiro et al., 2009).

El dimero de la ATP sintasa de estas especies pesa aproximadamente 1600
kDa y es altamente estable (van Lis et al., 2003; Cano-Estrada et al., 2010), siendo
las subunidades Asa2/Asa4/Asa5/Asa8 las que estabilizan la unidn entre lo sectores
Fo y F1 (Villavicencio-Queijeiro et al., 2015). Cuando el dimero se disocia es sus
respectivos mondémeros, se ha observado una disminucion en la proporcion de las
subunidades ASAG, ASA8 y ASA9, que probablemente estan involucradas en la
dimerizacion (van Lis et al., 2007).

Todas estas nuevas subunidades estan involucradas en la formacion del

estator de la enzima, aunque todavia no es clara la funcion de cada una de ellas

dentro del complejo enzimatico. Se ha sugerido que podrian ser esenciales para el
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buen ensamble del complejo, estabilizando una forma dimérica necesaria para

mantener la morfologia de las crestas mitocondriales (van Lis et al., 2007).

Figura 11. Estructura del dimero de la FiFo-ATP sintasa de Polytomella sp. Las proteinas involucradas en la asociacién
entre los mondmeros son altamente conservadas en las algas cloroficeas, éstas cuentan con nueve subunidades ASA, las
cuales sustituyen a las subunidades clasicas que forman el estator de la enzima. (A) Estructura tridimensional generada a
partir de criomicroscopia electronica (Modificado de Kihlbrandt et al., 2016; Allegretti et al., 2015). (B) Mapa de densidad
electronica de la F1Fo-ATP sintasa dimérica de Polytomella sp. El mapa de densidad electronica corresponde al generado por
Allegretti et al., 2015 (EMD-2852) (Colina-Tenorio et al., 2018).

El dimero de la F1Fo-ATP sintasa en los mamiferos.

La F1Fo-ATP sintasa del corazon de bovino presenta las subunidades
cataliticas homologas a E.coli, asi como las subunidades que conforman el rotor de
la enzima, el cual esta compuesto por las subunidades b, d, Fs, OSCP y como
proteina reguladora a la proteina inhibidora /F;. Ademas, cuenta con las
subunidades supernumerarias membranales e, g, A6L y f. Se ha reportado que las
subunidades a y A6L (ATP8) también tienen un papel importante dentro de la

estabilizacion del homo-dimero (Wittig et al., 2010).

Se ha reportado que la subunidad /Fs promueve la dimerizacion de la F1Fo-
ATP sintasa (Cabezodn et al., 2000; Garcia et al., 2006; Couoh-Cardel et al., 2010;
De los Rios-Castillo et al., 2011). Experimentos de entrecruzamiento demostraron
que la IF¢ interactua con el dominio C-terminal de una subunidad g. Durante afios,
esto ha hecho suponer que el mecanismo de inhibicion de la IF+ es el de interferir
con los cambios conformacionales de las interfases cataliticas necesarios para la

sintesis y la hidrolisis de ATP (Minauro-Sanmiguel et al., 2002). Se ha logrado
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resolver la estructura de la proteina inhibidora aislada, la cual resulté ser una larga
o hélice extendida con un dominio inhibitorio localizado en la region N-terminal. En
el extremo C-terminal la /F; contiene un dominio de dimerizacion con la cual se auto-
asocia, y que podria inducir la dimerizacion de la F4+-ATPasa soluble (Cabezén et
al., 2000; Cabezon et al., 2003). Aunque la presencia de la IF; no es esencial para
la dimerizacion (Tomasetig et al., 2002), podria inducir la formacién de un puente
dimérico que conecta las dos F1 solubles (Cabezén et al., 2000; Cabezén et al.,
2003). Por otra parte, la sobreexpresion y/o reconstitucion de la /F1 modifica la
relacion mondmero/dimero a favor de los complejos diméricos. Lo anterior sugiere
que la IF1 podria cumplir un papel estabilizador en las mitocondrias de corazon de
bovino mediante la formacién de un puente < 12A que la conecta con las
subunidades y del rotor central de la F1 (Minauro-Sanmiguel et al., 2002; Bravo et
al., 2004).

Mediante microscopia electronica, Minauro-Sanmiguel et al., (2005)
resolvieron la estructura de la F1Fo-ATP sintasa dimérica aislada de las
mitocondrias de corazon de bovino y encontré que la interfase del dimero esta
formada por el contacto tanto entre los dominios F1 como entre los dominios Fo, que
ademas pueden conectarse a través de la proteina IF;. Por otro lado, se encontrd
que el dimero de bovino presenta dos puentes: uno que une a los sectores F1 y otro
a los sectores Fo; se propuso que éstos corresponden a la dimerizacion de la IF1y
la subunidad e, respectivamente (Minauro-Sanmiguel et al., 2005). Dado que la
proteina inhibidora promueve y estabiliza a la estructura dimérica de la F1Fo-ATP
sintasa en corazén de bovino y en el higado de rata, se sugiere que la IF; forma una
estructura cruzada en la interfase del dimero que explica tanto su papel inhibitorio
como su participacion en la dimerizacion (Garcia et al., 20006).

Otros estudios han demostrado que al eliminar la subunidad /F+ se pierden
los dimeros y simultdneamente la arquitectura mitocondrial se ve afectada,
particularmente en la formacion de crestas (Campanella et al., 2008). Lo anterior
apoya la hipotesis de la IF1 como proteina dimerizante (Campanella et al., 2008).
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Recientemente Gu et al., (2019) aislaron la ATP sintasa tetramérica porcina
(Sus scrofa domestica) y resolvieron su estructura a 6.2 A (Figura 12A) utilizando
un meétodo de criomicroscopia crioelectronica (Cryo-EM). Demostraron que dos
dimeros de la F1Fo-ATP sintasa se encuentran antiparalelos entre si para formar un

tetramero unido por un dimero de /F.

Los dos dimeros estan unidos entre si a través de seis sitios (Figura 12B).
Para los sitios de union 1y 6, dos proteinas /Fs forman un dimero antiparalelo que
interactua con los sectores F1 dentro de la matriz mitocondrial (Figura 12B). Los
sitios 2 y 4 estan por encima de la membrana, incluyen el bucle N-terminal de la
subunidad ky la hélice N-terminal de la subunidad b de dos dimeros adyacentes. El
sitio 3 incluye dos hélices N-terminales de subunidades g de dimeros opuestos
dentro del tetramero, colocadas en paralelo en el centro de la estructura (Figura
12B). El sitio 5 esta dentro de la membrana interna, donde dos subunidades e que

interactuan entre si, mantienen al tetramero unido (Figura 12C).
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Figura 12. Dimero de la F1Fo-ATP sintasa porcina y sus sitios de unién. (A) Modelo cristalografico del dimero de la F1Fo-
ATP sintasa obtenido a 6.2 A. (B) Sitios de interaccién de los tetrametros vistos desde el lado de la matriz. Los modelos de
alta resolucién se ajustaron a los mapas de tetramero con un coeficiente de correlacion de 0.85. (C) Vista desde el espacio
intermembranal (Modificado de Gu et al., 2019).

El dimero de la F1Fo-ATP sintasa en un tejido humano.

Adicionalmente, se ha demostrado que la expresion de la IF1y su repercusion
en la dimerizacion del complejo V esta asociada a procesos de diferenciacion
celular; por ejemplo, la transformacion del citotrofoblasto en sinciciotrofoblasto y la
adquisicion del fenotipo esteroidogénico (Figura 13) (De los Rios-Castillo et al.,

2011). Las micrografias electrénicas de las vellosidades de la placenta humana a
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término, muestran que la arquitectura mitocondrial del citotrofoblasto obedece a la
estructura tradicional, tienen forma redondeada y presenta crestas lamelares en una
configuracion ortodoxa (Figura 13B) y que el dimero del complejo V se encuentra
en alta concentracion (Figura 13C). Por otra parte, el sinciciotrofoblasto contiene
mitocondrias pequefas de forma irregular con protuberancias de la membrana
interna y externa, con una matriz condensada (Figura 13B) y las crestas en forma
de vesiculas, debido a que la F1Fo-ATP sintasa se encuentra principalmente como
monomero (Figura 13C) (De los Rios-Castillo et al.,, 2011). Se determiné que la
cantidad de la /IF1 es mayor en las mitocondrias de citotrofoblasto, lo que esta
directamente relacionado con la formacion del dimero y la arquitectura mitocondrial

observada.
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*éytotrophoblast = cv
Figura 13. Ultraestructura mitocondrial de las células de placenta humana. Las micrografias muestran que la arquitectura

de las mitocondrias es diferente aun tratandose del mismo tejido. (A) Corte de la placenta humana donde se muestra el cito
y el sinciciotrofoblasto, las flechas hacen referencia las mitocondrias. (B) Mitocondrias aisladas del cito y del
sinciciotrofoblasto. (C) La actividad de ATPasa de los complejos solubilizados de los dos tipos mitocondriales, donde se
muestra que el dimero solo esta presente en las mitocondrias del citotrofoblasto (Modificado de De los Rios-Castillo et al.,
2011).

De los Rios-Castillo et al, (2011) reporté que los valores de control
respiratorio se encuentran entre 2.85 y 12 natgO/mg/min, y la sintesis de ATP por
la F1Fo-ATP sintasa fue de 151 £16 y 153 + 13 nmol/mg/min para las mitocondrias
del citotrofoblasto y sinciciotrofoblasto respectivamente, lo que demuestra un
acoplamiento entre la respiracion mitocondrial y la sintesis de ATP. Esto indica que
las mitocondrias esteroidogénicas y no esteroidogénicas de la placenta humana son

capaces de sintetizar ATP aun sin mostrar la misma arquitectura de sus crestas.
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Esto sugiere que aunque el dimero tiene un papel estructural importante, el

monomero puede cubrir el papel bioenergético (De los Rios-Castillo et al., 2011).

El dimero de la F1Fo-ATP sintasa en las levaduras.

La F1Fo-ATP sintasa de las levaduras presentan algunas subunidades
conservadas entre bacterias, algas y mamiferos y también pueden adoptar
estructuras supramoleculares. A diferencia de los dimeros de mamifero, el dominio

de interaccion entre los monémeros de S. cerevisiae es el sector Fo.

Se ha establecido que las subunidades e, g y k estan asociadas unicamente
al dimero de la F1Fo-ATP sintasa de S. cerevisiae y no a su forma monomérica
(Arnold et al., 1998). También se ha sugerido que la subunidad a tiene un papel
importante formando parte de la base para la dimerizacién ya que se le ha predicho
un alto numero de hélices transmembranales (Wittig et al., 2008). Junto con la
subunidad a, las subunidades del tallo estator y subunidades accesorias (e, g, b, i,
ky 8) estabilizan la interfaz del homo-dimero (Figuras 14A) (Wittig et al., 2008; Wittig
et al., 2010, Couoh-Cardel et al., 2010).

Se ha demostrado que una alteracién en los componentes arriba descritos
desestabiliza las estructuras oligoméricas, lo que conduce a la aparicion de
especies monoméricas y morfologias anémalas en las crestas mitocondriales, que
se describen como aros de cebolla (Velours et al.,, 2009). Sin embargo, en las
mutantes de las subunidades e, g y k no se eliminan del todo las crestas
mitocondriales, pero hacen sensible al dimero, lo cual sugiere que no son esenciales
para la dimerizacion, pero si para su estabilidad (Figura 14B). En contraste, se ha
podido demostrar que la subunidad Inh1 (proteina inhibidora de la F1Fo-ATP sintasa
de levadura) no es necesaria para la oligomerizacion (Arnold et al., 1998; Dienhart
et al., 2002; Wittig et al., 2008; Wagner et al., 2010).
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Por su parte, la subunidad g tiene dos a hélices en el extremo N-terminal que
se encuentran expuestas en la superficie del sector Fo y una unica a hélice
transmembrana que interactua con la subunidad e, probablemente a través de los
motivos conservados Gly-XXX-Gly de las dos proteinas (Figura 14C) (Bustos et al.,
2005; Saddar et al., 2005). La estructura curva del dominio formado por las
subunidades e, g y b sugiere como las subunidades e y g, con el apoyo adicional de
la subunidad k, crean una estructura que refuerza la curvatura de la bicapa lipidica
(Figura 14D) (Guo et al., 2017) y porque la supresiéon de los genes que codifican a
estas subunidades en la levadura conduce a defectos en la formacion de crestas
(Paumard et al., 2002).

Como se puede observar, cada reino biologico ha desarrollado una estrategia
diferente para formar y/o estabilizar los dimeros del complejo V y plegar asi la
membrana interna mitocondrial en crestas, lo que podria ser un evento de
convergencia evolutiva. Por lo tanto, es importante ampliar el conocimiento sobre la
composicion del dimero de la F1Fo-ATP sintasa en otros organismos y determinar

cuales son sus subunidades dimerizantes.

Por otro lado, mediante el empleo de la microscopia de fuerza atdmica se ha
analizado la formacion de los oligobmeros de la F1Fo-ATP sintasa de S. cerevisiae
desde la membrana interna-cresta, lo cual permitié detallar la posicion espacial de
los canales de protones y de 3 densidades circulares que corresponden a los
dominios transmembranales de las otras subunidades que conforman los segundos
dominios de los sectores Fo. Asi mismo, se describio la existencia de dos tipos de
dimeros cuyos puntos mas distantes de los anillos de sub ¢ miden 15y 10 nm; con
esto se propuso que el dimero con una mayor distancia corresponde a un estado
activo que sintetiza ATP y que es capaz de unirse a otros dimeros para
oligomerizarse, mientras que el dimero mas cerrado se forma durante la inhibicién

de la hidrolisis de ATP y es incapaz de oligomerizarse (Buzhynskyy et al., 2007).
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Figura 14. Estructura de la FiFo-ATP sintasa mitocondrial de S. cerevisiae a 25 A de resolucién. (A) Reconstruccion
tridimensional de la FiFo-ATP sintasa dimérica por microscopia electrénica, donde se muestra la disposicion de las
subunidades propuesta segun su densidad electronica (Modificado de Couoh-Cardel et al., 2010). (B) Identificacion de las
subunidades que componen al monémero (Modificado de Couoh-Cardel et al., 2010). (C) Vista superior del dimero Fo, que
revela la disposicion de las subunidades e, g y b. El mondmero se perfila con una linea punteada. Resolucién a una escala
de 25 A (Modificado de Guo et al., 2017). (D) Vista lateral del dimero Fo muestran que las subunidades b, e, gy k crean la
estructura que dobla la bicapa lipidica casi 90°. La linea naranja discontinua indica la longitud completa de la subunidad k.
Resolucién a una escala de 25A (Modificado de Guo et al., 2017).

Papel del dimero en las crestas.

En la actualidad, se cuenta con la primera reconstruccion tomografica de una
cresta tubular mitocondrial de higado de rata con un diametro de 34 nm, a partir de
la cual se ha determinado que el dimero de la F1Fo-ATP sintasa tiene un angulo de
70°, con una distancia entre F1- F1 de 28 nm y entre los centros Fo-Fo de 13 nm
(Figura 15) (Strauss et al., 2008). En corazén de bovino el angulo oscila entre 55° y
95°, aunque la microscopia electronica permitié definir un angulo de 40° entre los
cuellos centrales de los monémeros (Minauro-Sanmiguel et al., 2005; Strauss et al.,
2008). En S. cerevisiae, se observaron dos familias de angulos, una de 35° y otra
de 90°; y en Polytomella sp, la formacion dimérica tiene un angulo de 70°. Estudios
recientes han definido la existencia de al menos 6 tipos diméricos en S. cerevisiae
(Figura 16) (Thomas et al., 2008).
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Figura 15. Reconstruccion tomografica de una cresta tubular mitocondrial de higado de rata. (A) Tomografia de
membranas mitocondriales de higado de rata. Las flechas grises indican los mismos pares de cabezas de F1Fo-ATP sintasas
ordenadas linealmente. Barra de escala en panel A, 50 nm. (B) Reconstruccién tridimensional de una cresta tubular. Las
cabezas de F1 son amarillas, mientras que la membrana es gris. Las particulas no asignadas a las cintas de dimero se
muestran en gris mas claro. La longitud del tubo en el panel B es de 280 nm, y el didametro de las vesiculas es 51 nm
(Modificado de Strauss et al., 2008).

Se ha sugerido que los diferentes angulos dependen de la forma en la que el
detergente solubiliza a los oligdbmeros, los cuales se definen como dimeros
verdaderos (estructuras abiertas) y pseudo-dimeros (estructuras cerradas). Los
cuellos periféricos de éstos Uultimos no son observables debido a que,

probablemente, se localizan detras de los cuellos centrales mientras que en el
dimero verdadero son visibles en una vista lateral (Dudkina et al., 2006).

A B C

Figura 16. Dimeros aislados observados por microscopia de trasmision electronica. Los dimeros de diferentes especies
han sido aislados a través de gradientes de glicerol o sacarosa. (A) Polytomella sp. presenté un dimero con una amplitud de
70° (Modificado de Dudkina et al., 2006). (B) Bos Taurus tiene una amplitud de 40°, se propone que el puente generado por
las Fo’s (flecha negra) es debido a la dimerizacion de la subunidad e mientras que el formado por las F1's, la dimerizacién de
IF1 (Modificado de Minauro-Sanmiguel et al., 2005). (C) S. cerevisiae presenta un angulo de 60° dado por las interacciones
entre las subunidades e y g (Modificado de Couho-Cardel et al., 2010).
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1.5. Otros factores que participan en la formacion de las crestas
mitocondriales

Como ya se menciono, las crestas estan formadas por dos hojas de la
membrana interna, que estan paralelas y muy proximas, dejando entre si un espacio
estrecho llamado lumen de la cresta. Estas hojas de membrana interna estan unidas
en sus bordes formando puntas o cantos, en donde la bicapa lipidica se dobla con
una curvatura positiva. En su base la cresta tiene forma tubular y se conecta a la
membrana interna en una region conocida como frontera de la membrana interna.
Estas conexiones estan limitadas por las uniones de cresta y en ellas la bicapa
lipidica tiene una curvatura negativa provocada por una proteina denominada Fc;j1
(proteina formadora de la union de cresta); estas uniones de cresta controlan la
apertura de la cresta hacia el espacio intermembranal (Rabl et al., 2009).

Se ha propuesto que la arquitectura de la cresta depende del equilibrio entre
la concentracion del dimero de la F1Fo-ATP sintasa y la proteina Fcj1. Asi pues, las
puntas de las crestas y los cantos estan formados por los dimeros de la F1Fo-ATP
sintasa, los cuales imponen una curvatura positiva a la membrana (Rabl et al., 2009)
y donde la proteina Fcj1 esta ausente; por el contrario, en las uniones de cresta los
dimeros estan virtualmente ausentes, lo que permite una curvatura negativa de la
membrana provocada por la presencia de la proteina Fcj1. La cara de la cresta
contiene tanto a la proteina Fcj1 como al dimero de la F1Fo-ATP sintasa, lo que

puede determinar su forma plana (Figura 17).

Aunque esta hipdtesis trata de explicar la distribucion dinamica del dimero de
la F1Fo-ATP sintasa y la proteina Fcj1, no se puede excluir que otros componentes
tales como las prohibitinas, la proteina OPA1 u otros componentes que aun no se
identifican, participen en la formacion de las uniones o las puntas y cantos de las
crestas (Paumard et al., 2002; Rabl et al., 2009).
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Figura 17. Elementos proteicos involucrados en la formacion de las crestas mitocondriales. Representacion
esquematica de la curvatura de la membrana en las diferentes regiones de la cresta y la localizaciéon submitocondrial de la
proteina Fcj1 y las subunidades e y g. La curvatura positiva de la membrana esta indicada en azul, la curvatura negativa en
rojo, y las regiones con ambas curvaturas o ninguna en especial esta en purpura. El esquema representativo de una cresta
con una sola CJ se muestra en su vista lateral (izquierda) y su seccién transversal después de un giro de 90° (en el medio).
Las ampliaciones del area enmarcada muestran el arreglo propuesto de Fcj1, Sub e/Sub g, y la FiFo-ATP sintasa y su
influencia en la curvatura de la membrana. El recuadro de la izquierda muestra la estructura tubular propuesta para la union

de las crestas (CJ) a la membrana interna mitocondrial. (Modificado de Rabl et al., 2009).
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1.6. Efecto de la eliminaciéon de las subunidades dimerizantes y su
repercusion en la arquitectura mitocondrial

Como se menciono, dentro de las proteinas necesarias para la formacién de
las crestas mitocondriales se encuentran las formas oligoméricas de la F1Fo-ATP
sintasa. Al eliminar los genes que codifican para las subunidades e y g en S.
cerevisiae se producen solamente mondémeros de la F1Fo-ATP sintasa, se altera la
arquitectura de las crestas y las mitocondrias adquieren morfologias o formas
inusuales (Paumard et al., 2002; Rabl et al., 2009; Velours et al., 2009). En estas
condiciones S. cerevisiae crece lentamente en medios no fermentables y las crestas
mitocondriales se observan como discos concéntricos en forma de “aros de cebolla”
(Figura 18) (Arselin et al., 2004). Sin embargo, no se ha realizado un estudio
sistematico de la sintesis e hidrdlisis de ATP en estas cepas mutantes. También la
formaciéon de los supercomplejos oIV se ve afectada (Saddar et al., 2008) y el
potencial de membrana disminuye, motivo por el cual cerca de 40% del ADN
mitocondrial se pierde (Bornhdvd et al., 2006; Duvezin-Caubet et al., 2006).

Cepa silvestre

Figura 18. Diferencias estructurales en las mitocondrias de Saccharomyces cerevisiae. Micrografia de las mitocondrias
de Saccharomyces cerevisiae (A) cepa WT y (B) cepa mutante Ae/Ag, en la cual se observan las estructuras anémalas de
las mitocondrias, crestas en forma de aros de cebolla. m=mitocondria. La barra indica 500nm (Modificado de Velours et al.,
2009).
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Aunado a esto, se ha propuesto que la oligomerizacion de la F1Fo-ATP
sintasa puede estar involucrada de manera directa en la actividad catalitica de la
enzima y de manera indirecta también puede afectar el estado metabdlico de las
células, ya que cuando se impide la dimerizacion de la F1Fo-ATP sintasa eliminando
genéticamente a las subunidades e y g, las mitocondrias presentan una morfologia
alterada en las crestas. Asi pues, el rearreglo de las crestas durante la regulacion
bioenergética de la mitocondria supone el cambio en la proporcion
dimero/mondémero del complejo V (Velours et al., 2009).

En el caso de las mitocondrias de las células HeLa, Campanella et al.,(2008)
demostraron que al eliminar la subunidad I/F; se pierden los dimeros y
simultaneamente la arquitectura mitocondrial se ve afectada; en particular
disminuye el nimero de crestas por mitocondria y por ym? y la muerte celular
inducida incrementa hasta en un 40% (Figura 19). Cuando la respiracion celular se
ve comprometida, la célula permite la despolarizacién mitocondrial para promover
la liberacion de inductores proapoptoéticos que desencadenan las vias de muerte
celular. Sin embargo, cuando se sobreexpresa a la subunidad /F, se observa un
aumento en los niveles del dimero del complejo V y en la actividad de sintesis de
ATP (Campanella et al., 2008).

Control

Figura 19. Ultraestructura mitocondrial de las células Hela. (A) Mitocondrias control y (B) cepa mutante -/F;, donde se
puede observar que el interior de la mitocondria esta desorganizado y con disminucién de las crestas mitocondriales. Las
flechas rojas sefialan las mitocondrias por campo. Simultaneamente se report6 la pérdida del AY y la sintesis de ATP
(Modificado de Campanella et al., 2008).
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1.7. Ustilago maydis como modelo experimental.

U. maydis es un hongo biotréfico que causa el carbén del maiz, comunmente
llamado cuitlacoche o huitlacoche. Se presenta como agallas negras en el maiz y
se ha utilizado como un ingrediente tradicional en la gastronomia mexicana. U.
maydis ha sido un modelo ejemplar en los estudios de fitopatogenicidad,
dimorfismo, eventos de recombinacion homodloga e interacciones planta-patégeno
(Vollmeister et al., 2012).

U. maydis durante su ciclo de vida transita por tres diferentes etapas
morfologicas: saprofitica, en la que crece en forma de levadura o basidioespora
haploide no patdgena; el micelio dicaridtico que aparece cuando dos basidiosporas
compatibles se fusionan, que es la forma infecciosa del organismo, y la teliospora o
esporas binucleadas de latencia, de gran resistencia a cambios ambientales
adversos y que constituye el mecanismo de diseminacion del hongo (Herrera et al.,
1990; Feldbrugge et al., 2004).

El ciclo de vida se inicia cuando las teliosporas germinan sobre la superficie
del tejido del hospedero produciendo el promicelio, a partir del cual se liberan las
esporidias haploides o levaduras. Cuando éstas son compatibles (A1B1-A2B2), se
fusionan y se forma el micelio dicari6tico que invade a la planta y que finalmente
dara origen a las teliosporas. Estas permanecen viables en el ambiente hasta que
se presentan las condiciones favorables para su germinacion (Figura 20) (Herrera
et al., 1990; Bolker et al.,1992; Bolker, 2001). Los cambios en la patogenicidad, la
morfologia y la invasion a la planta se regulan por las vias de la MAPK y del AMPc
(Mendoza-Mendoza et al., 2009; Kahmann et al., 1999; Doehlemann et al., 2008;
Feldbrugge et al., 2004; Lengeler, 2000; Reifschneider et al., 2005; Rexroth et al.,
2004; Marques et al., 2007).
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Figura 20. Ciclo de vida de U. maydis. El area sombreada en verde claro indica los procesos que son absolutamente
dependientes de la presencia de la planta. Los nucleos azules y rojos indican los diferentes tipos de apareamiento en el locus
Ay By se utiliza para visualizar las fases haploide y diploide dicaridticas durante el ciclo de vida. En el centro del diagrama
se muestra una mazorca de maiz infectada con sintomas de la enfermedad tipica. En la parte inferior, el tumor se rompe y
revela cantidades masivas de teliosporas negras. Cuando las esporas diploides germinan sufren meiosis y producen
esporidios haploides. En este trabajo se emplearon a las levaduras haploides (Modificado de Feldbriigge et al., 2004).

U. maydis ofrece grandes ventajas como modelo biologico, por ejemplo,
aunque requiere a la planta para completar su ciclo de vida, en el laboratorio es
posible obtener levaduras o micelio en funcion de las condiciones de crecimiento.
Asi mismo, se pueden producir cepas mutantes nulas carentes de genes de interés
(knock-out); este proceso es relativamente sencillo, debido a la alta eficiencia con
que la recombinacién homologa se lleva a cabo en este hongo.

Por otra parte, debido a que U. maydis presenta un metabolismo aerobio
estricto, de tipo no fermentativo y que depende totalmente de la fosforilacion
oxidativa para el suministro de ATP, la mitocondria es parte esencial para el
crecimiento de la levadura. La cadena de transporte de electrones y fosforilacion
oxidativa de U. maydis esta compuesta por los 5 componentes clasicos, el complejo
| (NADH: ubiquinona oxidorreductasa), el complejo Il (succinato: ubiquinona
oxidorreductasa), el complejo Ill (ubiquinol: citocromo c¢ oxidorreductasa), el
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complejo IV (citocromo c oxidasa) y el complejo V (F1Fo-ATP sintasa). Ademas de
éstos, cuenta con otros componentes alternos como la oxidasa alterna (AOX) y las
deshidrogenasas alternas externas (Nde1 y 2) e interna (Ndi1). La AOX es una
enzima respiratoria que cataliza una reaccién de oxidacién terminal a nivel de la
poza de quinonas, de manera similar a lo que harian en conjunto los complejos Ill y
IV en la via citocromica, pero sin generar una diferencia de potencial de membrana,

por lo que dicha enzima no participa en la sintesis de ATP (Figura 21).

H' Espacio intermembranal H' H' H'

NADH NAD' H,0

Membrana interna

UQH
} NADH NAD' H,0
Succinato  Fumarato
NADH  NAD'
ADP+Pi  ATP
H' H' H H'

Matriz mitocondrial
Figura 21. Cadena de transporte de electrones en U. maydis. Esquema general de la cadena de transporte de electrones,

en el cual podemos localizar los cuatro complejos respiratorios clasicos, la F1Fo- ATP sintasa, un para de deshidrogenasas
alternas (externa e interna) y la oxidasa alterna (AOX) (Modificado de Rogov et al., 2014).
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2. JUSTIFICACION
U. maydis es un basidiomiceto fitopatégeno del maiz que provoca grandes
pérdidas econdmicas a nivel mundial. Otros ustilaginales infectan plantas como el
arroz (Oryza sativa) y el sorgo (Sorghum bicolor). Es importante incrementar el
conocimiento sobre esta familia, a fin de contar con mas herramientas para ayudar

a su control biologico.

Se ha reportado que el dimero de la F1Fo-ATP sintasa tiene un papel
importante en la formacion de las crestas de la membrana interna mitocondrial, y su
ausencia provoca crestas anormales, y pérdida del potencial de membrana (A¥m) y
de la sintesis de ATP, es importante mencionar que debido a que U. maydis es un
organismo aerobio, de tipo no fermentativo, que depende totalmente de la
fosforilacidon oxidativa para el suministro de ATP, U. maydis es un organismo
aerobio, de tipo no fermentativo, que depende totalmente de la fosforilacion
oxidativa para el suministro de ATP. La mitocondria es la encargada de oxidar los
equivalentes reductores provenientes de la glucdlisis, el ciclo de Krebs y la B-
oxidacion y asi alimentara la cadena de transporte de electrones y convertir el poder
reductor en ATP.

El dimero de la F1Fo-ATP sintasa de U. maydis tiene 17 subunidades
homologas a las reportadas para S. cerevisiae, incluyendo a las subunidades
dimerizantes g y e (Arnold et al., 1998; Wittig et al., 2008; Esparza-Perusquia et al.,
2017). Con base en lo anterior, se decidio construir la cepa mutante de la subunidad
g en U. maydis y determinar la repercusion de la eliminacion de dicha subunidad
(Ag) sobre la formacion del dimero de la ATP sintasa, el plegamiento de las crestas,
el reticulo mitocondrial y el estado bioenergético (A¥Ym, consumo de oxigeno y
sintesis de ATP). Asimismo, se pretende caracterizar la actividad de ATPasa de los

dimeros (V2ag) Y €n los monomeros (V1ag) aislados de la cepa mutante.

41



Odra Noel

[VOS

et

Obj

42



3. OBJETIVOS

3.1. OBJETIVO GENERAL

Determinar la repercusion de la eliminacion de la subunidad g en la
oligomerizacién y la actividad enzimatica de la F1Fo-ATP sintasa de Ustilago
maydis, asi como su papel en la formacion de crestas mitocondriales y en el estado
bioenergético mitocondrial.

3.2. OBJETIVOS PARTICULARES

e Generar la cepa mutante Ag de la F1Fo-ATP sintasa de Ustilago maydis.

e Determinar la presencia del Vaag y Viag.

e Aislar los oligomeros (Vaag ¥ V1ag) de F1Fo-ATP sintasa.

e Caracterizar la actividad de hidrélisis de ATP de los oligdmeros aislados de
la F1Fo-ATP sintasa.

e Determinar la morfologia de crestas mitocondriales de la cepa Ag en
comparacion con la cepa silvestre (WT).

e Cuantificar el potencial de membrana, la respiracion y sintesis mitocondrial

de ATP en las cepas WT y Ag de Ustilago maydis.
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4. MATERIALES Y METODOS
Cultivo celular para biologia molecular. La cepa silvestre FB2 (a2b2-WT,;
ATCC 201384) de Ustilago maydis se sembré en un medio solido de YPD (0.5%
(p/v) extracto de levadura, 0.25% (p/v) bactopeptona, 0.5% (p/v) de glucosa, 2%
(p/v) de agar), se incubd por 18 horas a 28°C. A partir de ese cultivo se inoculd una
azada de células en 3 mL de YPD y se incubaron durante 12 h a 28°C en agitacion
orbital constante.

Obtencion del DNA genomico (gDNA) de la cepa WT de U. maydis. El cultivo
anterior se centrifugé a 15,700 g durante 2 min para recuperar las células. Estas se
rompieron con perlas de vidrio (0.5 mm) en 500 uL de amortiguador de lisis (10 mM
Tris-HCI pH 8.0, 10 mM NaCl, 1% (p/v) SDS, 2% (v/v) Tritén X100, 1 mM EDTA) y
500 uL de la solucion de fenol/cloroformo en una relacion 1:1, en agitacion constante
durante 10 min. El DNA se recupero de la fase acuosa (400 pL), el cual se transfirio
a un tubo que contenia 1 mL de etanol al 100% para lavar el DNA; dicho volumen
se centrifugd para compactar el DNA. Finalmente, se incub6 en agitacidén orbital
constante (400 rpm) durante 10 min a 50°C en presencia de 50 uL de TE/Rnase
(1.31 mM Tris-Base, 8.69 mM Tris-HCI, 10 mM Naz-EDTA y 10 mg/mL de Rnase-A
para remover el RNA).

Para corroborar la integridad del DNA genomico (gDNA), las muestras se
resolvieron en un gel de agarosa al 0.8% (p/v), 1x-TBE (89 mM Tris-base, 89 mM
acido bdrico, 2 mM EDTA, pH 8.0), 25 ug/mL bromuro de etidio (BrEt) y la

concentracion se determin6 en un NanoDrop 2000c (Thermo Scientific).

Diserio de los oligonucledtidos. Para la construccion del knock-out (KO) se
amplifican los fragmentos UF (upstream flank) y DF (downstream flank) de
aproximadamente 1000 pares de bases flanqueando al gen que codifica para la
subunidad g (ATP20), el disefio de los oligonucleétidos se realizé en el programa
SnapGene version 2.0.1 y se sintetizaron en Ludwig-Maximilians Universiat

Minchen, Alemania.
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Para el caso del fragmento UF los oligonucle6tidos correspondientes para las
diferentes PCR son denominados U1-Fw (aproximadamente 20 pb antes de UF) 5’-
GCGTAGTCGATGTCCTTGG-3’, U2-Fw (aproximadamente 1000 pb antes del gen
ATP20) 5’-atttaaatGCTTCCTTGTATTCGGC-3’ (las letras en minusculas indican el
sitio de corte para la enzima Swal), U3-Rv (aproximadamente 20 pb antes del gen
ATP20) 5’-ggccatctaggccGATGACCGTATTACCCGAAAGAC -3’ (las letras en
minusculas indican el sitio de corte para la enzima Sfil) y P1-Fw (aproximadamente
20 pb al final del UF) 5- TCCTCACACCATCCCCTT-3".

Para el fragmento DF se disefiaron los oligonucledtidos D1-Fw
(aproximadamente 20 pb después del gen ATP20) 5'-
ggcctgagtggccACGCTCGACAATTGAATTCG -3’ (las letras en minusculas indican
el sitio de corte para la enzima Sfil), D2-Rv (aproximadamente 1000 pb después del
gen ATP20) 5- atttaaatCTGGCATGTGCTCACC -3’ (las letras en minusculas
indican el sitio de corte para la enzima Swal) y D3-Rv (aproximadamente 1020 pb
después del gen ATP20) 5- GGCCTGCCGTATCAAGTC -3..

Los oligonucledtidos U2, U3, D1, D2 fueron disefiados con sitios de corte
para las enzimas de restriccion especificas, ya que el cassette de resistencia a la
higromicina (HygR) cuenta con esos sitios para la ligacion y formacion del plasmido
KO. P2-Rv (aproximadamente 20 pb al inicio del gen ATP20) 5'-
GGGAGCAGCAGCTCGGC -3, MF167-Rv (aproximadamente 20 pb al final del
HygR) 5- AACTCGCTGGTAGTTACCAC -3’ y MF168-Fw (aproximadamente 20 pb
al inicio del HygR) 5’- ACTAGATCCGATGATAAGCTG -3'.

Ampilificacion de los fragmentos UF y DF. Para la construccion del KO se
amplifican los fragmentos UF y DF mediante PCR punto final en un termociclador
MAXYGENE II (THERM-1000), siguiendo los protocolos de temperatura variable y
tamafo del producto para la polimerasa Phusion High-Fidelity (New England
Biolabs, Cat. E0553L). El medio de reaccion contiene gDNA (aproximadamente 1
ug), 10 mM dNTP’s, 1X Phusion HF buffer, 5% (v/v) DMSO y 10 mM MgCl..
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Preparacion de células competentes TOP10 de Escherichia coli. Para la

preparacion de las células competentes de E. coli se siguio el método Kushner
utilizando cloruro de rubidio (RbCI) (Kushner, 1978).

Se sembrd una colonia de TOP10 de E. coli en 25 mL de medio LB (1.6%
(p/v) bacto-triptona, 1% (p/v) extracto de levadura, 0.5% (p/v) NaCl) y se incubd
durante 16 horas a 37°C con agitacion orbital constante. Las células se cosecharon
a 1,690 g por 20 min a 4°C, el precipitado se resuspendié en 1 mL de LB sin
antibiéticos. Se inocularon 30 mL de LB con la suspension anterior hasta una
densidad optica (D.O.s0onm) de 0.1 y se crecieron por 2 horas a 37°C en agitaciéon
orbital constante hasta alcanzar una D.O.e00nm de 0.6. Las células se recuperaron a
1,690 g por 30 min a temperatura ambiente.

El botdn se resuspendié en 20 mL de solucion TFB1 frio (30 mM acetato de
potasio, 50 mM MnCl2, 100 mM RbCI, 10 mM CaClz, 15% (v/v) glicerol, pH 5.8,
esterilizado por filtracién), y se incubd por 2 h a 4°C. Las células se recuperan a
1,690 g por 30 min a 4°C y se resuspendieron cuidadosamente en 4 mL de solucion
TBF2 frio (10 mM MOPS, 75 mM CacClz, 10 mM RbCl, 15% (v/v) glicerol, pH 6.8,
estéril por filtracion) y se incubaron por 1 h a 4°C. Finalmente, las células se

conservaron en alicuotas de 100 uL a -70°C hasta su uso.

Formacion y clonacion de los plasmidos TOPO (TA cloning) para UF y DF.
Ya que los amplificados UF y DF provienen de una PCR donde se utiliza la
polimerasa Phusion, a éstos se les debe afadir extensiones de adenina para que
sean reconocidos por el plasmido TOPO para poder integrarse. En la reaccién se
afadio 1 uL de Taq polimerasa, 0.5 uL dNTP’s y 5 uL del amortiguador 10x y se
incubaron por 15 min a 72°C. Una vez finalizada la proyeccion, los fragmentos UF
y DF se ligaron a un vector pCT2.1-TOPO (pCR2.1-TOPO plasmido. Invitrogen Cat.
45-0641) en presencia de 3.5 uL del PCR modificado, 1 puL de solucion salina

(incluida en el Topo-kit), 0.2 uL del Topo-vector y se ajusta a un volumen final de 5
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uL con H20, se incubaron por 5 min a temperatura ambiente y se clonaron en TOP10

E. coli.

La transformacion de las células TOP10 con los plasmidos UF y DF se llevd
a cabo por choque térmico siguiendo el método descrito en Sambrook et al., (2001)
con algunas modificaciones. Las células se incubaron por 30 min a 4°C, seguido de
un choque térmico a 37°C durante 5 min; éstas se recuperan en 1 mL de LB a 37°C
durante 1 hora; al término de la incubacion las células se centrifugan a 13,800 g por
1 minuto y se resuspenden en 100 uL de LB. Posteriormente, se sembraron en
medio LB sdlido, suplementado con ampicilina (LBA™ contiene: 1.6% (p/v) bacto-
triptona, 1% (p/v) extracto de levadura, 0.5% (p/v) NaCl y 0.1 mg ampicilina/mL) y
se incubaron por 16 h a 37°C.

Obtencion del DNA plasmidico. Una colonia de la cepa TOP10 transformada
se sembré en 3 mL de LBA™ y se incubd por 12 h a 37°C con agitacion orbital
constante. Para obtener el DNA plasmidico, 1 mL de la muestra se centrifugd a
15,700 g durante 2 min, el sobrenadante se descartd y las células fueron
resuspendidas en 200 uL del amortiguador STET (100 mM NaCl, 10mM Tris-HCI
pH 8.0, 1 mM EDTA, 5% (v/v) Triton X100) y 0.1% (p/v) lisozima; se incubaron por
60 seg a 95°C y se centrifug6 a 15,700 g durante 10 min.

Al sobrenadante, que contenia al RNA y al DNA plasmidico, se le afiadieron
20 pL de solucién Mini 11l (3 M NaOAc) y 500 uL de 2-propanol para precipitar a los
acidos nucléicos. Las muestras se centrifugaron a 15,700 g durante 10 min, el
precipitado que contenia los acidos nucleicos se lavo con 200 uL de etanol al 70%
(v/v). Finalmente, se centrifugd a 15,700 g durante 2 min y se elimin6 el
sobrenadante, al precipitado se le agregaron 100 uL TE-RNase para obtener una
muestra libre de RNA. La concentracién de DNA se determiné en un NanoDrop
2000c (Thermo Scientific).
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Purificacion del DNA. ElI DNA se purificd con un kit JET Quick Spin Column
Technique de Genomed. Al DNA plasmidico se le adicioné 400 uL del amortiguador
M1 (hidroxicloruro de guanidina e isopropanol), se mezcldé por inversion y se
transfirio a una columna de silica de purificacién, la cual se centrifugdé a 15,700 g
por 1 min y se descarto el filtrado. La columna se lavo dos veces con 400 uL del
amortiguador M2 (etanol, NaCl, EDTA y Tris-HCI) y se centrifugé a 15,700 g por 1
min eliminando el filtrado. Para eluir el plasmido de la columna se le adicion6 50 uL
de TE (10 mM Tris-HCI, pH 8.0) y se centrifugd a 15,700 g por 2 min. Se determiné
concentracion de DNA obtenido.

Secuenciacion del DNA. La mezcla de reaccion fue compuesta por: 250 ng
de la muestra, 3.2 pmoles del cebador MF963/MF964 y 10 mM Tris-HCI, pH 8.0, en
un volumen final de 7 pL; la secuenciacion fue realizada y registrada en Ludwig-
Maximilians Universiat Muanchen, Alemania (Sequencing LMU

http://www.gi.bio.Imu.de/sequencing/index _html); se verificaron las secuencias

obtenidas y los sitios de corte.

Construccion del plasmido knock-out. Las mutaciones se realizaron como lo
describié Brachmann et al., (2004). La digestién del plasmido que contiene el
cassette de resistencia a higromicina (HygR) (pUMa_198, donado por el Dr. Michael
Feldbrugge del Instituto de Microbiologia, Universidad Heinrich-Heine, Duesseldorf,
Alemania) asi como aquellos que contienen los fragmentos UF y DF fueron
digeridos con la enzima de restriccion Sfil. El DNA fue purificado del gel mediante
un Zymoclean Gel DNA Recovery kit de Zymo Research (USA). El plasmido KO
(PUMa_1704) se obtuvo a partir de la ligacién de los fragmentos de DNA empleando
una relacion 1:1:3 de UF:DF:HygR, durante 3 h a temperatura ambiente en

presencia de 200 unidades de DNA ligasa (Invitrogen).

Generacion de la cepa mutante (Ag) de U. maydis. Para la obtencién de la
cepa Ag se realizd por medio de fransformacion quimica como se describe a

continuacion.
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Formacién de protoplastos. Se inoculan 3 mL de medio YPD con la cepa WT
y se incubaron 24 h a 28°C en agitacion orbital constante. Posteriormente, el
preinéculo se diluyd hasta 0.4 unidades de D.O.s00nm Y Se cultivo hasta alcanzar las
0.8 unidades de D.O. goonm. Se comprobd la pureza celular por microscopia, se
centrifugd un volumen de 50 mL de las células a 1,700 g durante 5 min; el paquete
celular se resuspendié con 25 mL del amortiguador SCS (20 mM &cido citrico, 1 M
sorbitol, pH 5.8) y se centrifugd a 1,700 g durante 5 min. El precipitado se recupero
y resuspendié con una solucidn de Novoenzima (7 mg/2 mL SCS); posteriormente
se incubd de 10 a 20 min a temperatura ambiente; la permeabilizacion celular se
observd con el microscopio como la aparicion de burbujas en el apice celular;
cuando el 40% de las células fueron permeabilizadas, se continué con la

transformacion genética de U. maydis.

Se anadié 10 mL de SCS y se centrifugd a 1,100 g durante 5 min a 4°C; el
precipitado se resuspendio con 10 mL de SCS para eliminar las enzimas y
nuevamente se centrifugd a 1,100 g durante 5 min; el precipitado se resuspendié en
10 mL del amortiguador STC (1 M sorbitol, 10 mM Tris-HCI, 100 nM CaCl., pH 7.5)
y se centrifugd a 1,100 g durante 5 min (este paso se repiti6 dos veces).
Posteriormente se desecho el sobrenadante y el precipitado se resuspendio en 1
mL de STC. Finalmente, las muestras se almacenaron a -70°C en alicuotas de 100
ulL.

Del mismo modo se intentd realizar la transformacion por biobalistica para
para eliminar el gel ATP21 que codifica para la la subunidad e (mutane Ae). No se

obtuvieron resultados positivos (ver anexo 10.1).

Incorporacion del genoma Ag exdgeno a los protoplastos de U. maydis. Para
la transformacion de la levadura se utilizaron cajas de Petri con YPD agar
(suplementado con 18.22% (p/v) sorbitol y 50 pg higromicina B/mL de PBS). Se
adicion6 10 mL de YPD agar con 80 uL de higromicina (aproximadamente 4 mg) y

finalmente a los 15 min se agregd 10 mL de YPD agar (sin higromicina). A los
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protoplastos se les anadio 15 ng de heparina (15 mg/mL) y 5 puL del plasmido KO
(PUMa_1704), y se incubaron por 10 min a 4°C; posteriormente se afiadieron 500
uL del amortiguador STC/PEG (60% (v/v) STC-amortiguador, 40% (p/v)
polietilenglicol, Sigma P-3640) y se incubaron por 15 min a 4°C. Finalmente, las
células transformadas se dispersaron muy suavemente en la placa y se incubaron
por 7 dias a 28°C.

Comprobacion por PCR de la cepa Ag (eliminacion del gen ATP20). Se
sembro una azada de la cepa transformada en medio CM-Hyg agar (0.25% (p/v)
casaminoacidos, 0.1% (p/v) extracto de levadura, 1% solucion Holliday de
vitaminas, 6.25% solucién Holliday de sales, 0.05% DNA (sigma D-3159), 0.15%
(p/v) NH4NOs3, 18.22% (p/v) sorbitol, 1.5% (p/v) bacto-agar, 5 ug/mL Hyg, pH 7.0)
en forma de estria para obtener cepas independientes y se incubd por 24 h a 28°C.

Una vez multiplicadas las células, se tomé una azada de cada una de las
colonias (aproximadamente 10) y fueron sembradas en medio YPD liquido e
incubadas por 24 h a 28°C en agitacion orbital constante; posteriormente se tomaron
5 yL del cultivo y se sembraron en una caja con CM-Agar para mantener la linea
celular, el cultivo restante se emple6 para aislar gDNA (ver arriba el procedimiento
descrito para aislar el gDNA de la cepa WT).

Para comprobar que el gen ha sido sustituido por el HygR se realiz6 una PCR
con el gDNA Ag de las colonias aisladas en el paso anterior, utilizando los
oligonucledtidos P1 y P2; la migracion del producto de PCR se realizé en un gel de
agarosa al 0.8% (p/v), 1x-TBE, 25 pug/mL BrEt. Para comprobar que el gen ATP20
ya no estaba presente se incluyé como control negativo el gDNA de la cepa WT, las
clonas que no amplificaron fueron usadas como positivas para una segunda PCR

donde se comprob¢ la presencia del cassette HygR.
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Para comprobar que el cassette se inserto en el lugar correcto después de la
recombinacién homdloga, se realizé una PCR utilizando un par oligonucleétidos que
flanquearon las regiones UF (U1 y el MF167) y DF (MF168 y D3), usando como
control negativo el gDNA de la cepa WT. Las muestras se resolvieron en un gel al
0.8% de agarosa, 1x-TBE, 25 pg/mL BrEt/mL.

Southern Blot. Para llevar a cabo las réplicas tipo Southern se digirio el gDNA
con una enzima de restriccion, cuidando de que la enzima reconociera un sitio de
corte dentro del cassette HygR sin cortar en la secuencia del gen de interés. En este
caso la reaccion contenia 10 unidades de Nco-/, 1 ng DNA, 1X NEBuffer, 39 uL
dH20 y se incubd por 1 h a 37°C. Posteriormente, las muestras se corrieron en un
gel de agarosa al 0.8% (p/v) con 25 ug BrEt/mL en 1x de TAE (40 mM Tris-Base,
40 mM acido acetico, 1 mM EDTA pH 8.0), a 90V/2 h. Al finalizar la corrida, el gel
se lavé con 250 mM HCI durante 20 min, posteriormente se lavo 2 veces con dH20
por 5 min y se incubd en la solucion DENAT (1.5 M NaCl, 0.4 M NaOH) por 20 min;
se lavo con dH20 y se incubo con la solucion RENAT (1.5 M NaCl, 282 mM Tris-
HCI, 218 mM Tris-Base) por 20 min.

El gel se colocé sobre papel filtro Whatman en una base plana, y se
humedecio con una solucion 20x de SSC (3 M NaCl, 0.3 M citrato de sodio) cuidando
que el papel siempre estuviera en contacto con la solucién. Se colocé la membrana
Hybond-N+Nylon (GE Healthcare) sobre el gel y se sellaron los bordes con una
pelicula plastica flexible (parafilm). Se colocaron papeles Whatman sobre la
membrana, luego una pila de 5 cm de altura de papel absorbente y encima una
placa de aproximadamente 500 gr para producir presion sobre el gel y la membrana
para permitir que el DNA se movilizara del gel a la membrana por capilaridad. Al
finalizar la transferencia después de 48 h, la membrana se humectd con 2x de SSC
y se dejo secar por 15 min; el DNA se fij6 a la membrana irradiando con UV-
crosslinker directamente, cuidando siempre de no exponer la cara de la membrana

que estuvo en contacto directo con el gel para no dafar el DNA.
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Se prehibridizd la membrana en un tubo para Southern blot con el
amortiguador de hibridacion 26% (v/v) SSPE (3 M NaCl, 200 mM fosfato de sodio,
20 mM EDTA, pH 7.4), 20% (v/v) solucion Denhardt (1% (v/v) ficoll, 1% (p/v)
polivinilpirrolidona, 1% (p/v) BSA, 5% (p/v) SDS) durante 15 min a 65°C (Southern,
1975; Rybicki et al., 1996).

Para la deteccion del fragmento de interés, la membrana se incubé toda la
noche con una sonda de DNA complementaria al sector de DNA buscado y marcada
con digonexina (Feinberg et al., 1983); el marcaje, la hibridacion y el revelado se
realizaron siguiendo las instrucciones del fabricante (New England Biolabs).
Posteriormente, se retir6 la sonda y la membrana se lavé con diferentes
concentraciones de la solucién SSPE. Se realizé un primer lavado con 10 mL del
amortiguador DIG1 (100 mM acido malico, 150 mM NaCl, pH 7.5) por 5 minutos; y
el segundo con 10 mL del amortiguador DIG2 (DIG1, 10% leche en polvo
desgrasada) durante 30 min para bloquear la membrana, posteriormente se incub6
en 10 mL de DIG2 que contenia el anticuerpo anti-DIG-AB en una relacién 1:10,000,
por 3 h a60°C.

La membrana se lavé dos veces por 15 min con el amortiguador DIG-wash
(DIG1, 0.3% (v/v) Tween-20); se incubd con 20 mL del amortiguador DIG3 (100 mM
Tris-HCI, 100 mM NaCl), y finalmente se incub6 en presencia de la solucion CDP-
Star® Reagent de NEB labs (CDP-Star 1:100 en DIG3) por 5 min. Se retird la
solucion y se detecto la sefial de quimioluminiscencia con una camara ImageQuant
LAS4000 de GE Healthcare.

Curva de crecimiento. Las cepas WT y Ag de U. maydis se sembraron en un
medio solido de YPD vy se cultivaron por 48 h a 28°C. A partir de este cultivo se
preparé un inoculo en 100 mL de YPD y se incub6 durante 24 h a 28°C, en agitacion
orbital constante. Las células se lavaron y se resuspendieron en 5 mL de agua
destilada estéril. Se inoculo el equivalente a 40 unidades de absorbancia (600 nm)
de esta suspension a un litro de YPD, Medio Minimo-Etanol (0.3% (p/v) sulfato de
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amonio, 1% (v/v) etanol absoluto, 1x solucién de sales (ver anexo 10.2), 1x
elementos traza (ver anexo 10.3) y Medio Minimo-Glucosa (0.3% (p/v) sulfato de
amonio, 1% (p/v) glucosa, 1x solucion de sales, 1x elementos traza). Las levaduras
fueron cultivadas a 28°C, en agitacion orbital constante y se tomaron alicuotas de 1
mL cada 2 h para determinar la D.O.s00nm, €l pH y la concentracion de glucosa.

Curva de crecimiento en placa (diluciones seriadas). Las cepas WT y Ag de
U. maydis fueron sembradas en 100 mL YPD y cultivadas por 24 h a 28°C. Se tomo
1 mL de U. maydis, se centrifugd a 12,000 g por 5 min y se descart6 el
sobrenadante. Las células fueron resuspendidas en 1 mL de agua destilada estéril,
se tomaron 10 mg (peso humedo) de las mismas y se realizaron 5 diluciones
seriadas (1/10).

Determinacion cuantitativa de glucosa (método enzimatico colorimétrico para
la cuantificacion de glucosa en medios de levadura). La concentracion de glucosa
se determind mediante un “Glucose-LQ kit”, siguiendo las instrucciones del
fabricante. La glucosa oxidasa (GOD) cataliza la oxidacion de glucosa a acido
gluconico. El peroxido de hidrogeno (H202) producido se detecta mediante un
aceptor cromogénico de oxigeno, fenol, 4—aminofenazona (4-AF), en presencia de

la peroxidasa (POD):

B-D-Glucosa + O, + H,O __CGOD_, Acido gluconico + H,0O,

H,O, + Fenol + 4-AF —°P_, Quinona + H,O

La intensidad del color formado es proporcional a la concentracion de glucosa
presente en la muestra ensayada. Para la determinacion se tomo6 1 mL de células y
se centrifugaron a 16,100 g por 5 min. Se recuperaron 500 pul del sobrenadante y se
continud con la técnica como la reporté el fabricante, realizando las lecturas a 505

nm.
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Microscopia de transmision electronica. La microscopia electronica se realizé
en el Instituto de Biotecnologia de la UNAM, mediante la técnica LR White, usando
2.5% (v/v) glutaraldehido (GTA) y 4% (v/v) paraformaldehido (PFA) como fijador,
las muestras se incubaron en 160 mM de cacodilato de Na/K, pH 7.4 por 1 hora a
temperatura ambiente, una vez transcurrido el tiempo se lavaron dos veces con el
amortiguador de cacodilato y se incubaron toda la noche a 4°C. Las muestras fueron
deshidratadas gradualmente en etanol al 70, 80 y 96 %. Se usé una mezcla 50:50
de LR White-EtOH absoluto y se incub6 1 hora.

Se realizaron cortes ultrafinos (60-80 nm) en un ultramicrotomo (UltraCut-R,
Leica), los cortes se recogieron en rejillas Formvar® recubiertas de cobre (EMS) y
se tifieron con 2% (p/v) de acetato de uranilo y 0.3% (p/v) de citrato de plomo. Las
muestras se analizaron en un microscopio de transmisién electrénica (ZEISS Libra
120 Oberkochen Alemania) equipado con un dispositivo de carga acoplada (CCD)
(300 W de doble vision; Gatan, Pleasanton, CA, EE. UU.) a la camara. Las imagenes
fueron capturadas a una tensién de aceleracion de 80 kV.

Consumo celular de oxigeno. Se realiz6 la determinacion del consumo de
oxigeno en las células WT y Ag cosechadas en la fase logaritmica de crecimiento
(8 hrs) y en la fase estacionaria (24 hrs); las células se recuperaron de 50 mL de
cada cultivo por centrifugacién a 2,300 g por 5 min, y se resuspendieron en 3 mL de
10 mM K:PO4, pH 7.4. La concentracion de oxigeno se determiné
polarograficamente usando un electrodo tipo Clark acoplado a un oximetro YSI-
5300 y una camara de incubacion manteniendo la temperatura constante a 30°C
(Estambrook, 1967, Guerrero-Castillo et al., 2012, Affourtit et al., 2012). La
respiracion se inhibié con 5 mM de KCN (inhibidor del complejo IV) y/o 10 mM de n-
octil-galato (nOg - inhibidor de la oxidasa alterna) (Juarez et al., 2006).

Permeabilizacion de las células para ensayos bioenergéticos. Se
centrifugaron 50 mL de células (fase estacionaria), las cuales fueron resuspendidas
en 3 mL del amortiguador de permeabilizacion (300 mM sorbitol, 10 mM HEPES, 1
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mM EGTA, 10 mM KH2PO4, 10 mM MgSO4, 150 mM KCI, pH 7.4) y se incubaron
por 20 min en presencia de 0.02% (p/v) de digitonina. Se verificd en el oximetro la
permeabilizacidén de las células y se estimulo la respiracion adicionando 10 mM de
succinato (Esparza-Perusquia et al., en preparacion). La respiracion se inhibioé con
KCN o nOg.

Monitoreo del potencial de membrana mitocondrial (A¥). Para determinar el
potencial de membrana mitocondrial se utilizé 10 uM safranina O (Akerman et al.,
1976), el cual es un colorante lipofilico cationico que se transporta (internaliza) a la
matriz mitocondrial cuando la membrana interna esta energizada, aumentando su
absorbancia. Cuando se abate el AWn, el colorante sale de la matriz y la sefial
disminuye. Estos cambios se determinan en un espectrofotometro de doble longitud
de onda con agitacion orbital constante, en modo dual (AMINCO DW 2000, Olis,
Inc., Bogart, GA, EUA) a 511 nm, utilizando de referencia el punto isosbéstico 533

nm, para determinar el cambio en la absorcion de la safranina O.

Para la cuantificacién del potencial de membrana mitocondrial se utilizaron
células permeabilizadas (ver permeabilizacion de las células para ensayos
bioenergéticos). La reaccion se llevo a cabo en un amortiguador que contenia 300
mM sorbitol, 10 mM HEPES, 1 mM EGTA, 10 mM MgSO4, 150 mM KCl y 10 mM
KH2PO4 a pH 7.4. El potencial de membrana se generé mediante la adicion de 10
mM de succinato en presencia de 10 uM safranina O. El AWn se abatié con 5 uM de
CCCP.

Sintesis de ATP mitocondrial. Para la cuantificacion de la produccion de ATP
mitocondrial se utilizaron las células permeabilizadas con digitonina (0.02% p/v) y
se incubaron con agitacion con 10 uM de P1, P5-Di(adenosine-5")pentaphosphate
penta-ammonium (Inhibidor de la miocinasa de ADP) por 5 minutos en el
amortiguador de permeabilizacion. Las mitocondrias se energizaron con 10 mM

succinato.
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Una vez transcurrida la incubacién se tomé una muestra para determinar el
TO; posteriormente, se les adicioné 5 mM de ADP y se tomaron muestras diferentes
tiempos (10, 20, 30, 40, 50 y 60 seg). Para detener la reaccion se adicion6 acido
perclérico (0.7 M) y se centrifugaron a 16,100 g por 1 min. Se recuperaron 900 uL
del sobrenadante y se amortiguaron con 0.5 M KOH para neutralizar al acido
perclorico. El KCIO4 es una sal que se precipita, la que puede ser removida al
centrifugar a 16,100 g por 1 min. Se recuperaron nuevamente 900 pulL del

sobrenadante y se les ajusto el pHa 7.0

La concentracion de ATP sintetizado se determind por medio de un sistema
enzimatico acoplado a la reduccién de NADP*. La mezcla de reaccién contenia 0.5
mM NADP*, 5 mM ADP, 6 unidades/mL de la glucosa-6-fosfato deshidrogenasa (G-
6P-DH), 16 unidades/mL de hexocinasa (HK) y 10 mM de glucosa. En este proceso
enzimatico la hexocinasa produce glucosa-6-fosfato a partir de glucosa y ATP, la
glucosa-6-fosfato deshidrogenasa oxida a la glucosa-6-fosfato y genera o-

gluconolactona y NADPH.

Los resultados se analizaron determinando el cambio de absorbancia
tomando en cuenta el coeficiente de extincién molar del NADP* (enappH = 6.22 mM-
'em™) en funcion del tiempo, para obtener la velocidad de sintesis de ATP
(Trautschold et al., 1995; De los Rios-Castillo et al., 2011). El ajuste de los datos
para determinar los parametros cinéticos se realiz6 en el programa Sigma Plot

version 10.0.

Aislamiento de las mitocondrias. Las mitocondrias de U. maydis fueron
aisladas como lo describio Juarez et al., (2004) con algunas modificaciones (Guérin
et al., 1979; Diaz-Ruiz, et al., 2008, Esparza-Perusquia, et al., 2017). Las células
fueron cosechadas por centrifugacion a 5,500 g durante 5 min a 4°C; se
resuspendieron y se lavaron dos veces con agua destilada. Posteriormente las
levaduras se resuspendieron en 0.6 M de sulfato de amonio, 20 mM KH2POs4, en
una relacién de 100 mL por cada 8 g de células; para degradar la pared celular se
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adicionaron las enzimas liticas de Trichoderma harzianum (0.016 g/g de peso

humedo de células) (Sigma-Aldrich L1412) y se incubaron durante 60 min a 30°C.

Para eliminar las enzimas liticas, los protoplastos se centrifugaron a 5,500 g
durante 10 min a 4°C; se resuspendieron y lavaron con una solucion compuesta por
0.8 M sacarosa, 10 mM Tris, 2 mM EDTA, 20 mM KH2POs, 0.3% (p/v) albumina
sérica de bovino desgrasada, pH 7.0 y se recuperaron por centrifugacion a 5,500 g
durante 10 min a 4°C. Los protoplastos se resuspendieron en 40 mL de una solucion
de 0.4 M sacarosa, 10 mM Tris, 2 mM EDTA, 20 mM KH2PO4, 0.3% (p/v) albumina
sérica de bovino desgrasada, pH 7.0 y se homogenizaron con 15 + 30 golpes con
un homogeneizador Potter, en presencia de 1 mM PMSF y coctel de inhibidores de
proteasas (Sigma-Aldrich P-8340). Al finalizar, el homogenado se diluyé a un
volumen final de 130 mL y se centrifugd a 5,500 g durante 10 min a 4°C.

Para recuperar a las mitocondrias, el sobrenadante se centrifug6 a 17,300 g
durante 10 min a 4°C; finalmente las mitocondrias se resuspendieron en 0.4 M
sacarosa, 10 mM Tris, 2 mM EDTA, 20 mM KH2PO4, 0.3% (p/v) albumina

desgrasada, pH 7.0, con el menor volumen posible.

Determinacion de la concentracion de proteina. La concentracién de
concentracion de proteina se determiné por medio del método de Lowry (Lowry,
1951) con algunas modificaciones (Mahuran et al., 1983). Las muestras fueron
tratadas con 0.4% (p/v) desoxicolato de sodio (DOC) y se continu6 con el método
tradicional. La absorbancia de las muestras se determind a 660 nm usando
albumina sérica de bovino (BSA) como estandar. Para conocer la concentracion de
proteina en mg/mL, se utilizé el método de regresion lineal o minimos cuadrados
(Waterborg et al., 1984).

Produccion mitocondrial de peroxido de hidrogeno. La cuantificacion de la
produccién de H202 se realizdé con el kit Amplex® Red (Invitrogen, Molecular

Probes, EE. UU.), siguiendo las instrucciones del fabricante. Se utilizaron 30 ug de
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proteina mitocondrial en presencia de 600 uM de 2, 6-Dimethoxy-1, 4-benzoquinona
(DBQ), 10 mM de Citocromo c¢ de corazon de caballo (SIGMA C2037) y 3 mM NADH.
La reaccion se inicid 10 min después de haber afiadido el NADH y se incubé por 30
min. La fluorescencia se determiné en un lector Varioskan LUX (Thermo Scientific)
a 530-590nm.

Solubilizacion de los supercomplejos y complejos mitocondriales. Para
solubilizar las membranas mitocondriales liberando asi los complejos y
supercomplejos respiratorios embebidos en la membrana interna, las mitocondrias
se incubaron en presencia de diferentes concentraciones del detergente digitonina
(0.5, 1, 2, 3, 5 g/g proteina), en una solucién de 50 mM Bis-Tris, 500 mM de acido
aminocaproico, pH 7.0, 10 mM succinato y 10 mM de ATP; el detergente (solucion
stock 500 mg/mL en DMSO) se afiadié mientras la solucion se agita lentamente. La
solucion se incubd durante 30 min a 4°C, posteriormente se ultracentrifugd a
100,000 g durante 35 min a 4°C. Los complejos y supercomplejos respiratorios se
recuperaron en el sobrenadante (Schagger et al., 1991; Esparza-Perusquia et al.,

en preparacion).

Electroforesis en condiciones nativas (BN-PAGE y hrCN-PAGE). Los
complejos respiratorios de las mitocondrias de U. maydis se resolvieron por medio
de la electroforesis azul en condiciones nativas (BN-PAGE) y la electroforesis clara
en condiciones nativas (hrCN-PAGE) en geles en gradiente de poliacrilamida (4 —
10%) (Schagger et al., 1991; Wittig et al., 2006). Para la BN-PAGE el amortiguador
del anodo contenia 50 mM Bis-Tris/HCI, pH 7.0; el amortiguador del catodo contenia
50 mM tricina, 15 mM Bis-Tris, pH 7.0 y el colorante aniénico Coomassie® G250
(0.02%). Para la hrCN-PAGE el amortiguador del anodo contenia 25 mM imidazol-
HCI, pH 7.0; el amortiguador del catodo contenia 50 mM tricina, 7.5 mM imidazol,
pH 7.0, 0.05% (p/v) desoxicolato de sodio (DOC) y 0.01% (p/v) n-dodecil B-D-
maltosido (DDM) (Wittig et al., 2007). Se utilizé como marcador del frente de corrida
al colorante rojo de Ponceau. Se aplicaron 100 ug de proteina por carril y las
condiciones de la corrida electroforética fueron 30 V durante 16 horas a 4°C.
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El peso molecular de los complejos respiratorios y supercomplejos fue
determinado a partir de su movilidad electroforética y el revelado de su actividad
catalitica en gel, utilizando como estandares de peso molecular los complejos
mitocondriales de corazon de bovino solubilizados con digitonina en las mismas

condiciones que los complejos de U. maydis.

Actividad en gel de los complejos y supercomplejos respiratorios. La actividad
de los complejos respiratorios se realizé como los reportd Wittig et al., (2007).

*Actividad de NADH deshidrogenasa. Al concluir la electroforesis nativa, los geles
se incubaron en una solucion de 10 mM tris-HCI pH 7.4, 0.5 mM NADH como
sustrato y 1.2 mM bromuro de 3-[4,5-dimetiltiazol-2-yi]-2,5-difeniltetrazolio (MTT)
como agente oxidante. En esta reaccion el NADH es oxidado por la flavina unida a
las deshidrogenasas y ésta ultima reduce directamente al tetrazolio. Mediante esta
tincion es posible detectar la actividad del complejo | y de las deshidrogenasas
alternas. La presencia de actividad de observd como un depoésito violeta y la
reaccion se detuvo con una solucion de 40% de metanol y 10% de acido acético
(Wittig et al., 2007).

*Actividad de succinato deshidrogenasa. Los geles se incubaron en una solucion de
10 mM KH2POg4, pH 7.4, 10 mM succinato, 0.19 mM 5-metilfenazinium metil sulfato
(PMS), 5 mM MTT y 4.5 mM EDTA. La presencia de actividad se observé como un
precipitado violeta y se detuvo la reaccion con una solucién de 40% de metanol y
10% de acido acético (Wittig et al., 2007).

*Actividad de citocromo c oxidasa. La actividad en gel del complejo IV se determiné
utilizando 3, 3’-diaminobenzidine (DAB) como agente reductor y citocromo ¢ como
donador de electrones (Zerbetto et al., 1997). El gel se incub6 en una solucion de
10 mM KH2PO4 pH 7.4, 4.66 mM DAB, 4 mg citocromo ¢ y 1.8 KU catalasa, ésta
ultima se anade para evitar que peréxidos contaminantes oxiden a la

diaminobencidina, evitando asi que la reaccion sea inespecifica. La presencia de
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actividad se observd como un depédsito marrén. La reaccion se detuvo con una

solucion de 40% (v/v) metanol y 10% (v/v) acido acético (Wittig et al., 2007).

*Actividad de ATPasa. La ubicacion en el gel de los oligdmeros del complejo V fue
determinada por medio de su actividad de hidrélisis de ATP. El gel se incub6 en una
solucion de 50 mM de glicina, 10 mM MgCl,, 0.2% (p/v) Pb(NOs3)2, 5 mM ATP, pH
8.0; ajustando el pH con trietanolamina para evitar la precipitacién inespecifica del
plomo. La presencia de actividad de hidrolisis de ATP se observo como un depdsito
blanco del fosfato de plomo, sobre un fondo oscuro (Jung et al., 2000). La reaccion
se detuvo con una solucion de 40% (v/v) metanol y 10% (v/v) acido acético (Wittig et
al., 2007).

Purificacion del dimero y del monémero de la F1Fo-ATP sintasa de U. maydis.
Los supercomplejos y complejos respiratorios solubilizados con digitonina (2:1
digitonina/proteina) se aislaron por medio de un gradiente continuo de sacarosa de
0.5 - 1.5 M, en presencia de 20 mM KCI, 15 mM tris-base, pH 7.4 y 0.2% (p/v)
digitonina; se afadieron aproximadamente 48 mg de proteina (3.5 mL del
solubilizado) a 24 mL del gradiente y se centrifugaron a 131,000 g durante 16 h a
4°C. Se colectaron fracciones de 500 ulL; la densidad de cada fraccidn se determiné
por medio de un densitometro ATAGO N1 (Brix 0~32%). La presencia de los
supercomplejos se determiné por medio de una electroforesis nativa (hrCN-PAGE).
Las fracciones de interés se equilibraron con 30 mM HEPES, 5% (v/v) glicerol, pH
8.0 y se concentraron en filtros Amicon de 10 K (Esparza-Perusquia et. al., 2017).

Ensayo enzimatico de la actividad de ATPasa. La actividad de ATPasa del
complejo V se ensayo6 en presencia de un sistema regenerador de ATP acoplado a
la oxidacion del NADH; el medio de reaccion contenia 30 mM HEPES, pH 8.0, 5 mM
fosfoenolpiruvato (PEP), 1 mM Mg?* (MgSQ.) libre, 50 unidades de la piruvato
cinasa (PK), 30 unidades de la lactato deshidrogenasa (LDH), 90 mM KCI, 0.01%
(p/v) DDM, 150 uM NADH y 100 pug de muestra; se empleo una solucion equimolar
de Mg-ATP.
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La reaccion de hidrolisis de ATP se inicié agregando el ATP a una celda de
cuarzo la cual contenia todo el sistema regenerador y al V1 0 V2 del complejo V. Se
realizaron lecturas cada 0.5 seg por 15 min a 340 nm. Los resultados se analizaron
tomando en cuenta el coeficiente de extincion del NADH (¢ = 6.22 mM'cm™) y la
region lineal del trazo espectrofotométrico (Penefsky et al, 1960;
Andrianaivomananjaona et al., 2011; Esparza-Perusquia et al., 2017).

Sensibilidad a la oligomicina. En los ensayos enzimaticos también se
determind la sensibilidad a la oligomicina de la F1Fo-ATP sintasa. Debido a que la
oligomicina es un inhibidor lento pero fuertemente unido, los oligdmeros de la F1Fo-
ATP sintasa fueron incubados en el medio de reaccién durante 5 min en presencia
de diferentes concentraciones del inhibidor (0.1, 0.25, 0.5, 1, 5, 10, 20 pg/mg
proteina). Al término de este tiempo la reaccion fue iniciada como se describio arriba
(Esparza-Perusquia et al., 2017).

Estabilidad térmica. Para determinar la termoestabilidad del V1y V2 la F1Fo-
ATP sintasa se incub6 la enzima por 15 min a diferentes temperaturas, al término
de este tiempo la reaccidn de hidrélisis de Mg-ATP se realiz6 a 25°C como se
describié en el apartado ensayo enzimatico (Esparza-Perusquia et al., 2017).

Analisis Estadisticos. Los datos de la actividad enzimatica se procesaron con
un analisis de regresion no lineal, robusto, ponderado, usando el programa Systat
Software, Inc., versién 10.0, a partir de un promedio de 3 réplicas de 5 a 7
preparaciones independientes. Las imagenes derivadas de la tincion de las
proteinas con azul de Coomassie® R250 de los geles de Tricina-SDS-PAGE para
la cuantificacion de la F1Fo-ATP sintasa fueron escaneadas y la intensidad de las
bandas se determind utilizando el programa My Image Analysis 2.0
(ThermoScientific). El ajuste de todos los datos cinéticos se realiz6 con el programa
Sigma Plot version 10.0.
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5. RESULTADOS
La construccion de los plasmidos y la transformacion para generar la cepa
mutante Ag se realizé en el Instituto de Microbiologia de la Universidad Heinrich-

Heine en Dusseldorf, Alemania, bajo la asesoria del Dr. Michael Feldbrigge.

Construccion y clonacion de los plasmidos UF y DF. Se amplificaron los
fragmentos UF (1.06 kpb) y DF (1.36 kpb), flanqueando al gen ATP20, el cual
codifica para la subunidad g, mediante un PCR punto final acoplado a la polimerasa
Phusion (PHU), tomando como molde al gDNA de la cepa WT (Figura 22A). Dichas
secuencias fueron insertadas en el plasmido TOPO (pCR2.1-TOPO vector.
Invitrogen Cat. 45-0641) usando un Topo TA Cloning Kit. Las células competentes
TOP10 de E. coli fueron transformadas con los plasmidos UF (pUMa_1706) y DF
(PUMa_1705) para obtener multiples copias idénticas y aislar el DNA. Una vez
obtenido el DNA plasmidico se realizé una digestion controlada mediante enzimas
de restriccion, donde se verificoO el estado del plasmido y la orientacion de la
secuencia; finalmente, el DNA se secuencié para comprobar que no tenia
mutaciones inespecificas y posteriormente se continué con el proceso de

construcion del plasmido knock-out (KO).

Construccion del plasmido Knock-out (KO). La mutacion se realizé como lo
describié Brachmann et al., (2004), digiriendo los plasmidos UF y DF con 20
unidades de las enzimas de restriccion Sfil y Scal-HF, los productos de la restriccion
para UF y DF que nos interesan corresponden a 3.1 y 3.0 kpb, los sitios para cortar
el pUMa_198 y liberar completamente a HygR son reconocidos por la enzima Sfil
liberando un fragmento de 1.8 kpb (Figura 22B).

Al finalizar la digestion, las bandas correspondientes a UF, DF e Hyg se
purificaron del gel. Los fragmentos obtenidos se colocaron en una reaccion de
ligacion manteniendo la relacion 1:1:3 (UF:DF:HygR). Al finalizar la ligacion se llevo

a cabo la transformacion y clonacion en E.coli.
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Figura 22. Amplificacion de los fragmentos UF y DF para la construccion del plasmido KO. (A) (A) Los amplificados UF
(1.06 kpb) y DF (1.36 kpb) se resolvieron en un gel de agarosa al 1% en presencia de bromuro de etidio. El control negativo
(*) no contiene oligonucleodtidos. (B) Los plasmidos fueron digeridos con las enzimas Sfil-Scal-HF. Se obtuvieron los
fragmentos de 3.1y 3.0 kpb para UF y DF respectivamente y 1.88 kpb para el HygR.

Verificacion del plasmido Knock-out (KO). Para verificar la correcta ligacion
en el plasmido KO, el DNA bacteriano fue extraido y digerido con la enzima Sfil, la
cual produce dos bandas que corresponden al HygR con un tamafio de 1.88 kpb y

al resto del plasmido con un tamafio de 6.37 kpb (Figura 23A).

Los plasmidos se analizaron en la unidad de Secuenciacion de DNA Ludwig-
Maximilians Universiat Munchen, Alemania (Sequencing LMU
http://www.gi.bio.Imu.de/sequencing) utilizando los oligonucleétidos MF167 vy
MF168, los cuales amplifican parte del HygR y los oligonucle6tidos universales
M13R y M13F, que reconocen una parte de la secuencia del vector TOPO; se
obtuvieron aproximadamente 1000 pb de cada uno sin mutaciones inespecificas.

Transformacion quimica de Ustilago maydis. Una vez que se secuencio el

plasmido KO para verificar su correcta construccion, se lineariz6 mediante una
digestién controlada con la enzima Swal. Este plasmido lineal es usado para la
transformacion quimica de U. maydis como DNA exogeno (Figura 23B). La
transformacion significa que el DNA digerido se incorporé a los protoplastos y se
llevé a cabo la recombinacion homologa, donde el DNA enddgeno se intercambia

por el DNA exdgeno, conservando las regiones UF y DF del DNA original.
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Cabe mencionar que U. maydis requiere que los fragmentos UF y DF sean
de 1000 pb aproximadamente para que se lleve a cabo el reconocimiento eficiente
de las secuencias durante la recombinacion homologa. Para comprobar la
transformacion de los protoplastos, estos son esparcidos en una caja de YPD agar
suplementado y se incubaron a 30°C por 7 dias hasta observar el crecimiento de la

cepa (Figura 23C).

P Swal
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Figura 23. Transformacion de U. maydis con el DNA exégeno. (A) El plasmido se digirié con Sfil y se obtuvieron dos
fragmentos, uno de 1.88 kpb correspondiente al HygR y otro de 6.4 kpb correspondiente al resto del plasmido. (B) El plasmido
fue digerido con Swal obteniendo el fragmento UF-Hyg-DF (3.98 kpb). P= plasmido no linealizado y Swal= plasmido digerido.
(C) Las células transformadas después de 7 dias de crecimiento sembradas en medio YPD agar suplementado con
higromicina para la seleccién de la cepa mutante. El crecimiento sugiere la incorporacion del gen de resistencia a higromicina
y la pérdida de la subunidad g.

Comprobacion de la cepa mutante Ag. Se tomaron diferentes colonias de las
cepas transformadas, se resembraron en medio YPD a 28°C por 48 horas. Se aislo
el gDNA de las cepas seleccionadas para comprobar por PCR que el gen ATP20
fue sustituido por el HygR usando los oligonucleétidos P1 y P2 y como control
negativo el gDNA de la cepa WT. Si las bandas tienen el mismo tamafio que
derivado de la cepa WT, se descartan, ya que el oligonucleotido P2 esta hecho
disefiado directamente sobre una secuencia del gen, lo que demuestra que en esas
muestras el gen no fue sustituido por el HygR. Los productos de PCR separaron en
un gel al 0.8% agarosa, 1x-TBE, BrEt (Figura 24A).
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Figura 24. Comprobacién de la cepa mutante Ag. (A) Las muestras 1y 3 presentaron diferente patron electroforético a la
cepa WT, lo que se comprueba que el gen ATP20 fue sustituido por el gen HygR. (B) Se comprobé por PCR la integridad de
los flancos UF y DF, ambos unidos al gen HygR. Se utilizd6 como control negativo el gDNA WT. En la figura se muestran dos
amplificados de 1.5y 1.7 kpb para UF y DF respectivamente de las cepas positivas 1y 3.

Las muestras 1 y 3 presentaron un patron electroforético diferente al del
gDNA WT, lo que sugiere la incorporacion del gen HygR. Dichas muestras se usaron
para realizar otro ciclo de PCR con los oligonucledtidos U1 y D3 (ambos cuentan
con aproximadamente 20 pb dentro de gDNA pero fuera de las construcciones UF
y DF, respectivamente), asi como los oligonucleétidos MF167 y MF168, los cuales
se alinean 20 pb al inicio y 20 pb al final del gen HygR, respectivamente. Se observo
un amplificado de aproximadamente 1.5 kpb para el UF y 1.7 kpb para el DF. El
DNA de las muestras se resolvio en un gel de agarosa al 8% (Figura 24B), el gDNA
mutante fue secuenciado para demostrar que fue sustituido por HygR y que no

habia otras mutaciones inespecificas.

Southern Blot. Para el analisis por Southern Blot, se realizé un PCR con
dNTP’s marcados con digoxigenina, la cual permite su deteccion por medio de
anticuerpos especificos marcados con fosfatasa alcalina y detectados con CDP-
Star. Se identificaron bandas correspondientes a 8.3 kpb para la cepa WT, 5.07 y
4.1 kpb para la cepa mutante Ag (Figura 25). Se obtuvieron 5 muestras positivas
para la mutante, las cuales fueron cultivadas nuevamente en medio YPD vy
conservadas en glicerol esteril (25%) a -70°C. Finalmente después de 24 horas se
sembraron en un medio soélido y se cultivaron a 28°C durante 24 horas.
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Figura 25. Southern Blot. Deteccion de los fragmentos de 5.07 y 4.1 kpb para la cepa mutante y se utilizé como control
negativo el gDNA WT observando una banda de 8.3 kpb. En el primer carril se encuentra la cepa WT y 5 clonas positivas
para la Ag.

Curva de crecimiento. Se analizé la curva de crecimiento de la cepa WT y Ag
a partir del indculo de 40 U D.O. de células/L de medio de cultivo y se monitoreo6 su
crecimiento cada 2 horas en medio liquido YPD, medio minimo con etanol (MM-

EtOH) y medio minimo con glucosa (MM-glucosa).

- Crecimiento en medio YPD. Se observé que durante la fase logaritmica de
crecimiento (8 horas) las cepas WT y Ag presentaron un comportamiento similar; se
tomaron lecturas a 600 nm cada 2 horas y se calculé el tiempo de duplicacion
celular, observando para la WT un valor de 2 horas con 7 min y para la Ag de 2
horas con 45 minutos. Sin embargo, a partir de las 20 horas podemos ver un
desfasamiento en el crecimiento de la cepa Ag, obteniendo una absorbancia para la
cepa WT de 1.81 D.O. (Figura 26, circulos llenos) y de 1.31 para la cepa Ag (Figura
26, circulos vacios). Las células se fijaron con formaldehido y se observaron al
microscopio para verificar su estructura. El tamafio de la WT en la fase logaritmica
fue de 18.8 + 1.8 um mientras que la cepa Ag fue mas grande (28.1 + 6.5 um)

(Figuras 29A y 29B); en la fase estacionaria fue de 22.6 + 3.9 y 30.0 + 5.9 um
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respectivamente (Figuras 30A y 30B). Otro parametro util para la caracterizacion
de las cepas mutantes es determinar su capacidad de acidificar el medio. En este
caso, ambas cepas producen un cambio en el pH de 6.63 (fase logaritmica) a 6.0
(fase estacionaria) (Figura 26). Sin embargo, la cepa Ag (Figura 65, triangulos
vacios) inicia la acidificacion del medio inmediatamente, mientras que la WT (Figura
26, triangulos llenos) muestra un periodo de lenta acidificacion (0 - 5 hrs). Esto
sugiere que la cepa Ag es mas grande y es capaz de acidificar el medio ligeramente

mas rapido que la WT.

Aunqgue no es clara la relacion entre el tamafo de la célula con la velocidad
de acidificacién del medio, ambos fendmenos pueden estar relacionados con una

posible aceleracion del catabolismo.
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Figura 26. Curva de crecimiento en YPD. Las cepas WT (e) y Ag (o) se cultivaron en un medio de YPD y se determiné su
crecimiento a 600nm. Se observd un comportamiento similar durante la fase logaritmica y un ligero decremento del crecimiento
para la Ag en la fase estacionaria. También se determind el pH durante las diferentes fases del crecimiento para las cepas
WT (A)y Ag (A), donde se observé una acidificacion del medio de 6.63 a 6.0 respectivamente. Los datos son el promedio de
tres repeticiones de cuatro preparaciones independientes. Las barras de error representan S.D.
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Para tener una aproximacién al efecto de la mutante sobre su adaptacion
metabolica, se decidid estudiar el efecto de la fuente de carbono sobre el

crecimiento.

-Crecimiento en MM-EtOH. Se observo que el crecimiento de ambas cepas durante
la fase logaritmica es similar (Figura 27); también se observé que el crecimiento en
este medio es mas lento para ambas cepas siendo el tiempo de duplicacion celular
de la WT de 2 horas 43 minutos (Figura 27, circulos llenos) y para la Ag de 3 horas
18 minutos (Figura 27, circulos vacios). Las células se fijaron con formaldehido y se

observaron al microscopio para verificar su estructura.
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Figura 27. Curva de crecimiento en MM-EtOH. Las cepas WT (e) y Ag (o) se cultivaron en un medio minimo con 1% de
etanol y se determiné su crecimiento a 600 nm. Se observé un comportamiento similar durante el crecimiento en ambas cepas

y se determind el pH de las cepas WT (A) y Ag (A) en los tiempos sefialados. Los datos son el promedio de tres repeticiones
de cuatro preparaciones independientes. Las barras de error representan S.D.

El tamarfo de la cepa WT fue de 19.9 + 1.9 um y para la cepa Ag de 29.3 +
3.7 um en la fase logaritmica (Figuras 29C y 29D) y en la fase estacionaria de 26.1

+ 7.2y 39.2 £ 10.4 um, respectivamente (Figuras 30C y 30D). Ambas cepas son
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capaces de producir un cambio en pH del medio de 6.63 (fase logaritmica) a 2.68
(fase estacionaria) (Figura 27). Debido a que la cepa Ag es mas activa en la
acidificacion del medio, nuevamente se sugiere un metabolismo mas activo respecto
alaWT.

-Crecimiento en MM-Glucosa. El crecimiento de ambas cepas durante la fase
logaritmica es similar (Figura 28). La WT tiene un tiempo de duplicacion de 3 horas
8 minutos (Figura 28, circulos llenos) y la Ag de 3 horas 17 minutos (Figura 28,
circulos vacios). El tamafio de la cepa WT fue de 26.40 + 7.96 um mientras que
para la cepa Ag fue de 37.24 + 12.07 um en la fase logaritmica (Figuras 29E y 29F)
y en la fase estacionaria fue de 41.37 + 5.25 y 46.25 + 8.41 um, respectivamente
(Figuras 30E y 30F).
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Figura 28. Curva de crecimiento en MM-Glucosa. Las cepas WT (e) y Ag (o) se cultivaron en un medio minimo con 1% de
Glucosa y se determind su crecimiento a 600nm. Se observé un comportamiento similar durante el crecimiento en ambas
cepas y se determino6 el pH de las cepas WT (A )y Ag (A) durante la curva de crecimiento. Los datos son el promedio de tres
repeticiones de cuatro preparaciones independientes. Las barras de error representan S.D.
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Ambas cepas producen un cambio en el pH de 6.35 (fase logaritmica) a 2.48
(fase estacionaria) (Figura 28). En este caso, la velocidad de acidificacion es similar
en ambas cepas, lo que sugiere que el aumento del tamafo de la cepa Ag no es el

unico factor que acelera el catabolismo con la subsecuente acidificacion.
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Figura 29. Microscopia de las células WT y Ag (fase logaritmica). Microscopia de las células WT y Ag en la fase logaritmica
de crecimiento con un objetivo 40x, dilucién 1:100. A) WT en YPD. B) Ag en en YPD. C) WT en MM-EtOH. D) Ag en en MM-
EtOH. E) WT en MM-Glucosa. F) Ag en en MM-Glucosa.
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Figura 30. Microscopia de las células WT y Ag (fase estacionaria). Microscopia de las células WT y Ag en la fase
Estacionaria de crecimiento con un objetivo 40x, dilucion 1:100. A) WT en YPD. B) Ag en en YPD. C) WT en MM-EtOH. D)

Ag en en MM-EtOH. E) WT en MM-Glucosa. F) Ag en en MM-Glucosa.
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Aunado a esto se determind la resistencia de la cepa Ag a la dilucion. La
figura 31 muestra el crecimiento a las 48 horas en medio sdélido. Se observa que el
fenotipo de crecimiento en medios respiratorios, como el MM-EtOH, es similar aun
con la eliminacion del gen ATP20. Esto sugiere que la mutacion no afecta el
crecimiento, apoyando lo que se observé en las figuras 25-27, tampoco repercute
en la viabilidad de las células para duplicarse y formar colonias.

Figura 31. Diluciones seriadas (1:10) de las cepas WT y Ag de U. maydis. Se realizaron diluciones seriadas de las cepas
WT y Ag en diferentes medios de crecimiento (A) YPD, (B) MM-EtOH y (C) MM-Glucosa. Las células se cultivaron por 48
horas a 28°C.

Analisis de la arquitectura mitocondrial. Como ya se menciond, se sabe que
el dimero de la F1Fo-ATP sintasa (V2) esta involucrado en el plegamiento de las
crestas mitocondriales. Dentro de los objetivos se planteé observar por microscopia

de transmision electronica la ultraestructura de las mitocondrias de U. maydis. La
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microscopia electronica se realizdé en el Instituto de Biotecnologia de la UNAM,

mediante la técnica LR White.

Las mitocondrias de la cepa WT de U. maydis (Figura 32A) asi como la Ag
(Figura 32B) presentan crestas lamelares con la misma morfologia, por lo que la
eliminacion de la subunidad g no modifica la ultraestructura mitocondrial. También
podemos sugerir que la eliminacién de la subunidad g no afecta la formacion del
dimero. Por otro lado las micrografias mostraron que la cepa Ag presenta

mitocondrias mas grandes, lo que podria ser respuesta a la modificacion genética.

Figura 32. Ultraestructura de las células de U. maydis. (A) Imagenes de las mitocondrias de U. maydis de la WT y (B) Ag.
Ambas cepas muestran crestas de tipo lamelares y sin morfologias anémalas.
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Consumo de oxigeno. Las células WT y Ag se cultivaron en diferentes medios
de carbono como YPD, MM-EtOH y MM-glucosa, y se tomaron muestras a las 8

horas (fase logaritmica) y a las 24 horas (fase estacionaria) de crecimiento.

Para las células cultivadas en YPD, durante la fase logaritmica de crecimiento
se determind que el consumo de oxigeno por las cepas WT y Ag, fue alrededor de
108 natgO/mg/min y 120 natgO/mg/min respectivamente. Al bloquear el transporte
de electrones a nivel del complejo IV con 1 mM de KCN, se elimind la respiracion
en las células WT al 100% (Figura 33A); por el contrario, en las células Ag el KCN
solo disminuyo en un 10% la velocidad del consumo de oxigeno (108 natgO/min) y
fue totalmente inhibido con 10 uM de n-octil-galato (nOg) (Figura 33B), lo que nos

indica la actividad de la oxidasa alterna en las cepas Ag.

WT/YPD AgIYPD WT/YPD AgIYPD
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Figura 33. Consumo de oxigeno de las células cultivadas en medio rico YPD. Las células fueron obtenidas de la fase
logaritmica de crecimiento WT (A) y Ag (B) y de la fase estacionaria WT (C) y Ag (D) y se incubaron en 10 mM de KH2PO4 pH
7.4 y se determin6 el consumo de oxigeno con un electrodo tipo Clark como se describié en métodos, donde se sefala fue
afiadido 1 mM KCN o 10 uM de nOg. Los datos son el promedio de tres repeticiones de cuatro preparaciones independientes.

Por otro lado, en las células cosechadas en la fase estacionaria, el consumo
de oxigeno para la WT fue de 348 natgO/mg/min (Figura 33C) y de 168
natgO/mg/min para la Ag (Figura 33D). En ambos casos el KCN no inhibio
totalmente la respiracidn; para el caso de la WT se observo una inhibicion parcial
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de la velocidad del consumo de oxigeno (288 natgO/mg/min) y para la cepa incluso
Ag un aumento de 252 ngatO/mg/min, confirmando la actividad de la AOX sensible

al nOg en ambas cepas en la fase estacionaria.

En MM-EtOH, el consumo de oxigeno en la fase logaritmica de la WT y de la
mutante Ag fue de 72 natgO/mg/min (Figura 34A y B). Al igual que para las células
recuperadas del cultivo en YPD, el transporte de electrones fue bloqueado a nivel
del complejo IV con 1 mM de KCN, eliminando la respiracion en las células de la
cepa WT, mientras que en las células Ag el KCN solo disminuyé la velocidad del
consumo de oxigeno a 24 natgO2/mg/min (66%) y fue totalmente inhibido con 10
uM de nOg. Lo anterior también sugiere la presencia de la oxidasa alterna en la
cepa Ag durante la fase logaritmica. Para las células recuperadas en la fase
estacionaria el consumo de oxigeno para la WT fue de 276 natgO/mg/min (Figura

34C) y 324 natgO/mg/min (Figura 34D) para la Ag, esta fue sensible tanto a KCN

como a nOg.
WT/EtOH Ag/ETOH WT/EtOH Ag/EtOH
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Figura 34. Consumo de oxigeno de las células cultivadas en MM-EtOH. Las células fueron obtenidas de la fase logaritmica
de crecimiento de la WT (A) y Ag (B) y de la fase estacionaria de la WT (C) y Ag (D), se incubaron en 10 mM de KH2PO4 pH
7.4 y se determin6 el consumo de oxigeno con un electrodo tipo Clark como se describié en métodos, donde se sefala fue
afiadido 1 mM KCN o 10 uM de nOg. Los datos son el promedio de tres repeticiones de cuatro preparaciones independientes.

El comportamiento de las células cultivadas en MM-glucosa fue similar a los
cultivos anteriores obteniendo un consumo de oxigeno dentro de la fase logaritmica
parala WT y Ag de 60 natgO/mg/min (Figura 35A y B). Para las células recuperadas

en la fase estacionaria el consumo de oxigeno para la WT y Ag fue de 348
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natgO/mg/min (Figura 35C) y 228 natgO/mg/min (Figura 35D) respectivamente, y

fue necesario afnadir KCN y nOg para inhibir al 100% la respiracion.

WT/Glucosa AglGlucosa WT/Glucosa AglGlucosa
A B 4 c 4 Dy
60 60
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60 natgO,
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Figura 35. Consumo de oxigeno de las células cultivadas en MM-Glucosa. Las células fueron obtenidas de la fase
logaritmica de crecimiento de la WT (A) y Ag (B) y de la fase estacionaria de la WT (C) y Ag (D), se incubaron en 10 mM de
KH2PO4 pH 7.4 y se determiné el consumo de oxigeno con un electrodo tipo Clark como se describié en métodos, donde se
sefiala 1 mM KCN o 10 uM de nOg fue afiadido. Los datos son el promedio de tres repeticiones de cuatro preparaciones
independientes.

En las levaduras, el requerimiento de ATP es alto en la fase logaritmica de
crecimiento y disminuye cuando las células entran en la fase estacionaria. Como
consecuencia, en la fase logaritmica, el consumo de oxigeno debe ser elevado y
acoplado a la generacion del Aun+ para producir el ATP necesario para la célula. En

cambio, durante la fase estacionaria, la forma de mantener un consumo de oxigeno

alto seria promoviendo un desacoplamiento controlado.
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Tabla 2. Diferencias metabdlicas de las cepas WT y Ag.

WT Ag
YPD
Ti de duplicacic
1empo e duplicacion 21405 275+0.7
(horas)
Peso seco 1.9+0.15 151+ 0.26
(mg/mL)
Tamaiio celular 18.8 + 1.8/ 28.1 £ 1.5'¢
(um) 22,6 + 3.9%! 30.1 2.9
N“mem(ﬂ_e) celulas 4.12 x 10°1°9 3.37 x 1009
Consumo de oxigeno celular 1089 120"9
(natgO,/mg/min) Se inhibe con KCN 108'°g+HCN
3 48stat 168stat
2885tat+KCN 2525tat+KCN
MM-EtOH
Tiempo de duplicacion 27406 33407
(horas)
Peso seco 0.9 £ 0.07 0.82£0.16
(mg/mL)
Tamaiio celular 19.9 + 1.9 29.3 £ 2.7"¢
(um) 26.1 + 7.2 39.2 + 10.4%%
N“mem( 1d|_e) celulas 3.61 x 10°'°9 2.96 x 10°"9
Consumo de oxigeno celular 72'°9 72'°9
(natgO2/mg/min) Se inhibe con KCN 24/09+KCN
276stat 32 4stat
Se inhibe con KCN 24stat+KCN
MM-Glucosa
Tiempo de duplicacion 313402 398+05
(horas)
Peso seco 15+0.17 1.39 £ 0.14
(mg/mL)
Tamaiio celular 26.4 + 7.96¢ 37.24 + 12.07"¢
(um) 41.37 + 5.25%! 46.25 + 8.41%
emere i ceHee 3.53x 109" 3.01x 1090
Consumo de oxigeno celular 609 609
(natgO2/mg/min) 3Glog+KeN 48log*KCN
2 3 4stat 22 8stat
125tat+KCN 204stat+KCN
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Se ha reportado en U. maydis que existen dos rutas de transporte de
electrones, la via citocromica y la via de los elementos alternos, la cual esta
constituida por las NADH deshidrogenasas tipo 2 y por la oxidasa alterna (AOX). La
AOX es una oxidasa terminal que cataliza la transferencia de electrones del
ubiquinol hasta el oxigeno molecular. En contraste con el complejo IV de la via
citocrémica, la AOX no bombea protones y es insensible al cianuro y a la antimicina,
pero se inhibe con n-octil-galato (nOg) (Juarez et al., 2006). Por consiguiente, al
afnadir KCN bloqueamos la respiracion a nivel del complejo IV pero el consumo de
oxigeno no se ve afectado debido a la presencia de la AOX y ésta solo se inhibe
una vez que se agrega nOg. Estudios de nuestro grupo de trabajo indican que la
AOX desempefia dos papeles fundamentales en U. maydis: 1) forma parte de los
mecanismos que previenen la produccidon de ROS y 2) le permite a la célula
adaptarse a condiciones generadas por factores externos que limitan o inhiben la

actividad de la via citocrémica (Juarez et al., 2006).

Determinacion del consumo de glucosa. En experimentos alternos se
determiné el consumo de glucosa durante el crecimiento de las cepas WT y Ag. En
la figura 36 se muestra que la glucosa esta en condiciones saturantes (26 mM) y
que las levaduras soélo han consumido el 40% (= 15 mM) de la glucosa total a las 24
h de crecimiento. Esto podria sugerir que la via de la degradacion de glucosa no
incrementa su velocidad para generar mas sustratos oxidables que pueda consumir

la mitocondria.

80



30

N N
o (3]
1 1

Glucosa (mM)
o
HOH

o
H—O—

(¢}
1

0 1 T I I I U
0 10 20 30 40 50 60

Tiempo (horas)
Figura 36. Consumo de glucosa. Las células se cultivaron por 24 h, se inocularén 40u/L en medio YPD. Se incubaron a
28°C en agitacion orbital constante a 200rpm. Se tomaron muestras a diferentes tiempos durante el crecimiento de las cepas

WT (o) y Ag (o) y se determind el consumo de glucosa por el método de la glucosa oxidasa a 510 nm. Los datos son el
promedio de tres repeticiones de cuatro preparaciones independientes. Las barras de error representan S.D.

Permeabilizacion de las células para ensayos bioenergéticos. Para
determinar la funcionalidad de las células permeabilizadas se determiné el consumo
mitocondrial de oxigeno. La figura 37 muestra que la digitonina permeabiliza las
células, favoreciendo la salida de los metabolitos y produciendo la disminucion de
la velocidad del consumo de oxigeno. Posteriormente la adicidn de succinato
estimula la respiracién, lo cual indica que este sustrato es utilizado por la
mitocondria y acelera el consumo de oxigeno. En estas condiciones experimentales
es posible controlar los sustratos y metabolitos que utiliza la mitocondria para el
consumo de O2. Después de la permeabilizacion, la velocidad del consumo de
oxigeno para la WT es de 32.2 natgO2/mg/min (Figura 37A) y para la Ag de 50.6
natgO2/mg/min (Figura 37B).
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Figura 37. Células permeabilizadas de U. maydis. Se permeabilizaron las células WT (A) y Ag (B) con digitonina para
realizar los ensayos bioenergéticos. Para el consumo de oxigeno se ocupd como sustrato oxidable 10 mM de succinato. Los
datos son el promedio de tres repeticiones de cinco preparaciones independientes.

Determinacion del potencial de membrana mitocondrial (A¥m). Se determind
el potencial de membrana mitocondrial en las células permeabilizadas y
energizadas con succinato (10 mM). A continuacion, se adicion6 el ADP, el cual es
utilizado para la sintesis de ATP acoplada a la despolarizacion de la membrana
interna mitocondrial, o que se puede interpretar como el estado 3 de la respiracion
mitocondrial y en presencia de Pi (Figura 38). La adicién de CCCP abate el AWy
confirma la integridad mitocondrial. Se observé que la magnitud del AW, en ambas
cepas es similar (Figura 38), lo que sugiere que la mutante Ag presenta mitocondrias

integras y acopladas y responden a la estimulacion por ADP.

Succinato  ADP cccp
1’\0; CCceP 10mM  1mM 5 uM
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\

>
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Safranina O (30 uM) Safranina O (30 uM)

Figura 38. Potencial de membrana (Aym) generado por las células de U. maydis. Se emplearon células WT (A) y Ag (B)
permeabilizadas con digitonina. Las longitudes de onda para la safranina O son de 533-511 nm. Las células se energizaron
con 10 mM de succinato, se despolarizé la membrana con 1 mM ADP y se abatio el potencial con 5 uM de CCCP. Los datos
son el promedio de tres repeticiones de cuatro preparaciones independientes.
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Cuantificacion de la sintesis de ATP. Para la cuantificacion de la produccion
de ATP mitocondrial se utilizaron células permeabilizadas con digitonina. La
cuantificacion de la sintesis de ATP se realizé por medio de una reaccion acoplada
siguiendo la reduccion del NADP* (Figura 39). Los resultados muestran que la
sintesis de ATP en la cepa WT fue de 19.49 + 0.84 umolas de ATP (g seco-min™') y
para la Ag es de 14.95 + 0.57 umolas de ATP (g seco-min") (Figura 39).
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Figura 39. Sintesis de ATP mitocondrial en las células WT y Ag. Cursos temporales para cuantificar la sintesis de ATP
mitocondrial en las células de las cepas (A) WT y (B) Ag. (C) El grafico muestra la produccion de ATP contra tiempo por las
células permeabilizadas, el cual se determiné mediante un ensayo acoplado a la reduccién del NADP*. La sintesis de ATP

para la cepa WT (o) fue de 19.49 pmoles de ATP (g-min™') y para la cepa Ag (o) fue de 14.95 pmoles de ATP (g-min™). Los
datos son el promedio de tres repeticiones de cuatro preparaciones independientes.

Esto indica que la mutante (Ag) tiene una disminucion del 20% en la velocidad
de sintesis con respecto a la cepa silvestre, lo que sugiere que el incremento en la
acidificacion del medio extracelular puede deberse a la aceleracion del metabolismo

con el fin compensar la baja produccion de ATP mitocondrial.

Cuantificacion de la produccion mitocondrial de peroxido de hidrogeno. La
produccion de H2O> se realizé cuantificando la fluorescencia de la resorufina e
interpolando los datos en una curva estandar de peroxido de hidrégeno. Los
resultados muestran que las mitocondrias frescas de la cepa WT produjeron 13.45
pmoles de H2O2-mg de proteina mitocondrial, mientras que las de la Ag es de 16.95

pmoles de H202-mg de proteina mitocondrial en presencia de NADH (Figura 40).
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Figura 40. Produccién de radicales libres en las mitocondrias de U. maydis. En la grafica se muestra la produccién de
H202 en mitocondrias aisladas de la cepa WT (barras negras) y Ag (barras grises) donde se muestra que la cepa Ag tiene una
disminucion de la cantidad de especies reactivas de oxigeno generadas en comparacién con la WT. Los datos son el promedio
de tres repeticiones de cuatro preparaciones independientes. Las barras de error representan S.D.

En el ensayo de H202 se adicion6 NADH vy los inhibidores clasicos de los
complejos respiratorios. Los datos muestran que en presencia de cianuro la cepa
WT aumenta 31 veces y la Ag aumenté 15 veces la produccion de especies
reactivas de oxigeno, quiza a través de los complejos | y lll. Por el contrario, cuando
usamos el n-octil galato, inhibidor de la AOX, la produccién de H202 disminuy6 un

50%, lo que nos sugiere que la toma de los electrones provenientes del ubiquinol

por la via alterna es mas lenta en comparacién la via citocromica.

Solubilizacion de los supercomplejos y complejos mitocondriales de U.
maydis. Los complejos respiratorios de las cepas WT y Ag fueron solubilizados con
digitonina, empleando una relacién de 0.5, 1.0, 2.0, 3.0 y 5.0 g de digitonina/g de
proteina mitocondrial, y se resolvieron en una electroforesis nativa. La ubicacion de

los complejos y supercomplejos se determiné por la actividad para cada uno de los
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complejos respiratorios (Figura 41A-F). La actividad del complejo | en la cepa WT
se asocié a los supercomplejos; sin embargo, en la cepa Ag el complejo | se

encontro principalmente en forma monomérica.

Es importante recordar que la velocidad de sintesis de ATP en la cepa
mutante esta disminuida, lo que provocaria la acumulacion de los protones en el
lado P, aumentando el AWn y promoviendo el flujo reverso de los electrones en el
complejo I, con lo que se estimularia la produccién de especies reactivas de
oxigeno. En este sentido, el desensamble de los supercomplejos permite la
reduccion de la poza de quinol y el subsecuente drenado de electrones por la AOX,

en un proceso que no involucra el bombeo de protones.
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Figura 41. Actividad en gel de los supercomplejos y complejos respiratorios. Los complejos respiratorios solubilizados
con digitonina se resolvieron en una BN-PAGE y hrCN-PAGE (para el complejo V) en gel del 4 al 10% de poliacrilamida,
usando como estandares los complejos respiratorios de corazén de bovino (Bt). Se hicieron tinciones de actividad en gel para
identificar a los complejos respiratorios; (A) tincién con Coomassie® R250, (B) actividad en gel del complejo | (Cl), (C)
actividad en gel del complejo Il (Cll), (D) actividad en gel del complejo IV (CIV), (E) actividad en gel del complejo V (Actividad
de ATPasa), (F) actividad en gel del complejo V (Actividad de ATPasa) después de 25 horas de incubacién y varios cambios
del amortiguador de actividad.
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Aunado a esto, en lo que se refiere al analisis de la actividad en gel de
ATPasa del complejo V mostréo la presencia del Vo y V1 en las muestras
correspondientes a la cepa WT y para el caso de la cepa Ag la actividad de ATPasa
solo se asocid con el V1ag durante los primeros 10 min (Figura 41E). No obstante
después de 25 horas de incubacion y varios cambios de la solucidén de actividad de
ATPasa observé la presencia del Vaag (Figura 41F). Al tedir las proteinas con azul
de Coomassie se observo una banda que corresponde al Va,g (Figura 41A), la cual
se sometio a una electroforesis en segunda dimension para comprobar que el Vaag
realmente estaba presente aunque en muy baja concentracion (Figura 42B).
Nuestro grupo de trabajo reporté que el Vawt es estable a los detergentes gracias a
la interfase entre los mondmeros, por lo tanto, al eliminar la subunidad g, éste pierde
la estabilidad y presenta sensibilidad a la digitonina, aun en condiciones bajas del

detergente (Figura 42B).
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Figura 42. 2D-Tricina-SDS-PAGE. Los complejos respiratorios solubilizados con digitonina se resolvieron en una primera
dimension nativa (BN-PAGE) en gel del 4 al 10% de poliacrilamida. La segunda dimensién se realiz6 cortando el carril de la
primera dimensién nativa y sometiéndolo a una electroforésis desnaturalizante. Las proteinas de los complejos respiratorios
se resolvieron en un gel de tricina-SDS-PAGE al 10%. A) Identificacion de las subunidades ay p en el V2 y Vi1 WT. B
Identificacion de las subunidades a. y 8 en el Vide la cepa Ag.
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Aislamiento del dimero y del monoémero de la F1Fo-ATP sintasa. Los
oligobmeros del complejo V de las cepas WT y Ag fueron aislados en un gradiente

continuo de sacarosa y se analizaron en una hrCN-PAGE (Figura 43A y 44A).

El analisis de la actividad en gel de ATPasa del complejo V mostré que el
Vowt se localiza en las fracciones del gradiente de sacarosa que tienen una
densidad entre 1.14 y 0.99 g/mL, mientras que el V1wt se ubica entre 0.84 y 0.77
g/mL; la mezcla de ambos oligdmeros se encontré entre 0.99 y 0.84 g/mL (Figura
43A). Las diferentes fracciones se reunen en tres lotes independientes, el Vaou, el
V1w, ¥ la mezcla de ambos (V2/v1). Se determind su concentracion de proteina y se
almacenaron a -70°C. Por medio de una hrCN-PAGE se realiz6 el analisis de las
muestras concentradas (Figura 43B), con lo que se determind que los oligobmeros
mantienen su estructura y actividad de ATPasa y que éstos son las unicas enzimas
en esta preparacion, que llevan a cabo la hidrolisis del Mg-ATP, ademas no se
observo la presencia del sector F1 libre. Para corroborar la integridad del complejo
V se determind su sensibilidad a oligomicina (Figura 43C). Las proteinas fueron
tefidas con Coomassie, o que mostrod la presencia de otras proteinas distintas al
CV (Figura 43D). Debido a la presencia de proteinas contaminantes se realizo la
cuantificacion del CV en cada preparacion para corregir la actividad de ATPasa (ver

anexo 10.4 Figura S1).
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Figura 43. Purificacion de los oligomeros de la FiFo-ATP sintasa mitocondrial de la cepa WT. La presencia de los
oligbmeros de la F1Fo-ATP sintasa en el gradiente de sacarosa se determin6 en geles hrCN-PAGE (A) La actividad de ATPasa
en gel muestra las formas dimérica y monomérica de la ATP sintasa de U. maydis. (B) Los oligémeros de la F1Fo-ATP sintasa
se reunieron y concentraron en filiros de Amicon, el corte de la membrana fue de 100K. El andlisis de las muestras
concentradas se realizé mediante hrCN-PAGE con lo que se determind que los oligdmeros mantienen su estructura y actividad
de ATPasa aun después de almacenarlos a -70°C. (C) Inhibicién por oligomicina de la actividad ATPasa en gel de V2 y V1
aislado. (D) hrCN-PAGE tefiido con azul Coomassie donde se observa al V2 y V1 aislados y concentrados sin la presencia de
la F1 libre. (E) La identidad de las subunidades del complejo V se realizé por espectrometria de masas a partir de una
electroforesis 2D-Tricina-SDS en geles al 16 % de poliacrilamida. Los oligémeros del complejo V se obtuvieron de una
electroforesis BN-PAGE y sus subunidades se resolvieron en una 2D-PAGE. Se muestra la identidad y la masa molecular de
cada una de las bandas. PHB1, PHB2 y ANT corresponden a las prohibitinas 1 y 2 y al translocador de adenin nucleétidos
respectivamente (En el gradiente de sacarosa 33%=1.1383 g/mL y 25%=.0.7706 g/mL).
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El analisis de la actividad de ATPasa en gel de los oligobmeros de la cepa Ag,
mostro que el V1ag se localiza en las fracciones del gradiente de sacarosa que tienen
una densidad entre 0.84 y 0.77 g/mL (Figura 44A). El V1ag aislado (ver materiales y
métodos) mantiene su estructura y actividad de ATPasa (Figura 44B) sensible a
oligomicina (Figura 44C). La tincion con Coomassie del V159 (Figura 44D) demostré
la presencia de otras proteinas diferentes a la F1Fo-ATP sintasa, por lo que
nuevamente fue necesario cuantificar la concentracion del complejo V para realizar
la correccion de la actividad de ATPasa (ver anexo 10.4 Figura S1). Es importante
hacer notar que el Vayg es poco estable y que, aunque esta presente en el
solubilizado con digitonina, no fue posible aislarlo bajo estas condiciones
experimentales (gradiente de sacarosa).
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Figura 44. Purificacién del monémero de la F1Fo-ATP sintasa mitocondrial de la cepa Ag. La presencia de los oligémeros
de la F1Fo-ATP sintasa en del gradiente de sacarosa se determino en geles hrCN-PAGE (A) La actividad de ATPasa en gel
muestra la actividad del V1ag de la ATP sintasa de U. maydis. Los geles se tifieron con azul Coomassie y las fracciones que
contienen al V1ag se reunieron y concentraron en filtros de Amicon, el corte de la membrana fue de 10K. (B) El analisis de las
muestras concentradas se realizé mediante hrCN-PAGE con lo que se determind que el Visg mantiene su estructura y
actividad de ATPasa aun después de almacenado a -70°C. (C) Inhibicién por oligomicina de la actividad ATPasa en gel de
V1ag aislado. (D) hrCN-PAGE tefiido con azul Coomassie® 250 donde se observa al V1,q aislado y concentrado sin la presencia
de F1 libre.
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Identificacion de las subunidades del dimero y monémero de la F1Fo-ATP
sintasa. Las subunidades del V2 y del V1 de la F1Fo-ATP sintasa se resolvieron
mediante su movilidad electroforética en la 2D-Tricina-PAGE (Figura 43E). Las
proteinas se tifleron con azul brillante de Coomassie® R250 vy se identificaron

mediante espectrometria de masas.

Se identificaron 15 subunidades asociadas al dimero y mondmero de la F1Fo-
ATP sintasa de la cepa WT. Asi mismo, se puede observar que el dimero muestra
a las subunidades e y g, responsables de la dimerizacion del complejo V en S.
cerevisiae (Arnold et al., 1998; Couoh-Cardel et al., 2010). Dentro de este analisis
se encontro a la subunidad ATP12, la cual es una chaperona que participa en el
ensamblaje de la enzima. También se identificaron a las prohibitinas 1y 2 (PBH1 y
PBH2) que han sido relacionadas con la formacion de las crestas mitocondriales.
También se identifico al translocador de adenin nucle6tidos (ANT) y el transportador
de fosfatos (PC) los cuales son muy importantes para la sintesis de ATP. El
encontrar el ANT y el PC asociados al V2 y V1 de la ATP sintasa sugiere la presencia
del sintasoma de ATP (Ko et al., 2003), lo cual abre la posibilidad de estudiar dicho

supercomplejo en este organismo (Esparza-Perusquia et al., 2017).

Determinacion de los parametros cinéticos de la Fi1Fo-ATP sintasa. La
caracterizacion de la actividad de ATPasa de los oligobmeros del complejo V, se
determiné mediante la oxidacidn del NADH en presencia de un sistema regenerador
de ATP (ver métodos). La presencia de un sistema regenerador permite eliminar el
ADP producido por la actividad de ATPasa, ya que altas concentraciones de este
nucleotido pueden inhibir la actividad de ATPasa de la enzima (Fiske et al., 1925;
Penefsky, 1974).

A partir de la pendiente de cada registro espectrofotométrico del curso
temporal se obtiene la actividad especifica, que aumenté conforme incrementd la
concentracion de Mg-ATP. Los datos obtenidos se ajustaron al modelo cinético

propuesto por Michaelis-Menten. Si la velocidad de una reaccion se calcula a una
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determinada concentracion de sustrato [S] << Km, la velocidad de la reaccion (v)
aumenta linealmente con respecto a [S]. Sin embargo, cuando la [S] >> Ky, la
enzima se satura y alcanza su velocidad maxima (Vmax), la cual no sobrepasara en
ningun caso, independientemente del aumento de [S]. La constante de Michaelis
(Km) se define como la afinidad de la enzima por el sustrato, cuando [S] = Km Y Vimax/2
(Segel, 1993).

Asimismo, los cursos temporales del Vowr, Viwt Yy Viag mostraron que la
actividad es lineal con respecto al tiempo y que aumenta conforme se incrementa la
concentracion de Mg-ATP (Figura 45A-C). Para corroborar la integridad del

complejo V se inhibié con oligomicina (vide infra).
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Figura 45. Caracterizacion cinética de la F1Fo-ATP sintasa mitocondrial aislada. La actividad del V2, V1y V1a4 sSe determino
como se describe en la secciéon de materiales y métodos. Cursos temporales de la actividad de ATPasa del complejo V a
diferentes concentraciones de Mg-ATP. (A) Viwt. (B) Vawr. (C) Viag.
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Sin embargo, se ha reportado que la actividad de ATPasa del complejo V se
estimula por el detergente n-dodecil B-D-maltésido (DDM) (Villavicencio-Queijeiro
A, et al., 2009). Por tal motivo, se realizé la titulacion de la actividad de ATPasa del
V> de U. maydis con el DDM (Figura 46). Como se puede observar, la actividad de
hidrélisis de ATP del V2 incrementd en presencia del DDM mostrando una ACso de
4x10%%; la maxima estimulacion del V., de U. maydis se alcanza a una

concentracion del detergente de 5 X 10-3%.
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Figura 46. Titulacion de la actividad de ATPasa del V> con DDM. La actividad de ATPasa del V aislado se estimulé por el
DDM (A). A partir de los cursos temporales se calculé una ACso = 4X10%%. La maxima activacion se alcanzé con 0.005% de
DDM (B).

Con esta informacion, se determino la actividad de ATPasa de Vawr, Viwty
V1ag partir de los cursos temporales en presencia y ausencia de 0.005% de DDM.
La figura 47 muestra que la velocidad de ATPasa aumenta en presencia de DDM

en cada uno de los oligomeros.
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Figura 47. Actividad de la FiFo-ATP sintasa mitocondrial en presencia de DDM. Actividad de ATPasa del V2, V1y Viag en
presencia de 0.005% de DDM. Donde se indica, se realizé la adiciéon de la muestra. Cursos temporales de la actividad de

ATPasa del V1 (A), V2(B) y V1ag(C).

Los cursos temporales mostrados en las Figuras 45 y 47 se ajustaron al
modelo de Michaelis-Menten (Figura 48) a partir del cual se determinaron las
constantes cinéticas. El V1wt presenta una Ky de 308 + 90 uM para el Mg-ATP y
Vmax de 0.83 + 0.05 umol ATP hidrolizado/mg F1Fo-ATP sintasa-min~" (Figura 48A,
circulos negros). Para el caso del Vowr la actividad de ATPasa presenta una Kv de
884 £ 100 uM para el Mg-ATP y Vmax de 0.54 £ 0.08 umol ATP hidrolizado/mg F1Fo-
ATP sintasa-min™" (Figura 48B, circulos negros). Para el Vg se determind una K
de 155 + 0.05 uM para el Mg-ATP y Vmax de 0.58 £ 0.03 umol ATP hidrolizado/mg

F1Fo-ATP sintasa-min~' (Figura 48C, circulos negros).

Por otra parte, analizando los cursos temporales de los oligdmeros activados
con 0.005% de DMM (Figura 48) observamos que también mostraron un

comportamiento cinético que se ajusta al modelo de Michaelis-Menten. El Viwt
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activado presenta una Ky de 207 £ 30 uM para el Mg-ATP y una Vmax de 1.43 £ 0.04
umol ATP hidrolizado/mg F1Fo-ATP sintasa-min™" (Figura 48A, circulos blancos).
Para el caso del Vowr activado tiene una actividad de ATPasa con una Kv de 488 +
80 uM para el Mg-ATP y una Vmax de 9.60 + 0.26 umol ATP hidrolizado/mg F1Fo-
ATP sintasa-min~" (Figura 48B, circulos blancos). El V144 tiene una Ku de 920 + 200
uM para el Mg-ATP y una Vmax de 2.3 £ 0.15 umol ATP hidrolizado/mg F1Fo-ATP

sintasa-min™" (Figura 48C, circulos blancos).
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Figura 48. Actividad de ATPasa de los oligomeros de la FiFo-ATP sintasa mitocondrial aislados de las cepas WT y
Ag. La hidrolisis de diferentes concentraciones de Mg-ATP por los oligémeros de la F1Fo-ATP sintasa aislados se realizé a
pH 8.0y se ajusto a la ecuacion de Michaelis-Menten, en presencia (o) o ausencia (e) de 0.005% de DDM. (A) Viwr. (B) Vawr.
Para mayor claridad, el recuadro en el panel representa la actividad sin la activacion por DDM. (C) V1ag. Los datos son el
promedio de cuatro réplicas de cinco preparaciones independientes +. Las barras de error representan S. D.

La concentracion de F1Fo-ATP sintasa se determin6 mediante un analisis
densitomeétrico de las subunidades a y B. Las proteinas de las muestras Viwr, Vowt
y V1ag se resolvieron en geles de Tricina-SDS-PAGE al 10%, utilizando BSA como

estandar. Las proteinas fueron tefiidas con azul brillante de Coomassie® R250 (Ver
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anexo 10.4, Fig. S1). El analisis de densitometria se realiz6 con el software

Mylmage Analysis 2.0 (Thermo Scientific) (ver anexo 10.4 Figura S1).

Efecto de la oligomicina en la actividad de ATPasa del V1 y V.. La oligomicina
es un inhibidor especifico de la actividad de ATPasa del complejo V que solo actua
cuando se mantiene la interaccién del sector Fo con el Fi. Debido a que la
oligomicina es un inhibidor de asociacion lenta pero fuertemente unido, se decidi
explorar la velocidad de inhibicion de los oligdmeros activados por DDM. Se puede
observar que el tiempo de inhibicién del Vowr, al parecer, es menor que para el Viwt
y el V1iag (Figura 49A y D), lo que va acompaniado de una mayor sensibilidad del

Vawrt a la oligomicina (Figura 49B).

La inhibicion de Viwt fue superior a 90% a 3.8 uM de oligomicina (Figura 49C,
circulos blancos) mientras que para el Vaut (Figura 49C, circulos negros) y el Viag
fue de 1.3 uM (Figura 49E). El analisis de la inhibicién de ATPasa por oligomicina
mostro que Vawt tenia un Ki = 24 + 3 nM, la Ki para Viwt fue de 169 + 10 nM y una
Ki = 52.7 £ 4.4 nM para el V15g. Dado que la cantidad de complejo V en ambas
preparaciones se cuantifico, fue posible calcular la relacion de oligomicina/F1Fo-
ATP (Figura 49C y E). La relacion fue de 0.85 £ 0.12 para Vawr, de 6 + 0.43 para
Viwt y 5.03 £ 0.57 para el Viag.

En conjunto, nuestros resultados sugieren que los monomeros en el dimero
tienen una comunicacion interfuncional y que al inhibir a uno de los monémeros se
puede alterar la interfase y modificar la Ki para la oligomicina. Cuando se elimina a
la subunidad g, el dimero parece ser mas sensible a los detergentes. U. maydis es
un basidiomiceto aerobio estricto que depende principalmente de la fosforilacion
oxidativa para obtener la energia necesaria para llevar a cabo los procesos
metabalicos, si consideramos que la cepa Ag tarda mas tiempo en duplicarse y a su
vez tiene una sintesis de ATP menor que la cepa WT, podemos suponer que la
eliminacion de la subunidad g no s6lo modifica la interfase de la F1Fo-ATP sintasa,

sino que también su capacidad catalitica.
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Figura 49. Efecto de la oligomicina sobre la actividad de ATPasa. La actividad del complejo V se determiné en presencia
de 0.005% de DDM y 5 mM ATP-Mg. El curso temporal para la oxidacién del NADH acoplado a la hidrolisis de ATP se
monitoreo durante 25-30 minutos para la maxima inhibicion de ATPasa de V1 (A) o V2 (B) y se analizé el registro
espectrofotométrico final como se describe en la seccién de materiales y métodos. Las flechas indican las adiciones de enzima
y oligomicina, a la derecha se muestra la concentracién de inhibidor. (C) El grafico muestra 1-v/vo en el intervalo de menor
concentracion de la oligomicina, para mostrar la sensibilidad diferencial de los oligémeros, la maxima inhibicién de V1 (o) o V2
() en funcién de la concentracion de oligomicina. (D) El curso temporal para la oxidacién del NADH acoplado a la hidrolisis
de ATP para la maxima inhibiciéon de ATPasa de V1a4. Las flechas indican las adiciones de enzima y oligomicina, a la derecha
se muestra la concentracién de inhibidor. (E) La maxima inhibicién de V1agen funcion de la concentracién de oligomicina. V
representa la actividad residual de la inhibicién con oligomicina y Vo representa la actividad ATPasa antes de la adicion de
oligomicina. Los datos son el promedio de tres repeticiones de cuatro preparaciones independientes. Las barras de error
representan S.D.

Termoestabilidad del V2 y V1 de la F1Fo-ATP sintasa. La termoestabilidad del
V1y V2 se realizé incubando a la enzima durante 15 min a diferentes temperaturas
en un medio que contenia 30 mM de HEPES, 5% glicerol, pH 8.0. Al término de la
incubacion se determiné la actividad a 25°C empleando el sistema regenerador de
ATP acoplado a la oxidacién del NADH (ver materiales y métodos).

La estabilidad térmica del V2 y V1 se evalué determinando la actividad

residual de ATPasa. En la figura 50 se puede observar que la actividad residual
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(v/vo) del V1 y V2 se mantuvo constante entre los 20 y los 40°C, con un ligero
incremento a los 45°C; posteriormente se observé un descenso en la actividad con
respecto a la temperatura. En el intervalo de 46 a 59°C ocurre la inactivacion de la
enzima con un comportamiento que se ajusta a una curva monotonica, de la cual
se puede calcular una temperatura de transicion aparente (Tm) de
aproximadamente 52°C. Esto sugiere que la inactivacion del V1 y V2 ocurre en un
solo paso. Para verificar que funcionalmente el V1 y V> mantienen unidos a los
sectores F1 y Fo, se determin6 la inhibicion de la actividad de ATPasa por la
oligomicina (2 pg/mL); con esto se demostré que, a cualquier temperatura
ensayada, la F1Fo-ATP sintasa permanece ensamblada.

Adicionalmente, en el analisis hrCN-PAGE no se observo la liberacion de
sector F1 para el Viwr y Vowt en el intervalo de temperaturas evaluadas (Figuras
50B y C). Esto sugiere que la inactivacion de Vaowr podria ocurrir a través de su
disociacion en V1 y finalmente la inactivacion de Viwr; por lo tanto, la interfase

mondmero-mondémero aparentemente no contribuye a la estabilidad de Vowr.
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Figura 50. Efecto de la temperatura en la actividad de ATPasa. (A) Curvas de inactivacion térmica de V1y Va. Vi (0) 0 V2
() se incubaron durante 15 minutos a las temperaturas indicadas y luego se enfriaron a temperatura ambiente. La actividad
residual (V/Vo) se calculé usando Vo como actividad ATPasa a 25°C antes de calentarse. hrCN-PAGE de V1 (B) y V2 (C) se
incubaron como se describe en (A). La Tm se calculé en 52.3°C. Los datos son el promedio de tres repeticiones de cuatro
preparaciones independientes.
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6. DISCUSION
El objetivo del presente trabajo fue caracterizar la actividad y a la estructura
de la F1Fo-ATP sintasa de U. maydis cuando se elimina el gen que codifica para la
subunidad g dimerizante y su repercusion en le estado bioenergético mitocondrial.

El dimero de la F.F-ATP sintasa (V:) tiene un papel sobresaliente en el
plegamiento de la membrana interna mitocondrial para la formacion de las crestas.
Es importante senalar que en las crestas se localiza la mayor concentracién de los
complejos y supercomplejos respiratorios, por lo que es ahi donde se realiza
principalmente la oxidacion de las coenzimas (NADH y FADH>) y la sintesis de mas
del 90% del ATP celular. Debido a la estrecha relacion que hay entre los V2, el
plegamiento de las crestas y la sintesis de ATP, el estudio del V. ha cobrado gran

relevancia.

Se ha determinado que cada reino biolégico emplea diferentes subunidades
para conformar y estabilizar al V2: la IF1 en los mamiferos como Bos taurus, las
subunidades ASA en las algas como Chlamydomonas reinhartii, y las subunidades
e Yy g en los hongos como Saccharomyces cerevisiae y Ustilago maydis. Esta
observaciéon indica claramente que la formacién del dimero es un evento de

convergencia evolutiva.

Las F1Fo-ATP sintasas son enzimas altamente conservadas que juegan un
papel fundamental tanto en la sintesis del ATP como en el mantenimiento de la
arquitectura mitocondrial. Tanto el sector F1 como el Fo presentan todas las
subunidades conservadas involucradas en la catalisis (Giraud et al., 2002; Wittig et
al., 2008; Couoh-Cardel et al., 2010). Debido a la interaccion de las diferentes
subunidades, hemos clasificado el rearreglo de las crestas relacionado con dos tipos
de asociaciones en la interfase del dimero, un central y otra periférica; la primera
constituida por la interaccion de las subunidades a y i/ y la segunda por la
interaccion de las subunidades g, ey k.
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En realidad, se ha descrito que la interfaz monémero-mondémero del dimero
de levadura y mamifero esta constituida por las subunidades a, i/, k, g y e (Couoh-
Cardel et al., 2010; Guo et al., 2017). La interfaz se puede dividir en una zona central
y una zona periférica. En la zona central, las subunidades i/j interactuan a través de
dos tramos cortos de ~10 residuos; mientras que la interaccidn entre las
subunidades a se produce a través de dos hebras que constituyen una estructura
plana de cuatro hebras con una superficie hidréfoba y una superficie hidrofilica (Guo
et al., 2017).

La zona periférica de la interfaz mondmero-mondmero esta constituida por
las subunidades ky e. Estas subunidades poseen una estructura similar: una hélice
o N-terminal con dos dominios, uno transmembrana y uno soluble que se extiende
(alrededor de 40 A para la subunidad e) hacia el espacio intermembranal para
interactuar con las subunidades equivalentes del otro monémero (Guo et al., 2017).
La subunidad g se une la subunidad e a través de una sola a hélice transmembranal,
probablemente a través del motivo conservado Gly-X-X-X-Gly de las dos proteinas
(Bustos et al., 2005). Simultaneamente, el N-terminal de la subunidad g interactua
con ~ 50 residuos del N-terminal de la subunidad b. Asi pues el dominio de la zona
periférica de la interfaz mondmero-mondémero constituido por las subunidades e, g
y b, con el apoyo de la subunidad k, ayuda a plegar la membrana mitocondrial
interna (Baker et al., 2012; Guo et al., 2017).

Para el caso de S. cerevisiae, se cree que la oligomerizacioén de la F1Fo-ATP
sintasa puede estar involucrada en la actividad catalitica de la enzima y que de
manera indirecta afecta el estado metabdlico de las células. Cuando se impide la
dimerizacion de la F1Fo-ATP sintasa, eliminando genéticamente las subunidades e
y g simultdaneamente, las mitocondrias presentan una morfologia alterada en las
crestas. Asi pues, el rearreglo de las crestas durante la regulacion bioenergética de
la mitocondria supone el cambio en la proporciéon dimero/mondémero del complejo V
(Velours et al., 2009).
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Gracias a la estrecha relacién que hay entre el V2, el plegamiento de las
crestas y la sintesis de ATP, se han realizado muchos esfuerzos para determinar
que ocurre cuando alguno de estos componentes se altera. Por ejemplo, ¢Qué
ocurre con la sintesis de ATP o la arquitectura de las crestas si se pierde el V,?
Campanella et al., (2008) haciendo un knock out condicional de la subunidad /F7 en
las células HelLa, determind que al eliminarse el V2, se abatia el AW, la produccion
de ATP y el numero y tamafo de las crestas disminuia. Sin embargo, el papel de la
subunidad /F7 en la formacion del V2 aun es controvertido. Recientemente, se ha
creado un ratdn knock out para la subunidad /F; sin que presente alteraciones
metabadlicas significativas o cambios en la arquitectura mitocondrial (Campanella et
al., 2008).

Adicionalmente, la eliminacién simultanea de las subunidades dimerizantes
gy e en S. cerevisiae induce la pérdida de V> y cambios en la morfologia de las
crestas mitocondriales, presentando estructuras conocidas como aros de cebolla
(Velours et al., 2009). Sin embargo, como S. cerevisiae es un organismo facultativo,
la produccion mitocondrial de ATP puede ser suplida por el metabolismo
fermentativo, por lo que la participacion mitocondrial en la bioenergética de estos

mutantes no esta clara.

Como U. maydis es un basidiomiceto no fermentativo, su metabolismo
bioenergético esta en manos de las mitocondrias; asi, es un buen modelo para
determinar la repercusién que tiene la eliminacion de la subunidad g sobre la
formacion del V. y la sintesis de ATP. Como se demostro en este trabajo, la
eliminacién de la subunidad g no cambia significativamente el metabolismo celular,
ya que no se detectaron cambios en el tiempo de duplicacidn celular, en el consumo
de glucosa y en la produccién de peso seco. Esto sugiere que la asimilacion de
carbono y su incorporacion en biomasa es similar tanto en la cepa mutante como
en la silvestre. Sin embargo, hay que hacer notar que el numero de células y el
tamafo de las mismas son diferentes entre la cepa WT y la mutante, sin que
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tengamos hasta ahora una explicacion. No obstante, es claro que la estructura

clasica de mitocondrias se conserva en la cepa mutante.

El analisis bioenergético mostré que las mitocondrias de ambas cepas
producen un A% similar cuando consumen oxigeno por la via citocrémica clasica
utilizando succinato como sustrato (Tabla 2); sin embargo, la cepa Ag mostré una
disminucién de la sintesis de ATP asociada con la expresion de la AOX desde las
primeras etapas del crecimiento. Se ha reportado que condiciones experimentales
similares (es decir, AW alto, succinato como suministro de electrones para la
cadena respiratoria y una disminucién de la actividad del complejo V) puede producir
el transporte inverso de electrones (RET) en el complejo | y conducir a un aumento
en la produccion de radicales libres (Robb et al., 2018). En este sentido, la AOX
transfiere los electrones de la QH> directamente a O, sin pasar por el complejo IV
y, por lo tanto, actua como una valvula de seguridad para evitar la reduccion
excesiva de la poza de quinonas (Robb et al., 2018; ElI-Khoury et al., 2013; El-
Khoury et al., 2014).

Es posible sugerir que la eliminacién de la subunidad g produce una
disminucién de la sintesis de ATP debido a que el dimero de la F1Fo-ATP sintasa
fue modificado, lo que resulta en un bajo consumo de A¥m, una acumulacion de
NADH y un aumento de produccion de ROS (es decir, a través de RET en el
complejo ). En este sentido, la produccion de ROS durante la oxidacion de
succinato se redujo por la expresion de AOX en la cepa Ag. Aunado a esto, la cepa

Ag mostré una reduccion del 20% en la sintesis de ATP.

Como se ha descrito, la subunidad g desempena un papel importante en la
zona periférica de la interfaz mondmero-monémero, y su eliminacién conduce a que
solo la subunidad e de un monémero se una a la subunidad k del otro monémero;
produciendo una interfaz débil. Es importante recordar que la comunicacion
mondmero-monomero es importante para estimular la actividad de ATPasa del V>

(Esparza-Perusquia et al., 2017); si consideramos que la F1Fo-ATP sintasa es
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termodinamicamente reversible a expensas de consumir o generar el A¥Ym,
entonces podemos suponer que la capacidad de sintesis de ATP es mayor por el
V2 que por el V1. Esta hipotesis es respaldada por el hecho de que la cepa Ag

presenta una baja sintesis de ATP.

Ademas de la participacion de la interfaz mondmero-mondémero en la
membrana interna, se ha propuesto que la subunidad g podria desempenar un papel
importante en la actividad de V. (Esparza-Perusquia et al., 2017). La actividad
ATPasa de Vowr fue 7 veces mayor que Viwrt, ademas de presentar una alta
sensibilidad a la oligomicina (Esparza-Perusquia et al., 2017). Por otro lado pudimos
caracterizar el V1iag (Tabla 3), sin embargo no se logré aislar el Voag ya que este se
disocia cuando pasa por el gradiente. Por lo tanto, la eliminacién de la subunidad g
no compromete la formacién del Vaag pero si la estabilidad de éste, asi como su
resistencia a los detergentes. Aunque se tiene que verificar su capacidad para
sintetizar ATP, podemos proponer que la velocidad de consumo del gradiente
electroquimico de protones disminuira y la proporcion de complejos respiratorios

reducidos aumentara.

Por ultimo, se observo que en la cepa Ag los respirasomas l1:(l112)1-2:(IV)1-4
son labiles y los complejos respiratorios se encuentran principalmente como
unidades independientes. Se ha reportado que el ensamble de los respirasomas
puede limitar la generacién de superoxido durante el flujo de electrones y el
consumo de oxigeno (Panov et al, 2007; Reyes-Galindo et al., 2019). La
inestabilidad de los respirasomas de la cepa Ag nos permite suponer que durante el
transporte de electrones aumenta la probabilidad de producir especies reactivas de
oxigeno a nivel de los complejos | y Il (Panov et al., 2007; Reyes-Galindo et al.,
2019). La relacion que existe entre la estabilidad del V2 (y la presencia de la
subunidad g) sobre los respirasomas es una hipdtesis que debe comprobarse

experimentalmente.
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Tabla 3. Parametros cinéticos para la actividad de hidrélisis de ATP para el dimero y el monédmero de la F1Fo-ATP sintasa de U. maydis.

Mondémero (Viwr)? Dimero (Vawr)® Monomero (Viag)?

F1Fo-ATP sintasa no activada

Vmax (umol ATP hidrolizado/mg 0.83 £0.05 0.54 +£0.08 0.58 £0.15
F1Fo-ATP sintasa-min™)
K (UM) 308 + 90 884 + 100 155 + 0.047
Keat (87 8.4+0.06 10.6 £ 0.15 5.86 £ 0.05
Keat/Km (M's™) 2.7x10*+0.3 x 10* 1.2x10*+0.1 x 10* 3.78 x10*+ 0.3 x 10*

F1Fo-ATP sintasa activada con DDM

Vimax (umol ATP hidrolizado/mg 1.43 + 0.04 9.60 +0.26 2.3+0.15
F1Fo-ATP sintasa-min™)
K (LM) 207 + 30 488 + 80 920 + 200
Keat () 14.5 + 0.03 207.7 + 0.03 23.26 + 0.1
Keat/Km (M's") 7.0 x10* + 0.2 X 10* 42x10°+0.2 X 10* 2.53x10*+0.08 X 10*
Ki (nM) para la oligomicina 169 £ 10 24 +3 52.7+4.4
160 + 17° 21 +4°
Relacién oligomicina / F1Fo-ATP 6.0 +0.43 0.85+0.12 5.03 +0.57

sintasa (mol/mol) para alcanzar el
50% de la inhibicion de ATPasa

@ = Los moles de F1Fo-ATP sintasa en las muestras V1y V2 se determinaron como se describe en la secciéon de procedimientos, y los parametros cinéticos se mostraron como
mg de F1Fo-ATP sintasa. ® = valores Ki calculados por el software DynaFit (ver seccién Material y métodos).
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7. CONCLUSIONES
La cepa Ag conserva el fenotipo respiratorio mitocondrial y la capacidad de
crecimiento empleando diferentes fuentes de carbono.
El tiempo de duplicacién celular y produccion de biomasa fue similar para ambas
cepas (WT y Ag) en las tres fuentes de carbono (1% etanol, 1% glucosa y 1%
lactato).
Las mitocondrias de la cepa Ag son mas grandes que las de la cepa WT.
La eliminacién de la subunidad g no compromete el estado bioenergético de la
mitocondria ya que la velocidad de consumo mitocondrial de oxigeno y el
potencial de membrana mitocondrial no se afectaron.
La sintesis de ATP mitocondrial disminuy6 un 20% en la cepa Ag.
En la cepa Ag la AOX se expresa a partir de la fase logaritmica de crecimiento
y se mantiene durante la fase estacionaria.
La presencia de la AOX en la cepa Ag esta asociada a una menor produccion
de espacies reactivas de oxigeno.
La cepa Ag no produce una gran cantidad de especies reactivas de oxigeno
comparado con la WT gracias a la presencia de la AOX desde las primeras
fases del crecimiento.
En la cepa Ag los supercomplejos son mas sensibles a la digitonina y los
complejos respiratorios se encuentran principalmente como supercomplejos
menores y unidades independientes.
La eliminacién de la subunidad g en U. maydis no compromete la dimerizacion
del complejo V pero modifica su estabilidad, a juzgar por su disociacion en
presencia de bajas concentraciones de digitonina.
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PERSPECTIVAS
Construir la mutante Ae y la doble mutante Ae/Ag.

Realizar experimentos de carbonilacién de proteinas como indicador de

estrés oxidativo.
Realizar experimentos de envejecimiento en la cepa Ag.

Realizar experimentos con diferentes sustratos por ejemplo alimentando el
Cl con NADH en células permeabilizadas.

Determinar la formacion de crestas mitocondriales de la cepa Ag en ayuno.
Determinar el potencial de membrana, la respiracion y sintesis mitocondrial

de ATP en células en ayuno de la cepa Ag.
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10. ANEXOS
10.1. Oligonucledtidos usados para la formacion del Knock-out para la
transformacion de Ustilago maydis.

Tabla 4. Oligonucleétidos utilizados para generar el plasmido knock-out y para verificar la cepa

mutante Ag.

Gen Secuencia del oligonucleétido
ATP20 U1 5'- GCGTAGTCGATGTCCTTGG -3
(sub g) U2 5- ATTTAAATGCTTCCTTGTATTCGGC -3'

U3 5'- GGCCATCTAGGCCGATGACCGTATTACCCGAAAGAC -3
D1 5'- GGCCTGAGTGGCCACGCTCGACAATTGAATTCG -3

D2 5'- ATTTAAATCTGGCATGTGCTCACC -3'

D3 5'- GGCCTGCCGTATCAAGTC -3'

P1 5'- TCCTCACACCATCCCCTT -3

P2 5'- GGGAGCAGCAGCTCGGC -3

Secuenciar M13F 5-GTTTTCCCAGTCACGAC -3'
M13R  5- CAGGAAACAGCTATGAC -3'
MF167 5'- AACTCGCTGGTAGTTACCAC -3'
MF168 5'- ACTAGATCCGATGATAAGCTG -3'

Las letras en negrita indican el sitio de corte para la enzima Swal o Sfil.

10.2. Transformacioén por biobalistica.
La trasformacion para generar la cepa Ag se realizé como lo reporta Bonnefoy
et al., (2002). Se cultiva la cepa WT en 30 mL de medio YPD durante 24 horas a
28°C, se toman 500 pL del cultivo para inocular 50 mL de YPD y se cultivan durante

24 horas a 28°C en agitacion orbital constante.

Las células se centrifugan a 2300 g por 5 min y el paquete celular se
resuspende en 600 pL de medio YPD. Las células se extienden en 6 cajas de Petri
con YPD-Agar suplementado con higromicina (50 ng higromicina B/mL de PBS) y

se dejan secar por 3 horas a temperatura ambiente en esterilidad.
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Preparacion de los microproyectiles y precipitacion del DNA. Se colocan 50
mg de microparticulas de tungsteno en un tubo de 1.5 mL y se esterilizan incubando
por 10 min con metanol al 70% (p/v). Se centrifugan a 13,200 g por 15 min y se
elimina cuidadosamente el sobrenadante. Las particulas se lavan con agua estéril
y se resuspenden hasta una concentracion de 50 mg/mL en 50% (v/v) glicerol y se
mantienen en hielo. Posteriormente se mezclan 5 ug del pUMa_1704 con 100 ug
de la suspension de particulas de tungsteno, 4 uL de espermidina 1 M (Cf= 26.66
mM) y 100 pL de CaClz 2.5 M (Cf= 1.66 M). Se agitan en vortex inmediatamente
después de la adicion de cada reactivo. Se adiciona 20 uL de la suspension en cada

uno de los microproyectiles.

Bombardeo de células. El bombardeo se realiza en un Biolistic Gun (PDS-
1000He BioRad) esterilizado con metanol al 70% (v/v) y siguiendo las instrucciones
del fabricante. Se bombardean las particulas a 1100 psi, considerando un vacio de
29 a 29.5 pulgadas de mercurio. Una vez realizado el bombardeo, las placas se
incuban de 5 a 7 dias a 28°C hasta que se observe el crecimiento de las colonias.

10.3. Solucién de Sales. El buffer 1x de solucidon de sales esta compuesto
por 117 mM de KH2POs4, 28.2 mM de NaSO4, 107 mM de KCI, 16.6 mM de
MgSOs, 9 mM de CaCla.

10.4. Elementos traza. El buffer 1x de elementos traza esta compuesto por
0.97 mM de H3BO3, 0.7 mM de MnCl2-4H20, 2.9 mM de ZnCl;, 0.18 mM de
NaMoO4-2H20, 0.37 mM de FeClz-6H20 y 1.6 mM CuSO4-5H-20, pH 7.0.

10.5. Cuantificacion de la cantidad de Fi1Fo-ATP sintasa en las muestras

Vowt, Viwt Y Viag.

Para cuantificar el contenido de F1Fo-ATP sintasa presente en las muestras

Vowt, Viwt Yy Viag (Figura S1), se resolvieron 10 ug de proteina de cada muestra
mediante SDS-Tricina-PAGE vy se tifieron con azul brillante de Coomassie® R250.
Se utiliz6 BSA como estandar en el mismo gel y su concentracion se determind
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mediante espectroscopia utilizando su coeficiente de extincion molar (¢ = 6.58 mM-
lem™ para el 1% (p/v) BSA). La intensidad de la tincién con azul de Coomassie®
R250 de la curva estandar de BSA fue lineal en el intervalo de concentracion de
proteina utilizada. El gel fue escaneado y la intensidad de la sefial de las
subunidades o y 3 del complejo V fue determinada por el software MylmageAnalysis
2.0 (ThermoScientific). EI mol (o la cantidad de moles) de cada subunidad se
determind usando el peso molecular de la proteina madura
(https://www.genome.jp/kegg/kegg2.html) y la estequiometria reportada para el

complejo V de S. cerevisiae.
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Figura S1. SDS-Tricina-PAGE de V1y V.. Las proteinas V1 (A), V2 (B) y V2ag (C) (10 pg por carril) se resolvieron mediante
geles de Tricina-SDS-PAGE y se tifieron con Coomassie® Blue. La intensidad de la subunidad o y 3 del complejo V se usé
para la cuantificacion de la concentracion de F1Fo-ATP sintasa usando una curva de BSA. i, ii, iii, y iv fueron muestras de V1
y V2, de diferentes preparaciones.
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Tabla 5. Cuantificacion del contenido de las subunidades o y B del Viwt de la F1Fo-ATP sintasa (4

diferentes muestras).

BSA (curva estandar)
Senal total
1.0 ng 5.474 Regresion lineal:
0.5 ug 2.140 r’=0.979; b=0.185m = 5.04
0.3 g 1.728
0.1ug 0.981
V1, muestra i
Subunidad Seiial total Bg mol proporcién a/p
o 2.210 0.4 7.27 x 1012
B 2.490 0.458 9.08 x 102 08
Promedio® = 8.18 x 102
V1, muestra ii
o 1.830 0.326 5.92 x 102
2.110 0.382 7.57 x 10712 08
Promedio® = 6.75 x 1012
V1, muestra iii
o 1.690 0.298 5.41 x 102
2.040 0.368 7.29x 102 o
Promedio?® = 6.35 x 102

Los datos se obtuvieron del andlisis de las proteinas tefiidas en gel mostradas en la Figura S1 =
Dado que o/ tienen una estequiometria 1:1 en la F1Fo-ATP sintasa nativa, el valor para o y B se
enfocé como el promedio de sus valores independientes.
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Tabla 6. Calculo del contenido de F1Fo-ATP sintasa en diferentes muestras de V1wt aislados.

MV\! Muestra i Muestra ii Muestra iii

subnced | “pata® | pmotde, | omottor | wr | TN, | pmottont | | S0, | oot |
o (x3) 55047 2.72 8.18 0.450 2.25 6.75 0.372 212 6.35 0.350
B (x3) 50465 2.72 8.18 0.412 2.25 6.75 0.341 212 6.35 0.320
b (x2) 22281 2.72 5.45 0.121 2.25 4.50 0.100 212 4.24 0.010
Y (x1) 33157 2.72 2.72 0.090 2.25 2.25 0.075 212 2.12 0.070
a (x1) 27742 2.72 2.72 0.075 2.25 2.25 0.062 212 2.12 0.059
OSCP (x1) 21001 2.72 2.72 0.057 2.25 2.25 0.047 212 2.12 0.045
d (x1) 15552 2.72 2.72 0.042 2.25 2.25 0.035 212 2.12 0.033
f(x1) 7371 2.72 2.72 0.020 2.25 2.25 0.017 212 2.12 0.016
8 (x1) 14615 2.72 2.72 0.039 2.25 2.25 0.033 212 2.12 0.031
h (x1) 10419 2.72 2.72 0.028 2.25 2.25 0.023 212 2.12 0.022
€ (x1) 7538 2.72 2.72 0.021 2.25 2.25 0.017 212 2.12 0.016
Inh1 (x1) 7281 2.72 2.72 0.019 2.25 2.25 0.016 212 2.12 0.015
¢ (x12) 7394 2.72 32.6 0.244 2.25 27.0 0.200 212 25.4 0.188
ifj (x1) 6454 2.72 2.72 0.018 2.25 2.25 0.015 212 2.12 0.014
8 (x1) 5713 2.72 2.72 0.016 2.25 2.25 0.013 212 2.12 0.012

g (x0) 17300 — — — — — — — — —

e (x0) 9240 — — — — — — — — —
Total 606 669 87.8 1.652 69.8 1.366 65.7 1.201

@ = El valor en ug fue calculado como (MW de la subunidad madura) x (moles totales).
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Tabla 7. Cuantificacion del contenido de las subunidades o y B del Vawt de la F1Fo-ATP sintasa (4

diferentes muestras).

BSA (curva estandar)
Senial total
1.0 ng 6.076 Regresion lineal:
0.5 ug 3.038 r?=0.999; b =0.242; m=5.78
0.3 g 1.930
0.1 ug 0.909
V2, muestra i
Subunidad Seial total [T mol Proporcién a/f
o 1.569 0.2295 4.169 x 102
B 1.635 0.2409 4.77 x 1072 09
Promedio?® = 4.47 x 1012
V2, muestra ii
o 1.143 0.1558 2.83x 1012
1.320 0.1865 3.7x 1072 08
Promedio? = 3.27 x 1012
V2, muestra iii
o 2.192 0.337 6.12x 1012
1.524 0.2217 4.39 x 102 14
Promedio?® = 5.26 x 1012

Los datos se obtuvieron del andlisis de las proteinas tefiidas en gel mostradas en la Figura S1 =
Dado que o/ tienen una estequiometria 1:1 en la F1Fo-ATP sintasa nativa, el valor para o y B se

enfocd como el promedio de sus valores independientes.
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Tabla 8. Calculo del contenido de F1Fo-ATP sintasa en diferentes muestras de Vowr aislados.

MV\! Muestra i Muestra ii Muestra iii

subunided | “iuda® | pmotde, | ottt |t | ST, | pmottoar |t | ST, | pmottot |
o (x3) 55047 1.49 4.47 0.246 1.09 3.27 0.180 1.75 5.26 0.290

B (x3) 50465 1.49 4.47 0.226 1.09 3.27 0.165 1.75 5.26 0.265

b (x2) 22281 1.49 2.98 0.066 1.09 2.18 0.049 1.75 3.50 0.078

Y (x1) 33157 1.49 1.49 0.049 1.09 1.09 0.036 1.75 1.75 0.058

a (x1) 27742 1.49 1.49 0.041 1.09 1.09 0.030 1.75 1.75 0.049
OSCP (x1) 21001 1.49 1.49 0.031 1.09 1.09 0.023 1.75 1.75 0.037
d (x1) 15552 1.49 1.49 0.023 1.09 1.09 0.017 1.75 1.75 0.027
f(x1) 7371 1.49 1.49 0.011 1.09 1.09 0.008 1.75 1.75 0.013
8 (x1) 14615 1.49 1.49 0.022 1.09 1.09 0.016 1.75 1.75 0.026

h (x1) 10419 1.49 1.49 0.016 1.09 1.09 0.011 1.75 1.75 0.018

€ (x1) 7538 1.49 1.49 0.011 1.09 1.09 0.008 1.75 1.75 0.013
Inh1 (x1) 7281 1.49 1.49 0.011 1.09 1.09 0.008 1.75 1.75 0.013
¢ (x12) 7394 1.49 17.9 0.132 1.09 13.1 0.097 1.75 21.0 0.155
ifj (x1) 6454 1.49 1.49 0.010 1.09 1.09 0.007 1.75 1.75 0.011

8 (x1) 5713 1.49 1.49 0.009 1.09 1.09 0.006 1.75 1.75 0.010

g (x1) 17300 1.49 1.49 0.026 1.09 1.09 0.019 1.75 1.75 0.030

e (x1) 9240 1.49 1.49 0.014 1.09 1.09 0.010 1.75 1.75 0.016
Total 606 669 25.33 49.2 0.944 18.53 36.0 0.690 29.75 57.8 0.476

@ = El valor en ug fue calculado como (MW de la subunidad madura) x (moles totales).
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Tabla 9. Cuantificacion del contenido de las subunidades o y B del V1ag de la F1Fo-ATP sintasa (4
diferentes muestras).

BSA (curva estandar)
Senal total
1.0 ug 6.076 Regresion lineal:
0.5 ug 3.038 r=0.999; b =0.242; m=5.78
0.3 ug 1.930
0.1 ug 0.909
V1ag, muestra i
Subunidad Seiial total Mg mol Proporcion a/f
o 1.569 0.4788 8.7 x 102
B 1.635 0.4788 9.49 x 102 092
Promedio? = 9.09 x 102
Viag, muestra ii
o 1.143 0.5331 9.68 x 10712
B 1.320 0.571 11.31x 102 0.6
Promedio?® = 10.50 x 102
ViAg, muestra iii
o 3.990 0.4475 8.13 x 1012
B 3.290 0.4998 9.90 x 10°"2 062
Promedio? = 9.02 x 102
Viag, muestra iv
o 2.192 0.3615 6.57 x 10712
B 1.524 0.3919 7.77 x 1072 085
Promedio? = 7.17 x 102

Los datos se obtuvieron del andlisis de las proteinas tefiidas en gel mostradas en la Figura S1 =
Dado que o/ tienen una estequiometria 1:1 en la F1Fo-ATP sintasa nativa, el valor para o y  se
enfocé como el promedio de sus valores independientes.
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Tabla 10. Calculo del contenido de F1Fo-ATP sintasa en diferentes muestras de V1ag4 aislados.

MV\! Muestra i Muestra ii Muestra iii Muestra iv
subunidad | *paies” | pmotde, | omoton | wr | 20, | ottt | | ke, | omottont | g | 2, | ot |

o (x3) 55047 3.0310 9.0929 0.5005 3.4999 10.4996 0.5780 3.0056 9.0167 0.4963 3.7887 11.3661 0.6257
B (x3) 50465 3.0310 9.0929 0.4589 3.4999 10.4996 0.5299 3.0056 9.0167 0.4550 3.7887 11.3661 0.5736
b (x2) 22281 3.0310 6.0619 0.1351 3.4999 6.9997 0.1560 3.0056 6.0111 0.1339 3.7887 7.5774 0.1688
y (x1) 33157 3.0310 3.0310 0.1005 3.4999 3.4999 0.1160 3.0056 3.0056 0.0997 3.7887 3.7887 0.1256
a (x1) 27742 3.0310 3.0310 0.0841 3.4999 3.4999 0.0971 3.0056 3.0056 0.0834 3.7887 3.7887 0.1051
OSCP (x1) 21001 3.0310 3.0310 0.0637 3.4999 3.4999 0.0735 3.0056 3.0056 0.0631 3.7887 3.7887 0.0796
d (x1) 15552 3.0310 3.0310 0.0471 3.4999 3.4999 0.0544 3.0056 3.0056 0.0467 3.7887 3.7887 0.0589
f(x1) 7371 3.0310 3.0310 0.0223 3.4999 3.4999 0.0258 3.0056 3.0056 0.0222 3.7887 3.7887 0.0279
3 (x1) 14615 3.0310 3.0310 0.0443 3.4999 3.4999 0.0512 3.0056 3.0056 0.0439 3.7887 3.7887 0.0554
h (x1) 10419 3.0310 3.0310 0.0316 3.4999 3.4999 0.0365 3.0056 3.0056 0.0313 3.7887 3.7887 0.0395
€ (x1) 7538 3.0310 3.0310 0.0228 3.4999 3.4999 0.0264 3.0056 3.0056 0.0227 3.7887 3.7887 0.0286
Inh1 (x1) 7281 3.0310 3.0310 0.0221 3.4999 3.4999 0.0255 3.0056 3.0056 0.0219 3.7887 3.7887 0.0276
c (x12) 7394 3.0310 36.3716 0.2689 3.4999 41.9984 0.3105 3.0056 36.0666 0.2667 3.7887 45.4643 0.3362
ilj (x1) 6454 3.0310 3.0310 0.0196 3.4999 3.4999 0.0226 3.0056 3.0056 0.0194 3.7887 3.7887 0.0245
8 (x1) 5713 3.0310 3.0310 0.0173 3.4999 3.4999 0.0200 3.0056 3.0056 0.0172 3.7887 3.7887 0.0216

g (x1) 17300 - - - - - - - - - - -

e (x1) 9240 - - - - - - - - - - -
Total 606 669 45.4645 93.9599 1.8388 52.4981 108.4960 | 2.1233 45.0833 93.1721 1.8234 56.8304 117.4495 | 2.2985

@ = El valor en nug fue calculado como (MW de la subunidad madura) x (moles totales).
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10.6. Cuantificacion de la cantidad de F1Fo-ATP sintasa en las mitocondrias
de las cepas WT y Ag.
La cuantificacion del contenido de F1Fo-ATP sintasa presente en las WT y Ag

(Figura S2), se resolvié como se describié en el punto 10.4 (anexo).
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Figura S2. SDS-Tricina-PAGE de las mitocondrias WT y Ag. Las proteinas WT (A) y Ag (B) se resolvieron mediante geles
de Tricina-SDS-PAGE y se tifieron con Coomassie® Blue. La intensidad de la subunidad o y  del complejo V se uso para la
cuantificacion de la concentraciéon de F1Fo-ATP sintasa usando una curva de BSA.
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Tabla 11. Cuantificacion del contenido de las subunidades a y B de la F1Fo-ATP sintasa total en las

mitocondrias de la cepa WT.

BSA (curva estandar)
Senal total
0.1 ug 21588 R =0.9992; b = 19301.42; m = 20080.02
0.3 g 25186
0.5ug 29812
0.8 ng 35980
WT Muestra i (10pg)
Subunidad Seiial total Kg mol Pro;:z;cién
o 25443 0.295 5.36
26985 0.369 7.31 o7
Promedio?® 6.34
WT Muestra ii (15ug)
o 27756 0.406 7.38
30069 0.518 10.26 0.72
Promedio?® 8.82
WT Muestra iii (20pu9)
o 32125 0.616 11.19
34952 0.752 14.90 0.75
Promedio?® 13.05

Los datos se obtuvieron del andlisis de las proteinas tefiidas en gel mostradas en la Figura S2 =
Dado que o/B tienen una estequiometria 1:1 en la F1Fo-ATP sintasa nativa, el valor para a y B se
enfocd como el promedio de sus valores independientes.
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Tabla 12. Calculo del contenido de F1Fo-ATP sintasa total en las mitocondrias de la cepa WT.

MV\! Muestra i Muestra ii Muestra iii
subnced | “Tpia® | prde, | omottor | | S0, | omottont | e | SO, | oot |

o (x3) 55047 2.1118 6.3355 0.3488 2.9400 8.8200 0.4855 4.3486 13.0459 0.7181

B (x3) 50465 2.1118 6.3355 0.3197 2.9400 8.8200 0.4451 4.3486 13.0459 0.6584

b (x2) 22281 2.1118 4.2237 0.0941 2.9400 5.8800 0.1310 4.3486 8.6973 0.1938

¥ (x1) 33157 2.1118 2.1118 0.0700 2.9400 2.9400 0.0975 4.3486 4.3486 0.1442

a (x1) 27742 2.1118 2.1118 0.0586 2.9400 2.9400 0.0816 4.3486 4.3486 0.1206
OSCP (x1) 21001 2.1118 2.1118 0.0444 2.9400 2.9400 0.0617 4.3486 4.3486 0.0913
d (x1) 15552 2.1118 2.1118 0.0328 2.9400 2.9400 0.0457 4.3486 4.3486 0.0676
f(x1) 7371 2.1118 2.1118 0.0156 2.9400 2.9400 0.0217 4.3486 4.3486 0.0321
8 (x1) 14615 2.1118 2.1118 0.0309 2.9400 2.9400 0.0430 4.3486 4.3486 0.0636

h (x1) 10419 2.1118 2.1118 0.0220 2.9400 2.9400 0.0306 4.3486 4.3486 0.0453

€ (x1) 7538 2.1118 2.1118 0.0159 2.9400 2.9400 0.0222 4.3486 4.3486 0.0328
Inh1 (x1) 7281 2.1118 2.1118 0.0154 2.9400 2.9400 0.0214 4.3486 4.3486 0.0317
¢ (x12) 7394 2.1118 25.3421 0.1874 2.9400 35.2801 0.2609 4.3486 52.1837 0.3858
ifj (x1) 6454 2.1118 2.1118 0.0136 2.9400 2.9400 0.0190 4.3486 4.3486 0.0281

8 (x1) 5713 2.1118 2.1118 0.0121 2.9400 2.9400 0.0168 4.3486 4.3486 0.0248

g (x1) 17300 2.1118 2.1118 0.0365 2.9400 2.9400 0.0509 4.3486 4.3486 0.0752

e (x1) 9240 2.1118 2.1118 0.0195 2.9400 2.9400 0.0272 4.3486 4.3486 0.0402
Total 606 669 35.9013 69.6908 1.3372 49.9802 97.0203 1.8616 73.9269 143.5052 | 2.7536

@ = El valor en ug fue calculado como (MW de la subunidad madura) x (moles totales).
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Tabla 13. Cuantificacion del contenido de las subunidades a y B de la F1Fo-ATP sintasa total en las
mitocondrias de la cepa Ag.

BSA (curva estandar)
Senal total
0.1 ug 17219 R =0.9986; b = 15030.90; m = 21929.1
0.3 ng 21331
0.5ng 26471
0.8 ng 32382
Ag Muestra i (10pg)
Subunidad Senal total By mol Pro;:z;cmn
o 19275
0.193 3.51 0.57
21845 0.311 6.16
Promedio® 4.83
Ag Muestra ii (15pg)
o 23387 0.381 6.92
25443 0.475 9.41 0.74
Promedio® 817
Ag Muestra iii (20pg)
o 26728 0.533 968
30840 0.721 14.29 0.68
Promedio® 11.98

Los datos se obtuvieron del andlisis de las proteinas tefiidas en gel mostradas en la Figura S2 =
Dado que o/ tienen una estequiometria 1:1 en la F1Fo-ATP sintasa nativa, el valor para o y B se
enfocd como el promedio de sus valores independientes.
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Tabla 14. Calculo del contenido de F1Fo-ATP sintasa total en las mitocondrias de la cepa Ag.

MW Muestra i Muestra ii Muestra iii

suburiéed | i’ | pmotde, | mottont | | S0, | pmottor | | ST, | pmottott |
a (x3) 55047 16115 4.8344 0.2661 27223 8.1669 0.4496 3.9950 11.9849 | 0.6597
B (x3) 50465 1.6115 48344 | 0.2440 2.7223 8.1669 | 0.4121 3.9950 11.9849 | 0.6048
b (x2) 22281 1.6115 3.2229 | 0.0718 2.7223 5.4446 | 0.1213 3.9950 7.9899 | 0.1780
v (x1) 33157 1.6115 1.6115 0.0534 2.7223 27223 | 0.0903 3.9950 3.9950 | 0.1325
a(x1) 27742 1.6115 16115 | 0.0447 2.7223 2.7223 | 0.0755 3.9950 3.9950 | 0.1108
OSCP (x1) 21001 1.6115 1.6115 0.0338 2.7223 27223 | 0.0572 3.9950 3.9950 | 0.0839
d (x1) 155562 1.6115 1.6115 0.0251 2.7223 2.7223 0.0423 3.9950 3.9950 0.0621
f(x1) 7371 1.6115 1.6115 0.0119 2.7223 2.7223 0.0201 3.9950 3.9950 0.0294
3 (x1) 14615 1.6115 1.6115 0.0236 2.7223 27223 | 0.0398 3.9950 3.9950 | 0.0584
h (x1) 10419 1.6115 16115 | 0.0168 2.7223 2.7223 | 0.0284 3.9950 3.9950 | 0.0416
e (x1) 7538 1.6115 16115 | 0.0121 2.7223 27223 | 0.0205 3.9950 3.9950 | 0.0301
Inh1 (x1) 7281 1.6115 1.6115 0.0117 2.7223 2.7223 0.0198 3.9950 3.9950 0.0291
¢ (x12) 7394 1.6115 19.3376 | 0.1430 2.7223 32.6676 | 0.2415 3.9950 47.9395 | 0.3545
ifj (x1) 6454 1.6115 1.6115 0.0104 2.7223 2.7223 0.0176 3.9950 3.9950 0.0258
8 (x1) 5713 1.6115 1.6115 0.0092 2.7223 2.7223 0.0156 3.9950 3.9950 0.0228
g (x1) 17300 1.6115 1.6115 | 0.0000 2.7223 2.7223 | 0.0000 3.9950 3.9950 | 0.0000
e (x1) 9240 1.6115 1.6115 0.0149 2.7223 27223 | 0.0252 3.9950 3.9950 | 0.0369
Total 606 669 27.3949 53.1783 | 0.9925 46.2792 89.8360 | 1.6767 67.9143 131.8337 | 2.4605

@ = El valor en ug fue calculado como (MW de la subunidad madura) x (moles totales).
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ARTICLE INFO ABSTRACT
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Ustilago maydis mitochondria

Ustilago maydis is an aerobic basidiomycete that fully depends on oxidative phosphorylation for its supply of
ATP, pointing to mitochondria as a key player in the energy metabolism of this organism. Mitochondrial F;F¢-
ATP synthase occurs in supramolecular structures. In this work, we isolated the monomer (640 kDa) and the
dimer (1280 kDa) and characterized their subunit composition and kinetics of ATP hydrolysis. Mass spectro-
metry revealed that dimerizing subunits e and g were present in the dimer but not in the monomer. Analysis of

the ATPase activity showed that both oligomers had Michaelis-Menten kinetics, but the dimer was 7 times more
active than the monomer, while affinities were similar. The dimer was more sensitive to oligomycin inhibition,
with a K; of 24 nM, while the monomer had a K; of 169 nM. The results suggest that the interphase between the
monomers in the dimer state affects the catalytic efficiency of the enzyme and its sensitivity to inhibitors.

1. Introduction

The F1Fy-ATP synthase is the principal source of cellular ATP. The
yeast mitochondrial F1Fy-ATP synthase is a 600 kDa complex that
contains at least 17 distinct subunits [1] organized into a catalytic so-
luble-component called F;, with three catalytic sites, and a membrane-
spanning component called F,, composed by hydrophobic subunits
forming a specific proton channel. Fy and F; are linked by central and
peripheral stalks [2]. The enzyme uses the proton electrochemical
gradient generated by the respiratory chain to produce ATP from ADP
and inorganic phosphate. This enzyme is a nano-motor where the
proton translocation through F, induces the rotation of a ring of 9-14
hydrophobic c-subunits [3], which drives the rotation of a central stalk
inside the catalytic head which results in the synthesis of ATP [4].

The mitochondrial ATP synthase acquires supramolecular structures
that have been found in many organisms by native gel electrophoresis,
mainly in the dimeric form [5-7] but also in higher molecular forms
(i.e. tetramers, hexamers) according to the electrophoresis technique
used [7-10]. Depending on the detergent used during the extraction
and the purification procedures, the isolated complexes were monomers
and/or dimers as shown by electron microscopy single particle analysis
[11-16], although higher structures such as tetramers have also been
reported [16].

Dimers of mitochondrial ATP synthase have been observed in situ by

atomic force microscopy [17], transmission electron microscopy [16]
and electron cryo-tomography [18]. Higher supramolecular structures
(tetramers, hexamers) have been reported both in blue native gel and
cross-linking experiments showing that subunits e and g are involved in
dimer stabilization [19] and the oligomerization process [7,20-22].

The ATP synthase dimer from Saccharomyces cerevisiae adopts a V-
like structure with the two F, parts linked together [23]. Several F,
subunits, as e, g, i, k and 8, are essential for dimerization [5,23] and
oligomerization [19], but are not involved in the ATPase or ATP syn-
thase activity.

Even though the dimer's structure and its role in cristae architecture
have been defined with high precision, only a few attempts have been
made to understand the effect of oligomerization on ATPase activity.
Because the ATP synthase oligomers remain in the native state, BN-
PAGE had been combined with in-gel activity staining to estimate
ATPase activity [7,21,24-26]. However, the results are not conclusive
due to differences in assay conditions, optimization of the in-gel ATPase
assay, and/or ADP accumulation in the assay mixture. Therefore, it is
important to study spectrophotometrically the ATPase activity to fa-
cilitate the comparison of the specific activities of monomer and dimer
of the F1Fy-ATP synthase.

In this work, the dimer and monomer of the F;Fy-ATP synthase from
Ustilago maydis, an aerobic basidiomycete, were solubilized with digi-
tonin, a soft detergent, and isolated by sucrose gradient centrifugation.
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It was determined by MS/MS analysis that the dimer showed the sub-
units e and g as dimerizing components; additionally, the dimer was 7
times more active than the monomer and more sensitive to oligomycin.
Thermostability kinetics showed that the dimer dissociates into
monomers previous to their inactivation. The apparent T, was about
52 °C for both oligomeric states. This is the first report on the kinetic
characterization of the isolated dimer and monomer of the F;Fy-ATP
synthase from a single organism, and it shows that these oligomeric
states have different catalytic properties besides their subunit compo-
sition. In this sense, a new role of the interphase between individual
monomers is discussed.

2. Materials and methods
2.1. Cell culture and mitochondria isolation

Ustilago maydis cells (strain FB2) were prepared as previously de-
scribed [27]. U. maydis mitochondria were isolated using the method
described by Waterfield and Sisler [28].

2.2. Solubilisation and isolation of dimer and monomer of F;Fo-ATP
synthase

The dimer (Vy) and monomer (V;) of F;Fy-ATP synthase from U.
maydis mitochondria (35 mg) were solubilized as described [29-31], by
incubation at 4 °C for 30 min with digitonin (detergent/protein ratio of
2:1), and centrifuged at 100,000 g for 30 min at 4 °C. The supernatant
was recovered (16 mg protein) and immediately loaded on 24 ml of a
continuous sucrose gradient (16-42% sucrose, 15 mM Tris, pH 7.4,
20 mM KCl, and 0.2% digitonin). This mixture was centrifuged at
131,000 g for 18 h at 4 °C. Fractions (0.5 ml) were collected from the
bottom of the gradient. Fractions containing V; and V, were identified
by hrCN-PAGE [29], pooled separately and diluted 10 folds with 30 mM
HEPES, pH 8.0 and 5% glycerol and concentrated using a Centrifugal
Filters Units (100 K, Millipore Amicon Ultra) to a final volume of
100 pl, and stored at — 70 °C until used. The concentration of F;F,-ATP
synthase in each V; and V, sample was determined by a densitometry
analysis of Coomassie© Brilliant Blue R-125 stained a- and -subunits
from an SDS-Tricine-PAGE, using Coomassie stained BSA as a standard
(see Supplemental material section, Fig. S1). Densitometry analysis was
performed with ImageJ software [32].

For hrCN-PAGE, 50 pg protein (per lane) were applied to 4-10%
native-PAGE gels and run at 4 °C, 35V for 10 h. The molecular weight
of complexes and supercomplexes was determined by their electro-
phoretic mobilities and in-gel catalytic activities, using the complexes
of digitonin-solubilized bovine heart mitochondria as standards.

The in-gel activity of complex V was performed as described by
Jung [30] in 50 mM glycine (adjusted to pH 8.0 with triethanolamine),
10 mM MgCl,, 0.15% Pb(ClO,), and 5 mM ATP. The presence of re-
spiratory complexes and supercomplexes was determined by their in-
gel activity, and by MS/MS analysis (see Supplemental material section,
Fig. S1).

2D-Tricine-SDS-polyacrylamide gel electrophoresis (2D-SDS-PAGE)
was performed according to Schagger [31] on a 16% polyacrylamide
gel under denaturing conditions, and proteins were visualized with
Coomassie and used for subunit identification by tandem mass spec-
trometry (LC/ESI-MS/MS) [33]. Database searching and protein iden-
tification were performed with the MS/MS spectra data sets using the
MASCOT search algorithm (version 1.6b9, Matrix Science, London,
U.K., available at http://www.matrixscience.com). Mass tolerances of
0.5 Da for the precursor and 0.3 Da for the fragment ion masses were
used. Carbamidomethyl-cysteine was the fixed modification, and one
missed cleavage for trypsin was allowed. Searches were conducted
using the Fungi subset of the NCBI nr database (http://www.ncbi.nih.
gov). Protein identifications were accepted when at least two MS/MS
spectra matched at 95% confidence level (p < 0.05).
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Fig. 1. Isolation, in-gel activity, and subunit composition of the dimer (V,) and monomer
(V1) of the F;Fy-ATP synthase. V, and V; from Ustilago maydis mitochondria were solu-
bilized with digitonin and subsequently isolated by sucrose-gradient ultracentrifugation
and their in-gel activity analyzed by hrCN-PAGE (A). Fractions from the bottom [12-13]
and the middle [19-22] of the sucrose gradient were used to obtain isolated V, and V;,
respectively (B). Inhibition by oligomycin of the in-gel ATPase activity of isolated V, or V;
(C). Note that no F; activity was observed. Coomassie stained of V; and V, proteins from
CN-PAGE (D). The in-gel activity of V, and V; were excised from CN-PAGE gel and
proteins were resolved by 2D-Tricine-SDS-PAGE and subunits identities elucidated by
MS/MS (E, and Table 1).

2.3. Measurements of ATP hydrolysis by F;1F,-ATP synthase dimer and
monomer

ATP hydrolysis by isolated V; or V, was measured spectro-
photometrically at 25 °C using an assay coupled to the oxidation of
NADH (es40nm = 6.2mM ™~ *em™ 1) in an Agilent 8453 UV-visible
spectrophotometer (Agilent Technologies, USA). The assay medium
contained 50 mM HEPES, pH 8.0, 1 mM MgSO,, 90 mM KCl; the ATP-
regenerating system was 5mM phosphoenolpyruvate (PEP), 0.2 mM
NADH, 50 units/ml of pyruvate kinase (PK), and 30 units/ml of lactate
dehydrogenase (LDH). The protein concentration was 10-15 pg F;Fq-
ATP synthase/ml, and the ATPase reaction was started by the addition
of the enzyme and NADH absorbance was continuously monitored (see
Supplemental material section). The time response, checked by ADP
additions, was < 1 s. Initials velocities were further obtained from the
slope of the linear region in each spectrophotometric recording, and the
linear region of the traces was corroborated with the plot of the first-
derivative against time (see Supplemental material section). Since a
non-specific NADH oxidation was observed prior to the enzyme addi-
tion, the actual value of ATPase activity was calculated as the
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Table 1
Molecular mass and subunit identity of complex V; and V, Ustilago maydis mitochondria.

BBA - Bioenergetics 1858 (2017) 975-981

V, (1200 kDa) V; (660 kDa) Molecular mass (kDa)

Subunit identity

Exclusive unique peptides

Unique exclusive spectra/total spectra Coverage (%) Access number NCBI

a a 55.05 16
B B 50.47 21
Y % 31.16 9
a a 27.74 5
b b 22.28 7
0OSCP OSCP 21.00 7
d d 15.55 3
8 8 14.62 4
h h 10.42 5
€ € 7.54 7
c c 7.39 7
f f 7.37 3
Inh1 Inh1 7.28 5
i/j i/j 6.45 5
8 8 5.71 5
g — 17.3 5
e — 9.24 6
Accessory proteins

ANT ANT 33.75 11
PC PC 34 12
PHB2 PBH2 35.56 13
PHB1 PBH1 29.76 11

20/41 32 XP_011392137
39/99 50 XP_011389783
10/18 39 XP_011388164
6/10 40 QOH8Y6

7/9 21 XP_011392148
8/14 38 XP_011388314
4/9 41 XP_011392758
4/4 39 XP_011387060
7/9 43 XP_011388666
9/22 74 XP_011391935
10/15 62 QOH8W9

3/5 32 XP_011388343
6/11 41 XP_011388667
5/9 36 XP_011391953
6/11 28 QOH8Y5

6/14 22 XP_011386964
8/14 31 XP_011389516
12/23 32 XP_011386926
13/25 30 XP_011388175
17/75 43 XP_011391320
15/49 32 XP_011390099

The molecular weight from V, and V; was determined by BN-PAGE using mitochondrial respiratory complexes from heart bovine as standard. The subunit molecular weight was
determined by 2D-Tricine-SDS-PAGE. ANT = adenine nucleotide translocase; PC = phosphate carrier; PHB1 = prohibitin 1; PHB2 = prohibitin 2; ANT = ADP/ATP carrier protein. The
identity of each protein was determined by mass spectrometry. The accession number was obtaining from NCBI.

subtraction of the slope of this region from the slope that is obtained
after adding the enzyme (see Supplemental material section).
Oligomycin (3 uM) was added to inhibit ATPase activity and verify
F1Fo-ATP synthase integrity. Only samples with ATPase activity 100%
inhibited by oligomycin were used in this study. Data for the hydrolysis
of ATP were analyzed by robust, weighted, non-linear regression ana-
lysis using the SigmaPlot software (Systat Software, Inc., Version 10.0),
and represent the average of three replicates from five independent
preparations.

2.4. Thermal inactivation of F1Fy-ATP synthase dimer and monomer

V, or V; (500 pg/ml) were suspended in a medium containing
50 mM HEPES, pH 8.0, 1 mM MgSO,4, 90 mM KCl. 250 ul was placed
into a glass tube and heated at indicated temperatures for 15 min. The
suspension was cooled to room temperature, and a 100 pl aliquot was
drawn and immediately assayed at 25 °C for Mg-ATP hydrolysis in the
presence of an ATP-regenerating system as described in previously
section. Triplicates were performed at each temperature, as well as a
control sample which was kept at room temperature for an equal length
of time before essay.

2.5. Oligomycin inhibition of F1Fy-ATP synthase dimer and monomer

Continuous monitoring of ATP hydrolysis by F1Fo-ATP synthase V,
or V; coupled to NADH oxidation was carried out as described in the
previous section. ATP hydrolysis was initiated by Mg-ATP addition;
after 2-4 min oligomycin was added and ATPase activity decayed.
Because oligomycin is a slow-binding inhibitor the total recording time
for maximal ATPase activity inhibition, at different oligomycin con-
centrations, was about 25-35 min. The spectrophotometric recording
was used to calculate the residual activity of ATPase as V(I) / V(0). V(0)
is the constant rate of absorbance variation before oligomycin addition
in absorbance units per second (proportional to the initial ATPase ac-
tivity), and V(I) the final rate of absorbance variation after oligomycin
addition (proportional to the final ATPase activity). To calculate the K;
the relation between the 1 — (V(I) / V(0)) ratio and the inhibitor
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concentration ([I]) were fitted to the following function:

1-vVD/VO)=1- @+ Q—v)/Q + [1]/Ky) (€D)]

where v, is the inhibitor-insensitive fraction of V(0) (always lower than
3%). Initially, it was assumed that the [I] was much higher than the
enzyme concentration. Therefore, the total and free concentrations of
the [I] could be considered identical and constant during the kinetics of
inhibition; however, when the concentration of F;Fy-ATP synthase was
quantified, it was observed a low oligomycin/F;F,-ATP synthase ratio
when the oligomycin concentration was lower than 1 puM (Fig. 3C).
With this information, a new statistical analysis of data was performed
with the DynaFit software [34], in which no assumption about a higher
concentration of oligomycin over the concentration of the enzyme is
required. The Ki values obtained by both methods were similar and
were inserted in Table 2. Oligomycin/F;Fy-ATP synthase ratio was
determined from F;F,-ATP synthase concentration and the oligomycin
used in each spectrophotometric assay.

3. Results

3.1. Isolation of dimeric and monomeric F1Fy-ATP synthase and subunits
identification

Dimeric and monomeric ATP synthase were extracted from U.
maydis mitochondria with digitonin and isolated by sucrose density
gradient centrifugation. The presence of isolated dimeric and mono-
meric F1Fo-ATP synthase at the bottom and the middle of the sucrose
density gradient, respectively, was confirmed by ATPase activity
staining in hrCN-PAGE (Fig. 1A). The V5 and V; samples were pooled
independently and concentrated until F;Fy-ATP synthase content was
similar as monitored by Coomassie Blue staining of the a and 3 subunits
(Fig. 1E); their integrity was analyzed by hrCN-PAGE (Fig. 1B). These
samples contained oligomycin-sensitive ATPase activity corresponding
to V, or V; without free F; sector (Fig. 1C). As expected, the Coomassie®
stain (Fig. 1D) showed the presence of supercomplexes (I-III,-IV) and
complex I in the V, sample, while individual complexes III, and IV were
observed in V; sample (see Supplemental material section). Therefore,
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to compare the kinetics of V; and Vs, the concentration of F;Fy-ATP
synthase was determined in each V, and V; preparations, and the A-
TPase activities were corrected by the actual amount of complex V
present (see Supplemental material section). The molecular weight
calculated for V; and V5 was 660 and 1200 kDa respectively.

The V, and V; samples were analyzed by MS/MS tandem spectro-
metry. The monomer showed the complete set of F;Fy-ATP synthase
subunits (Fig. 1E and Table 1); the dimer showed the supernumerary
subunits e and g (Table 1), which have been related to the dimerization
process of FiFy-ATP synthase [5-7]. Interestingly, the ADP/ATP
translocase (ANT) and phosphate carrier (PC) were joined to both oli-
gomeric states (Fig. 1E), suggesting the presence of the ATP-syntha-
some. Also, prohibitin 1 (PBH1) and 2 (PBH2) were associated to both
oligomers. Then, it was possible to obtain both V, and V; separated
from each other with oligomycin-sensitive ATPase activity.

3.2. Kinetics of ATP hydrolysis by the dimer and monomer of F{Fy-ATP
synthase

ATPase activity of V; and V, was dependent on Mg-ATP concentration
(Fig. 2A and B) and showed a Michaelis-Menten kinetics for the hydrolysis
of ATP. Vp.x value was 0.83 + 0.05 umol ATP hydrolyzed(mg F;Fy-A-
TP synthasemin)_1 and a K, = 308 + 90uM for V; (Fig. 2G, close
circles); while V, exhibited a low ATPase activity, with a
Vmax = 0.54 * 0.08 pmol ATP hydrolyzed(mg F;Fo-
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ATP synthasemin) " ! and a K., = 884 + 100 uM (Fig. 2H inset). It has
been reported that ATPase activity of the F;F,-ATP synthase increased in
the presence of a nonionic detergent, i.e. DDM [35]. Titration curves with
increasing concentration of DDM showed a significant increase in the A-
TPase activity of the V5 (Fig. 2C and D). Maximal activation was observed
at a concentration of 0.005% (w/v) of DDM, and the enzyme was fully
sensitive to oligomycin (Figs. 1C and 3). Activation of V, by DDM was not
due to dissociation of the oligomer, since increasing the detergent con-
centration to 0.5% in the hrCN-PAGE did not release the monomer
(Fig. 1). In the presence of DDM, V; showed a V., and K, values of
1.431 + 0.04 pmol ATP hydrolyzed(mg F,Fo-ATP synthasemin) ' and
207 + 30puM, respectively (Fig. 2G, open circles). V, showed a
Vmax = 9.604 = 0.26 pmol ATP hydrolyzed(mg F;Fo-A-

TP synthasemin) ! and a K, = 490 = 80 uM (Fig. 2H, open circles, for
comparison the activity of V, without DDM activation was included,
closed circles). The ke, for DDM activated oligomers were 14.5 and
207.7 s~ ! for V; and Vs, respectively (Table 2). In this sense, the Ke,/Kin
values from the V; and the V, were 7 x 10* and 4.2 x 10°M~'s™ 1},
respectively, indicating a higher specificity of V..

3.3. Inhibition of V; and V, F1F,-ATP synthase by oligomycin

Fig. 3 shows typical kinetics of V; (A) and V, (B) inhibition by
oligomycin. The inhibition by oligomycin was time dependent, and the
steady state ATPase activity decreased with oligomycin concentration.
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Fig. 3. ATPase inhibition by oligomycin of V; and V,. Conditions as in Fig. 2E and F
except that Mg-ATP concentration was held at 5 mM. Time course of NADH oxidation
coupled to ATP hydrolysis was monitored during 25-30 min for maximal ATPase in-
hibition of V; (A) or V, (B) and final spectrophotometric recording was analyzed as de-
scribed in material and methods section. Enzyme or oligomycin additions indicated by
vertical arrows and inhibitor concentration at the right side. (C) Maximal extent of in-
hibition of isolated V; (open circles) or V, (closed circles) as a function of oligomycin
concentration. Vo was the ATPase activity before oligomycin addition. The data are the
average of three replicates from four independent preparations. Error bars represent S.D.

The time course of the inhibition did not follow monoexponential
decay. Inhibition of V; was over 90% at 3.8 uM (Fig. 3C, open circles)
while for V, it was at 1.3 uM (Fig. 3C, closed circles). Analysis of A-
TPase inhibition by oligomycin showed that V, had aK; = 24 + 3 nM,
while the K; for V; was 169 = 10 nM.

Since the amount of complex V in both preparations was quantified
(see Supplemental material), it was possible to calculate the oligo-
mycin/F;Fy-ATP synthase ratio that resulted in 50% of ATPase inhibi-
tion (Fig. 3C, bottom offset axis and Table 2). The ratio was
0.85 = 0.12 for V5, and 6 = 0.43 for V;. Taken together, our results
suggest that the interphase between monomers in the dimer changed
the oligomycin sensitivity.
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Table 2
Kinetics parameters of ATPase activity of the monomer and the dimer of F;1F,-ATP syn-
thase from Ustilago maydis mitochondria.

Monomer (V;)* Dimer (V5)*

Non-activated F1Fy-ATP synthase

Vmax (tmol ATP hydrolyzed/mg F1Fo- 0.83 + 0.05 0.54 + 0.08
ATP synthase'min ~ D)
Km (M) 308 + 90 884 + 100
Keat 57 1) 8.4 + 0.06 10.6 = 0.15
Kea/Kmm (M~ 's™1) 27 x 10* + 0.3 1.2 x 10* = 0.1
DDM activated F,Fy-ATP synthase
Vmax (Hmol ATP hydrolyzed/mg F;Fo- 1.43 = 0.04 9.60 + 0.26
ATP synthase-min ™~ D)
K (M) 207 += 30 488 + 80
Keat 5™ 1) 14.5 + 0.03 207.7 + 0.03
Kea/Km (M~ 's™1) 7.0 x 10* £ 0.2 4.2 x 10° = 0.2
Ki (nM) for oligomycin 169 * 10 24 £ 3
160 = 17" 21 = 4°
Ratio oligomycin/F,F,-ATP synthase 6.0 = 0.43 0.85 + 0.12

(mol/mol) to reach 50% of ATPase
inhibition

@ F1Fo-ATP synthase mol in V; and V, samples was determined as described in pro-
cedures section, and kinetics parameters were showed as mg of F,Fy-ATP synthase.
b Ki values calculated by DynaFit software (see Materials and methods section).

3.4. Thermal inactivation of isolated V; and V, from F;Fy-ATP synthase

Thermal stability of V; and V, was monitored by measuring their
residual ATPase activity. Fig. 4A shows typical transition curves for Mg-
ATP hydrolysis rate of V; and V, plotted against the temperature of
incubation. The activity (V/V,) of V; and V, was not affected by in-
cubation below 40 °C. However, a dramatic reduction in activity oc-
curred for samples preincubated above 40 °C. The midpoint of the ir-
reversible inactivation (T,) was 52.3°C. No loss of oligomycin
sensitivity for V; and V, was detected in the range of temperatures
tested, and no release of F; upon heat denaturation was observed in the
hrCN-PAGE analysis (Fig. 4B and C). This suggested that V, inactivation
might occur through its dissociation into V; and finally the inactivation
of Vy; therefore, the monomer-monomer interphase apparently did not
contribute to V, stability.

4. Discussion

Subunit composition of the dimer and monomer of mitochondrial
complex V have been determined in many organisms, including mam-
mals [15], the colorless alga Polytomella sp. [36,37] and S. cerevisiae
[7,8,38]. Structurally, V, and V; from the basidiomycete U. maydis
contains fifteen conserved subunits, while V, exhibited the e and g
dimerizing subunits (Table 1). Interestingly, the presence of the ANT
and the phosphate carrier suggests that the ATP-synthasome could be
formed in both ATP-synthase oligomers, highlighting their role in mi-
tochondrial bioenergetics.

Although mitochondrial architecture is closely related to the pre-
sence of V, [39], studies focused on its kinetic activity are scarce. In the
past decade, there have been some efforts to determine the kinetic
constants of the dimer [26]. In that report, the activity rate V,/V; was
equal to 1; and a slight increase was observed at 37 °C. However, the
results were based on in-gel activity analysis of complex V using a long
time span. In these conditions, ADP produced by ATPase activity will
accumulate in the medium, which in turn would inhibit the enzyme.
Additionally, densitometry quantification of the in-gel activity could be
inaccurate due to gel oversaturation by calcium phosphate precipita-
tion. Also, this method does not allow the calculation of enzyme affinity
nor its inhibition by oligomycin. These drawbacks can be prevented by
isolating the dimer. In this sense, Gonzalez-Halphen's group isolated



M. Esparza-Perusquia et al.

A

o anity

VIV,

B 25
C

0.0

20 25 30 35 40 45 50 55 60
Temperature (°C)

and characterized kinetically a highly stable V, from Polytomella sp.
[35]; however, because the high stability of V,, no data about V; ac-
tivity was provided for comparison. In this study, we isolated both the
V, and V; from U. maydis to determine their subunit composition by
MS/MS, and to study their kinetics by spectrophotometric analysis in
the presence of an ATP-regenerating system to eliminate the inhibition
by ADP.

Characterization of the ATPase activity of V, and V; from U. maydis
showed that the monomer is 1.5 times more active than the dimer; the
low ATPase activity of V, was also observed in the Polytomella sp. dimer
of complex V [35]. However, activation by DDM increased 18-fold the
activity of V, while the affinity was not modified. Activation of V; by
DDM increased only a 1.7-fold the V., with no change of K,,. Speci-
ficity constant (k.at/Kp,) was 6 times higher for the V, than for Vy, il-
lustrating the differences between both oligomers again. It is important
to mention that no dissociation of V, into V; or F; sector was observed
in these experiments (Fig. 1), and ATPase activity was fully inhibited by
oligomycin (Fig. 3). Since the CMC of DDM is 120-160 uM and it was
used at 98 uM in the assay, activation of V, by DDM could be attributed
to the interaction between the enzyme and the detergent. Interestingly,
both oligomers were activated by DDM, and their maximum ATPase
activities were achieved.

The activation of V; and V, by DDM could also be due to the Inhl
release (the regulatory subunit); however, it has been shown in mam-
malian cells that this subunit is removed from the F;F,-ATP synthase at
high pH (i.e. pH = 8.0), promoting full ATPase activity [40]. In this
work the ATPase activity of V; and V, was assayed at pH = 8, but it is
important further to explore the effect of pH on the activation of V; and
V, by DDM. An important correction used for the comparison of the
activities of V; and V, was the quantification of the actual concentra-
tion of F,Fo-ATP synthase in each V, and V; samples. Thus for the
spectrophotometric assay, approximately the same amount of F;Fy-ATP
synthase was added either in the dimer or monomer state. Therefore,
the V, activity was much more than the sum of two V; activities, even
when both enzymes were activated by DDM. These results indicate that
the monomer-monomer interphase affected the function of the F;Fy-
ATP synthase, increasing the Vy,x of the dimer by 7 times and its
sensitivity to oligomycin. Importantly, kinetic parameters for DDM-
activated V; agreed with those reported for the F1F,-ATP synthase from
Escherichia coli [41] or Bos taurus [42-44]; while parameters of V, from
U. maydis resembles those of Polytomella sp. dimer [35].

Regarding to the role of the subunit interphase in the enzyme ac-
tivity, it has been described that intersubunit contacts play a significant
role in the catalytic properties of Escherichia coli glucosamine-6-P dea-
minase, particularly in the allosteric equilibrium between the R and T-
state [45]. Similarly, in the 3-Deoxy-p-manno-octulosonate-8-P syn-
thase the subunit interphase is important for substrate selectivity and
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Fig. 4. Thermal inactivation curves of V; and V,. V; (open cir-
cles) or V, (closed circles) were incubated for 15 min at in-
dicated temperatures and then cooled to room temperature.
Activity assay was as described in Fig. 2E and F with 5 mM of
Mg-ATP. A) Residual activity (V/V,) was calculated using V, as
the ATPase activity at 25 °C before heated. T,, = 52.3 °C. BN-
PAGE of V; (B) and V, (C) incubated as described in (A). The
data are the average of three replicates from four independent
preparations. Error bars represent S.D.
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binding; the mutation of amino acid residues in this region produces a
reduction in protein stability [46]. The deletion of the dimerizing
subunit g in U. maydis doesn't prevent complex V dimerization, but
isolated V, from the mutant strain showed a large decrease in ATPase
activity comparing to the V, from WT, and mutant V, was not activated
by DDM (Esparza-Perusquia, manuscript in preparation). Since subunit
g is located at the monomers interphase [23], its deletion may promote
a change in the structure of the interphase that affects the ATPase ac-
tivity. Interestingly, ATPase activity of V, was similar in both U. maydis
strains (Esparza-Perusquia, manuscript in preparation).

Thermal inactivation of V, and V; showed a T, = 52 °C for both
oligomers, and a single inactivation transition was observed. Analysis of
the inactivation by hrCN-PAGE showed the dissociation of V, into V; as
an early step in the inactivation; later, V; was denatured without the
release of an active Fy, contrary to what has been observed for the
Polytomella sp. dimer [35]. In this sense, the interaction between
monomers didn't increase the stability of the dimer.

Under physiological conditions, the monomer-monomer interface
may have two possible roles: 1) a well-supported function of the dimer
in the cristae folding, and 2) optimization of V, activity and the in-
crease of the specificity constant of the F,F,-ATP synthase. If the cel-
lular requirement of ATP increases and there is an optimal Apy 4, Vs
could be activated 7-times in the ATP synthesis direction, compared
with the monomer; contrary, if ATP synthesis is not required, V, shows
a lower ATPase activity than the monomer. In this sense, it would be
interesting to study the synthesis of ATP by V; and V; incorporated into
liposomes, but the presence of high detergent concentrations during
liposomes preparation process will disturb the monomer-monomer in-
terface.
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Abstract

FFo-ATP synthase is the transductor of electrochemical proton gradient to ATP and occurs in the
inner membrane mitochondria as a monomer and dimer. The dimer shows a higher ATPase activity
than monomer, and is involved with the cristae folding. The interface monomer-monomer is
constituted by subunits a, i/j, e, g, and k. The role of the subunit g in a respiratory strict organism is
unknown. A gene knockout was generated in order to verify subunit g role in the mitochondrial
metabolism and cristae architecture of Ustilago maydis. Deletion of subunit g does not affect cell
growth, glucose consumption, and biomass production. Ultrastructure analyzes showed that
mitochondrial size and cristae shape was similar to wild strain. The membrane potential from wild
type and mutant had a similar magnitude, but oxygen consumption was higher in mutant strain.
ATP synthesis was 20% lower in mutant strain. Additionally, mutant strain expresses the AOX
since exponential face of growth, and a lower ROS production was observed. Dimer from mutant
strain was unstable during digitonin solubilization avoiding its isolation and kinetics
characterization. Isolate monomeric state showed similar kinetics constant to monomer from WT
strain. The ATP synthesis decrease and the AOX presence suggests that deletion of subunit g

induces a ROS stress.

1. Introduction

The FFo-ATP synthase (Complex V) of mitochondria, chloroplast and eubacteria use the energy of
the proton electrochemical gradient for ATP synthesis from ADP and Pi. This enzyme is constituted
by a catalytic sector (called F;), a membrane sector (called Fy) and two connecting stalks (central
and peripheral). The F, sector is a water-soluble entity composed of subunits a., 3, v, 8, and €. The
Fy sector is embedded in the membrane and is composed by the hydrophobic subunits a, b, c, f, and
8. The central stalk is constituted by vy, 8, and € subunits; while the peripheral stalk by subunits 4, h,
d, f, and OSCP. The functional enzyme occurs when F, and F, sectors are coupled by connecting
stalks and the whole complex could be considered as an H -pumping ATP synthase or ATPase (1).
The FFo-ATP synthase is a nano-motor which uses the proton translocation through F, sector to

promote the rotation of the ring of hydrophobic subunit ¢ and the central stalk inside the F; sector.



Additionally, regulation of catalytic sector is carried out by the natural inhibitor peptide called IF,

in mammalian or Inh1 in yeast.

Supernumerary subunits i/j, e, g, and k have been identify associated to F, sector (2, 3) and are
involved in dimerization of F,Fo-ATP synthase (3- 8). Dimer of complex V (V,) folds the inner
membrane into mitochondrial cristae (9) and its dissociation in monomer (V) is related to loss of
cristae architecture. Particularly, deletion of subunits g and e in Saccharomyces cerevisiae produces
mitochondria with onion-like structures (10, 11). It has been observed that these mutants growth in
non-fermentable media (3) suggesting that dimerizing subunits g and e could not be involved in the
activity of complex V. Nevertheless, it is widely accepted that the mitochondrial cristae architecture
is important to generate the membrane potential (AY,,) used for the ATP synthesis. Then, are the

mitochondria with onion-like cristae able to synthesize ATP?

In this work deletion of dimerizing subunit g (Ag) was performed in Ustilago maydis, a strict
aerobic basidiomycete, and the analysis of mitochondrial ultrastructure, membrane potential (AWY,,),
oxygen uptake, ATP synthesis, and H,O, production were performed. Quantification of
mitochondrial complex V content was performed in both strains, and the presence of V, and V| was

determined as reported previously by our group (12).

Results show that mutant strain preserves their mitochondrial network and cristae ultrastructure, but
have a lower F|Fo-ATP synthase amount. An unstable dimer of complex V (V,,,) was observer
over digitonine solubilization of OXPHOS complexes. Kinetics characterization demonstrate that
the monomeric state of complex V from WT and Ag strains have similar kinetics parameters.
Bioenergetics analysis shows that ATP synthesis decrease in mutant mitochondria while AW,
remains constant. Interestingly, Ag strain expresses the alternative oxidase (AOX) since log-phase

of growth. The role of subunit g in the stability and function of V, is discussed.

2. Materials and methods
2.1 Standard molecular biology techniques and Ag strain generation

To generate a gene replacement construct, the module of choice is fused to PCR-amplified flanks of
about 1 kb using the restriction enzymes Sfi/ and Swal and gene was replaced for the hygR cassette.
Oligos RL615 um00975 U2 (atttAAATGCTTCCTTGTATTCGGC- small letters indicated the
restriction site for Swal) and RL616 um00975 U3



(ggccatct AGGCCGATGACCGTATTACCCGAAAGAC- small letters indicated the restriction site
for Sfil) were used to UF (upstream flank PRC-amplification) and RL617 um00975 Dl
(ggcctgagTGGCCACGCTCGACAATTGAATTCG- small letters indicated the restriction site for
Sfil) and RL618 um00975 D2 (atttAAATCTGGCATGTGCTCACC - small letters indicated the
restriction site for Swal).

Strain was constructed by transformation of FB2 strain with linearized plasmid pUMal704. After
transformation the cells were streaked on solid 1% glucose, 1% yeast extract, 0.25% bactopeptone,
2% agar, 25 pg Hygromycin. All homologous integration events were verified by Southern blot

analysis.
2.2 Cell culture

Cultivation was performed using standard techniques. Growth conditions for U. maydis strain and
source of antibiotics were described elsewhere (13). The Ag strain was growth at 28°C in complete
medium (1% glucose, 1% yeast extract and 0.25% bactopeptone) (14). From this solid culture, an
inoculum was used to grow cells in 100 ml of YPD (0.5% yeast extract, 0.25% bactopeptone, 0.5%
glucose) for 20-24 h at 28°C and then transfer 20-30 absorbance units (600 nm) of this suspension
to 1 liter of YPD medium, to continue the growth of cells for 8 or 24 h at 28°C in a gyratory shaker
at 200 rpm. Aliquots were withdrawn and their absorbance at 600 nm was determinate for cell
growth curve evaluation. Alternatively, glucose consumption was evaluated using a kit (Glucose-
LQ, Spinreact) following the manufacturer instructions. The strain was preserve at -70°C with 30%

glycerol.

2.3 Mitochondrial ultrastructure analyzes

Cell pellets were fixed in 4% paraformaldehyde/2.5% glutaraldehyde for 1 h at room temperature;
then they were washed two times (10 min each) in PBS and stained with 1% osmium tetraoxide for
1 h at 4°C, followed by two washes with PBS and water. Total dehydration was made in ethanol
(graded 50 — 100%) and propylene oxide. Pellets were embedded in epoxy resin and cut into 70 nm
sections. For immunoelectron microscopy, cell pellets were fixed with 4% paraformaldehyde/0.1%
glutaraldehyde for 30 min at 4°C. After ethanol dehydration (graded 70 — 100%) pellets without
osmication were embedded in LR White. Ultra-thin sections were mounted on nickel grids, blocked
with 5% fat free milk in TBST for 15 min and probed with a 1:10 dilution of anti LC3 (Cell
Signaling Technology Inc., Danvers, MA, USA) at 4°C, overnight. A 1:10 dilution of colloidal
gold-conjugated secondary antibody (GAR Auroprobe, Amersham) was incubated for 2 h at room



temperature. Sections were washed with TBST and PBS, post-fixed with 1% glutaraldehyde in
PBS, thoroughly washed and stained with 2% aqueous uranyl acetate. A control without first
antibody was included. Electron microscopy was performed at 80 kV on a Zeiss EM900
Transmission Electron Microscope. Images were recorded with a Gatan Dual Vision CCD 300W

camera (Gatan, Pleasanton, CA).
2.4 Oxygen consumption measurement

Oxygen uptake was estimated polarographically using a Clark type electrode in 10 mM KH,POy,,
pH 7.4, and 1 mg of wet weight of wild type strain or mutant strain cells per ml was added (15).
Temperature was set at 30°C. Oxygen consumption was supported by endogenous substrates. Were
indicates, 1 mM cyanide (KCN) or 50 puM n-octil-galate was added to inhibit respiration.
Alternatively, the oxygen uptake was assayed using isolated mitochondria in a solution composed
by 500 mM sucrose, 20 mM MgCl,, 20 mM KH,PO,, 2 mM EGTA, 0.2% BSA, pH 7.4. Maximum
activity of complex IV was assayed with 4 mM ascorbate and 6 mM 2,3,5,6-tetramethyl-p-
phenylendiamine (TMPD) to reduce the horse heart cytochrome c.

2.5 Cell permeabilization

U. maydis cells (125 mg wet weight/ml) from WT and Ag strains were permeabilized with 0.02%
digitonin in 300 mM sorbitol, 10 mM HEPES, 1 mM EGTA, 7 mM MgSO,, 150 mM KCI, 10 mM
KH,PO,, pH 7.4, at 25°C during 20 min with constant stirring.

2.6 Membrane potential determination

The membrane potential (AWY,,) of permeabilized U. maydis cells (125 mg wet weight/ml) was
determined in the medium described for cell permeabilization and supplemented with 10 uM
Safranine O. Succinate (10 mM, pH 7.4) was added to AY¥,, generation (16). Where indicated, 1
mM ADP was added to verify the membrane potential depolarization coupled to oxygen uptake and
ATP synthesis stimulation. CCCP (5 pM) was added to abolish the membrane potential. The
membrane potential was evaluated in a double beam spectrophotometer (Aminco DW 2000, Olis,
Inc.) by using the difference of wavelengths between 533—511 nm. The recording was performed in

a 3.0 ml cuvette with constant stirring and the temperature was held at 25°C.

2.7 Mitochondrial ATP synthesis



ATP synthesis was performed at 25°C using permeabilized U. maydis cells (125 mg wet weight/ml)
in the medium described for cell permeabilization supplemented with 10 mM succinate, 100 uM
P' P’-Di(adenosine-5")pentaphosphate ammonium salt. ATP synthesis was started by the addition
of 5 mM ADP and aliquots were withdrawn at different times and mixed with perchloric acid (7%
final concentration) for stop the reaction. The samples were spin-out in a refrigerate Eppendorf
microfuge at 13,000 rpm during 5 min. Supernatant was recovered and pH adjusted to 7.0 with
KOH. To remove the potassium perchlorate the samples were spin-out again, and supernatant
recovered and pH adjusted to 7.4. ATP content in each sample was quantify with an assay coupled
to the reduction of NADP" (€34 nm = 6.2 mM™-cm™). The reaction mixture contained 0.5 mM
NADP", 6 units/ml glucose-6-phosphate dehydrogenase, 16 units/ml hexokinase, 10 mM glucose, 5
mM MgCl,, 10 mM KH,PO,, pH 7.5.

2.8 Mitochondria isolation

The method described by Waterfield and Sisler (17) was used with minor modifications. Cells were
grown in YPD medium for 24 h, collected by centrifugation (3,800 g for 10 min), washed twice
with distilled water, and the pellet suspended with 0.6 M ammonium sulfate (11.25 ml/g wet
weight). To produce protoplasts, 1 g of wet weight of U. maydis cells suspension were incubated
with 0.016 g of Trichoderma harzianum lytic enzymes, during 60 min at 30°C. The protoplasts were
recovered by centrifugation at 3,800 g for 10 min, and suspended in 0.8 M sucrose, 10 mM Tris, 2
mM EDTA, 3% BSA, and 20 mM KH,PO,, pH 7.0; this suspension was centrifuged in similar
condition described above to wash out the lytic enzymes. The pelleted protoplasts were suspended
in 0.4 M sucrose, 10 mM Tris, 2 mM EDTA, 3% BSA, and 20 mM KH,PO,, pH 7.0 (buffer A).
PMSF (1 mM) and 25 pl/g wet weight of the protease inhibitors cocktail (fungal and yeast protease
inhibitor cocktail, Sigma p8215) were added to the suspension and homogenized 15-20 times in a
Teflon potter homogenizer. The homogenization extract was 3-fold diluted with buffer A and
centrifuged at 3,800 g for 10 min at 4°C. The supernatant was centrifuged at 17,000 g for 10 min

and the mitochondrial pellet suspended in buffer A to a protein concentration of 20-30 mg/ml.
2.9 Solubilisation of OXPHOS complexes

The OXPHOS complexes from U. maydis mitochondria were solubilized with digitonin, a very
mild detergent, as described (12, 18-20). Briefly, two mg of mitochondrial protein were suspended
in 0.2 ml of 50 mM Bis-Tris and 500 mM 6-aminocaproic acid, pH 7.0, supplemented with 10 mM
succinate and 10 mM ATP and solubilized with increasing digitonin concentration in a ratio of 0.5,

1, 2, 3, and 5 mg of digitonin per mg of protein. The digitonin was added drop by drop and the



mixtures were incubated for 30 min at 4°C with gentle stirring, and then centrifuged at 100,000 g
for 30 min at 4°C. The supercomplexes and complexes were recovered from supernatant and
analyzed by blue native PAGE (BN-PAGE) and clear native PAGE high resolution (hrCN-PAGE)
as described (18-20).

2.10 FFo-ATP synthase complexes isolation

Mitochondrial supercomplexes and complexes from U. maydis were solubilized with a
digitonin/protein ratio of 2:1 and processed as described by Esparza-Perusquia et. al (2017).
Digitonin-solubilized mitochondrial supercomplexes and complexes (16 mg of protein) were loaded
on 24 ml of a continuous sucrose gradient (16 — 42% sucrose, 15 mM Tris, pH 7.4, 20 mM KCl,
and 0.2% digitonin) and centrifuged at 131,000 g for 16 h at 4°C. Fractions (0.5 ml) were collected
from the bottom of the gradient. The presence of V, and V,; in each gradient-fraction was
determined by in-gel activity of ATPase from BN-PAGE and hrCN-PAGE. If applicable, the
fraction containing each oligomer were pooled separately, and diluted 7 folds with 30 mM HEPES,
pH 8.0 and 5% glycerol; then concentrated using a Centrifugal Filters Units (100K, Millipore
Amicon Ultra) to a final volume of 100 pl, and stored at -70°C until used. The V2ag Was so unstable
and scarce that it was used immediately as gradient-fractionation was done and its presence

detected.

The anode buffer for BN-PAGE was 50 mM Bis-Tris/HCI, pH 7.0; the cathode buffer
contained 50 mM tricine, 15 mM Bis-Tris, pH 7.0 and the anionic Coomassie dye (0.02%). For
hrCN-PAGE the anode buffer contained 25 mM imidazole/HCI, pH 7.0; the cathode buffer was 50
mM Tricine, 7.5 mM imidazole, pH 7.0, 0.01% dodecyl-p-D-maltopyranoside (DDM) and 0.05%
deoxycholate (DOC). The gel front was visualized with Ponceau Red (21). The electrophoresis (BN
or hrCN) were performed at 4°C and the voltage was set to 35 V for 10 h and stopped when the
sharp line of the dye approached the gel front. Molecular weight of the respiratory complexes and
supercomplexes was determined by their electrophoretic mobility and in-gel catalytic activity, using

the complexes of digitonine-solubilized bovine heart mitochondria as standards.

The concentration of F;Fo-ATP synthase in each V; and V, sample was determined by a
densitometry analysis of Coomassie© Brilliant Blue R-125 stained a- and B-subunits from an SDS-
Tricine-PAGE, using Coomassie stained BSA as a standard (See Supplemental material section,
Figure S1). Densitometry analysis was performed with the My Image Software Thermo Fisher

Scientific Inc, 2014.



2.11 In-gel catalytic activity assays

The in-gel assays of digitonine-solubilized supercomplexes and complexes from U. maydis
mitochondria were performed as described by Jung (19) using gel strips loaded with 150 pg of
protein. NADH dehydrogenase activity (NADH:methylthiazolyldiphenyl tetrazolium bromide
(MTT) oxidoreductase) was assayed in a buffer containing 1.2 mM MTT and 1.0 mM NADH in 10
mM Tris/HCI, pH 7.4, at 20 — 25°C. For succinate dehydrogenase activity (Succinate:MTT
oxidoreductase) NADH was replaced by 10 mM succinate, in a buffer of 10 mM K,HPO,, pH 7.4,
5 mM EDTA and 0.2 mM phenazine methosulfate (PMS). NADH or succinate dehydrogenase
activity was correlated with the development of purple precipitates on the gel. Activity was
monitoring as purple-staining appear (10 — 20 min) and then the reaction was stopped with fixing
solution (50% methanol, 10% acetic acid). The in-gel activity of complex IV was assayed in 50 mM
K,HPO,, pH 7.2, 4.7 mM 3,3’diaminobenzidine tetrahydrochloride (DAB) and 16 uM horse heart
cytochrome ¢, during 30 — 40 min of incubation at 20 — 25°C. The activity was observed as a brown
precipitate and the reaction was stopped with the fixing solution. Activity of complex V was
assayed in 50 mM glycine (adjusted to pH 8.0 with triethanolamine), 10 mM MgCl,, 0.15%
Pb(ClOy), and 5 mM ATP. ATP hydrolysis correlated with the appearance of a white lead
phosphate precipitates. The reaction was stopped using 50% methanol, and subsequently the gel

was transferred to water and scanned against a dark background as described previously (18-19).
2.12 2D-Tricine-SDS gel electrophoresis

2D-Tricine-SDS-polyacrylamide gel electrophoresis (2D-SDS-PAGE) was performed according to
Schagger (20). Proteins from a native PAGE gel strip loaded with 150 pg of digitonine-solubilized
supercomplexes and complexes were separated by 2D-Tricine-SDS-PAGE on a 16%
polyacrylamide gel under denaturing conditions. After the run, the proteins were stained with

Coomassie© Brillant Blue R-125.
2.13 Measurements of ATP hydrolysis by FFo-ATP synthase complexes

ATP hydrolysis by FFo-ATP synthase complexes was measured spectrophotometrically in an
Agilent 8453 UV-visible spectrophotometer (Agilent Technologies, USA) as described by (12),
using an assay coupled to the oxidation of NADH (&3400m = 6.2 mM'l-cm'l). The assay medium
contained 50 mM HEPES, pH 8.0, 1 mM MgSQ,4, 90 mM KCIl, and the temperature was hold at
25°C. The ATP-regenerating system was 5 mM phosphoenolpyruvate (PEP), 1 mM NADH, 50
units/ml pyruvate kinase (PK), and 30 units of lactate dehydrogenase (LDH)/ml. The ATPase



reaction was started by the addition of an equimolar mixture of Mg-ATP complex. The NADH
absorbance was continuously monitored and the time response, checked by ADP additions, was less
than 1 s. The slope of the linear region of each spectrophotometric recording was used to obtain the
initials velocities. The linear region of the traces was corroborated with plotting the first-derivative
against time. Since a non-specific NADH oxidation was observed with no enzyme addition, the
actual value of ATPase activity was calculated as the subtraction of the slope of this region from the
slope that is obtained after adding the enzyme. Oligomycin (3 uM) was added to inhibit ATPase
activity to verify F,Fo-ATP synthase integrity. Only samples with ATPase activity 100% inhibited

by oligomycin were used in this study.

Data for the ATP hydrolysis were analyzed by robust, weighted, non-linear regression analysis
using the SigmaPlot software (Systat Software, Inc., version 10.0), and represent the average of

three replicates from seven independent experiments.
2.14 Oligomycin inhibition of F1Fo-ATP synthase

Continues monitoring of ATP hydrolysis by FFo-ATP synthase dimer or monomer coupled to
NADH oxidation was carried out as described by Esparza-Perusquia et al (12). ATP hydrolysis was
initiated by Mg-ATP addition; after 2-4 min oligomycin was added and ATPase activity decayed.
Because oligomycin is a slow-union inhibitor the total recording time for maximal ATPase activity
inhibition, at different oligomycin concentrations, was about 25-35 min. The final
spectrophotometric recording was fitted to a monoexponential decay of the ATPase activity as
described by (12).

2.15 Determination of protein concentration.

Samples were treated with 0.4% deoxycholate and the protein content was determined as described

by Lowry et al. [56]. Bovine serum albumin (BSA) was used as standard.

3. RESULTS
3.1 Deletion of the g subunit from the Ustilago maydis genome

The g subunit gene was deleted by homologous recombination as reported by Brachmann et. al.,
(13) using a hygromycin resistant gene (Hyg). The correct construction of knock-out plasmid

(pUMal704) was verify by Sfil enzyme restriction activity (Fig. 1A), which produced one band of



1.88 Kb (Hyg gene resistant) and other of 6.37 Kb (the UF-DF vector). The U. maydis cells
transformed with the plasmid pUMal704 were selected by hygromycin resistant (Fig. 1B). The
deletion of the g subunit gene by the correct insertion of the hygromycin resistant gene was
determined by PCR using the UF and DF flanks described in materials and methods section. The
presence of the 1.5 and 1.7 amplified confirm the correct insertion of the Hyg-gene (Fig. 1C).
Finally, the genomic DNA (gDNA) from WT and Ag mutant strains was processed by the
restriction enzyme Ncol and the product analyzed by Southern Blot (Fig. 1D). As the Hyg gene has
a cutoff point for the Ncol, two PCR product were identified from Ag mutant gDNA while only one
from WT strain (Fig. 1D). These results showed that g subunit was successfully deleted from U.

maydis genome and is not present in the Ag strain.
3.1 Growth of Ag mutant strain

The elimination of subunit g from F,Fo-ATP synthase in Ustilago maydis was obtained as described
in methods section, and growth cells characterization of mutant strain included the doubling time,
number of cell, glucose consumption, dry weight, and cell length. The doubling time was similar for
both strain (2.9 £ 0.7 h and 2.4 £ 0.5 h for mutant and WT, respectively). However, the number of
cells was quiet different; mutant strain produce 82% (3.37 X 10° cell-L™") of the total number of WT
cells (4.12 X 10° cell-L™"); however, the mutant cells were 1.5-times longer in the log-phase (28 + 2
and 19 + 2 um, for the mutant and WT strains, respectively) and 1.3-times in the stationary-phase
(30 £ 3 and 23 £ 4 pm, for the mutant and WT strains, respectively) than WT cells. This indicates

that the mutant cells were longer that WT, but its cell production was lower.

In this line of thought, the glucose consumption was similar for both strains in the log-phase (25 + 3
and 24 £ 2 mmol by mutant and WT strain, respectively) or in the stationary-phase (15 = 0.7 and 15
+ 0.9 mmol for mutant and WT strain, respectively). Interestingly, both strain reached a similar dry
weight at stationary phase of growth (2.0 £ 0.3 and 2.0 + 0.2 mg/ml, for mutant and WT strain,
respectively). This suggested that carbon incorporation in both strains was similar, regardless that

the cells in the mutant strain were longer but fewer.
3.2 Mitochondrial ultrastructure and bioenergetics of Ag mutant strain

The mitochondrial cristae from Ag strain showed a tubular and lamellar ultrastructure, similar to
WT (Fig. 2). Additionally, the AY,, from Ag mutant was stimulated by succinate in a similar
magnitude to WT mitochondria (Fig. 2). Simultaneously, the activity of the NADH:DBQ oxido-



reductase (Complex I) and succinate:DBQ oxido-reductase (Complex II) was determined. WT
strain showed a complex I activity of 0.18 + 0.06 umol NADH oxidized-(mg-min)”, while Ag
mutant of 0.16 + 0.03 pmol NADH oxidized-(mg-min)". The complex II has an activity of 0.05 +
0.01 pmol DCPIP reduced-(mg-min)" from WT and of 0.04 + 0.01 umol DCPIP reduced- (mg-min)

! from mutant strain.

In this condition the ATP synthesis was 20 + 1 pmol ATP-(mg-min)" and 15 + 0.9 pmol
ATP-(mg-min)" for the WT and Ag strains, respectively. This difference (25%) in the ATP
synthesis suggested that 1) respiratory oxygen uptake and ATP synthesis could be uncoupled, or 2)
the F,Fo-ATP synthase activity is decreased. As a first step to explore these hypotheses,
mitochondrial oxygen uptake at log- and stationary-phase of growth (i.e. 8 and 24 hours,

respectively) was determined (Fig. 2).

At 8 hours of growth, the respiration was similar in both strains (112 + 15 ng atoms O and 130 + 17
ng atoms O, for WT and Ag strains, respectively); however, the cyanide inhibits only the WT strain
respiration (Fig. 2). Maximum activity of complex IV was stimulated with ascorbate, TMPD, and
cytochrome c as described in methods section. Activity of complex IV was higher in WT
mitochondria (i.e. 1048 + 21 ng atoms O-(mg-min)™") than in Ag strains mitochondria (i.e. 827 + 18
ng atoms O-(mg-min)") (Table 1). Total inhibition of oxygen uptake was reached with n-octyl-
galate addition, indicating the presence of the alternative oxidase (AOX). AOX is a quinol:oxygen
oxido-reductase but it is not a proton pump. At stationary state of growth, both strains express the
AOX but their activity was sharp different, 124 + 23 ng atoms O-(mg-min)"' and 262 + 4 ng atoms
O-(mg-min)" for WT and Ag strains, respectively (Table 1). The decrease of the activity of complex
IV (i.e. 20%) and the 2-time increase of AOX activity in the Ag strain, suggests that ROS stress

could occur in the mutant strain.

The AOX presence has been associated with ROS production prevention. To explore this
possibility, the H,O, production was determinate at 8 and 24 hour of growth (Table 1). Succinate or
NADH was used as oxidizable substrate and the H,O, production was 470 + 80 nmol
H,0,-(mg-min)" and 280 + 30 nmol H,0,-(mg-min)" in WT and Ag strains, respectively;
suggesting that in the Ag strain the AOX could avoid ROS production.

Although mitochondrial ultrastructure and AW, was similar in both strains, the ATP synthesis was

affect in the Ag mutant simultaneously to AOX expression since early state of growth. Deletion of



the dimerizing g-subunit from complex V could be involved with the decrease of ATP synthesis,

while AOX presence with the stress resistance.
3.3 Supercomplexes and complexes analyzes

The respiratory supercomplexes and complexes from WT and Ag strains were solubilized with
different ratio of digitonine/protein and analyzed by BN-PAGE (Fig. 3). The activity of
NADH:MTT oxidoreductase from WT strain was associated to supercomplexes of high molecular
weight but principally to a main band of 1600 kDa, and in lower proportion to free-complex I (i.e.
990 kDa) (Fig. 3B). Activity of succinate:MTT oxidoreductase from complex II was associated
with a single band of 130 kDa (Fig. 3C). Free-complex IV activity was located at 200 kDa and
supercomplexes also exhibits activity of complex IV (Fig. 3D), similarly to previously reported by
our laboratory (22). The in-gel activity of the F;Fo-ATP synthase from WT occurs as monomeric
(V1) and dimeric (V) state, with 660 and 1200 kDa, respectively (Fig. 3E). It is important to note
that amount of V; and V, from the WT strain was very similar, determined as described in materials

and methods section (vide infra) (Fig. 3A).

The analysis of supercomplexes and complexes from Ag strain showed that in-gel activity of
NADH:MTT oxidoreductase was mainly associated to free-complex I (990 kDa) and
supercomplexes of low molecular weight (i.e. 1200 — 1300 kDa) (Fig. 3B). Interestingly,
monomeric complex Il was clearly observed from a ratio digitonine/protein = 3 (Fig. 3C). The
complex IV activity was associated to supercomplexes and a free-complex IV (Fig. 3D). The
ATPase activity of F\Fo-ATP synthase from Ag strain was associated to a single band of 660 kDa,
corresponding to the V, (Fig. 3E). The activity of the V, was observed only after a 24 h of
incubation in the in-gel ATPase activity medium (Fig. 3F), indicating that this oligomers showed a
very low activity; indeed, in some replicates was not observed at all. A 2D-SDS-PAGE from the
BN-PAGE lane showed that the amount of complex V from V, was substantially diminished respect
to the V, (data no shown).

To explore the kinetics of V, from Ag strain, many attempts to isolate it were performed (Fig. 4A);
however, due that V, was very unstable it was impossible to isolate it in sufficient quantity to
perform kinetics studies. Interestingly, the total amount of complex V in the mitochondria was 132
+ 6 pg of complex V-(mg mitochondrial protein)™ and 111 + 7 pg of complex V-(mg mitochondrial
protein)” for WT and Ag, respectively. This suggests that deletion of subunit g decrease only a 16%
the F1Fo-ATP synthase amount in the Ag mitochondria but V, was unstable and dissociate

straightaway into single subunits during digitonine solubilization, without V; accumulation.



The kinetics characterization of the V5, was performed and it has had a Ky of 155 £ 47
UM and a V,x of 0.58 £ 0.03 umol hydrolyzed ATP-(mg F,Fo-ATP synthase'min)'l. The k., was
5.86 +0.05 s and the k.,/Ky of 3.78 X 10* £ 0.3 X 10" (M's™). The V4, activated with DDM
increases its Vpay to 2.3 £ 0.2 umol hydrolyzed ATP-(mg F,Fo-ATP synthase-min)" with a Ky
value of 920 + 20 uM. The values for k., and specificity constant were 23.26 + 0.1 s'and 2.53 X
10* +0.08 X 10%, respectively. Additionally, the inhibition of V, ae ATPase activity by oligomycin
had a Ki value of 53 = 4 nM. The kinetics parameters of V4, its activation by DDM and
oligomycin inhibition were similar to V,wr previously reported (12), suggesting that ATPase

activity of V,, was not modified by deletion of subunit g.

Dimerizing g-subunit deletion doesn’t avoid V,,, state of complex V (i.e. determined as
mitochondrial cristae folding, generation of the AY,,, and oxygen uptake) but could deteriorate the
interphase monomer-monomer inducing an instable dimeric state, which probably could be related

to lower ATP synthesis.
4. DISCUSSION

The role of the dimeric state of F1Fo-ATP synthase in the mitochondrial crista folding has been
widely accepted (6-9). Actually, it has been described that the interface monomer-monomer of the
yeast dimer is constituted by subunits a, i/j, k, g, and e (23). The interface can be divided into a
central zone and a peripheral zone. In the central zone, the subunits i/j interact through two short
stretches of ~10 residues; while interaction between subunits a occurs through two strands that
constituted a four stranded planar structure with one hydrophobic surface and one hydrophilic

surface (23).

The peripheral zone of the monomer-monomer interface is constituted by subunits k and e. These
subunits possess a similar structure: an N-terminal a-helix with two domains, one transmembrane,
and one soluble which extent (~40 A for subunit e) into the intermembrane space to interact
between them (23). Subunit g is holding the subunit e through a single transmembrane a-helix,
probably via the conserved Gly-X-X-X-Gly motif of the two proteins (24). Simultaneously, the N-
terminal o-helix of subunit g interact with the N-terminal ~50 residues of subunit b. The domain of
the peripheral zone of interface monomer-monomer constituted by subunits e, g, and b with support

from subunit k bend the mitochondrial inner membrane (23, 25).

In Saccharomyces cerevisiae simultaneous deletion of dimerizing subunits g and e induces the loss

of V, and the change of mitochondrial cristae morphology into structures called onion rings.



However, as S. cerevisiae is a facultative organism, mitochondrial participation in the bioenergetics
of these mutants is not clear. As Ustilago maydis is a non-fermentative basidiomycete, which
bioenergetics metabolism is hold by mitochondria, the study of the effect of deletion of dimerizing

subunits in mitochondrial bioenergetics could be very illustrative.

Deletion of subunit g in U. maydis doesn’t changes the cellular doubling time, glucose consumption
and dry weight production, suggesting a similar carbon uptake and it incorporation into biomass.
However, until now, we haven’t an explanation about why the cells of Ag strain were longest than
WT, and why the total amount of mutant cells was few. Additionally, presence of classic

mitochondria structure from mutant strain was conserved.

Bioenergetics analysis showed that mitochondria from both strains used succinate to produce a
similar AW, associated to oxygen uptake by the classic cytochrome chain (Table 1); however, Ag
strain showed a decrease of ATP synthesis associated with expression, since early stage of growth,
of the AOX. It has been reported that similar experimental conditions (Z.e. high A¥,,, succinate as
electron supply of respiratory chain, and a decrease of complex V activity) could produce reverse
electron transport (RET) at complex I and lead to an increase in superoxide production (26). In this
sense, AOX transfers electrons from QH, directly to O,, bypassing complex IV, and thus act as a

safety valve to prevent the excessive reduction of the Q pool (26-28).

It is plausible to hypothesize that deletion of subunit g produce a decrease of the ATP synthesis by
the dimer of F|Fo-ATP synthase, which results in a low consumption of the AW, an accumulation
of NAD(P)H, and an increases of H,O, production (i.e. through RET at complex I). In this sense,
H,0, production during succinate oxidation was decreased by AOX expression by Ag strain,

similarly as shown previously (26, 29).

Alternatively the role of deletion of subunit g in F;Fo-ATP synthase could be analyzing by ATP
synthesis. In this sense, the ATP production showed 20% reduction in the mutant strain. As subunit
g is involved in the peripheral zone of monomer-monomer interface the conformation of dimer
could be preserved but the ATP synthase activity don’t. Additionally to the participation of the
interface monomer-monomer in folding inner membrane, it has been proposed that it could play an
important role in the activity of V,, highlighting the role of the dimerizing subunits (12). Indeed, the

ATPase activity of V,owr was 7 times higher than V;wr and exhibits a high sensitivity to oligomycin

(12).



In this sense, modification of the interface monomer-monomer could provide evidences about the
role of the dimerizing subunit in the activity of the V,. Unfortunately, the mutant V,,, was so
unstable and scarce to be isolated and characterized as WT dimer was; and only a few determination
of its activity showed that it was 8-times lower than mutant V.. As has been describe above,
subunit g play an important role in the peripheral zone of the interface monomer-monomer, and its
deletion lead only subunit e from one monomer interacting with subunit k from the other monomer;
producing a weak interface. This leak interface monomer-monomer could evoke a low ATP

synthesis, contrary to observed in V,wr, which show a high activity compared with Vyr (12).
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Table 1. Structural and bioenergetics parameters of the wild type and Ag strains of Ustilago maydis.

WT Ag
Mitochondrial structure
Cristae folding Yes Yes
Bioenergetics
Membrane potential generation Yes Yes, 100% of WT
Mitochondrial oxygen consumption with succinate (ng at O/mg-min™)
cyanide sensitive 397 £31 441 £ 12
n-octyl gallate sensitive 112+ 24 278 £18
Maximum mitochondrial oxygen consumption by complex IV or AOX (ng at O/mg-min™)
Total 1210 + 35 (Ap—0) 1150 £ 20 (Ap—0)
complex IV in presence of ascorbate and 1048 +21 827+ 18

TMPD, cyanide sensitive

AOX in presence of ascorbate and TMPD, 124 + 23 262+ 4
n-octyl-gal sensitive

Mitochondrial NADH dehydrogenase activity (umol NADH oxidized/mg-min”)

Total 0.21 £ 0.03 (Ap—0) 0.20 £ 0.02 (Ap—0)
Rotenone sensitive 0.18 £ 0.06 0.16 +£0.03
Flavone sensitive 0.04 £0.015 0.03+0.010

Succinate dehydrogenase activity (umol DCPIP reduced/mg-min”)
Total 0.05 £ 0.01 (Ap—0) 0.04 £ 0.01 (Ap—0)
Mitochondrial F,Fy-ATP synthase activity (umol ATP-(mg-min)™)
ATP synthesis (umol ATP-(mg-min)™") 20+ 0.9 15+09
ATP hydrolysis (umol ATP-(mg-min)™") 456 31£5




Table 2. Kinetics parameters of the ATPase activity of the monomer of the FFo-ATP synthase
from Ustilago maydis Ag strain.

Monomer (V)"

Non-activated FFo-ATP synthase

Vmax (umol ATP hydrolyzed/mg FFo-ATP synthase-min™) 0.58 £0.03
Ku (M) 155 + 47
Keat (57) 5.86 £ 0.05
Kea/ Ky M7's™) 3.78 X 10*+ 0.3 X 10*

DDM activated FFo-ATP synthase

Vmax (LMol ATP hydrolyzed/mg F,Fo-ATP synthase-min™) 23£0.2
Ky (uM) 920 + 20
Keat (57) 23.26+0.1
Kead K M's™) 2.53 X 10°+£0.08 X
10*
K; (nM) for oligomycin 53t4
Ratio oligomycin/F,Fo-ATP synthase (mol/mol) to reach 50% of 5.03£0.57

ATPase inhibition

* = F|Fo-ATP synthase mol in V; sample was determined as described in procedures section, and
kinetics parameters were showed as mg of F,Fo-ATP synthase (See Material and methods section).



Ag Ag D
wt UF wt DF

Figure 1. Confirmation of replacement by homologous recombination of subunit g gene by
hygromicine resistant gene. A) PCR was used to amplify sequences of DNA that includes the
sequences of Inh1l or HygR and the flanking regions on each side of the Inh1 gene. B) Hygromicine
resistant phenotype of the Alnhl strain. C) The products were analyzed on 1% agarose gel (see
supplementary material for the primers used). The expected lengths of the product from the WT and

Alnhl are shown at the right. D) WB analysis of the DNA sequence.
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Figures 2. Mitochondrial ultrastructure and bioenergetics analysis of the WT and Ag strains.
The Ag strain display typical mitochondrial morphologies (D) similar to WT (A). Cells were
harvested at 24 h and permeabilized with digitonine as described in material and methods section
and the generation of AW, was assayed. The AY,, was measurement with Safranine O. Arrows
indicate sequential additions of permeabilized cells from WT (B) or mutant (E) strains. Where
showed 10 mM succinate (Succ); ADP (1 mM); CCCP (5-10 uM). Oxygen uptake by WT cells (C)
or Ag cells (F) was inhibited by cyanide (CN) and n-octyl-galate (nOg). Cells were harvested at 8 or
24 h. Where indicated 5 mM CN or 2 mM nOg was added. Numbers below each recording
represent the velocity of oxygen consumption. Figure shows representative experiments of at least

four different and independent cell culture preparations
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Figure 3. Digitonin Solubilization and in-gel activity of the respiratory complex and
supercomplexes from Ustilago maydis mitochondria. Mitochondria from WT or Ag strains were
isolated as described in the material and method section. Respiratory complex and supercomplexes
from WT or Ag mitochondria were solubilized with digitonin and their electrophoretic profile
determined in a BN-PAGE. Proteins were stained with brilliant blue Coomassie (A) and the in-gel
activities of NADH:MTT oxidoreductase (B), succinate:MTT oxidoreductase (C), cytochrome c
oxidase (D) and ATPase (E and F) were assayed. CI = complex I activity; CII = complex II activity;
CIV = complex IV activity; CV = complex V activity. In-gel activity of the V5, and V5, was
incubated from 24 h (F) Respiratory complexes and supercomplexes from bovine heart

mitochondria were solubilized with digitonine and used as molecular weight standart.
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Figure 4. Isolation of V, from mutant strain and its kinetics characterization. Mitochondrial
supercomplexes were digitonin solubilized and isolated in a sucrose gradient as described in
material and methods section. In-gel activity of the ATPase from V1 was observed from fraction 18
to 29 from sucrose gradient (A). No dimeric state was observed. These fractions were pooled and
concentrated, and ATPase activity was observed at monomer position (B). Oligomicin inhibited
ATPase in-gel activity (C). Coomassie stained showed a main protein band at the position of
monomer and no dimer was observed (D). Kinetics characterization of the monomer with (open

circles) or without (close circles) DDM addition (E). Kinetics ATPase inhibiton by oligomicin (F).
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Abstract

Transduction of electrochemical proton gradient to ATP synthesis is performed by F,Fo-ATP
synthase. The reverse reaction is avoided by regulatory subunit Inh1 in fungi. A gene knockout was
generated in order to assign a function to Inhl in the mitochondrial metabolism and cristae
architecture. Deletion of Inhl protein does not affect cell growth, glucose consumption, and
biomass production. Ultrastructure and fluorescence analyzes showed that mitochondrial size and
cristae shape, network, and distribution was similar to wild strain. The membrane potential, ATP
synthesis, and oxygen consumption from wild type and mutant had a similar magnitude. Kinetics
analysis of ATPase activity of complex V in permeabilized mitochondria showed similar values of
Vinax and Ky for both strains, and no effect of pH was observed. Isolated monomer and dimer from
mutant mitochondria have a V,, values 5-times higher than WT strain suggesting a Inh1 regulatory
role; however no effect of pH was observed. ATPase activity of WT oligomers was stimulated
several times by dodecyl-maltoside (DDM); however DDM induces an inactive form of the mutant
oligomers, probably by dissociation of F; sector suggesting a structural role for Inh1. The structural

and kinetics role of the Inh1 subunit is discussed.



1 Introduction

The energy stored in the electrochemical proton-motive force (Ap) across the membrane of
almost all eubacteria, thylakoids or mitochondria is used by the F;Fo-ATP synthase, an energy-
transducing enzyme, to ATP synthesis from ADP and inorganic phosphate. F,Fo-ATP synthase
consist of two interconnected sectors, F; and Fo. Fo is an integral membrane complex which acts as
a proton-driven turbine, spinning the y subunit that drives sequential conformational changes in the
three o/f subunits pairs (principally in the [ subunits) from F; sector. These sequential
conformational changes are related to binding ADP + Pi (Bpp), to synthetize tightly bound ATP
(Brp), and to release the bond ATP (Bg) to the N-side of the membrane. Then, ATP production
occurs in the membrane-extrinsic F; domain, by a rotatory mechanism where the y chain within
o333 and hydrophobic ¢ ring domains, rotate in one direction with 3/120° steps.

The F,Fo-ATP synthase could be considered as a reversible ATP-hydrolyzing protons pump
whose direction depends on the thermodynamics balance between Ap and free energy for ATP
synthesis (AG).

Under conditions of high Ap and for most energy-conserving membranes, the balance is in
favor of ATP synthesis; however, damage to the electron transport chain, increase proton leakage,
or severe hypoxia can lower Ap such that the F|Fo-ATP synthase reverses and start to hydrolyze
ATP over ATP synthesis. To avoid ATP hydrolysis by F;Fo-ATP synthase, different strategies have
been development: in thylakoids, in the dark, an intermolecular disulfide bond occurs in the y
subunit near the interface with Fo, and FFo-ATP synthase relaxes back into an inactive state; in
bacteria such as Escherichia coli and Bacillius PS3, the subunit € confer the unidirectional behavior
of F|Fo-ATP synthase (i.e. ATP synthesis) by acting like a ratchet. This subunit might take up two
different conformations, in one of these the C-terminal domain extends toward the F,; sector and
allows the enzyme only to synthetize ATP. In mitochondria from mammals (i.e. Bos taurus) and
yeast (i.e. Saccharomyces cerevisiae) the ratchet subunit is the IF; and Inhl, respectively.
Interaction of the IF; or Inhl at a catalytic interface between o and [ subunits and the y subunit in
F, is pH dependent, binding under conditions of lowered pH generally associated with a decrease of
Ap.

Actually, Hirst’s group has been determined that deletion of { subunit from Paracoccus
denitrificans F,Fo-ATP synthase does not activate ATP hydrolysis (1), suggesting that & subunit
could adopt an inhibitory conformation, similar to observed in E. coli enzyme (2, 3), and blocks

ATP hydrolysis.



Additionally to the bioenergetics role of the F|Fo-ATP synthase, it plays an important role,
as a homodimer, in the mitochondrial cristae folding. In yeast subunit g and e maintain the dimer
structure. Characterization of the ATPase activity of the F|Fo-ATP synthase dimer showed that it
was 7-times more active than monomer, was more sensitive to oligomicyn inhibition, and its
specificity constant was 12-times higher than monomer (4). These features clearly show that dimer
and monomer are kinetically different and point out the role of the monomer-monomer interphase.

In mammals the IF, was, controversially, implicated in dimerization of the F;Fo-ATP
synthase. Deletion of IF; subunit from mouse F,Fo-ATP synthase has not effect on the growth, in
both male and female cases (5). There were no changes in the expression levels of subunits o and 3
of F, in the brain, thymus, heart, lung, stomach, liver and testicle. In addition, changes were not
found in the crista architecture and in the mitochondrial network (5). Similar results were observed
in the zebra fish erythroblasts, Caenorhahbditis elegans, in the HeL.a cells (6), and in S. cerevisiae.
Although deletion of IF, from mitochondria has been performed to assess its role in the
dimerization of F,Fo-ATP synthase, no studies on dimer ATPase activity have been done.

In this work, the subunit Inh1 was deleted from the genome of Ustilago maydis, a strict
respiratory basidiomycete, and FFo-ATP synthase dimer and monomer were isolated and their
activity characterized. We found that deletion of Inhl does not activate ATPase activity of the
dimer and monomer, but ATP synthesis was lowered in the intact mitochondria. The role of Inh1 on

the ATP synthesis is discussed.

2 Materials and methods
2.1 Molecular biology techniques, strain generation and growth conditions

E. coli top 10 (Life Technologies, Carlsbad, CA, USA) were used for cloning purpose. U.
maydis strain FB2 (a2b2 genotype ATCC 201384) were described previously by (7). Cell
transformation was performed using standard molecular techniques and strain generation methods.
Plasmid pCRII-Topo (Invitrogen) was as a cloning vehicles. The plasmid pUMal737 was
constructed by replacing the 468-bp (ATPI gene, UMAG_02361) by hygromycin resistance cassette
(HygR). Plasmid for generating deletion mutant Alnh1_HygR (Alnh1), resistance cassette is flanked
1161 pb upstream and 925 pb downstream region of Inh1 gene. Flanking regions were amplified by
PRC using RL682/RL683 and RL686/RL687 and UMS518 (FB2) wild-type DNA template; then
plasmid linearized was inserted into the protoplasts for transformation. All homologous interaction
events were verified by Southern blot analysis (7).

The AInh1® strain recovered to CM (0.25% Casaminoacids (Difco), 0.1% Yeast-Extract
(Difco), 1.0% vitamin solution from Holliday '74, 6.25% salt solution from Holliday '74, 0.05%



DNA degraded. Free Acid (Sigma, D-3159), 0.15% NH,NO; (Sigma, A9642), pH 7.0 and 2% agar)
supplemented whit 1% glucose. The cells were resuspended in 100 ml YPD (1% glucose, 1% yeast
extract, 0.25% bactopeptona), growth for about 24 hr at 28°C, and harvested for make aliquots (1
ml cell in 25% glycerol) and stored at -70°C stock.

2.2 Growth conditions of WT and Alnh1 strains

The WT (FB2) and Alnhl cells were sowed on 2% agar, supplemented with 1% glucose,
1% yeast extract, and 0.25% bactopeptone, and growth at 28°C for 72 h. An inoculum was added to
100 ml of YPD (0.5% yeast extract, 0.25% bactopeptone, 0.5% glucose) and cultivated during 24 h
at 28°C and then, 30 absorbance units (600 nm) of this suspension were transfer to 1 liter of YPD

medium, to continue the growth for 24 h at 28°C at 200 rpm.

2.3 Oxygen consumption measurement

Oxygen uptake was determined using a Clark-type electrode (YSI Model 5300). The
respiration was started with the addition of 1 mg of cells (dry weigth) in 10 mM KH,PO4, pH 7.3
(final volume of 1.5 mL of air-saturated medium; 100% = 660 ng atoms O,); 1.7 mM potassium
cyanide (KCN) was added for the inhibition of cytochromic pathway and 13 uM of n-octyl-gallate

(nOg) for alternative oxidase inhibition (8-10).

2.4 Mitochondrial membrane potential (A ¥,,) measurement

The cells were permeabilized with 0.02% digitonin in 300 mM sorbitol, 10 mM HEPES, 1
mM EGTA, 10 mM KH,PO,, 10 mM MgSO,, 150 mM KClI, pH 7.4, at 4°C during 20 min with
constant stirring. Generation of membrane potential (AY,,) was determined using 30 uM safranine-
O and initiated with 10 mM succinate, pH 7.4; 5 uM carbonyl cyanide m-chlorophenyl hydrazone
(CCCP) was added to collapse AY,,. The AY,, was recorded in an AMINCO DW 2000 double
beam spectrophotometer (Olis, Inc., Bogart, GA, EUA) at 533 and 511 nm. The final volume was

3.0 ml, at 25°C with constant stirring (11).

2.5 Microscopy Analysis

Cell pellets were fixed with a mixture of 4% paraformaldehyde/2.5% glutaraldehyde for 1
hr at room temperature; then it was washed two times in PBS and stained with 1% osmium
tetraoxide for 1 hr at 4°C, and washed with PBS. The gradual dehydration was made in ethanol
(graded 50-100%) and propylene oxide. Pellets were embedded in epoxy resin and cut into 70 nm

sections. For immunoelectron microscopy cell pellets were fixed with 4% paraformaldehyde/0.1%



glutaraldehyde for 30 min at 4°C. After ethanol dehydration (graded 70-100%) pellets without
osmication were embedded in LR White. Electron microscopy was performed at 80 kV on a Zeiss
EMO900 Transmission Electron Microscope. Images were recorded with a Gatan Dual Vision CCD

300W camera (Gatan, Pleasanton, CA).

2.6 Mitotracker staining

Mitochondrial staining was done in cells grown in YPD for 24 h, harvested and washed
twice with 0.9% NaCl. Then, they were suspended at a final optical density of 20 unit/L in a
previously warmed (28°C) media containing 5% of glucose and 30 nM of MitoTracker® Deep Red
FM (Thermo Fisher Scientific). Cells were microscopically examined with a confocal microscope
(Zeiss LSMS Pascal, Carl Zeiss GmbH, Géttingen, Germany) with a water immersion 160x N.A.

1.3 objective.

2.7 Mitochondria isolation

The U. maydis mitochondria isolation was performed as described by Jdarez et al., (12)
with a minor modifications (4). Cells were grown in complete medium (YPD) for 24 h, harvested
by centrifugation at 3,800 g for 10 min and washed with distilled water (twice). The cells were
resuspended with 12.5 ml of 0.6 M ammonium sulfate, 20 mM KH,PO, pH 5.5, per g wet weight,
supplemented with Trichoderma harzianum lytic enzyme (0.016 g/g wet weight) and incubated
during 60 min at 30°C for protoplast production.

The protoplasts were recovered by centrifugation at 3,800 g for 10 min, suspended in 0.8 M
sucrose, 10 mM Tris, 2 mM EDTA, 20 mM KH,PO,, and 3% bovine albumin serum fatty acid free,
pH 7.0 and centrifuged at 3,800 g for 10 min to wash out the lytic enzymes. The protoplast was
resuspended in 0.4 M sucrose, 10 mM Tris, 2 mM EDTA, 20 mM KH,PO,, and 3% bovine albumin
serum fatty acid free, pH 7.0 (buffer A) and homogenizer in a Teflon potter for 20 times with 1 mM
PMSF and 25 pl of the protease inhibitor cocktail (Sigma P8340). The samples were diluted to 130
ml per 16 g wet weight and centrifuged at 3,800 g for 10 min. Finally, the supernatant was

centrifuged at 17,000 g for 10 min and mitochondrial fraction was suspended in buffer A.

2.8 Determination of protein concentration
The protein content was determined as described by Lowry et. al., (13) with minor
modifications (14). Crystalline bovine serum albumin (BSA) was used as standard and its

concentration was determined at 278 nm using a molar extinction coefficient (&) of 6.58 (1%).



2.9 Solubilization of the respiratory complex and supercomplexes

The mitochondrial respiratory complexes and supercomplexes were solubilized with
different digitonin:protein (g/g) ratios as described (15-17). Briefly, mitochondrial protein (2 mg)
were suspended in 200 pL. of 50 mM Bis-Tris and 500 mM 6-aminocaproic acid, pH 7.0,
supplemented with 10 mM succinate and 10 mM ATP (4). The digitonin was added drop by drop
until reach the ratio required and the mixture was incubated for 30 min at 4°C with gentle stirring,
and then centrifuged at 100,000 g for 30 min at 4°C. The supercomplexes and complexes were
recovered from supernatant and analyzed by blue native PAGE (BN-PAGE) and clear native PAGE
high resolution (hrCN-PAGE) as described (15-17).

2.10 In-gel catalytic activity assay of respiratory complexes and supercomplexes.

The in-gel activity assays were performed as described by Jung et al., (16) and Wittig et al.,
(15), using a gel strip loaded with 150 pug of protein. The NADH dehydrogenase activity of
complex I (NADH:methylthiazolyldiphenyl tetrazolium bromide (MTT) oxidoreductase) was
assayed in 10 mM Tris/HCI pH 7.4, 1.2 mM MTT, and 1 mM NADH, at 25°C. The succinate
dehydrogenase activity (Succinate:MTT oxidoreductase) was assayed in 10 mM K,HPO,, pH 7.4, 5
mM EDTA, 0.2 mM phenazine methosulfate (PMS), and 10 mM succinate. NADH and succinate
activity was correlated with the development of purple precipitates on the gel. After purple-staining
appear (10 — 20 min) the reaction was stopped with fixing solution (50% methanol, 10% acetic
acid). The in-gel activity of complex IV was assayed in 50 mM K,HPO,, pH 7.2, 47 mM
3.,3’diaminobenzidine tetrahydrochloride (DAB) and 16 uM horse heart cytochrome c, during 30 —
40 min of incubation at 25°C.The activity was observed as a brown precipitate and the reaction was
stopped with the fixing solution. Activity of complex V was assayed in S0 mM glycine (adjusted to
pH 8.0 with triethanolamine), 10 mM MgCl,, 0.15% Pb(ClO,), and 5 mM ATP. ATP hydrolysis
correlated with the appearance of a white lead phosphate precipitates. The reaction was stopped
using 50% methanol, and subsequently the gel was transferred to water and scanned against a dark

background as described previously (4).

2.11 Isolation of submitochondrial particles (SMP).

Mitochondria were diluted 1:1 (vol/vol) in buffer A (see mitochondria isolation section),
and sonicated at full power (14 microns with Y2 inch diameter tip) in a Soniprep 150 MSE (USA)
during 30 sec with 90 sec of rest (5 cycles). Sonication was performed in an ice-cooled bath to hold
temperature at 4°C. After sonication the mixture was centrifuged at 17,300 g for 10 min, the

supernatant recovered and ultracentrifuged at 100,000 g for 30 min at 4°C. SMP were recovered



from the pellet and resuspended in buffer A (See mitochondrial isolation section) and stored at -

17°C until used (18).

2.12 Isolation of dimer and monomer FFo-ATP synthase

The monomer (V) and dimer (V,) of F\Fo-ATP synthase were isolated as reported by (4).
The digitonin-solubilized mitochondrial complexes and supercomplexes (16 mg) were loaded on 24
mL of a continuous sucrose gradient (16 - 42%) and ultracentrifuged at 13,000 g during 16 h at 4°C.
Fractions (500 pL) were collected and the presence of the FFo-ATP synthase oligomers were
identified by hrCN-PAGE (15). The fractions with the V| or V, were pooled separately, diluted in a
ratio of 1:5 with 30 mm HEPES, pH 8.0 and 5% glycerol and then concentrated in 100K Millipore
Amicon Ultra, the final samples (100 - 200 pL) were stored at -70°C until use (4).

The concentration of F,Fy-ATP synthase in Viwr, Vowr, Viamnt, and Voamn, samples was
determined by a densitometry analysis of Commassie® Brilliant Blue R-125 stained o- (ID
XP_011392137) and B- (ID XP_011389783) subunits from an SDS-Tricine-PAGE, using
Coomassie stained BSA as a standard. The gel was scanned and the stain-intensity of a- and [3-
subunits, and BSA was determined by the Image Analysis software version 1.0 (Thermo Fisher
Scientific Inc.), and their intensities were measured by peak integration after densitometry analyses
(4). The mol of o- and B-subunits were determined using the molecular weight of the mature
protein (55.05 and 50.47 kDa, respectively). The amount of F;Fo-ATP synthase in Vwr and Vowr
samples was 3.3 + 0.7 ng/10 pg total protein and 2.8 + 0.5 pg/10 pg total protein, respectively;
while in Viapn, and Voan samples was 3.3 + 0.7 pg/10 pg total protein and 2.8 + 0.5 pg/10 pg

total protein. These amounts of complex V were used to kinetics parameters estimation.

2.13 Measurements of ATP hydrolysis by F{Fo-ATP synthase by V; or V,

The ATPase activity was determined spectrophotometrically as described by (4). Briefly,
ATP hydrolysis was measured using an assay coupled to NADH oxidation (g340mm = 6.2 mM "-cm ™)
in an Agilent 8453 UV-visible spectrophotometer (Agilent Technologies, USA). NADH
absorbance was continuously monitored and the time response was less than 1 s. The reaction
mixture was 1 mM MgSO,4, 90 mM KCI, 50 units/mL of pyruvate kinase (PK), 30 units/mL of
lactate dehydrogenase (LDH), and 5SmM of phosphoenol pyruvate (PEP). The pH buffer was
HEPES (50 mM) for pH = 8.0 or MES (50 mM) for pH = 6.0. The pH change doesn’t modified
perceptibly the activity of the coupling enzymes. The reaction was started by FFo-ATP synthase
(10-15 pg) addition and its kinetic analysis of ATPase activity (initial velocity) was carried out

using the direct spectrophotometric recording. Initial velocities were further obtained from the slope



of the linear region in each spectrophotometric recording, and the linear region of the traces was
corroborated with the plot of the first derivative against time. Data were analyzed by robust,
weighted, non-linear regression analysis using the SigmaPlot software (Systat Software, Inc.,
version 10.0). The data represent the average of five independent experiments. The data were

corrected to F|-Fo-ATP synthase content in each V, or V, samples as described by (4).

2.14 Activity assay of mitochondrial NADH and succinate dehydrogenase and ATPase

Isolated mitochondria were permeabilized with 0.01% Triton X-100 and the reaction
mixture was 30 mM KH,PO,, 5 mM MgCl,, 1 mM EGTA, 120 mM KCI, pH 7.4, at 25°C.
Spectrophotometric recorder of the NADH:2,6-dimethoxy-1,4-benzoquinone (DBQ) oxidoreductase
activity was determined at 340 nm by following the oxidation of NADH. NADH addition was 100
UM plus 600 uM of DBQ, and NADH dehydrogenase activity was inhibited by 10 pM rotenone
(19-21) and 50 uM flavone. Activity of succinate:DCPIP oxidoreductase was stimulated with 10
mM succinate and determined at 600 nm by following the reduction of the artificial electron
acceptor 2,6-dichlorophenol-indophenol (DCPIP; 50 uM; epcpp= 21 mM'lcm'l), and was inhibited
by 20 mM malonate. ATPase activity in permeabilized mitochondria was performed in 200 mM
KCl, 50 mM HEPES pH 8.0 (or MES pH 6.0), 3 mM MgSO,, and using 500 pg mitochondrial
protein/mL. The reaction was initiated by adding different concentrations of Mg-ATP. Aliquots of
0.15 mg of mitochondria were withdrawn at intervals of 30 seconds, placed in 6% of previously
cooled trichloroacetic acid. Samples were centrifuged at 10,000 rpm at 4°C, in a tabletop centrifuge.
Supernatant was analyzed according to the Fiske & Subbarow, (1925) (22) method with minor

modifications (23).

2.15 Structure prediction of Inh1 protein

The Inhl sequence was obtained from the database of the U. maydis genome using the
sequence of the bovine IF1. Only one coding sequence was found for the Inhl protein, UMAG-
02361 (XP_011388667). This sequence was analyzed with MITOPROT
(https://ihg.gsf.de/ihg/mitoprot.html) (24) to eliminate the signal peptide. In order to compare the

amino acids sequence of the Inhl protein against Saccharomyces cerevisiae and Bos taurus
subunits, the sequences of the inhibitor proteins of these organisms were obtained from the protein

database UniProtKB (https://www.uniprot.org/help/uniprotkb). The mature protein from U. maydis

consists of 64 amino acids with a molecular weight of 7.3 kDa, while the S. cerevisiae protein
consists of 36 amino acids (MW of 4.0 kDa), and the B. taurus of 65 amino acids (MW of 7.7 kDa).

These proteins were aligned with Clustal W (25) and the score of the predicted alignment with T-
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coffee (http://tcoffee.crg.cat/) (26) was 65%. The protein 3D structure was predicted using
Modeller 9.2 (https://salilab.org/modeller/) (27).

2.16 Statistic analysis
The statistical analysis of data was performed in the GraphPad Prism V.6b (Trial).

3 Results
3.1 Inhl of Ustilago maydis has an alpha-helix type structure

The S. cerevisiae, B. taurus and U. maydis sequence conserve: two lysine residues, two
glutamic residues, one arginine-rich and one alanine-rich, as well as five residues of amino acids
with similar properties (> 0.5 score) and one residue with similar low properties (< 0.5 score) (Fig.
1). Interestingly, U. maydis subunit is the only one which contain tryptophan (1.6%). The 3D
structure prediction shows that Inh1 from U. maydis has an alpha-helix similar to predicted for S.
cerevisiae and B. taurus (Fig. 1). There is a disordered structure that stands out in the NH,-terminus
which interacts with the F, portion of the ATP synthase (Fig. 1). The PYMOL software alignment
showed that the alpha helix of IF, is larger than Inh1 from U. maydis and S. cerevisiae; while the S.
cerevisiae is the smallest one.

Modeling of Inh1 from U. maydis using the crystalized structure of S. cerevisiae as template
shows that both have a disordered NH,-terminus which could interacts with the F; sector (Fig. 1),
particularly at the o/f interphase. The 3D structure prediction for Inhl subunit from U. maydis
allows us to hypothesize that its role as regulatory ATPase activity of the F|Fo-ATP synthase could
be similar to reported in S. cerevisiae and bovine (i.e. avoid ATP hydrolysis if Ap—0). Then,
deletion of Inh1 from U. maydis genome could promote an increase in the ATPase activity of F;Fq-

ATP synthase.

3.2 Deletion of the Inh1 subunit from the Ustilago maydis genome

The Inh1 gene was deleted by homologous recombination as reported by Brachmann et. al.,
(7) using a hygromycin resistant gene (Hyg). The mutant strain of U. maydis with the Inh1 gene
deleted (Alnhl) was confirmed by PCR analyses using different primers (see supplemental
material). The first pair of primer sequences is internal to the Inh1 gene and to the flanking regions
on each side of the Inhl gene, so the WT strain gave a products of length of 1431 and 1227 bp
while the Alnhl strain gave no product (Fig. 2A). The other pair of primers have an internal
sequence to the Hyg gene and to the flanking regions of the Inh1 gene, so the Alnh1 strain gave two

products of 2270 and 1988 bp (Fig. 2A) indicating the gene substitution and its correctly
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incorporation. Finally, the mutant strain was hygromicine resistant while WT doesn’t (Fig. 2B).
These results showed that Inh1 subunit was deleted from U. maydis genome and is not present in

the Alnh1 strain.

3.3 Inhl deletion doesn’t modified strain growth

In order to determine the possible participation of Inh1 in the U. maidys (FB2:a2b2) growth,
the Alnhl and the WT strains were cultivated in YPD. The cell duplication time was of 2.4 £+ 0.1
and 2.7 £ 0.1 hours for WT and Alnhl1 strains respectively. Glucose consumption was of 1.62 £ 0.1
g-h"! for WT and 1.44 + 0.1 g-h”' for Alnh, and no statistically significant difference was found
using a non-parametric t-student. The biomass produced at 24 h of cultivating was 1.9 + 0.2 g-L
and 1.4 + 0.04 g-L"' for WT and Alnhl, respectively. Biomass generation matches the glucose
consumption. WT strain showed a cell amount of 4.1 X 10°cells-L"" while Alnh1 strain had 3.4 X
10%cells-L"" at the end of culture. The cellular length was of 23 + 4 um for WT while for AInh1 was
28 + 3 um at stationary phase of growth. These observations indicate that deletion of Inh1 doesn’t
modify the growth, time of duplication, and biomass generation by U. maydis mutant.
3.4 The Alnhl strain preserves the cristae and the mitochondrial network

ATP-synthase forms dimers in the inner mitochondrial membrane of yeast and mammals
folding the inner membrane in cristae; it has been suggested that IF, could take part in a
dimerization process; however, the role of Inhl is not conclusive (28-30). To determine whether
Inh1 deletion modified mitochondrial cristae, a transmission electron microscopy of the WT and
Alnh1 strain cells was conducted. Large mitochondria with similar morphology were observed in
both strains and no alterations were found in the mitochondrial cristae density in Alnhl strain (Fig.
3A and E); indeed, both mitochondria contain lamellar (and presumably tubular) cristae in an
orthodox configuration. The mitochondrial network analysis showed that a tubular mitochondrial
network was found across the mutant cell similarly as in WT strain (Fig. 3B and F). Both
observations indicated that mitochondrial network and cristae architecture were intact in the Alnh1
strain.
3.5 Bioenergetics in WT and Alnhl1 strains

To verify mitochondrial functions, some bioenergetics parameters from WT and Alnhl
strain were determined. For instance, cellular respiration recording showed a similar value for both
strains: 348 ng atom O-(mg-min)" for WT (Fig. 3C) and 322 ng atom O-(mg-min)" for Alnh1 (Fig.
3G). Cyanide addition reduced respiration to 288 and 225 ng atom O-(mg:-min)"' for WT and Alnhl,

respectively. Total inhibition of respiration was observed with cyanide plus n-octyl-gallate addition;



suggesting that alternative oxidase (AOX) was expressed as well as classical electron transport
chain complexes.

Mitochondrial membrane potential (AY,,) from WT and Alnhl strains was determined in
digitonin-permeabilized cells in order to allow Safranine O and substrates reach mitochondria.
Succinate addition induces AW, generation in both strains with similar magnitude (Fig. 3D and H),
and ADP produces a transitory membrane depolarization (related to ATP synthesis, vide infra).
CCCP addition increased the proton conductance (AY,—0). These observations showed that
mitochondria from both strains are functional. Additionally, the activity of NADH dehydrogenase
was 0.22 + 0.03 and 0.28 + 0.04 umol NADH oxidized- (mg-min™) for the WT and Alnh1 strains,
respectively. Triton X-100 or CCCP was used to Ap—0 and the NADH activity was increased to
0.38 + 0.04 and 0.36 + 0.02 pmol NADH oxidized-(mg-min™") (Table 1). This suggested that
complex I and alternative NADH dehydrogenases (i.e. Ndei, Nde2, and Ndil) were presents in both
strains. The succinate dehydrogenase showed an activity of 0.035 = 0.01 and 0.049 £ 0.01 pmol
DCPIP reduced:(mg-min") for WT and mutant strains, respectively. Dissipation of the Ap with
Triton X-100 or CCCP reduce the succinate activity to 0.017 £ 0.007 and 0.017 £ 0.006 pmol
DCPIP reduced- (mg-min™") for the WT and Alnhl strains, respectively (Table 1).

ATP synthesis promoted by the Ap is the central role of F,Fo-ATP synthase, and
elimination of the Inh1 subunit could affect its correct functioning. ATP synthesis was determined
using digitonin-permeabilized cells and was stimulated by ADP addition (Fig. 3D and H). The WT
and Alnhl showed an ATP synthesis very similar (i.e. 18 + 0.9 umol-(g of dry weight-min)”, and
20 + 0.9 umol-(g of dry weight-min)", respectively); suggesting that Ap promotes the ATP
synthesis in the absence of the Inh1 subunit (Table 1). This results indicate that deletion of Inhl

subunit don’t affect the principal mitochondrial bioenergetics parameters.

3.6 ATPase activity by mitochondrial F|Fo-ATP synthase from the WT and Alnhl strains

The Inh1 is the regulatory subunit of ATPase activity of the complex V under unfavorable
conditions; generally, a pH increase at the mitochondrial matrix triggers hydrolase activity. The
ATPase activity was determined in both strains (WT and Alnh1) at pH values of 8.0 and 6.0 (Fig. 4)
using Triton-X100 to permeabilize mitochondria in order to dissipate the Ap and allow that ATP
reach matrix. The activity of the complex V in the mitochondrial membranes was similar for both
strains assayed at pH of 8.0 (Fig. 4A), with a V,,,, values of 130 = 3 nmoles/min-mg mitochondrial
protein, and Ky; = 1.5 £ 0.1 mM for the Alnh1 strain, while the value of V ,,x for the WT strain was
125 + 4 nmoles/min-mg mitochondrial protein and Ky of 1.3 £ 0.1 mM (Table 2). This suggested



that at pH of 8 the Inh1 subunit could be removed from complex V from WT strain and ATPase
activity of both strain reach similar values of V.. However, at pH = 6.0 (Fig. 4B) the ATP
hydrolysis by complex V from WT strain showed no change in magnitude (Vi,x = 140 + 3
nmoles/min-mg mitochondrial protein and Ky = 1.4 £ 0.1 mM); moreover, the Alnh1 strain showed
a slight increase (i.e. the V,x = 190 = 7 nmoles/min-mg mitochondria and Ky = 1.5 + 0.2 mM)
(Table 2). There was no statistically significant difference using a non-parametric t-student,
suggesting that deletion of Inhl subunit has a worthless stimulatory effect on ATPase activity.
These results suggested that pH shift could not be involved with the displacement of the regulatory
subunit of F;Fo-ATP synthase.

3.7 The Alnhl1 assemble an active F Fo-ATP synthase dimer

Supercomplexes and complexes were efficiently solubilized using a digitonin:protein ratio
from 2 to 5, and their activities analyzed by BN-PAGE (Fig. 5). The staining of protein with the
Coomassie brilliant blue shows that the complexes and supercomplexes profile was similar in both
strains (Fig. 5A). The ATPase activity of the complex V was associated to two main protein bands
with a molecular weight of 1200 kDa, which correspond to the V,, and 660 kDa which is the V,
(Fig. 5B), similar to previous report (4). Occasionally, a third ATPase activity band appear with a
molecular weight of 1100 kDa, which contained the 17 subunits of the dimeric state of complex V
and no kinetics differences has been observed against the dimer of 1200 kDa (4).

The NADH dehydrogenase activity (Fig. 5C) was associated to a protein band of 1000 kDa
(individual complex I), and a protein set of different molecular weight (i.e. from 1200 to 1700 kDa)
which correspond to the supercomplexes (i.e. III,:1V, vide infra). Interestingly, the presence and
activity of the individual complex I was enriched in the Alnh1 strain, while supercomplexes were
diminished, suggesting that supercomplexes could be rearranged or could be labile to digitonin
solubilization. Complex II showed a molecular weight of 130 kDa and no supercomplexes were
associated with this activity (Fig. 5D). Finally, the activity of complex IV was distributed into a
protein band of 240 kDa and the supercomplexes of higher molecular weight (Fig. 5 E) similar to
previous report from our group (31).

To get inside in the effect of Inh1 deletion on the ATPase activity of the F1Fo-ATP
synthase, its dimeric (V5) and monomeric (V) state from WT (Vowt, Viwr) and Alnh1 (Voamni,
Vamn1) mitochondria were digitonin-solubilized with a ratio 2:1 and isolated as reported previously

by our group (4).

3.8 Kinetics characterization of the V; and V; at different pH values



The monomeric and dimeric states of the F1Fo-ATP synthase from the WT and Alnhl
strains were efficiently isolated (Fig. 6) and their activity was assayed at pH 8.0 and 6.0 using an
ATP-regenerating system (4).

The activity of the Vwr assayed at pH = 8.0 (Fig. 6B, open circles) showed an Michaelis-
Menten kinetics with a V . of 0.93 + 0.02 pmol of ATP hydrolyzed: (mg of complex V-min)" and
a Ky of 1.4 £ 0.1 mM. The V,wr showed a very low activity and affinity (Fig. 6E, open circles),
with a V..« and Ky, values of 0.5 £ 0.01 umol of ATP hydrolyzed- (mg of complex V-min)" and
0.35 £ 0.05 mM, respectively. It has been reported that DDM (0.05%) could stimulate the activity
of the V wr and the V,wr (4). As showed in figure 6E (close circles) the V,wr increase several times
its ATPase activity while Vwr have a 1.6-time increase (Fig. 6B, close circles, and Table 3).
Interestingly, when pH was shifted to 6.0, the Vwr shows a 3.6-time increase in the V ., with or
without DDM addition respect to control conditions (Table 2). For the V,wr there no changes in the
kinetics parameters neither in the DDM ATPase activity stimulation were observed (Fig. 6C and F,
and Table 3) suggesting that Inh1 role in the ATPase activity regulation couldn’t be associated to
proton concentration. To verify this hypothesis, the kinetics characterization of Vapn and Voamn
was performed.

The ATPase activity of the Vi assayed at pH = 8.0 (Fig. 6H, open circles) showed a
Michaelis-Menten kinetics and was 4.4-times higher than Vwr, showing a V,,x values of 4.1 £ 0.1
pmoles of ATP hidrolized- (mg of F;Fo-ATP synthase-min)" and a Ky = 1.8 + 0.2 mM (Table 2).
Contrary to observed with the Vywr, the Voan showed a V. = 3.4 £ 0.16 umoles: (mg of F,Fp-
ATP synthase-min)'1 and a Ky; = 1.4 £ 0.23 mM (Table 2), a similar ATPase activity to Vs (Fig.
6K, open circles). These results clearly showed that deletion of Inh1 increased the ATPase activity
of complex V oligomers but the pH effect was not observed.

Interestingly, the ATPase activation of the Vwr and V,wr by DDM addition doesn’t occurs
with the Vapmn and Voamn; indeed, DDM induces the inhibition of the ATPase activity of the
Viamn and Voun (Fig. 6H and K, close circles, respectively). The shift of pH to 6.0 doesn’t modify
the activity of the Vs and Vs (Table 2), neither DDM inhibition (Fig. 61 and L). These
results indicate that pH shift (from 8 to 6) doesn’t modify the interaction between the Inh1 subunit
and the F; sector in the WT strain; but deletion of Inh1 increases the ATPase activity independently
of the pH shift. The effect of DDM suggests that Inh1 could play an alternative role as a stabilizer

of the F1Fo-ATP synthase, since its deletion induces the inactivation of the ATPase activity by
DDM.



4. Discussion

In healthy respiratory mitochondria the complexes from respiratory chain generate the Ap
which drives the F|Fo-ATP synthase to synthetizes ATP. Under unfavorable conditions where the
oxygen or substrate availability is limited such as isquemia, Parkinson’s and motor neuron diseases
the F,Fo-ATP synthase hydrolyze the ATP (30). Indeed, the ATPase activity of F;Fo-ATP synthase
increases as well as matrix pH decrease, which is related with the oxygen limitation (32). In these
conditions, the inhibitory protein (IF, in mammals and Inh1 in fungi) is the responsible to inhibit the
ATPase activity; this binds to the soluble F, sector, interfering with rotation of the central stalk and
the conformational changes in the catalytic o/p interfaces (33). If Ap increases, the inhibitor protein
is expelled and ATP synthesis resumes (34). As the Inh1 subunit of U. maydis adopts a similar
conformation to the IF, inhibitor protein of mammalian and Inh1 of S. cerevisiae (Fig. 1), a similar
regulatory mechanism could be proposed for it during unfavorable conditions.

In this research, deletion of the Inhl subunit in the eukaryotic model U. maydis has no
observable effect on the growth of cells, biomass production, glucose consumption, neither on the
cristae structure and mitochondrial network (see Fig. 3), nor on the mitochondrial oxygen
consumption, membrane potential generation, and complexes I, II, and IV activities (see Table 1).
Additionally, the functionality of the F;Fo-ATP synthase was corroborated as its ability to
synthesize ATP in both WT and Alnhl U. maydis cells (Table 1). Additionally, activity of the
complexes I, II, and IV was similar (Table 1), however their activity and distribution into individual
complexes or supercomplexes was slightly different between WT and Alnh1 strains. The amount of
individual complex I in the Alnhl was higher than WT, and its activity associated with
supercomplexes was lower (Fig. 5). Similarly, single complex IV activity was higher in the WT
than Alnhl and its presence into supercomplexes was greater in WT strain. This suggest that
supercomplexes with the composition LIII,:IV (i.e. the respirasoma as reported by (31) is most
stable in the WT strain than in the Alnh1. Finally, complex II was observed as a single state in both
strains; however, its activity was higher in the WT strain. However, new studies must be performed
to determine the effect of Inh1 deletion into the composition and amount of the supercomplexes.

The role of the regulatory subunit, Inh1, is to inhibits the ATPase activity of the F,Fo-ATP
synthase when Ap—0 and the mitochondrial matrix pH decrease; in this sense, an acidic condition
(i.e. pH = 6.0) does not modify ATP hydrolysis in permeabilized mitochondria from WT or Alnhl
strains (see Table 2 and Fig. 4), suggesting that deletion of Inhl subunit was not sufficient to
activate ATP hydrolysis (i.e. pH = 8.0).

As the FFo-ATP synthase in the inner membrane mitochondria occurs principally as a

monomer (V;) and a dimer (V,), a further analysis of ATPase activity at different pH-values was



performed using the isolated oligomers (see Table 2 and Fig. 6). The ATPase activity of the V, from
WT was higher than the dimeric state assayed at pH 8.0. Similarly to previous report, both states
were stimulated by DDM (0.005%); in this conditions, V, showed an increasing of V,,, by 9-times
than V, (Fig. 4). Similar effect was observed at pH = 6.0. The oligomers from Alnh1 strain showed
a slightly higher activity than WT (Fig. 4) at both pHs assayed; however, DDM addition decreased
their activity, contrary to observed for the WT (Fig. 4). This result suggests that Inh1 could play a
main stabilizing role rather than as a regulatory subunit of F;Fo-ATP synthase activity.
Interestingly, activity of isolated oligomers from mutant mitochondria showed Vmax 3-times higher
than WT strain, suggesting that deletion of Inh1 could
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Table 1. Structural and bioenergetics parameters of the wild type and Alnhlstrains of

Ustilago maydis.

WT Alnhl
Presence of mitochondrial network Yes Yes
Mitochondrial cristae folding Yes Yes
Membrane potential generation Yes Yes, 100% of WT
Oxygen consumption (ng at O/mg-min™") 348 + 32 322 + 35
Oxygen consumption cyanide resistant 288 +30 22522
(ng at O/mg-min™")

NADH dehydrogenase activity 0.22+0.03 0.28 £ 0.04
(umol NADH oxidized/mg-min'l) 0.38 £ 0.04 (Ap—0) 0.36 £ 0.02 (Ap—0)
Succinate dehydrogenase activity 0.035 £ 0.009 0.049 £ 0.01
(umol DCPIP reduced/mg-min’l) 0.017 £ 0.007 (Ap—0) 0.017 £ 0.006

(Ap—0)
ATP synthesis (umol ATP- (mg-min)'1 18+0.9 20£0.9




Table 2. Kinetics parameters of ATPase activity of the FiFo-ATP synthase from WT and
Alnh1 strains from Ustilago maydis mitochondria.

WT Alnhl1
pH=28.0 pH=6.0 pH=80 pH=6.0
Permeabilized mitochondria

Vimax 125+4 136 £3 1283 1897
(nmol ATP hydrolyzed/mg protein-min®
D
Kym (mM) 1.3+£0.1 14+£01 15+£01 15+0.2
Non-activated monomer (V;) ATPase activity
Vimax 0.93+0.02 34+0.1 4.1+ 3.6+
(pmol ATP hydrolyzed/mg CV-min™) 0.11 0.07
Ky (mM) 1.4£0.1 0.6+£0.1 1.8+02 1.5+£0.1
DDM-activated V; ATPase activity
Vimax 1.5£0.02 54x0.1 0.12 + 0.038 £
(umol ATP hydrolyzed/mg CV-min™") 0.01 0.003
Kym (mM) 08006 04x£005 05+06 22105
Non-activated dimer (V,) ATPase activity
Vimax 0.5+£0.01 0.7+0.03 34+ 33+0.1
(pmol ATP hydrolyzed/mg CV-min™) 0.16
Kym (mM) 0.35+£0.05 0.31 + 14+ 0.64 +
0.09 0.23 0.1
DDM-activated V, ATPase activity
Vimax 11+£0.3 127+0.3 0.0098+  0.02+
(pmol ATP hydrolyzed/mg CV-min™) 0.003 0.001
Ky (mM) 09+0.1 0.35+ 079+ 073+

0.05 0.1 0.1
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Figure 1. Multiple alignment and molecular modeling of I1nh1 from Ustilago maydis.
A) Clustal W alignment of the amino acid sequence of the inhibitor proteins of U. maydis,
S. cerevisiae and B. taurus. Identical (*) and similar (:) amino acid preserved across all
sequences. B) 3D model of the F1 domain of ATP synthase-bovine with inhibitor protein
(IF1); in white is showed the Inh1 which is embedded between subunits o and B, at the
NH,-terminal. C and D) 3D model obtained with Modeller 9.2, using the S. cerevisiae
protein as a template (PDB). The structural alignment was made with PYMOL. The green

color shows the S. cerevisiae Inh1 and the blue color shows the forecast for U. maydis.
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Figure 2. Confirmation of replacement by homologous recombination of Inh1 gene by
hygromicine resistant gene. A) PCR was used to amplify sequences of DNA that includes
the sequences of Inh1l or HygR and the flanking regions on each side of the Inh1 gene. The
products were analyzed on 1% agarose gel (see supplementary material for the primers

used). The expected lengths of the product from the WT and Alnhl are shown at the right.

B) Hygromicine resistant phenotype of the Alnh1 strain.
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Figure 3. Structural and bioenergetics analysis of the mitochondria from WT and
Alnhl strains. WT is showed at the upper panel and Alnhl at the bottom panel.
Transmission electron microscopy of the WT (A) and Alnhl (E) shown round shape
mitochondria containing lamellar cristae. MitoTracker® Deep Red FM stain and light field
microscopy of the mitochondrial network of the WT (B) and Alnhl1 (F). Oxygen uptake by
the WT (C) and Alnh1 (G) cells. Where is indicated cells, cyanide (to inhibit the complex
IV) or n-octyl-gallate (to inhibit the alternative oxidase) were added. Mitochondrial
membrane potential (AW,) of the WT (D) and Alnh1 (H) cells was monitoring in presence

of safranine-O. Where is indicated cells, succinate (to produce the AW,,), ADP (to stimulate
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Figure 4. Dependence on ATP concentration of rate of ATP hydrolysis in
permeabilized mitochondria. Mitochondria from WT (e) or Alnhl
permeabilized with digitonine and ATPase activity of complex V was assayed at pH = 8.0
(A) or pH = 6.0 (B). Data were adjusted with a Michaelis-Menten equation and were

analyzed with the GraphPad software. The results were the average + SD of 3 different
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Figure 5. In-gd activity of the mitochondrial OXPHOS complexes and
super complexes. OXPHOS complex and supercomplexes from U. maydis WT and Alnhl
strains were solubilized with different digitonin/protein ratio and analyzed by BN-PAGE.
A) Coomassie brilliant blue stained native gel. In-gel activities assay of the complexes V
(B), I (C), I (D), and IV (E). Bos taurus respiratory complex and supercomplexes were
solubilized with digitonin (ratio of 2:1) and used as standard. Where indicate CI = complex
I, CII = complex II, CIII, = dimer of complex III,, CIV = complex IV, CV; = monomeric

state of complex V, and CV, = dimeric state of complex V.
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Background: STARD1 transports cholesterol into mitochondria of acutely regulated steroidogenic tissue. It has
been suggested that STARD3 transports cholesterol in the human placenta, which does not express STARD1.
STARD1 is proteolytically activated into a 30-kDa protein. However, the role of proteases in STARD3 modification
in the human placenta has not been studied.
Methods: Progesterone determination and Western blot using anti-STARD3 antibodies showed that mitochondri-
al proteases cleave STARD3 into a 28-kDa fragment that stimulates progesterone synthesis in isolated
syncytiotrophoblast mitochondria. Protease inhibitors decrease STARD3 transformation and steroidogenesis.
Results: STARD3 remained tightly bound to isolated syncytiotrophoblast mitochondria. Simultaneous to the increase
in progesterone synthesis, STARD3 was proteolytically processed into four proteins, of which a 28-kDa protein was
the most abundant. This protein stimulated mitochondrial progesterone production similarly to truncated-STARD3.
Maximum levels of protease activity were observed at pH 7.5 and were sensitive to 1,10-phenanthroline, which
inhibited steroidogenesis and STARD3 proteolytic cleavage. Addition of 22(R)-hydroxycholesterol increased proges-
terone synthesis, even in the presence of 1,10-phenanthroline, suggesting that proteolytic products might be
involved in mitochondrial cholesterol transport.
Conclusion: Metalloproteases from human placental mitochondria are involved in steroidogenesis through the pro-
teolytic activation of STARD3. 1,10-Phenanthroline inhibits STARD3 proteolytic cleavage. The 28-kDa protein and
the amino terminal truncated-STARD3 stimulate steroidogenesis in a comparable rate, suggesting that both proteins
share similar properties, probably the START domain that is involved in cholesterol binding.
General significance: Mitochondrial proteases are involved in syncytiotrophoblast-cell steroidogenesis regulation.
Understanding STARD3 activation and its role in progesterone synthesis is crucial to getting insight into its action
mechanism in healthy and diseased syncytiotrophoblast cells.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Steroid hormones are synthesized from cholesterol, a substrate for
mitochondria of specialized cells of the adrenal cortex, gonads and pla-

Mitochondria carry out cellular respiration and ATP synthesis to sup-
ply the energy requirements of aerobic cells. Mitochondria are essential
for the synthesis of a number of important biological compounds such
as lipids, heme, amino acids, nucleotides and steroid hormones. The phys-
iological function and homeostasis of mitochondria entail selective prote-
olysis in which various specific mitochondrial proteases, including
processing peptidases, ATP-dependent proteases, and oligopeptidases
are involved [1].
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centa. The steroidogenic acute regulatory protein (StAR; STARD1) [2-6],
a nuclear-encoded mitochondrial protein expressed upon stimulation
of steroidogenic tissues by their respective trophic hormones [7-9],
promotes cholesterol supply to mitochondria from acutely regulated
steroidogenic tissue. It has been suggested that STARD3 (or MLN64), a
member of the START domain family, is the protein responsible for
transporting cholesterol in the human placenta [10], a steroidogenic
tissue which does not show acute regulation of steroidogenesis nor
expresses STARD1 [11].

The amino acid sequence of the STARD3 carboxy-terminal region
sequence is similar to that of STARD1 [12]. While full-length STARD3
has minimal STARD1-like activity, the 234 amino-terminal residue
deletion (N-218 STARD3) results in a protein with substantial
STARD1-like activity in transfected cells [10]. Like N-62 STARD1 (a
StAR protein with a deletion of 62 amino-acids in its amino-
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terminal region), N-218 STARD3 lacks a mitochondrial leader se-
quence that prevents it from entering the mitochondrion, and appar-
ently exerts its function in the outer mitochondrial membrane. Alpy
etal. [13]identified the full-length STARD3 to be associated with late
endosomes, which constitute its sole cellular location reported to
date.

STARD1 and STARD3 transfer cholesterol from the outer to the inner
mitochondrial membrane, where the cholesterol side chain cleavage
enzyme, cytochrome P450 (P450scc, CYP11A1; EC 1.14.15.6), converts
it to the first product in steroid hormone synthesis: pregnenolone
[14-16]. Hypothetical mechanisms suggest that STARD1 activates
cholesterol transfer by virtue of its association with a macromolecular
complex that consists of outer membrane proteins such as the
mitochondrial membrane translocator protein (TSPO), and the TSPO-
associated protein PAP7, that bind and lead the regulatory subunit RI-
« of the cAMP-dependent protein kinase (PKARIo) towards mitochon-
dria [17]. However, it has been recently described that, in knockout
mice with a specific TSPO deletion, gametogenesis, reproduction, histo-
logical structure, and steroidogenesis of Leydig cells are not affected.
This suggests that the presence of TSPO is not crucial for steroidogenesis
[18]. Previous data from our laboratory have also demonstrated that
TSPO (earlier named PBR) is absent from the human placenta [19]. In
human placenta mitochondria, STARD3 is associated with steroidogenic
contact sites and HSP60, resulting in an increase in progesterone syn-
thesis [20,21].

STARD1 is synthesized in the cytosol as a 37-kDa pre-protein car-
rying an amino terminal targeting sequence that directs its import
into mitochondria, where it is proteolytically processed to a mature
30-kDa protein [2,22-24]. Although the important role of STARD1
proteolysis during steroid hormone synthesis by acutely regulated
steroidogenic tissue has been described, the role of proteases in
the modification of STARD3 in the human placenta has not been
studied.

In this work, the participation of mitochondrial proteases in
the modification of STARD3 in progesterone synthesis in human
syncytiotrophoblast mitochondria was determined. Although the role
of STARD3 in the human placenta remains to be elucidated, its proteol-
ysis from a 55-kDa protein into lower molecular weight proteins ap-
pears to be essential for placental steroidogenesis.

2. Materials and methods
2.1. Isolation of human syncytiotrophoblast mitochondria

Full term human placentas were collected immediately after normal
delivery. Mitochondria were prepared as previously described [25].
Briefly, placental cotyledons were placed in ice-cold 250 mM sucrose,
1 mM EDTA, and 10 mM Tris, pH 7.4. The suspension was homogenized
with a Polytron (Brinkmann Instruments, Westbury, NY, USA) at
3000 rev/min for 1 min for two cycles with a one minute interval. The
whole process was carried out at 4 °C. The pH of the homogenate was
adjusted to pH 7.4 with Tris and centrifuged at 1500 g for 15 min. The
supernatant was recovered and centrifuged at 4000 g to obtain a pellet
of cytotrophoblast mitochondria (heavy mitochondria). The superna-
tant was centrifuged again at 16,000 g for 15 min and the pellet contain-
ing the syncytiotrophoblast mitochondria (light mitochondria) was
suspended in the same solution and centrifuged at 1500 g for 10 min
to remove the remaining erythrocytes. Then, the mitochondrial pellet
was obtained by centrifugation of the last supernatant at 12,000 g for
10 min. To purify mitochondria of syncytiotrophoblast, the enriched mi-
tochondrial suspension was loaded onto a 35% sucrose solution (25 ml)
and centrifuged at 15,000 g for 45 min at 4 °C. The mitochondrial frac-
tion was collected, suspended in 250 mM sucrose, 1 mM EDTA, and
10 mM Tris (pH 7.4) and centrifuged at 16,000 g for 15 min at 4 °C.
The resulting mitochondrial pellet was suspended in this buffer and

stored at 4 °C. Protein concentration was measured as reported by
Refs. [26,27].

2.2. Mitochondrial oxygen consumption

Oxygen uptake was estimated polarographically using a Clark type
electrode in a mixture containing 250 mM sucrose, 10 mM HEPES,
pH 7.4, 1 mM EGTA, 1 mM EDTA, 10 mM succinate, 10 mM KH;POy,,
5 mM MgCl,, 0.2% bovine serum albumin and 1 mg/ml of syncytio-
trophoblast mitochondrial protein [28]. Temperature was maintained
at 37 °C and oxygen consumption was stimulated by the addition of
300-500 nmol ADP (state 3 of respiration). Respiratory control was de-
fined as oxygen uptake rate of state 3/oxygen uptake rate of state 4
(state 4 started when all ADP was converted into ATP, and respiration
slowed down) [29].

2.3. Mitochondrial enzyme activity determination

Activities of complex I (NADH:DCPIP oxidoreductase) and complex
Il (succinate:DCPIP oxidoreductase) were determined spectrophoto-
metrically at 600 nm by following the reduction of the artificial electron
acceptor 2,6-dichlorophenol-indophenol (DCPIP; 50 pM; pcpp =
21 mM~! ecm™!). Mitochondria were permeabilized with 0.01% Triton
X-100 and incubated in 30 mM KH,PO,4, 5 mM MgCl,, 1 mM EGTA,
120 mM KCl, pH 7.4, and either 500 pM NADH (complex I) or 2 mM suc-
cinate (complex II). Complex Il was activated by pre-incubation in the
presence of 0.2 mM phenazinemethosulfonate (PMS) for 10 min at
25 °C[30,31]. The protein concentration of syncytiotrophoblast mito-
chondria was 50 pg/ml and the reaction was started by the addition of
NADH or succinate. ATP synthesis by complex V was measured at
37 °C using an assay coupled to the reduction of NADP™ ( 340 nm =
6.2 mM~' cm~ ). The reaction mixture contained 0.5 mM NADP™,
1 mM ADP, 6 units/ml glucose-6-phosphate dehydrogenase, 16 units/
ml hexokinase, 10 mM succinate, 100 uM P',P>-di(adenosine-5)
pentaphosphate-ammonium, 10 mM glucose, 150 mM sucrose, 5 mM
MgCl,, 20 mM Tris/HCl, and 20 mM KH,POy,, at pH 7.5. ATP synthesis
was started by the addition of syncytiotrophoblast mitochondria
(50 pg/ml). The values reported were obtained by subtracting the
rate of ATP synthesis in the presence of oligomycin (5 pg/mg mitochon-
drial protein) from the amount of ATP synthesis under control condi-
tions [32].

2.4. Mitochondrial progesterone synthesis

Progesterone synthesis was determined at 37 °C as previously
reported [28] in a medium (P4M) containing 120 mM KCl, 10 mM
MOPS, 0.5 mM EGTA, 10 mM isocitrate, and 5 mM KH,POy4, pH 7.4 in
a final volume of 500 pl with 1 mg/ml of syncytiotrophoblast
mitochondrial protein. Where indicated, 25 pM 22(R)-hydro-
xycholesterol was added to verify cytochrome P450scc, adrenodoxin,
adrenodoxin reductase and 3p-hydroxysteroid dehydrogenase activi-
ties [33]. After incubation, the reaction was stopped with 75 pl methanol
and progesterone was determined using a radioimmunoassay kit (Diag-
nostic Systems Laboratories, Inc. Webster, Texas, USA), following the
manufacturer's instructions. The concentration of progesterone at time
zero was subtracted from the amount of progesterone at different
times and this net progesterone synthesis was reported. Alternatively,
syncytiotrophoblast mitochondria were incubated for 20 min at 37 °C
in PAM and centrifuged at 14,000 g in an Eppendorf 5415R refrigerated
centrifuge for 15 min at 4 °C. The mitochondrial pellet and the superna-
tant were separated. The supernatant was concentrated in an Amicon
Ultra Centrifugal Filter system (10K) and either processed for SDS-
PAGE and Western blot analysis using anti-MLN64 antibodies (vide
infra) or used to stimulate mitochondrial progesterone synthesis.
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2.5. Effect of protease inhibitors in proteolytic STARD3 cleavage and
mitochondrial progesterone synthesis

The effect of protease inhibitors in STARD3 cleavage was assessed by
incubating mitochondria in PM4 medium with either one of the follow-
ing: the inhibitor mixture from Sigma (cat. P8215), PMSF (1 mM), EGTA
(5 mM), EDTA (5 mM), or 1,10-phenanthroline (9 mM), for 20 min at
37 °C. Afterwards, mitochondrial proteins were processed for SDS-
PAGE and Western blot analysis against the STARD3 protein (vide
infra). To verify the effects of STARD3 on progesterone synthesis, 2 M
of purified N-218 STARD3 was added to mitochondria incubated in
the PAM medium.

2.6. In-gel protease activity assays

SDS-polyacrylamide (8%) gels were co-polymerized with porcine
gelatin (1 mg/ml) and loaded with syncytiotrophoblast mitochondria
(50 pg per well) in non-denaturing loading buffer with or without 3-
mercaptoethanol. Electrophoresis was performed under constant cur-
rent (10 mA per gel) for 6 h at 4 °C. Gels were washed in 2.5% Triton
X-100 for 30 min to eliminate SDS remnants and incubated overnight
at 37 °C in an activation buffer (50 mM Tris, pH 7.4, 150 mM Nacl,
20 mM CaCl,, and 0.02% NaNs). The buffers used to determine pH-
dependence activity were: sodium acetate (from pH 4 to 5.3), MES
(from pH 5.3 to 7), Tris (from pH 7 to 8.8) and AMPSO (pH 8.8). Gels
were stained with 0.2% Coomassie® brilliant blue R-250 (Sigma).
MMP2 and MMP9, constitutively secreted by U937 (ATCC; Rockville,
MD) (a promyelocyte cell line) were used as activity standard markers.
Protease activity correlated with the unstained band and the densito-
metric analysis was performed with the Image Analysis software ver-
sion 1.0 (Thermo Fisher Scientific Inc.). The intensities of activity were
measured by peak integration after densitometric analysis.

2.7. SDS gel electrophoresis and Western blot analysis

Syncytiotrophoblast mitochondrial proteins (50 ng per well) were
separated by SDS-PAGE according to Laemmli [34] in a 10% polyacryl-
amide gel under denaturing conditions. After the run, proteins were
stained with either Coomassie® brilliant blue R-250 or silver, using a
commercial kit (Bio-Rad) (see Fig. 2D). Alternatively, proteins were
electrotransferred to a PVDF membrane (Immobilon P; Millipore, Bed-
ford, MA) in a semi-dry electroblotting system (Bio-Rad) at 25 V for
50 min. Membranes were blocked in 500 mM NaCl, 0.05% Tween-20,
and 20 mM Tris-base, pH 7.5 (TTBS buffer), containing 5% blotting
grade blocker non-fat dry milk (Bio-Rad). Then, membranes were incu-
bated with anti-MLN64 polyclonal antibodies (1:1000). Immunoreac-
tive bands were visualized with the Enhanced ChemiLuminescence
assay (Amersham Life Science, Inc.), according to the manufacturer's
instructions, using horseradish peroxidase-conjugated goat antimouse
IgG (Pierce) at a dilution ratio of 1:35,000, and densitometric analyses
were performed with the Image Analysis software version 1.0 (Thermo
Fisher Scientific Inc.). The intensities of proteins were measured by peak
integration after densitometric analysis.

The presence of endosome marker proteins, Niemann-Pick type C1
protein (NPC1) and Rab5 was assayed [35,36] by Western blot, as de-
scribed above. The dilution ratio of either anti-NPC1 or anti-Rab5 anti-
bodies was 1:2000. After being washed, the blots were incubated with
the corresponding secondary antibodies. Protein-antibody complexes
were visualized as described above.

2.8. Production of the N-218 STARD3 protein

The recombinant N-218 STARD3 protein was produced in BL21
Escherichia coli expressing human STARD3-START (amino acids
218-445; N-218 STARD3) [10] as previously described [37]. The
expressed protein contained a Hisg-tag at the C-terminus. Bacteria

were cultivated in LB medium containing 25 pg/ml ampicillin. For protein
expression, 400 ml of growth medium (with antibiotic) was inoculated
with 1 ml of BL21 overnight culture. The culture was incubated at 37 °C
with constant shaking until an optical density of 0.5-1.0 at 600 nm was
reached. Expression was induced by the addition of 0.5 M isopropyl-3>-
p-thiogalactopyranoside. After 4.5 h bacteria were pelleted.

The resulting pellet was suspended in ice in 10 ml of the following
buffer: 300 mM NacCl, 50 mM NaH,PO,, 20 mM Tris-HCl (pH 7.4), and
10 mM B-mercaptoethanol. Bacteria were sonicated in ice (15 pulses
of 1 s, three times at maximum output level), using a MSE Soniprep
(UK) model 150. The suspension was centrifuged at 4 °C for 30 min at
20,000 g. The supernatant was incubated with 500 pl of Ni%*-
nitrilotriacetic acid-agarose matrix (Qiagen, Hilden, Germany). The
mixture was incubated with constant rotation at 4 °C overnight. The
matrix was placed in a column and washed with 20 ml of the following
buffer: 300 mM Nacl, 50 mM NaH,PO, (pH 8.0), and 20 mM imidazole.
To avoid aggregation of N-218 MLN64, the elution buffer was supple-
mented with 40% (w/v) glycerol. The eluted proteins were dialyzed
(molecular mass cutoff: 12-kDa; Sigma) against the following buffer:
150 mM NaCl, 50 mM KCl, 50 mM Tris (pH 7.4), 10 mM dithiothreitol,
and 40% (w/v) glycerol [37].

2.9. Tandem mass spectrometry (LC/ESI-MS/MS)

The protein band (indicated as 28-kDa in Fig. 2B) was cut off from
the Coomassie® brilliant blue R-250-stained SDS-PAGE gels and sent
to the Proteomics Core Facility at the University of Arizona, USA, to de-
termine its identity.

Outer mitochondrial membranes were isolated as reported by Uribe
et al. [20]. Briefly, 20-25 mg of mitochondrial protein was incubated at
4 °C with 10 mM H3PO4 and adjusted to pH 7.3 with Tris base in the
presence of protease inhibitor cocktail (Complete, Roche). After incuba-
tion, sucrose was added to attain a final concentration of 0.38 M. The
resulting mixture was incubated for 20 more minutes at 4 °C and then
centrifuged at 12,500 g for 10 min. The supernatant containing the
outer mitochondrial membranes was centrifuged at 137,000 g for 1 h
to recover the membrane fraction. The resulting mitochondrial outer
membrane was incubated in 100 mM ammonium bicarbonate (pH =
7.8) for 30 min, centrifuged at 100,000 g at 4 °C and sent to the Proteo-
mics Core Facility at the University of Arizona, USA.

2.10. Statistical analyses

Statistical analyses (one- and two-way analyses of variance, ANOVA)
of the data were performed using Sigma Stat software, version 3.5.
When necessary, nonlinear regression of the data to a single exponen-
tial decay equation was performed in Sigma Plot software, version 10.0.

2.11. Materials

Analytical grade reagents were purchased from Sigma Chemical Co.
(St. Louis, MO, USA), E. Merck (Darmstadt, Germany), and Bio-Rad
(Hercules, CA, USA).

3. Results
3.1. Functional state of syncytiotrophoblast mitochondria

To determine the functional integrity of isolated syncytiotrophoblast
mitochondria, respiratory rates and respiratory controls were calculated
from oxygen uptake traces using succinate as substrate (Table 1). Oxygen
uptake in state 3 and state 4 was 135 + 28 ng atom of oxygen/min-mg
protein, and 21 + 8 ng atom of oxygen/min-mg protein, respectively.
The respiratory control value was 6.7 + 2 while ATP synthesis rate of
complex V was 160 4 12 nmol/min-mg protein. Addition of 2,4-dinitro-
phenol to energized mitochondria increased the permeability of the
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Table 1
Bioenergetics and steroidogenic parameters of syncytiotrophoblast mitochondria.

Complexes activities®

Complex 1 113 + 20 pmol/min-mg
Complex Il 14 £ 4 pmol/min-mg
Complex V 160 4 12 nmol/min-mg

Oxygen uptake

State 3°

State 4¢

Respiratory control?

135 £ 28 ng atom of oxygen/min-mg protein
21 + 8 ng atom of oxygen/min-mg protein
6.7 + 2

Progesterone synthesis®
Control
+ 22(R)-hydroxycholesterol

30.6 & 1.3 ng progesterone/min-mg
85 + 6.0 ng progesterone/min-mg

@ Specific activities from complexes I and Il were measured spectrophotometrically in
sonicated mitochondria: complex I, NADH:DCPIP oxidoreductase and complex II, succi-
nate:DCPIP oxidoreductase. Complex II activity was stimulated as described in Materials
and methods section. Specific complex V activity was determined in intact mitochondria
as ATP synthesis. Values shows are the mean + S.D. (n = 7 independent determinations
from different placental tissue).

" Defined as oxygen consumption stimulated by ADP added in presence of succinate as
substrate. Values are the mean + S.D. (n = 25 independent determinations from differ-
ent placental tissue).

¢ Defined as oxygen consumption reduction due to all ADP added was converted to ATP.
Values are the mean + S.D. (n = 25 independent determinations from different placental
tissue).

4 Respiratory control = oxygen uptake rate of state 3/oxygen uptake rate of state 4.
Values are the mean + S.D. (n = 25 independent determinations from different placental
tissue).

€ Progesterone synthesis was determined as described in Materials and methods section.
22(R)-hydroxycholesterol was used to verify cytochrome P450scc, adrenodoxin,
adrenodoxin reductase and 3(3-hydroxysteroid dehydrogenase activities [30]. Values here
are the mean 4 S.D. from eight determinations from eight different placental tissues.

coupling membrane to protons, and induced maximum respiratory
rate (205 + 33 ng atom of oxygen/min-mg protein); no oligomycin-
sensitive-ATP synthesis occurred. These data indicate functional coupling
of mitochondrial respiration and ATP synthesis in syncytiotrophoblast mi-
tochondrial preparations. Activities of 113 4 20 pmol/min-mg protein for
NADH:DCPIP oxidoreductase (complex I), and 14 + 4 umol/min-mg pro-
tein for succinate:DCPIP oxidoreductase (complex II) were also assessed
(Table 1).

Endosome marker proteins, NPC1 and Rab5 [35,36], were not identi-
fied by Western blot in isolated syncytiotrophoblast mitochondria.
Taken together, these results indicate the presence of functional mito-
chondria isolated from syncytiotrophoblast cells, capable of increasing
oxygen consumption and of synthesizing ATP upon the addition of ADP.

Human syncytiotrophoblast mitochondria are steroidogenic organ-
elles that synthesize progesterone due to the presence of 3(3-
hydroxysteroid dehydrogenase in their inner membrane [25,38]. The
rate of progesterone synthesis was 30.6 4 1.3 ng progesterone/min-mg
protein and was not modified when exogenous cholesterol was added
(data not shown). Furthermore, previously reported data indicated that
placental mitochondria have enough cholesterol [39] so addition of exog-
enous cholesterol is not necessary to stimulate progesterone synthesis.
The addition of 22(R)-hydroxycholesterol — a soluble substrate used to
verify cytochrome P450scc, adrenodoxin, adrenodoxin reductase and
3B-hydroxysteroid dehydrogenase activities [33], increased steroidogenic
activity to 85 £ 6.0 ng progesterone/min-mg protein (Table 1 and
Fig. 5A). These results are in agreement with the specialized role of
syncytiotrophoblastic tissue [25] and evidence that isolated mitochon-
dria, as used in this work, retain their physiological function.

3.2. Syncytiotrophoblast mitochondrial protease activity

The experiments performed in the present study were designed to
assay the role of syncytiotrophoblast mitochondrial proteases in pro-
gesterone synthesis. The first approach was to detect the in-gel protease
activities and its pH dependence (Fig. 1A). Densitometric analysis of in-
gel protease activity showed that it was null at low pH (pH = 4.3),

while an increase was observed starting at pH = 5.3 (Fig. 1A). Since
the identity of the proteases in syncytiotrophoblast mitochondria is un-
known (but an effort to elucidate it is in progress in our lab), the inten-
sity of each activity band was pooled to obtain the total activity of
proteases from each pH value (Fig. 1B). Total protease activity was max-
imum at pH 7.5 (Fig. 1B) and five different protease activity bands were
observed (Fig. 1A). Interestingly, the band with the lowest molecular
weight (marked as E) was only detected at pH = 7.5 (Fig. 1A). Mito-
chondrial protease activity was compared with MMP9 and MMP2 activ-
ity constitutively secreted by U937, used as protease activity standards
(Fig. 1C). The proteolytic activity was sensitive to 1,10-phenanthroline
(Fig. 1D) or B-mercaptoethanol (data not shown), suggesting that
syncytiotrophoblast mitochondria contain metalloproteases.
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Fig. 1. In-gel protease activity from syncytiotrophoblast mitochondria. A) pH dependence of
protease activity. Buffer used: sodium acetate (from pH 4 to 5.3), MES (from pH 5.3 to 7), Tris
(from pH 7 to 8.8) and AMPSO (pH 8.8), and continued with the protocol described in the
Syncytiotrophoblast mitochondrial protease activity section. B) Densitometric analysis from
in-gel protease activity shown in A. The density of each band of protease activity was defined
as band-intensity/area and the total protease activity shown is the sum of protease activity in
each band. A significant increase in the intensity of total protease activity was observed at
pH = 7.5, as compared to protease-activity at alkaline or acid pH values. The one-way
ANOVA test indicates that these differences are statistically significant (indicated as a)
(p < 0.001, n = 4, from four different placental tissues) (all Pairwise Multiple Comparison
Procedures were performed with the Tukey test). Results are presented as the mean +
S.D.; a.u. = arbitrary units. C) Mitochondrial protease activity was determined at pH = 7.4
and compared to MMP2 and MMP9 proteases constitutively secreted by U937 used as prote-
ase activity standard (ATCC; Rockville, MD). S means protease activity from
syncytiotrophoblast mitochondria. D) Inhibition of protease activity by 1,10-phenanthroline
(9 mM) added to protease incubation mixture (+ 1,10-PHEN). Gels were stained with
Coomassie® brilliant blue R-250 and protease activity correlated with the unstained band.
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3.3. Syncytiotrophoblast mitochondrial protease and progesterone synthesis

In steroidogenic tissues acutely regulated, STARD1 promotes choles-
terol transfer from the outer to the inner mitochondrial membrane.
Once in the mitochondrion, steroidogenesis increases and STARD1 is
proteolytically cleaved. Since the human placenta expresses STARD3 in-
stead of STARD1 [10,21] we investigated the possible relationship
among protease activity, STARD3 proteolytic cleavage, and proges-
terone synthesis in syncytiotrophoblast mitochondria (Fig. 2). It is
important to mention that STARD3 remains tightly bound to isolat-
ed syncytiotrophoblast mitochondria (Fig. 2B and [21]), although it
was described as an endosome protein [13]. The endosome markers
Rab5 and NPC1 were not detected in the syncytiotrophoblast mito-
chondrial fraction (data not shown), in accordance with previous
reports [21].
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Fig. 2. Proteolytic cleavage of STARD3 and progesterone synthesis in syncytiotrophoblast
mitochondria. A) pH dependence of progesterone synthesis in the presence (dashed bars)

Since protease activity was dependent on pH, progesterone synthesis
and STARD3 proteolysis were analyzed at different pH values. The syn-
thesis of progesterone increased from pH = 5 to 7.4 (Fig. 2A, black bars),
but a decrease was observed at pH = 9. This decrease might be due to
the steroidogenic machinery being affected by the alkaline conditions.
The effect of pH on cytochrome P450scc and 3p-hydroxysteroid
dehydrogenase activities was verified by the addition of 22(R)-
hydroxycholesterol to mitochondria incubated under different pH con-
ditions (Fig. 2A, gray bars). As anticipated, progesterone production was
increased by 22(R)-hydroxycholesterol at different pH values, with
maximum levels of production detected at pH = 7.4, confirming the
inhibitory effect of acid or alkaline pH on cytochrome P450scc and 3(3-
hydroxysteroid dehydrogenase. Concomitant with the increase in pro-
gesterone synthesis at pH = 7.4, Western blot assays for STARD3
revealed that the 55-kDa protein was proteolytically processed into
four proteins released from mitochondria with molecular weights of
27,28, 31, and 33-kDa (Fig. 2B). Densitometric analysis showed that
the relative signal of the STARD3 55-kDa protein was similar at every
pH value tested. However, the relative intensity of the proteolytic prod-
ucts increased as pH became alkaline (Fig. 2B and C). The initial proteo-
lytic product was the 27-kDa protein, although the signal of the 28-kDa
protein appeared at pH = 6.0. The signal increased and the 28-kDa pro-
tein was shown to be the main proteolytic product throughout the pH
range tested (Fig. 2C). STARD3 cleavage matched the increase of proges-
terone synthesis in the physiologic pH range. Although the actual 28-
kDa/STARD3 stoichiometry could not be estimated by densitometric
analysis, the results are consistent with the hypothesis that STARD3
must be proteolytically processed into a smaller protein that promotes
progesterone synthesis in the human placenta [40].

Since Western blot results suggested that STARD3 was processed
into a protein belonging to a family of low molecular weight proteins
(Fig. 2B), it was important to define its identity. MS/MS analysis of the
28-kDa protein showed that it contains the START-domain sequence
(Fig. 3). Moreover, the 28-kDa protein shared 68% of protein identity
and 72% of protein similitude to the human STARD3 (Fig. 3). These
results confirm the identity of the 28-kDa protein as STARD3, and there-
fore will be indicated as STARD3-28 kDa from now on. Interestingly, the
size of STARD3-28 kDa is approximate to that of the domain of N-218

or absence (black bars) of 9 mM 1,10-phenanthroline. The progesterone synthesis medium
described in the Materials and methods section was supplemented with the following buffer:
sodium acetate (from pH 4 to 5.3), MES (from pH 5.3 to 7), Tris (from pH 7 to 8.8) and
AMPSO (pH 8.8), and the results are expressed as the mean + S.D. of at least five separate
experiments, with five different placental tissues. The one-way ANOVA analysis of control
conditions (black bars) showed a significant increase in progesterone (P4) synthesis at
pH = 7.4 when compared to P4 production at lower or higher values of pH (indicated by
a). The difference is greater than expected by chance and there is a statistically significant dif-
ference (p < 0.001, n = 8) (all Pairwise Multiple Comparison Procedures were performed
with the Tukey test). 100% of progesterone synthesis taken at pH 7.4 was considered as the
maximum with a value of 30 £ 1.3 ng P4/mg/min. The two way ANOVA analysis showed
a statistically significant difference between the treatment groups when 1,10-phenantroline
was present (dashed bars) or absent (black bars) (indicated as b) (p < 0.005, n = 16) (all
Pairwise Multiple Comparison Procedures was performed with the Holm-Sidak method).
The addition of 22(R)-hydroxycholesterol to mitochondria increased P4 synthesis (gray
bars). A two-way ANOVA analysis showed a statistically significant difference between con-
trol conditions and 22(R)-hydroxycholesterol addition (indicated as c¢) (p < 0.001, n = 5)
(all Pairwise Multiple Comparison Procedures were performed with the Holm-Sidak meth-
od). B) Western blot against STARD3 protein. Mitochondria were incubated in P4M medium
as described in the Materials and methods section, and after 20 min of incubation at 37 °C mi-
tochondrial proteins were resolved in SDS-PAGE, and processed for Western blot or stained
with Coomassie® brilliant blue R-125 (D). C) Densitometric analysis from Western blot
shown in B. The one-way ANOVA of each band intensity at different pH values showed a sig-
nificant increase in the 28-kDa protein band intensity at pH = 6.5 (indicated by a), 7.0 (indi-
cated by b), 7.4 (indicated by c), and 8.0 (indicated by d), when compared to the other
STARD3 proteolytic products (i.e. 27, 31 and 33-kDa proteins) (p < 0.001, n = 4, from four
different placental tissues) (all Pairwise Multiple Comparison Procedures were performed
with the Tukey test), whereas the 55-kDa protein (STARD3 full length protein) intensity
was similar at all pH values tested. The density of each band was defined as band-intensi-
ty/area. a.u. = arbitrary units.
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Fig. 3. Identification of the 28-kDa protein produced during steroidogenesis from human syncytiotrophoblast mitochondria as STARD3. The MS/MS analysis of the 28-kDa protein pro-
duced three peptides whose sequences are indicated in the boxes. The coverage of the 28-kDa protein was 16.3% and its identity was defined as STARD3 protein (ID ]3QLM1_HUMAN
from UNIPROT KB/TrEMBL). Sequences from whole human placenta STARD3 (indicated as STARD3-28 kDa) and STARD3 (NP_001159410 from NCBI) were aligned and showed an identity
of 68% and 72% similitude (Clustal W program). START domain is underlined with a solid line; STARD3-28 kDa sequence is underlined with a dashed line. The arrow indicates the first

amino acid in the N218-STARD3 reported by Ref. [40].

STARD3 (Fig. 3) reported by Ref. [40], which might have a role in choles-
terol flux from the outer to the inner mitochondrial membrane. Howev-
er, no mitochondrial targeting presequence was observed.

To verify the participation of proteases in STARD3 cleavage
during progesterone synthesis, the effect of 1,10-phenanthroline, a
metalloprotease inhibitor, on steroidogenesis was studied (Fig. 4). The
time course of progesterone synthesis showed that 1,10-phenanthroline
inhibits steroidogenesis (Fig. 4A). Indeed, progesterone synthesis was
inhibited by 1,10-phenanthroline depending on its concentration
and was totally abolished at 9 mM (Fig. 4B). Additionally, the 1,10-
phenanthroline effect on progesterone synthesis at different pH values
was explored (Fig. 2A, dashed bars). Once again, the protease inhibitor
abolished mitochondrial steroidogenesis at every pH value, suggesting
protease participation in progesterone synthesis. Simultaneously, the pro-
teolytic cleavage of STARD3 was abolished by 1,10-phenanthroline
(Fig. 4C). Other protease inhibitors like the protease inhibitor cocktail
(Sigma), PMSF, EGTA, or EDTA (data not shown) prevented STARD3
cleavage into low molecular weight proteins (Fig. 4C).

3.4. STARD3 cleavage participates in the placental steroidogenesis

Although the relationship between protease activity, STARD3 cleav-
age, and progesterone synthesis had been demonstrated, it was necessary
to determine the potential role of proteolytically-cleaved STARD3. 22(R)-
hydroxycholesterol - a cholesterol analog that reaches P450scc indepen-
dently of the mitochondrial transport system used by cholesterol - was
added to syncytiotrophoblast mitochondria to stimulate progesterone

synthesis when the proteolytic cleavage of STARD3 into the STARD3-
28 kDa protein was inhibited by 1,10-phenanthroline (Fig. 5A). 22(R)-
hydroxycholesterol produced a three-fold increase in progesterone syn-
thesis, even in the presence of 1,10-phenanthroline (Fig. 5A), which
inhibited the formation of the STARD3-28 kDa protein (Fig. 4C), sug-
gesting the following implications: 1) P450scc and all the enzymes
involved in progesterone synthesis are functional during protease inhi-
bition, and 2) protease activity might be involved in the transport of
cholesterol, i.e. the STARD3-28 kDa protein is obtained from STARD3
proteolytic cleavage. When purified the N218-STARD3 protein was
added to syncytiotrophoblast mitochondria (Fig. 4C, last lane) and an
increase in progesterone synthesis was observed (Fig. 5B). This result
suggests that STARD3 proteolysis is an important step in the human pla-
centa progesterone synthesis.

In an attempt to determine the sub-mitochondrial site where the pro-
teolytic cleavage of STARD3 occurs, syncytiotrophoblast mitochondria
were centrifuged during progesterone synthesis. The supernatant,
where proteins not bound to mitochondria were released, was recovered.
This procedure allowed isolating the low molecular weight proteins
derived from STARD3 proteolysis (Fig. 6A). It is important to mention
that mitochondria showed a respiratory control of 3.2 4 1.1 after centri-
fugation, which confirms that the inner membrane remained intact. This
suggests that the proteolytic cleavage of STARD3 could take place in the
intermembrane space and that proteins are released through the outer
membrane as a consequence of centrifugation (Fig. 6A). The subsequent
hypothesis is that STARD3 is cleaved in the intermembrane space where
its proteolytic products (mainly STARD3-28 kDa) are involved in
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Fig. 4. Effect of 1,10-phenanthroline on mitochondrial progesterone synthesis and STARD3
cleavage. A) Time course of mitochondrial progesterone synthesis in the presence (O) or
absence (@) of 9 mM 1,10-phenanthroline. Mitochondria were incubated in PAM medium
at 37 °C and at the indicated times, an aliquot was removed and progesterone determined
as described in the Materials and methods section. Results are presented as the mean 4+
S.D. of three separate experiments performed with three different placental tissues.
B) Inhibition of progesterone synthesis by 1,10-phenanthroline (1,10-PHEN). The inhibition
follows an exponential decay and the percentage of inhibition was calculated as the ratio be-
tween progesterone synthesis at the indicated 1,10-phenanthroline concentration against
control conditions. The data were fitted to the equation f = yo + a - exp{~" * *) using the
Sigma Plot software, where yo = —32.6 4 7.5; a = 143.72 £+ 164; b = 0.118 & 0.025;
R = 0.9998. C) Immunodetection of STARD3 protein during mitochondrial progesterone
synthesis. Mitochondria were incubated in P4M for 20 min at 37 °C in the presence of an
inhibitor cocktail from Sigma (cat. P8215), or PMSF (1 mM), or EGTA (5 mM), or 1,10-
phenanthroline (9 mM) and then processed for Western blot analysis. Additionally, purified
N-218 STARD3 (85 M) was added to mitochondria.

cholesterol efflux between mitochondrial membranes. The high concen-
tration of progesterone bound to a protein fraction that was released
from the mitochondria (Fig. 6B, white bars) evidences the interaction of
these peptides with steroid molecules. Denaturation of these low molec-
ular weight proteins with cold methanol releases progesterone (Fig. 6B,
black bars and Ref. [21]).

To verify the effect of the STARD3-28 kDa protein in progesterone
synthesis, mitochondrial protein supernatant was collected and concen-
trated (as described in the Materials and methods section) and added to
fresh and intact syncytiotrophoblast mitochondria (Fig. 6C, close cir-
cles), and progesterone synthesis was determined. Simultaneously,
another set of fresh mitochondria was incubated with isolated N-218
STARD3 as control (Fig. 6C, open circles). The addition of the released
protein fraction (i.e. STARD3-28 kDa protein) to fresh mitochondria in-
duced an increase in progesterone synthesis just as N-218 STARD3 does,
suggesting a similar role for both proteins.

4. Discussion

The physiological functions of human syncytiotrophoblast are cru-
cial for the maintenance of pregnancy. Our group is interested in the
study of the molecular mechanisms involved in the synthesis of proges-
terone by the human placenta. The study described here sought to
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Fig. 5. Effect of 22(R)-hydroxycholesterol and purified N-218 STARD3 protein on proges-
terone synthesis. A) Syncytiotrophoblast mitochondria were incubated in P4M mixture for
progesterone (P4) synthesis and 25 pM 22(R)-hydroxycholesterol was added. P4 was de-
termined as described in the Materials and methods section. 1,10-Phenanthroline (1,10-
PHEN) concentration was 9 mM. Results are presented as the mean =+ S.D. of five separate
experiments performed with five different placental tissues. The one-way ANOVA analysis
showed a significant increase of P4 synthesis in the presence of 22(R)-hydroxycholesterol
against control conditions (indicated as a) (p < 0.0001, n = 4, from four different placen-
tal tissues), or against 1,10-PHEN addition (indicated as b) (p < 0.0001, n = 4, from four
different placental tissues) (all Pairwise Multiple Comparison Procedures were performed
with the Tukey test). B) Time course of mitochondrial progesterone synthesis with (L) or
without (M) N-218 STARD3 protein (85 pM). N-218 STARD3 protein was overexpressed
and purified as described in the Materials and methods section. Results are presented as
the mean + S.D. of seven separate experiments performed with seven different placental
tissues. The one-way ANOVA analysis showed a statistically significant difference in P4
production, which increased in the presence of N-218 STARD3 protein as compared to
control conditions (indicated as a for 20 min; b for 40 min; ¢ for 60 min) (p < 0.001,
n = 4, from four different placental tissues) (all Pairwise Multiple Comparison Procedures
were performed with the Tukey test).

reveal the role of mitochondrial proteases regarding STARD3 during
progesterone synthesis in mitochondria from syncytiotrophoblast cells.

It has been put forward that the STARD3 protein, similarly to
STARD1, transfers cholesterol from the outer to the inner mitochondrial
membrane [40]. Although the molecular mechanism of STARD1 activity
is still unknown, two models have been proposed. In the first one,
STARD1 transfers cholesterol during its import into mitochondria. In
the matrix, proteases degrade STARD1 to prevent its accumulation
and subsequent mitochondrial damage [41-43]. Thus, it has been pro-
posed that STARD1 import into the mitochondrial matrix serves as an
off-switch for STARD1 activity. In the second model, mitochondrial im-
port is not required for STARD1 activity, since N-terminally truncated
STARD1 proteins retain full activity and it was not imported into mito-
chondria [4,6,22,44].

Despite the important role of STARD1, some steroidogenic tissues do
not express it, as the human placenta. In this regard, elucidating the
function of STARD3 is of considerable interest since it might promote
steroidogenesis in tissues that do not express STARD1. Because the
STARD1 role in steroidogenesis is associated with mitochondrial prote-
ase activity, in the present work we determined both, protease activity
in syncytiotrophoblast mitochondria and proteolytic activation of
STARD3.

Protease activity in syncytiotrophoblast mitochondria was associated
with five different bands with an optimal pH = 7.5, and was sensitive
to 1,10-phenanthroline, EGTA, EDTA, PMSF and (3-mercaptoethanol,
which suggests the presence of metalloproteases (Figs. 1, 2B and 4C).

Western blotting of isolated human syncytiotrophoblast mitochondria
revealed the presence of apparently full-length (55-kDa) STARD3 and
various proteolytic products (27, 28, 31, and 33-kDa) (Fig. 2B). Although
STARD3 has been reported to be associated with endosomes [13],
STARD3-antibodies recognized a protein of approximately 54 kDa in the
isolated syncytiotrophoblast mitochondria, where Rab5 and NPC1 were
not detected. This result is in accordance with Ref. [21]. A possible expla-
nation is that some endosomes could still be present in the pellet that
comprises isolated mitochondria. Also, this result could indicate a close
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Fig. 6. Release of proteolytically cleaved STARD3 from syncytiotrophoblast mitochondria during progesterone synthesis. Syncytiotrophoblast mitochondria were incubated in P4AM medi-
um for 20 min at 37 °C as described in the Materials and methods section, and then mitochondria were centrifuged and the mitochondrial pellet and supernatant were separated and
analyzed by Western blot against STARD3 (A); progesterone content was also determined (B). Where indicated, (M) corresponds to mitochondrial pellet and (['1) corresponds to protein
released to supernatant. A one-way ANOVA test indicated that the differences in progesterone content between mitochondrial pellet and supernatant are statistically significant (statistical
significance indicated as a for 20 min; b for 40 min; ¢ for 60 min) (p < 0.001, n = 7, from seven different placental tissues) (all Pairwise Multiple Comparison Procedures were performed
with the Tukey test). Results are presented as the mean, and error bars indicate S.D. of seven separate experiments. The effect of isolated N-218 STARD3 (O) or mitochondrial supernatant
(@) on progesterone synthesis is shown in (C). Protein released from mitochondria during progesterone synthesis was collected, pooled and concentrated in an Amicon Ultra Centrifugal
Filter (10K) and added to fresh syncytiotrophoblast mitochondria to determine its effect on progesterone synthesis. Simultaneously, another set of mitochondria were incubated with N-
218 STARD3 protein (85 pM), and progesterone synthesis was determined. No significant differences were observed between protein released from mitochondria and N-218 STARD3 in
progesterone synthesis stimulation. The total progesterone content of the mitochondrial supernatant protein was 900 ng of progesterone/mg of protein/60 min, and it was subtracted
from the values showed in the graph.

relationship between mitochondria and endosomes during placental ste- suggests that metalloproteases could be located in the intermembrane
roidogenesis. Nevertheless this hypothesis should be further investigated. space (IMS), i.e. the YME1L, an i-AAA protease that exerts its activity
The fact that inner-membrane-impermeable 1,10-phenanthroline, on the IMS side of the inner membrane of mitochondria (Fig. 7) [45,

EDTA and EGTA inhibited STARD3 proteolytic cleavage (Fig. 4C) 46], or in the cytoplasmic side of the outer membrane. Proteolytic
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Fig. 7. Model proposed for the role of mitochondrial proteasomes in STARD3 cleavage and progesterone synthesis in human syncytiotrophoblast cells. Protease activities in the activation of
MLN64 and the subsequent progesterone synthesis increase have been divided into three steps. Step 1: Proteolytic transformation of STARD3 from a 55-kDa into a 28-kDa protein by a
protease that exerts its activity on the IMS side of the inner membrane of mitochondria or at the outer membrane (see text for details). This protease is sensitive to 1,10-phenanthroline,
EGTA, or EDTA (shown as an empty arrow). Step 2: The STARD3-28 kDa protein, which has been shown to contain the cholesterol binding domain ([40] and the present work), would
increase cholesterol flux from the outer into the inner mitochondrial membrane to reach the cytochrome P450scc machinery and increase progesterone production (Step 3). If protease
activity is inhibited and no STARD3-28 kDa protein is produced, 22(R)-hydroxycholesterol might promote progesterone synthesis. STARD3 incorporation to mitochondria could occur
without a classical mitochondrial targeting presequence (A) or through the association between mitochondria and lipid droplets via the SNARE complex (B). OM = outer mitochondrial
membrane; IMS = intermembrane space; IM = inner mitochondrial membrane; steroidogenic contact site = marked with a dashed line; Chol = cholesterol; P450scc = cytochrome
P450scc; 3BHSDH = 3p-hydroxysteroid dehydrogenase; 22-OH-Chol = 22(R)-hydroxycholesterol.
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activation of STARD3 in the intermembrane space or in the outer mem-
brane is also supported by the fact that STARD3 contains no mitochondrial
leader sequence and hence does not enter the mitochondrial matrix.
Instead its proteolytic products (i.e. STARD3-28 kDa protein) could be re-
leased from mitochondria by centrifugation without inner membrane
damage (Fig. 6A). Although STARD3 lacks a classical mitochondrial
targeting presequence, it is tightly joined to syncytiotrophoblast mito-
chondria and its role in steroidogenesis is demonstrated in the present
work. It has been reported that many mitochondrial hydrophobic mem-
brane proteins are synthesized without cleavable extensions [47]. These
proteins typically contain several targeting signals that are distributed
throughout the length of the protein [48]. This could be the case for
STARD3. Once incorporated into mitochondrial membranes, STARD3
might be proteolytically activated and then associated with steroidogenic
contact sites to promote cholesterol transport (Fig. 7A). Although this hy-
pothesis needs to be elucidated, STARD3 intermembrane space location is
important due to the possible role that has been suggested for the
STARD3-28 kDa protein in cholesterol transfer between mitochondrial
membranes [40].

Additionally, a model for the incorporation of STARD3 into mito-
chondria and its activation was put forward, based on the results
from mass spectrometric analysis of mitochondrial outer membrane
proteins (Fig. 7B). It has been reported that lipid droplets contain
constituent proteins of the SNARE complexes [49-53], which include
o-SNAP, Syntaxins and VAMP. Human syncytiotrophoblast mito-
chondria contained SNAP (P54920_SNAA_HUMAN), Syntaxin-3
(FBW9YO0_STX3_HUMAN), Syntaxin-7 (015400-2_STX7_HUMAN),
Syntaxin-12 (Q86Y82_STX12_HUMAN), Syntaxin-binding Protein-2
(STXBP-2, Q15833_E7EQD5_HUMAN), Syntaxin-binding Protein-3
(STXBP-3, 000186_STXB3_HUMAN), and VAMP-8 proteins
(Q9BV40_VAMPS8_HUMAN). It has been shown that the SNAP pro-
tein promotes interaction between lipid droplets and mitochondria
[54], and that steroidogenic cells express SNARE proteins such as
Syntaxin-17, SNAP-23, and SNAP-25 [55-59]. These observations
strongly suggest that SNARE proteins might mediate cholesterol
transport from lipid droplets to steroidogenic mitochondria, most
likely by promoting the functional interaction between lipid droplets
and mitochondria. In syncytiotrophoblast cells, the STARD3 protein
might be incorporated into mitochondria from lipid droplets
through SNARE complexes and proteolytically activated by mito-
chondrial proteases. Once STARD3-28 kDa has been produced, it
might then be incorporated to steroidogenic contact sites [20] and
promote cholesterol transport for progesterone synthesis (Fig. 7).

Steroidogenic contact sites are multiprotein complexes associated
with cholesterol transport and steroidogenesis [20]. Several proteins like
HSP60 might be involved, as suggested by Ref. [21]. Although TPSO is a
protein apparently essential for several mitochondrial processes, its func-
tion does not seem to be crucial to the permeability of the transition pore
[60], the steroidogenesis of Leydig cells [18] and the human placenta [19].

Nevertheless, it has been reported that the rate-determining step of
placental progesterone synthesis is the electron supply to cytochrome
P450scc from adrenodoxin reductase [61,62]. It has been demonstrated
that in purified human syncytiotrophoblast mitochondria [63] or in
the isolated steroidogenic contact sites [20], the addition of 22(R)-
hydroxycholesterol increases progesterone synthesis compared with
the control condition (i.e. mitochondria were incubated with isocitrate
as oxidable substrate in a medium that promotes progesterone synthe-
sis; see Refs. [20,21,28,32] and the Materials and methods section). This
suggests that electron supply to P450scc might not be the limiting-step.
The addition of 22(R)-hydroxycholesterol, a cholesterol analog that
freely reaches cytochrome P450scc [33], rendered three-fold increases
in progesterone production, even if proteases were inhibited with
1,10-phenanthroline (Fig. 5A) and no STARD3 proteolytic cleavage oc-
curred (Fig. 4C). This evidences a specific effect of the protease inhibitor,
as well as that the proteolytic products of STARD3 might be involved in
cholesterol transport.

Mitochondrial metalloprotease activity, relative to alkaline pH; simul-
taneous proteolytic activation of STARD3; and an increase in progesterone
synthesis, were observed (see Figs. 1, 2 and 4). Moreover, the proteolysis
of 55-kDa STARD3 into a STARD3-28 kDa protein was associated with the
maximal rate of progesterone synthesis observed (Fig. 2). It has been
shown that the N-218 STARD3 protein (with similar size to STARD3-
28 kDa) has substantial StAR-like activity in transfected cells [10]. In
addition, Bose et al. [40] used a total protein homogenate from midterm
human placenta to show that the presence of the full-length STARD3
protein and various proteolytic products, among which the 28-kDa
peptide was predominant. However, purified syncytiotrophoblast mito-
chondria were used in this work to demonstrate that mitochondrial
metalloproteases could be responsible for the proteolytic transforma-
tion of STARD3 into the STARD3-28 kDa protein, which could be in-
volved in cholesterol transfer between mitochondrial membranes.
Furthermore, the addition of the protein N-218 STARD3 or the
STARD3-proteolytic-products (i.e. the STARD3-28 kDa protein which
is released from mitochondria while progesterone synthesis occurs) to
isolated syncytiotrophoblast mitochondria produced a similar enhance-
ment of steroidogenesis (Fig. 6C), highlighting the role of STARD3 and
its proteolytic product, the STARD3-28 kDa protein. Currently, transfec-
tion of HEK-293 cells with the whole progesterone synthesis machinery
and the N-218 STARD3 protein is being performed in our laboratory to
determine if STARD3 cleavage by proteases is the key step in progester-
one synthesis. However, with all the results described so far, we pro-
pose that STARD3 is processed in vivo by metalloproteases from
human syncytiotrophoblast mitochondria to the STARD3-28 kDa pro-
tein, a product similar to N-218 STARD3 that might promote steroido-
genesis in a similar way to that described in the proposed model for
the STARD1 protein (Fig. 7).

Although less is known about the roles of mitochondrial proteases in
mammalian cells, it has been shown that loss-of-function mutations in
human genes encoding mitochondrial proteases are often associated
with clinical disorders [64-67]. Therefore, molecular and biochemical
characterization of such proteolytic activities is of the utmost impor-
tance, as suggested by Ref. [68]. Finally, future research using STARD3
knockout mice [69] will be relevant to determine the specific cellular lo-
cation of STARD3 and its role in reproduction.

The present study suggests that the STARD3 protein can be used as
an authentic natural substrate to explore multiple mitochondrial prote-
ases, to provide new insights into their mode of action in healthy and
diseased steroidogenic cells, and to allow understanding of the different
ways in which steroids are produced.
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ATP-diphosphohydrolase is associated with human syncytiotrophoblast mitochondria. The activity of this
enzyme is implicated in the stimulation of oxygen uptake and progesterone synthesis. We reported previously
that: (1) the detergent-solubilized ATP-diphosphohydrolase has low substrate specificity, and (2) purine and
pyrimidine nucleosides, tri- or diphosphates, are fully dephosphorylated in the presence of calcium or magne-
sium (Flores-Herrera 1999, 2002). In this study we show that ATP-diphosphohydrolase hydrolyzes first the nu-
cleoside triphosphate to nucleoside diphosphate, and then to nucleotide monophosphate, in the case of all tested
nucleotides. The activation energies (E,) for ATP, GTP, UTP, and CTP were 6.06, 4.10, 6.25, and 5.26 kcal/mol,
respectively; for ADP, GDP, UDP, and CDP, they were 4.67, 5.42, 5.43, and 6.22 kcal/mol, respectively. The corre-
sponding Arrhenius plots indicated a single rate-limiting step for each hydrolyzed nucleoside, either tri- or
diphosphate. In intact mitochondria, the ADP produced by ATP-diphosphohydrolase activity depolarized
the membrane potential (AW¥,,) and stimulated oxygen uptake. Mitochondrial respiration showed the state-3/
state-4 transition when ATP was added, suggesting that ATP-diphosphohydrolase and the F;Fo-ATP synthase
work in conjunction to avoid a futile cycle. Substrate selectivity of the ATP-diphosphohydrolase was modified
by AW, (i.e. ATP was preferred over GTP when the inner mitochondrial membrane was energized). In contrast,
dissipation of AW, by CCCP produced a loss of substrate specificity and so the ATP-diphosphohydrolase was able
to hydrolyze ATP and GTP at the same rate. In intact mitochondria, ATP hydrolysis increased progesterone
synthesis as compared with GTP. Although dissipation of AW, by CCCP decreased progesterone synthesis,
NADPH production restores steroidogenesis. Overall, our results suggest a novel physiological role for AW, in
steroidogenesis.
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1. Introduction

One of the main functions of the placenta is the synthesis of proges-
terone (P4) to maintain pregnancy. Mitochondria from human
syncytiotrophoblast cells contain the machinery for steroid synthesis.
It consists of an electron transport chain (ETC-P450scc) composed by
the cytochrome P450scc (CYP11A1; EC 1.14.15.6) that receives elec-
trons from NADPH + H* through two proteins: adrenodoxine and
adrenodoxine reductase. These proteins are located in the inner mito-
chondrial membrane and transform cholesterol into pregnenolone
(P5) [3-5]. An additional enzyme, type II 3p-hydroxysteroid-
dehydrogenase-A4-5 isomerase (33HSD) also embedded in the inner

* Corresponding author at: Departamento de Bioquimica, Facultad de Medicina,
Universidad Nacional Auténoma de México, Apdo. Postal 70-159, Coyoacan 04510,
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http://dx.doi.org/10.1016/j.bbabio.2014.10.002
0005-2728/© 2014 Elsevier B.V. All rights reserved.

mitochondrial membrane of syncytiotrophoblast cells, transforms
pregnenolone into progesterone [4,5].

Mitochondria are best known as the major source of ATP in aerobic
cells. Oxidative phosphorylation provides the main source of ATP. This
metabolic pathway relies on the activity of two components: the oxida-
tive and the phosphorylation systems. The oxidative system (i.e. respi-
ratory chain) couples redox reactions to the production of a proton
electrochemical gradient that drives the synthesis of ATP by the
phosphorylation system (i.e. FoF1-ATP synthase and the ADP/ATP and
phosphate carriers). Studies conducted in primary and MA-10 tumor
Leydig cells suggest an interrelation between steroidogenesis and oxi-
dative phosphorylation. Steroidogenic mitochondria perform a double
role: synthesize ATP and produce hormones. Steroidogenesis is affected
when the classic mitochondrial electron-transport chain (ETC), mem-
brane potential (AVy,), or ATP synthesis is disrupted [6,7], suggesting
a close relationship between both metabolic pathways.

The relative amount of ETC-P450scc and classic ETC components
present in cells depends on the type of steroidogenic tissue. In acute-
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regulated steroidogenic tissues (i.e. the adrenal gland and gonads) the
content of ETC-P450scc is several times higher than in the classic ETC.
In the syncytiotrophoblast, a constitutive steroidogenic tissue, the
amounts of both electron transfer chain components is similar [8].
This suggests that the activity of both pathways will generate enough
ATP for the cell to function properly and enough P4 to maintain
pregnancy. Both processes are equally important for the physiological
role of human placenta, and their activity must be tightly regulated.

Human syncytiotrophoblast mitochondria contain accessory
enzymes, like the ATP-diphosphohydrolase. This enzyme is tightly
bound to mitochondrial membranes and is involved in progesterone
synthesis, mainly in cholesterol transport [1]. Studies have related
cholesterol transport across the membranes of syncytiotrophoblast mi-
tochondria with the activity of mitochondrial ATP-diphosphohydrolase
[1,2]. Probably, ATP-diphosphohydrolase provides the required energy
to drive cholesterol transport between mitochondrial membranes in
an analogous way to that of the mitochondrial GDPase in the adrenal
gland [9]. The underlying molecular mechanism involved remains
unknown.

Simultaneously, in the intact and energized mitochondria, the
ATP-diphosphohydrolase hydrolyzes ATP to ADP. The latter promotes
oxygen uptake and ATP synthesis by the F;Fo-ATP synthase [10]. The
activities of the ATP-diphosphohydrolase (ATP hydrolysis) and the
F1Fo-ATP synthase (ATP synthesis) must be coordinated to avoid a futile
cycle and energy dissipation.

Nevertheless, the physiological role of the ATP-diphosphohydrolase
must be examined in intact syncytiotrophoblast mitochondria. Since
ATP-diphosphohydrolase activity is involved in progesterone synthesis
[2] and mitochondrial bioenergetics [10], regulatory mechanisms must
be involved to keep trophoblast cells alive and functional. In the
present work we evaluated the relationship between AW,
ATP-diphosphohydrolase activity, and progesterone synthesis in
syncytiotrophoblast mitochondria. Results suggest that ATP-
diphosphohydrolase activity is modified by AW, but an increase in
NADPH content and ATP hydrolysis supports progesterone synthesis
when AV, decreases. This study puts forward a novel physiological
role for the AW, in human placenta steroidogenesis.

2. Experimental procedures
2.1. Isolation of human syncytiotrophoblast mitochondria

Full term human placenta was collected immediately after normal
delivery at the IMSS Hospital No. 4, approval under the Ethical Commit-
tee regulations. Mitochondria were prepared as previously described
[3]. Briefly, placental cotyledons were placed in ice-cold 250 mM
sucrose and 1 mM EDTA, 10 mM Tris, pH 7.4. The suspension was
homogenized by means of a Polytron (Brinkmann Instruments,
Westbury, NY, USA), at 3000 rev/min for 1 min for two cycles separated
by an interval of 1 min. The whole process was carried out at 4 °C. The
pH of the homogenate was adjusted to pH 7.4 with Tris and centrifuged
at 1500 g for 15 min. The supernatant was recovered and centrifuged at
4000 g to pellet the cytotrophoblast mitochondria (i.e. heavy mitochon-
dria). The supernatant was centrifuged again at 16,000 g for 15 min and
the pellet containing the syncytiotrophoblast mitochondria (i.e. light
mitochondria) was resuspended in the same solution and then centri-
fuged at 1500 g for 10 min to remove any remaining erythrocytes.
Mitochondria were pelleted by centrifugation at 12,000 g for 10 min.
The resulting syncytiotrophoblast mitochondria were loaded on a 35%
sucrose solution (25 ml) and centrifuged at 15,000 g for 45 min at
4 °C. The mitochondrial fraction was collected, suspended in 250 mM
of sucrose, 1 mM of EDTA, and 10 mM of Tris (pH 7.4) and centrifuged
at 16,000 g for 15 min at 4 °C; the mitochondrial pellet was suspended
in this buffer and stored at 4 °C. Protein concentration was measured as
reported by [11,12].

2.2. Mitochondrial oxygen consumption

Oxygen uptake was estimated polarographically using a Clark
type electrode in a mixture containing 250 mM of sucrose, 10 mM
of HEPES pH 7.4, 1 mM of EGTA, 1 mM of EDTA, 10 mM of succinate,
10 mM of KH,PO4, 5 mM of MgCl,, 0.2% bovine serum albumin and
1 mg/ml of syncytiotrophoblast mitochondrial protein [2]. Tempera-
ture was set at 37 °C and oxygen consumption was stimulated by the
addition of 300-500 nmol of ATP or ADP (state 3 of respiration).
Respiratory control was defined as oxygen uptake rate of state 3/oxygen
uptake rate of state 4 (state 4 of respiration started when all ADP was
converted to ATP and respiration slowed down) [13]. Where indicat-
ed, mitochondria were incubated with 5 uM carboxyatractyloside
(CAT) to inhibit the translocation of adenine nucleotides by blocking
the ADP/ATP carrier. Simultaneously, 10 uM of carbonyl cyanide m-
chlorophenyl hydrazine (CCCP) was added to depolarize the inner
membrane and stimulate maximal oxygen uptake (vide infra).
At the indicated times (see Figs. 3-5) an aliquot was withdrawn
and used to determine the nucleotide concentration by HPLC
(vide infra).

2.3. Mitochondrial membrane potential (AV,,)

The following media was used to determine the AW, of
syncytiotrophoblast mitochondria: 125 mM of KCl; 5 mM of MgCl,;
10 mM of acetate-Tris, pH 7.4; 10 mM of Tris-HCl, pH 7.4; 1 uM of rote-
none; 3.3 mM of H3POy, pH 7.4; 9.6 mM of Safranine O, and 1 mg of
mitochondrial protein/ml. Generation of the membrane potential was
initiated by adding 10 mM of succinate-Tris, pH 7.4 [14] to the solution
containing syncytiotrophoblast mitochondria. Where indicated, mito-
chondria were incubated with 5 uM CAT to inhibit the ADP/ATP carrier,
and 10 uM of CCCP was added to abolish AW,,. The membrane potential
was evaluated in a double beam spectrophotometer by using the differ-
ence of wavelengths between 533 and 511 nm. The final volume was
1.5 ml and was kept at 25 °C.

2.4. Activity determinations of mitochondrial enzymes

Activities of complex I (NADH:DCPIP oxidoreductase) and complex
Il (succinate:DCPIP oxidoreductase) were determined spectrophoto-
metrically at 600 nm by following the reduction of the artificial electron
acceptor 2,6-dichlorophenol-indophenol (DCPIP; 50 uM; €pcpip =
21 mM~! cm™ ). Mitochondria were permeabilized with 0.01% Triton
X100, incubated in 120 mM of KCI, 5 mM of MgCl,, 1 mM of EGTA,
30 mM of KH,PO4, pH 7.4, and either 500 uM of NADH (complex I) or
2 mM of succinate (complex II). Complex Il was activated by pre-
incubation in the presence of 0.2 mM of phenazine methosulfonate
(PMS) for 10 min at 25 °C [15,16]. Protein concentration of
syncytiotrophoblast mitochondria was 50 pg/ml and the reaction was
started by the addition of NADH or succinate.

Mitochondrial ATP-diphosphohydrolase activity was determined
either by nucleotide separation by HPLC (vide infra) or by measuring
the release of inorganic phosphate (Pi) as described by Flores-Herrera
et al. [1], using an ATP-diphosphohydrolase enriched fraction [1], or
isolated syncytiotrophoblast mitochondria. Briefly, proteins (50 pg)
were incubated in a final volume of 0.5 ml at 30 °C in 30 mM Tris-HCl
(pH 8.5), and the ATP-diphosphohydrolase reaction was started by
the addition of the substrate (Mg-nucleotide complex) plus 1 mM of
free Mg? ™. Aliquots were withdrawn at one minute intervals and used
for nucleotide separation by HPLC (vide infra), or mixed with the
malachite-molybdate-Triton X-100 mixture for Pi determination, as
described by Lanzetta et al. [17]. The nucleotides used were ATP, ADP,
GTP, GDP, UTP, UDP, CTP, CDP or TTP. The experiments were performed
at least four times in duplicate.
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2.5. Nucleotide separation by HPLC

Quantification of nucleotides was performed from either mitochon-
drial oxygen consumption experiments or a fraction enriched with a
detergent-solubilized ATP-diphosphohydrolase. At the indicated times
aliquots from ATP-diphosphohydrolase nucleotide hydrolysis activity
or oxygen uptake determination were withdrawn and mixed with
trichloroacetic acid (6% final) to stop the reaction. Nucleotides were
separated by anion exchange HPLC on a Hypersil SAX column (120 A,
5 pm, 250 x 4.6 mm) from Alltech International. The low concentration
buffer (A) was 5 mM NH4H,PO4 (pH 2.8) and the high concentration
buffer (B) was 750 mM NH4H,PO,4 (pH 3.7). The sample was loaded
on the column equilibrated with buffer (A). Then, a gradient of buffer
(B) (30 min, 0-100%) was used for elution. The flow rate was
1 ml/min and detection was performed at 254 nm [18].

2.6. Mitochondrial progesterone synthesis

Progesterone synthesis was determined at 37 °C as reported previ-
ously [2] in 120 mM of KCl, 10 mM of MOPS, 0.5 mM of EGTA, 10 mM
of isocitrate, 4 pg of aprotinin/ml, 1 pM of leupeptin, and 5 mM of
KH,PO4, pH 7.4, in a final volume of 500 ul with 1 mg/ml of
syncytiotrophoblast mitochondrial protein. Where indicated, 25 uM
22-(R)-hydroxy-cholesterol was added to verify cytochrome P450scc,
adrenedoxin, adrenedoxin reductase, and 3p3-hydroxysteroid dehydro-
genase activities [19]. After 20 min of incubation the reaction was
arrested with 75 pl methanol and progesterone concentration was
determined using a radioimmunoassay kit (Diagnostic Systems Labora-
tories, Inc. Webster, Texas, USA), according to the manufacturer's
instructions. The concentration of progesterone at time zero was
subtracted from the amount of progesterone quantified at 20 min and
the resulting net progesterone synthesis was reported.

2.7. Sample preparation for native electrophoresis

The ATP-diphosphohydrolase from syncytiotrophoblast mitochon-
dria was resolved by native PAGE following the general procedures
reported previously [20,21], with minor modifications [22]. Briefly,
syncytiotrophoblast (2 mg) mitochondria were suspended in 50 mM
Bis-Tris and 500 mM 6-aminocaproic acid, pH 7.0, and solubilized by
adding digitonin, at a detergent/protein ratio of 2 (g/g) in a final volume
of 200 pl. The mixture was incubated for 30 min at4 °C and centrifuged
at 100,000 g for 30 min at 4 °C. The supernatants were recovered and
immediately loaded on a linear polyacrylamide gradient gel (5-10%)
for Blue Native PAGE (BN-PAGE) or Clear Native PAGE (CN-PAGE) [21].
The molecular weight of ATP-diphosphohydrolase activity was
estimated by using the digitonin-solubilized bovine mitochondrial
complexes as standard.

2.8. In-gel catalytic activity assays

The in-gel activity assays were performed as described by [18]. Brief-
ly, gel strips were preincubated in 30 mM Tris-HCl, pH 8.5, 5% glycerol,
15 mM CaCl, for 30 min at 37 °C in the presence or absence of the com-
plex V inhibitor oligomycin (5 pg/ml), or 5’-p-fluorosulfonylbenzoyl
adenosine (FSBA, 1 mM) the ATP-diphosphohydrolase inhibitor. The
equilibration solution was discarded and the gel strips were then
added to the assay buffer containing 30 mM of Tris—HCI, pH 8.5, 5%
glycerol, 15 mM of CaCl, and 5 mM of ATP, ADP, GTP or GDP, with or
without oligomycin (5 pg/ml) or FSBA (1 mM). After incubation at
37 °C for approximately 2 h, nucleotide hydrolysis correlated with
the development of white calcium phosphate precipitates. The reaction
was stopped using 50% methanol, and subsequently, the gel was
transferred to water and scanned against a dark background as
described previously [22].

2.9. Isolation of steroidogenic contact sites

Steroidogenic contact sites were isolated as reported by Uribe et al.
[23]. Briefly, 20-25 mg of mitochondrial protein was incubated at 4 °C
with 10 mM H3POy,, adjusted to pH 7.3 with Tris base in the presence
of 10 yg aprotinin/ml, 1 mM phenylmethylsulfonyl fluoride, and 10 pg
leupeptin/ml. After incubation, sucrose was added to attain a concentra-
tion of 0.38 M. The resulting mixture was incubated for another 20 min
at4 °C and then centrifuged at 12,500 g for 10 min. The pellet contain-
ing mitoplasts was recovered and incubated in 1 mM H3POy, adjusted to
pH 7.3 with Tris base, for 20 min at 4 °C. Sucrose was added to reach a
concentration of 0.31 M and the mixture was incubated for another
20 min at4 °Cand centrifuged at 102,000 g for 1 h. The pellet containing
the inner membrane fraction was sonicated four times in an ice bath for
five seconds in a MSE Soniprep 150 at maximal output. The fraction con-
taining the inner membranes was layered over a discontinuous sucrose
gradient (densities of 1.06 to 1.29 g/ml) and centrifuged at 96,000 g for
20 h at 4 °C. The steroidogenic contact sites were recovered at sucrose
densities of 1.20-1.22 g/ml and washed three times with 0.25 M su-
crose, 1 mM EDTA, with pH adjusted with Tris base to 7.4, and recovered
by centrifugation at 137,000 g for 30 min at 4 °C. Protein content was
determined as described above and the obtained samples were stored
at —70 °C.

2.10. Tandem mass spectrometry (LC/ESI-MS/MS)

The mitochondrial inner membrane obtained during the isolation of
steroidogenic contact sites (see previous section) was incubated in
100 mM ammonium bicarbonate (pH = 7.8) for 30 min and centrifuged
at 100 000 xg at 4 °C. The pellet containing the mitochondrial inner
membranes was sent to the Proteomics Core Facility at the University
of Arizona, USA.

2.11. Statistical analyses

Statistical analyses (one- and two-way analysis of variance, ANOVA)
of the data were performed using Sigma Stat software, version 3.5.
When necessary, nonlinear regression of the data to a single exponen-
tial decay equation was performed in Sigma Plot software, version 10.0.

2.12. Materials

Analytical grade reagents were purchased from Sigma Chemical Co.
(St. Louis, MO, USA), E. Merck (Darmstadt, Germany), and BioRad
(Hercules, CA, USA).

3. Results
3.1. Functional state of syncytiotrophoblast mitochondria

We calculated respiratory controls from oxygen uptake traces, using
succinate as a substrate, to determine the functional integrity of isolated
syncytiotrophoblast mitochondria (Table 1). Oxygen uptakes in state 3
and state 4 were 110 + 18 ng atom of oxygen/min-mg protein, and
19 + 6 ng atom of oxygen/min-mg protein, respectively. The value of
the respiratory control was 5.5 4+ 1.2. Adding CCCP to energized
mitochondria increased the permeability of the membrane to protons
and induced maximum respiration rate (200 4+ 35 n atom g of
oxygen/min-mg protein) and dissipation of AW, (Fig. 4 later in the
paper), inhibiting oligomycin-sensitive-ATP synthesis. These data
indicated functional coupling of respiration and ATP synthesis in
syncytiotrophoblast mitochondria. In addition, activities of 110 +
27 pymol/min-mg protein for the NADH:DCPIP oxidoreductase
(complex I), and 7 £+ 1.5 pmol/min-mg protein for the succinate:
DCPIP oxidereductase (complex II) were obtained (Table 1). These
results indicated the presence of functional mitochondria that retained
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Table 1
Bioenergetics and steroidogenic parameters of syncytiotrophoblast mitochondria.

Oxygen uptake

State 37

State 4"

Respiratory control®

110 + 18 ng atom of oxygen/min-mg protein
19 £ 6 ng atom of oxygen/min-mg protein
554+ 1.2

Complexes activities?
Complex
Complex I

110 £ 27 pmol/min-mg
7 4+ 1.5 umol/min-mg

Progesterone synthesis®
Control
+ 22(R)-hydroxy-cholesterol

143 + 1.5 ng progesterone/min-mg
606 + 52 ng progesterone/min-mg

¢ Defined as oxygen consumption stimulated by ADP added in presence of succinate as
substrate. Values are the mean 4 S.D. (n = 20 independent determinations from
different placental tissue).

b Defined as oxygen consumption reduction because all ADP added was converted to ATP.
Values are the mean + S.D. (n = 20 independent determinations from different
placental tissue).

¢ Respiratory control = oxygen uptake rate of state 3/oxygen uptake rate of state 4.
Values are the mean + S.D. (n = 20 independent determinations from different placental
tissue).

4" Specific activities from complexes I and Il were measured spectrophotometrically in
sonicated mitochondria: complex I, NADH:DCPIP oxide reductase; and complex II,
succinate:DCPIP oxide reductase. Complex I activity was stimulated as described in the
Experimental procedures section. Values shows are the mean + S.D. (n = 9 independent
determinations from different placental tissue).

€ Progesterone synthesis was determined as described in the Experimental procedures
section. The 22(R)-hydroxy-cholesterol was used to verify cytochrome P450scc,
adrenedoxin, adrenedoxin reductase and 3p3-hydroxysteroid dehydrogenase activities
[19]. Values here are the mean + S.D. from four determinations, from four different
placental tissues.

the ability to increase the consumption of oxygen and the synthesis of
ATP upon the addition of ADP.

Human placental mitochondria are steroidogenic organelles that
synthesize progesterone, due to the presence of the type II 3-p-
hydroxy steroid dehydrogenase in their inner membrane [3-5]. We
determined steroidogenic activity of syncytiotrophoblast mitochondria
to verify their physiological function. As observed in Table 1 synthesis
of progesterone by syncytiotrophoblast mitochondria was 143 +
12 ng progesterone/min-mg protein (Fig. 6 later in the paper), reaching
a maximum of 606 + 52 ng progesterone/min-mg protein in the pres-
ence of 22-(R)-hydroxy-cholesterol, which is a soluble substrate used to
verify cytochrome P450scc, adrenedoxin, adrenedoxin reductase and
3R-hydroxysteroid dehydrogenase activities [19]. These results agree
with the specialized role of syncytiotrophoblast tissue [3] and support
the functional integrity of the isolated syncytiotrophoblast mitochon-
dria used in this work.

3.2. Nucleotide hydrolysis by mitochondrial ATP-diphosphohydrolase

We designed the experiments in the present work to investigate
the possible involvement of AW, in mitochondrial ATP-
diphosphohydrolase activity and progesterone synthesis in human
syncytiotrophoblast cells. We first obtained a detergent-solubilized
ATP-diphosphohydrolase fraction to determine their nucleotide hydro-
lysis activity [ 1]. We monitored the time course of nucleotide hydrolysis
by HPLC (Figs. 1 and 1S). Hydrolysis of nucleoside diphosphates (NDP)
by mitochondrial ATP-diphosphohydrolase was associated with the
accumulation of the corresponding nucleoside monophosphate
(NMP), whether a purine or pyrimidine nucleotide was involved
(Figs. 1A and 2S). A transient accumulation of NDP was observed
when a nucleoside triphosphate (NTP) was hydrolyzed. NDP were
dephosphorylated to NMP (Figs. 1B and 2S). Since this hydrolyzing
activity is exerted by the mitochondrial ATP-diphosphohydrolase, it
can be inhibited by 5’-p-fluorosulfonyl benzoyl adenosine [1]. The
kinetics of ATP-diphosphohydrolase was similar regardless of the sub-
strate of choice (Figs. 1 and 2S), confirming its low substrate specificity
[1]. Additionally, we determined the activation energy (E,) for the
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Fig. 1. Nucleotide hydrolysis of isolated syncytiotrophoblast mitochondrial ATP-
diphosphohydrolase. ATP-diphosphohydrolase from syncytiotrophoblast mitochondria
was isolated and its hydrolytic nucleotide activity was determined as described in the
Experimental procedures section. Nucleotide concentration was quantified at different
times by HPLC. A) Hydrolysis of Mg-ADP (3 mM) or Mg-GDP (1 mM) by mitochondrial
ATP-diphosphohydrolase: (O) = nucleoside diphosphate (NDP); (A) = nucleoside
monophosphate (NMP); (A) = nucleoside. B) Hydrolysis of Mg-ATP (3 mM) or Mg-GTP
(3 mM) by mitochondrial ATP-diphosphohydrolase: (+) = nucleoside triphosphate
(NTP); (O) = NDP; (A) = NMP; (A) = nucleoside. The figure shows representative
experiments.

solubilized ATP-diphosphohydrolase activity by measuring the reaction
rate constant (Vp,ax) at different temperatures and by plotting In(Vax)
versus 1/T (Fig. 3S). Data were adjusted to the integrated form of the
Arrhenius equation: E; = ((RT2T;) / (T, — Tq)) - In(Vimax). The Arrhenius
plot was linear in the temperature range spanning 10-55 °C (Fig. 3S),
suggesting a single rate-limiting step. A sudden drop in the Arrhenius
plotatlow 1/T (high temperature, 60-70 °C) indicated protein denatur-
ation (Fig. 3S). The E, values for nucleoside triphosphates such as ATP,
GTP, UTP, and CTP were 6.06, 4.10, 6.25, and 5.26 kcal/mol, respectively.
For ADP, GDP, UDP, and CDP the E, values were 4.67, 5.42, 5.43, and
6.22 kcal/mol, respectively. These results suggest that solubilized
ATP-diphosphohydrolase had a similar rate-limiting step for either tri-
or diphosphates nucleoside hydrolysis.

3.3. BN-PAGE analysis

To support the hypothesis that a single enzyme hydrolyzes
ATP, ADP, GTP, or GDP, we conducted blue native PAGE of
syncytiotrophoblast mitochondria (Fig. 2). Since the calcium-nucleotide
complex can be used as a substrate by the mitochondrial ATP-
diphosphohydrolase, but not by the F;Fo-ATP synthase, the in-gel activ-
ity was determined in the presence of CaCl, with ATP, ADP, GTP or GDP
as substrate, in the absence or presence of oligomycin (not shown).
Phosphohydrolytic activity produced a single band of calcium phos-
phate precipitate (Fig. 2), which displayed no oligomycin inhibition
but identical electrophoretic mobility with an apparent molecular
weight of 167 kDa. FSBA inhibited ATP-diphosphohydrolase activity
with any of the tested substrates (Fig. 2). Results indicated that solubi-
lized ATP-diphosphohydrolase from syncytiotrophoblast mitochondria
was the only enzyme capable of hydrolyzing calcium-nucleotide
complexes. These results confirmed the wide spectrum of substrates
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Fig. 2. In-gel activity of digitonin-solubilized mitochondrial ATP-diphosphohydrolase from syncytiotrophoblast in native gels. Mitochondria were solubilized using digitonin (2 g/g of
protein), and ATP-diphosphohydrolase was separated by BN-PAGE. Native-PAGE was performed in linear polyacrylamide gradient gels from 5 to 10% as described in the Experimental
procedures section. Electrophoresis was conducted at 30 V for 12 h at 4 °C. In the spots containing ATP-diphosphohydrolase activity, white precipitates of calcium phosphate appeared
within 2 h after the addition of Ca-ATP, Ca-ADP, Ca-GTP or Ca-GDP complex. The presence of 1 mM of FSBA inhibited ATP hydrolysis while oligomycin (5 pg/mg) did not modify the
hydrolytic activity (data not shown). The molecular weight of ATP-diphosphohydrolase activity was estimated by using the digitonin-solubilized bovine mitochondrial complexes as
standard. The figure shows representative experiments from four different mitochondrial preparations.

that ATP-diphosphohydrolase exhibits. In the second approach, we
analyzed the ATP-diphosphohydrolase activity associated to intact
mitochondria undergoing oxygen uptake or progesterone synthesis.
The tandem mass spectrometry (LC/ESI-MS/MS) analysis showed the
isoform 2 of the ATP-diphosphoydrolase (P49961-2|ENTP1_HUMAN),
which belong to the ectonucleoside triphosphate diphosphohydrolase
group, with a molecular weight of 59 kDa. The hydropathy analysis
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Fig. 3. Mitochondrial ATP-diphosphohydrolase induces mitochondrial oxygen consump-
tion and AWV, depolarization. Syncytiotrophoblast mitochondria were isolated as
described in the Experimental procedures section. A) Mitochondria were incubated in
oxygen uptake medium at 37 °C and mitochondrial respiration was stimulated by ATP
or ADP addition. Arrows indicate sequential additions of (M) mitochondria (1 mg/ml);
ATP (130 uM); or ADP (130 uM). Simultaneous to mitochondrial oxygen uptake recording,
an aliquot was withdrawn at the indicated time (bold arrows) and used to quantify
nucleotide concentration by HPLC (B). Concentrations of ATP, ADP, AMP or Adenosine
(Ade) at different times after addition of ATP or ADP during the time course of oxygen
uptake showed in (A). C) AW, measurement with Safranine O as described in the
Experimental procedures section. Arrows indicate sequential additions of mitochondria
(M); 10 mM succinate (Succ); ATP (130 uM); ADP (130 puM); CCCP (10 pM). In all cases
curves show representative experiments of at least four different mitochondrial
preparations.

displayed four transmembrane segments (see Fig. 4S). However, no
mitochondrial targeting presequence was observed.

3.4. ATP hydrolysis by ATP-diphosphohydrolase stimulates mitochondrial
respiration and depolarizes the inner membrane

To evaluate the ATP-diphosphohydrolase activity during mitochon-
drial oxygen uptake, the time course of the hydrolysis of nucleotides
was analyzed by HPLC (Fig. 3). Syncytiotrophoblast mitochondria
were energized by succinate, and oxygen uptake was stimulated by
ATP (Fig. 3A). Results show that ATP-diphosphohydrolase hydrolyzed
ATP and produced ADP (Fig. 3B), which in turn was translocated into
the mitochondrial matrix, where it was transformed to ATP by the
F,Fo-ATP synthase at the expense of the proton electrochemical gradi-
ent (Apy ). Simultaneously, the inner membrane was depolarized
(Fig. 3C). This series of events is defined as state 3 of mitochondrial
respiration [13], and continues until the ATP-diphosphohydrolase
hydrolyses ATP to ADP and ADP to AMP. In this situation AW, increased
(Fig. 3C) and mitochondrial respiration decreased to a minimum, a
condition that is known as state 4 of mitochondrial respiration [13]
(Fig. 3). A new cycle of mitochondrial oxygen uptake stimulation,
depolarization of AW, ATP synthesis and ATP-diphosphohydrolase
activity was observed when ADP was added (Fig. 3). It is crucial to high-
light that ATP-diphosphohydrolase activity is closely related to an
increase in mitochondrial respiration and inner membrane depolariza-
tion in the presence of ATP. Additionally, syncytiotrophoblast mitochon-
dria contain a phosphatase [1] that is responsible for adenosine
production from AMP. However, inhibiting it with phenylalanine or
sodium molibdate [1] did not modify the results described (data no
shown).

3.5. Substrate selectivity and catalytic rate by ATP-diphosphohydrolase
during mitochondrial respiration

We added a different nucleoside triphosphate to support the
notion that the ATP-diphosphohydrolase activity could be modified by
mitochondrial bioenergetics during oxygen uptake (Fig. 4). After the
transition from state 3 to 4 of mitochondrial respiration, addition of
GTP did not stimulate oxygen uptake (Fig. 4A), nor depolarized the
inner membrane (Fig. 4B). Although GTP was hydrolyzed by ATP-
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Fig. 4. Mitochondrial ATP-diphosphohydrolase selectively hydrolyzes ATP in energized and coupled mitochondria. A) Mitochondria were incubated in oxygen uptake medium at 37 °Cand
mitochondrial respiration was stimulated by ATP or ADP addition. The arrows indicate sequential additions of (M) mitochondria (1 mg/ml); ATP (130 uM); GTP (130 uM); or ADP
(130 pM). During mitochondrial oxygen uptake an aliquot was withdrawn at the indicated time (bold arrows) and used to quantify nucleotide concentration by HPLC. B) AW, measure-
ment with Safranine O as described in Fig. 3. Arrows indicate the sequential additions of mitochondria (M); 10 mM succinate (Succ); ATP (130 uM); GTP (130 uM); ADP (130 uM); CCCP
(10 uM). C) Concentrations of ATP, ADP, AMP, Ade, GTP, GDP, GMP, or guanosine (Gno) after addition of ATP, GTP or ADP during oxygen uptake. D) Mitochondria were incubated in oxygen
uptake medium and a mixture of ATP (130 pM) and GTP (130 uM) was added to stimulate respiration. Oxygen uptake (D), A¥,,, measurement (E) and nucleotide concentration (F) were
determined as described in the Experimental procedures section. Arrows indicate sequential additions of mitochondria (M); 10 mM succinate (Succ); a mixture of ATP + GTP (130 uM
each one); ADP (130 pM); CCCP (10 pM). In all cases curves show representative experiments of at least four different and independent mitochondrial preparations.

diphosphohydrolase (855 £ 137 umol/mg-min), its catalytic rate was
lower than that observed with ATP (1910 + 265 pmol/mg-min)
(Figs. 4C and 6B). Indeed, addition of ADP, in the presence of GDP
produced from GTP hydrolysis, induced oxygen consumption and
decreased AWV, while the rate of GDP hydrolysis was very small
(Fig. 4C). This result contrasts with the one of the detergent-
solubilized ATP-diphosphohydrolase, which displays a similar hydroly-
sis rate for ATP, ADP, GTP, and GDP (Fig. 1).

To examine substrate selectivity of the mitochondrial ATP-
diphosphohydrolase, we added simultaneously ATP and GTP (Fig. 4D).
The enzyme consistently hydrolyzed ATP instead of GTP (Fig. 4F), and
the produced ADP induced oxygen consumption and membrane
depolarization (Fig. 4D and E, respectively).

3.6. AV, determines ATP-diphosphohydrolase substrate selectivity and
catalytic rate

AWV, is a central component of mitochondrial metabolism that
provides the driving force for oxidative phosphorylation, for the import
of proteins and metabolites, and for regulating the activity of membrane
proteins like the adenine nucleotide translocase (ANT) [24-26].

We examined the effect of the mitochondrial protonophore and
respiration uncoupler CCCP on AW, to assess whether the ATP-
diphosphohydrolase substrate selectivity was mediated by AW,
(Fig. 5). Syncytiotrophoblast mitochondria were incubated with CAT
to inhibit the adenine nucleotide translocase and avoid ATP internaliza-
tion into the mitochondrial matrix in the presence of CCCP (see the
Experimental procedures section). When CCCP was added to mitochon-
dria, oxygen uptake was stimulated and AW, collapsed (Fig. 5A and B,
respectively). Further addition of ATP did not modify oxygen consump-
tion nor AV,,,. Importantly, ATP-diphosphohydrolase activity was lower
(812 £ 30 umol/mg-min) when compared to control conditions, (i.e. in
the absence of CCCP). Also, a transient accumulation of ADP was
observed (Figs. 5C and 6B).

In identical experimental conditions, GTP addition to CCCP-
uncoupled mitochondria rendered a lower rate of GTP hydrolysis
(642 4 37 umol/mg-min), and a transient accumulation of GDP
(Figs. 5D-F and 6B), similar to the results obtained with ATP. To
compare ATP and GTP hydrolysis in CCCP-uncoupled mitochondria,
both nucleotides were added at the same time (Fig. 5G-I). The
ATP-diphosphohydrolase catalyzed simultaneously the hydrolysis of
both nucleotides and displayed similar velocities (Fig. 51), without any
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imental procedures section) plus 5 uM carboxyatractyloside (CAT) to inhibit the translocation of adenine nucleotides by blocking the ADP/ATP carrier. CCCP (10 uM) was added to collapse
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selectivity for ATP as observed in Fig. 4. This observation suggests that
substrate selectivity of ATP-diphosphohydrolase (i.e. ATP versus GTP
preference) is regulated by AW,,.

3.7. Progesterone synthesis by syncytiotrophoblast mitochondria

In intact syncytiotrophoblast mitochondria, ATP, ADP, GTP, and GDP
hydrolysis by the ATP-diphosphohydrolase has been associated
with progesterone synthesis, particularly with cholesterol flux
between mitochondrial membranes [2]. As ATP-diphosphohydrolase
inhibition with FSBA decreased progesterone production [2] we
explored the control of AW, on progesterone synthesis (Fig. 6A).
Syncytiotrophoblast mitochondria were incubated as described in
the Experimental procedures section in the presence of isocitrate
to maintain a high NADPH/NADP™ ratio to supply energy to P450scc
[27]. Under these conditions mitochondrial progesterone (P4)
synthesis was 143 + 12 ng P4/min-mg protein; it increased to 391 +
10 ng P4/min-mg protein when ATP was added, and to 606 &+
52 ng P4/min-mg protein if 22-(R)-hydroxy cholesterol was present
(Fig. 6A). The concomitant addition of ATP and 22-(R)-hydroxy
cholesterol augmented progesterone production to 594 &+
82 ng P4/min-mg protein. This increase in progesterone synthesis
was observed even in the presence of CCCP (427 + 15 and 536 +

12 ng/mg-min respectively) (Fig. 6A). The addition of ADP, GTP, or
GDP slightly increased progesterone synthesis (340 + 82; 206 + 17,
and 173 £ 19 ng P4/min-mg protein, respectively). However, when
mitochondria were incubated without isocitrate, with the consequent
suppression of NADPH synthesis, progesterone production decreased
even in the presence of ATP, ADP, GTP or GDP (100 + 10; 75 + 12;
53 + 9, and 44 4+ 11 ng/mg-min, respectively) (Fig. 6A). ATP-
diphosphohydrolase activity was evaluated simultaneously for proges-
terone synthesis (Fig. 6B). In the presence of AW, adenine nucleosides,
tri- and diphosphates were preferentially hydrolyzed over guanosine
nucleotides, i.e. GTP or GDP (Fig. 6B, black bars). In the presence of
CCCP (which collapsed the AW,,), ATP-diphosphohydrolase activity
was similar with all nucleotides tested (ATP, ADP, GTP, and GDP)
(Fig. 6B, white bars). Although CAT was added prior to AW}, dissipation
with CCCP, it did not have any significant effect on ATP-
diphosphohydrolase activity (Fig. 6B, gray bars).

This suggested that AW, might be involved in cholesterol flow by
regulating ATP-diphosphohydrolase activity, but for progesterone
synthesis the NADPH/NADP™ ratio is important. To verify this
possibility, we used the mitochondrial steroidogenic contact sites
[23] from human placenta as an alternative experimental approach.

These contact sites can synthesize progesterone [23] since they
contain the whole steroidogenic machinery, including the cytochrome
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were performed with the Holm-Sidak method).

P450scc, the 3-R-hydroxy-steroid dehydrogenase, the adrenodoxin and
adrenodoxin reductase, the ATP-diphosphohydrolase [23], and a NADP-
dependent isocitrate dehydrogenase [27]. It is important to mention
that these contact sites do not generate AWy, so that the participation
of this parameter was excluded. Contact sites were isolated as described
in the Experimental procedures section, incubated in either the absence
or presence of isocitrate to stimulate NADPH production, with or with-
out CCCP, and the amount of progesterone synthesis was determined
(Fig. 6C). NADPH is the substrate of the adrenodoxin reductase that sup-
ports cytochrome P450scc activity, and isocitrate dehydrogenase activ-
ity regenerates NADPH [27]. Progesterone synthesis reached a value of
330 £ 50 ng/mg-h in the presence of NADPH production, while in the
absence of NADPH there was no progesterone synthesis (Fig. 6C, black
bars). CCCP had no effect on progesterone synthesis in the presence of
NADPH (Fig. 6C, white bars). ATP-diphosphohydrolase activity associat-
ed with the contact sites was unaffected by the presence or absence of
NADPH (Fig. 6D).

4. Discussion

Human placenta is essential to maintain pregnancy. Mitochondria
of syncytiotrophoblast cells, besides generating ATP, synthetize

progesterone using cholesterol as a substrate [3]. Therefore,
syncytiotrophoblast mitochondria must reconcile ATP synthesis with
hormone production.

Isolated syncytiotrophoblast mitochondria retain their ability to
couple oxygen uptake to ATP synthesis as well as their capacity to
synthesize progesterone (Table 1). The specific hormone(s) or
substance(s) that modulate P4 synthesis and ATP production during
pregnancy are currently unknown [3,28]. The most striking observation
of this work shows that the ATP-diphosphohydrolase, an accessory
enzyme involved in cholesterol flux between outer and inner
syncytiotrophoblast mitochondrial membranes [1,2], might be regulat-
ed by AV,

Kinetic characterization of the detergent-solubilized ATP-
diphosphohydrolase from mitochondria showed that this enzyme had
low substrate selectivity (Figs. 1 and 2). It was capable of hydrolyzing
purine or pyrimidine, tri or diphosphate nucleotides with similar affin-
ities [1]. Its activation energy showed values between 4 and 6 kcal/mol
with a single rate-limiting step during catalysis.

In sharp contrast, ATP-diphosphohydrolase is regulated by AV, in
energized mitochondria. If mitochondria were energized (i.e. with
succinate), the ATP-diphosphohydrolase preferentially hydrolyzed
ATP, even if other substrates such as GTP, were present (Fig. 4), and
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promoted mitochondrial oxygen uptake coupled to ATP synthesis
(Fig. 3). In energized mitochondria from all organisms tested,
ADP but not ATP increased the respiration rate. This is controlled by
the adenine nucleotide translocase (ANT), which does not recognize
outer mitochondrial ATP if AW, is generated by ETC. This is a key
control mechanism that prevents a futile-cycle and energy waste as
heat.

In syncytiotrophoblast mitochondria energized with succinate, ATP
addition induced oxygen uptake through the ATP-diphosphohydrolase
activity, which hydrolyzed ATP to ADP and inorganic phosphate (Fig. 3
and [1,10]). The activities of the ATP-diphosphohydrolase (ATP hydroly-
sis) and F;Fo-ATP synthase (ATP synthesis) do not produce permanent
oxygen uptake stimulation ([10] and the present study) as has been
observed with the brain hexokinase associated with the outer
mitochondrial membrane [29].

This observation is consistent with the proposed role for this enzyme
[2]; it was suggested that the ATP-diphosphohydrolase could perform
sequential hydrolysis of ATP to ADP, and ADP to AMP and simultaneous-
ly stimulate cholesterol transport between mitochondrial membranes
for progesterone synthesis [2] (Fig. 7). Although cholesterol transfer
during steroidogenesis in the adrenals glands occurs through a macro-
molecular complex that consists of outer membrane proteins such as
the mitochondrial membrane translocator protein (TSPO), and the
TSPO-associated protein PAP7 that bind and lead the regulatory subunit
RI-a of the cAMP-dependent protein kinase (PKARIot) towards mito-
chondria [30], the TSPO protein in human syncytiotrophoblast mito-
chondria remains unidentified [31]. A potential candidate exists.
A multiprotein complex, the steroidogenic contact sites, has been
associated with cholesterol transport and steroidogenesis in human
syncytiotrophoblast mitochondria [23]. These contact sites contain
proteins such as HSP60 [32], ANT, VDAC, cytochrome P450scc,
adrenodoxin reductase, adrenodoxin, NADP-dependent isocitrate
dehydrogenase, 3-B-hydroxysteroid dehydrogenase, STARD3 protein
and ATP-diphosphohydrolase [3,23].

The molecular weight of the ATP-diphosphohydrolase calculated
from native-gel was 163 kDa, in contrast with the 59 kDa determined
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Fig. 7. Model for the regulation of mitochondrial ATP-diphosphohydrolase by AW, in
syncytiotrophoblast cells. AWy, induces ATP hydrolysis by ATP-diphosphohydrolase
(1) during cholesterol transport (2) at the contact sites. ADP can be hydrolyzed to AMP
by ATP-diphosphohydrolase (1) or can enter the mitochondrial matrix for ATP synthesis
by F,Fo-ATP synthase (3), stimulating oxygen uptake and the proton pump by CTE (4).
Cholesterol is transformed into pregnenolone (P5) by cytochrome P450scc and then into
progesterone (P4) by 33-hydroxysteroid dehydrogenase (5). Steroidogenic contact sites
are constituted by different proteins including adenine nucleotide translocase (ANT),
ATP-diphosphohydrolase (ATP-D), NADP-dependent isocitrate dehydrogenase (ICD),
cytochrome P450scc (P450) and 3p3-hydroxysteroid dehydrogenase (33HSD). OM =
outer mitochondrial membrane; IM = inner mitochondrial membrane; IMS = inter
membrane space; Chol = cholesterol.

from tandem mass spectrometry. The reported molecular weight from
SDS-PAGE, radiation-inactivation or gel filtration goes from 64 to
70 kDa [33-35]. The molecular weights in native conditions can be
explained by one of the following hypotheses: A) that the native state
of mitochondrial ATP-diphosphohydrolase is a homo-oligomer (i.e. a
dimer or trimer), as has been reported for other organisms [36,37], or
B) that ATP-diphosphohydrolase interacts with other mitochondrial
membrane protein(s) (i.e. steroidogenic contact site proteins). We can
hypothesize that AW, regulates ATP-diphosphohydrolase activity
through the close interactions between proteins from contact sites.
Although ATP-diphosphohydrolase lacks a classic mitochondrial
targeting presequence, it has been reported that many mitochondrial
hydrophobic membrane proteins are synthesized without cleavable
extensions [38]. These proteins typically contain several targeting
signals that are distributed over the entire length of the protein [39].
However, this hypothesis needs to be elucidated.

Even though AW, reflects efficient mitochondrial oxygen consump-
tion and ATP synthesis, it is not crucial for progesterone synthesis in
syncytiotrophoblast cells. When intact mitochondria were incubated
in the presence of CCCP to collapse AV, and isocitrate to maintain
NADPH, cholesterol was efficiently transformed into progesterone
(Fig. 6A). Although in the presence of CCCP ATP-diphosphohydrolase
did not show substrate selectivity and its activity was decreased, ATP
hydrolysis in the presence or absence of CCCP increased cholesterol
transport and its transformation into progesterone, in the presence of
NADPH. This suggested that the remaining activity of the ATP-
diphosphohydrolase (around 50%) fully supports the synthesis of
progesterone.

As AV, respiration and ATP synthesis are solid indicators of
functional mitochondria, they are believed to be crucial for Leydig cell
steroidogenesis [6,7]. However, using steroidogenic contact sites from
syncytiotrophoblast mitochondria in this study allowed us to focus on
the role of ATP (ATP-diphosphohydrolase activity) and NADPH
(NADP-dependent isocitrate dehydrogenase activity) in the synthesis
of progesterone; it is important to mention that steroidogenic contact
sites do not generate AWV, but transform cholesterol into progesterone
(Fig. 6C). With this experimental approach, we were able to establish
that progesterone synthesis is sensitive to the presence of NADPH and
nucleotide hydrolysis but insensitive to AW, (the present study and
[23]).

In syncytiotrophoblast cells AV, regulates the specificity of ATP-
diphosphohydrolase allowing most of the ATP available to be used
for cholesterol transport during progesterone synthesis (Fig. 7),
leaving GTP, GDP and other nucleotides available for other important
metabolic reactions (i.e. proteins synthesis). However, in some patho-
logical events such as preeclampsia, calcium accumulation in mito-
chondria of trophoblast cells may collapse AW, and interfere with
ATP synthesis. In an attempt to sustain progesterone synthesis, ATP-
diphosphohydrolase may use any nucleotide available (i.e. GTP), to
maintain the required cholesterol flux for progesterone synthesis.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbabio.2014.10.002.
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1. General aspects terone is essential for blastocyst implantation, extracellular matrix

remodeling, and promoting trophoblast migration. The human pla-

The human placenta plays a major role during centa safeguards the fetus and contributes to its maturation [1].
pregnancy. Through progesterone synthesis, it establishes central The human placenta undertakes metabolic processes related to
communication mechanisms between mother and fetus. Proges- hormone synthesis as well as transport of nutrients, gases and
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disposal of waste products. In this context, the placenta exhibits
functions that can be compared to those of the pituitary gland,
ovaries, intestines, lungs, and kidneys.

During human placentation, cell fusion of mononuclear cytotro-
phoblast cells occurs to produce a multinucleated cellular layer
named syncytiotrophoblast, which forms an interface between
the maternal and fetal circulation [2], and is also the site of proges-
terone synthesis [3,4]. Approximately, two weeks after conception,
the villus structures appear containing cytotrophoblasts and syn-
cytiotrophoblast. The syncytiotrophoblast is maintained during
pregnancy by continuous fusion of cytotrophoblasts.

Cytotrophoblast differentiation into syncytiotrophoblast is
accompanied by changes in cell morphology, mitochondrial cristae
remodeling, and the acquisition of the steroidogenic machinery.
The steroidogenic machinery of syncytiotrophoblast cells consists
of an electron transport chain (ETC-P450scc) composed of cyto-
chrome P450scc (CYP11A1), which receives electrons from
NADPH + H* through adrenodoxin and adrenodoxin reductase.
These proteins are located in the inner mitochondrial membrane
and transform cholesterol into pregnenolone [5-7]. An additional
enzyme, the 3p-hydroxysteroid-dehydrogenase-A%> isomerase
type I (3B HSDI), also embedded in the inner mitochondrial mem-
brane of syncytiotrophoblast cells [6], transforms pregnenolone
into progesterone [5,7].

The human placenta is a transient tissue exclusively present
during pregnancy. Its multiple functions must be strictly regulated
to ensure the successful completion of pregnancy, and hence, from
an evolutionary perspective, the maintenance of the human race. It
has been suggested that the placenta functions under autonomous
control through autocrine, paracrine, or intracrine signals which
render it independent from other tissues and organs.

It has been demonstrated that human placental explants resist
non-physiological physical conditions (i.e., hypotonic media or
temperatures higher than 45 °C) unlike other tissues, and that tro-
phoblasts can synthesize progesterone under stress conditions [8].
These data suggest that the human placenta has self-preserving
mechanisms that are independent of external stimuli and serve
as physiological, metabolic, and functional control strategies to
protect the fetus [8].

The regulation of the human placenta and how it modifies
maternal functions, remain to be elucidated. Recently, an editorial
comment was issued about how little attention is given to placen-
tal studies. It focused on the lack of non-invasive methods to treat
illnesses of both the mother and the fetus, which could prove life-
saving or allow in utero treatment to prevent birth defects [9].

The human placenta produces high levels of progesterone from
the cholesterol provided by the mother, a steroid hormone synthe-
sized by syncytiotrophoblast mitochondria that regulates the
immunological processes that prevent fetal rejection. The absence
or a significant decrease in progesterone levels, regardless of its
etiology, results in the lack of communication between mother
and fetus, and usually in spontaneous abortion or miscarriage.
Hence, a central role of human placental steroidogenesis is to
maintain the pregnancy. However, pregnancies where the fetus
has a CYP11A1 mutation can end in a viable neonate despite very
low progesterone levels [10,11].

It has been suggested that intracelluar cholesterol transport
takes place through a strictly regulated mechanism performed by
multi-protein complexes [12]. Biological membranes and some
cellular processes require specific concentrations of this sterol,
since slight modifications in its concentration may produce signif-
icant functional alterations. The lipid composition of membranes
contributes to the cellular distribution of cholesterol. For instance,
the concentration of cholesterol in the endoplasmic reticulum of
mammalian cells is low, 5 mol% of phospholipids. In contrast, in
the Golgi apparatus, the concentration is >30 mol% [12]. However,

the largest concentrations of cholesterol in a cell are found in the
plasma membrane, which has been reported to contain up to 60%
of the sterol [12]. The different cholesterol concentrations found
among cellular compartments suggest the existence of systems
that distribute cholesterol to the required sites, as is the case of
steroidogenic mitochondria [13]. Cholesterol transport pathways
involve vesicles and specific proteins. There are proteins that con-
trol the synthesis of lipids, those that function as inducers or mod-
ulators of gene expression, and the ones that transport lipids
themselves. Regardless of the mechanism, it is essential to know
what determines the movement of cholesterol, because the con-
centration of cholesterol in membranes can modify their biological
functions as well as that of associated proteins. When preg-
nenolone is synthesized, particularly in the placenta, cholesterol
transport toward the mitochondria is vectorial, efficient, and in
adequate concentration to elicit a response according to cellular
needs without disturbing other cell functions.

Among sterol carrier proteins involved in the intracellular flux
of cholesterol in steroidogenic tissues, the START family of proteins
are most relevant [14], particularly the StAR (STARD1) and MLN64
(STARD3) proteins, which play a central role in cholesterol move-
ment between mitochondrial membranes supplying substrate for
hormones synthesis. The START proteins are associated, either with
multiprotein complexes belonging to vesicles, or with specific
organelles (i.e., mitochondria). This allows for the efficient and tar-
geted distribution of cholesterol.

Diverse contact sites between organelles have been described
(see Organelles and mitochondria interaction for intracellular lipid flux
section). These consist of transporters, enzymes and anchor pro-
teins, among others, that generate protein membrane domains
[15]. Among the different types of contact sites that have been
described are the Mitochondria Associated Membrane (MAMs)
between the endoplasmic reticulum and mitochondria, which con-
tribute to the control of metabolism. However, although the mito-
chondria play a pivotal role in steroidogenic tissues [16], it should
be noted that mitochondria also participate in other cellular pro-
cesses [17], such as ATP production, intracrine signaling [ 18], apop-
tosis, innate immunity, autophagy, or the stress response [19],
suggesting that mitochondria by themselves, or associated with
other structures, are important to maintaining cellular functions.
This is a topic that requires a further investigation in the human
placenta.

2. Cholesterol synthesis in the human placenta

Distinct from other steroidogenic tissues, such as adrenal glands
[20], the human placenta does not produce significant amounts of
cholesterol de novo. Studies using acetate-'“C have shown that this
precursor is not the main substrate for the sterol synthesis path-
way in human placenta [21-24]. However, cholesterol is needed
for the substantial placental progesterone synthesis during preg-
nancy. In this sense, cholesterol production by human placenta is
not sufficient to support steroidogenesis. The modest amount of
cholesterol synthesized by the placenta could be used to satisfy
its own requirements such as the structural needs, i.e., to maintain
the plasma membrane morphology and function. In the syncy-
tiotrophoblast, the cholesterol needed for progesterone synthesis
comes from LDL [25,26], which are internalized through receptors
mediated by endocytosis [27].

3. Lipoprotein receptors for cholesterol supply to placenta

The trophoblast cells have different types of receptors; one of
these is for LDL [28]. Also, HDL receptors have been described on
trophoblast cells [29], in BeWo cells line [30], and numerous
steroidogenic tissues (Fig. 1). Unlike LDL, HDL are not processed
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Fig. 1. Cholesterol uptake by syncytiotrophoblast and its route through the placenta. Cholesterol is transported by endocytosis via specific receptors for HDL or VLDL and is
distributed by endosomes to mitochondria and into the fetal bloodstream. Mitochondria transform cholesterol into progesterone to maintain pregnancy. Syncytiotrophoblast
has a low capacity of cholesterol synthesis, which is probably used for membrane microvilli structure. ST = syncytiotrophoblast cell; CT = cytotrophoblast cell; V = vascular
endothelium; N =nuclei; LE =late endosome; M = mitochondria; ER =endoplasmic reticulum; P4 = progesterone; Chol = cholesterol; LDL=low density lipoproteins;

HDL = high density lipoproteins.

through the lysosomal degradation pathway [31], suggesting that
placenta can obtain cholesterol from different pathways.

Progesterone synthesis presumably depends on the capacity of
the cells to bind LDL and thus supply mitochondria with choles-
terol. The concentration of LDL receptors is regulated by the pres-
ence of LDL. In dispersed trophoblast culture cells incubated with
LDL-'2] for long periods of time, uptake and degradation of LDL
decreased by 90%. These results suggest that trophoblast cells reg-
ulate the number of LDL receptors expressed in the plasma mem-
brane. This effect was observed when trophoblast cells were
incubated in the presence of HDL [32]. Recent data suggest that
the placenta uses both LDL and HDL as a source of cholesterol for
progesterone synthesis [33], which secures a constant cholesterol
input for steroidogenesis, even under conditions that may alter
cholesterol concentration, safeguarding pregnancy. However, in
abetalipoproteinemia, progesterone levels during pregnancy are
reduced indicating that HDL cholesterol cannot compensate for
diminished LDL levels [34].

Although it is beyond the scope of this review, it is important to
mention that the human placenta also transports cholesterol to the
fetal bloodstream (Fig. 1). The fetus requires cholesterol for cell
growth and development. The following references address this
issue [35,36] and highlight the diverse array of proteins that is
required [37-40].

4. Involvement of organelle-mitochondria interactions in
intracellular lipid flux

Mitochondrial Inner Membrane Organizing System (MINOS)
and Mitochondria Associated Membrane (MAMs) have been put
forward as potential types of unions between membranes of
diverse organelles. Diverse types of unions are associated with
transport mechanisms, vesicle mediated transport, and protein
mediated translocation. MAMs are multiprotein structures whose
existence was identified by cosedimentation of the endoplasmic
reticulum and mitochondria. MAMs participate in lipid exchange
[41], highlighting their role in the endoplasmic reticulum and

mitochondria contact sites [42-48]. Membrane Contact Sites
(MCS) result from the proximity between two membranes
(<20-30 nm). Proteins associate transiently and undertake a speci-
fic function without the fusion of membranes [15]. It has been sug-
gested that MCS and MAMs participate in the association between
lipid droplets and endosomes, where perilipin and SNARE elements
potentially play a crucial role [42,44,45]. The cytoskeleton is also
important since colchicine decreases steroidogenesis [49-52]. Par-
ticularly for steroidogenic tissues, these observations provide a
basis for an integrated model of cholesterol flux from endoplasmic
reticulum, late endosomes or lipid droplets, to mitochondria,
which could represent an initial step in steroidogenesis [53-55].
However, lipid composition of mitochondrial membranes is pre-
cisely controlled.

Horvath and Daum [56] describe the reasons why mitochondria
are unique organelles regarding lipid transport. Firstly, they pos-
sess a double bilayer. Although they are closely positioned, each
layer maintains its structural and functional properties. Secondly,
each layer and its subcompartments perform specific biochemical
functions.

The mitochondrial membranes have a particular lipid composi-
tion. High concentrations of cholesterol accumulate in the outer
membrane but not in the inner membrane [58].

In the presence of a BSA-cholesterol complex, human placental
mitochondria increased progesterone synthesis, but not when mito-
chondria where treated with trypsin [57]. Similar results were
observed under different experimental conditions, showing that
mitochondria treated with trypsin were unable to accumulate
cholesterol in the presence of the BSA-cholesterol complex, suggest-
ing that proteins are involved in the incorporation of cholesterol into
the human placental mitochondria [58]. Therefore, successful
cholesterol transport, its transformation into pregnenolone in
acutely regulated steroidogenic tissues, or progesterone in the case
of the human placenta (a “chronically” regulated tissue), requires
multiple systems that include: proteins like StAR and MLN64; late
endosomes; lipid droplets; the cytoskeleton; MAMs, MINOS, MCS;
and contact sites between mitochondrial membranes (see below).
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5. StAR in adrenal glands and gonads

As it has been mentioned, once cholesterol has been incorpo-
rated into the cell (ie., late endosomes, or lipid droplets), it is
directed through a precise and effective transport system to
mitochondria, where pregnenolone is synthesized [59] (Fig. 2). This
transport system may be mediated by vesicles or sterol carrier
proteins; in steroidogenic tissues both systems operate
simultaneously.

The sterol carrier proteins called START have been broadly stud-
ied in steroidogenic tissues. From this family, the StAR is the most
important protein in the cholesterol transfer system in mitochon-
dria from adrenal glands and gonads [60]; mutations in the
STARD1 gene cause Congenital Lipoid Adrenal Hyperplasia [61].
Several studies analyzed its genetic regulation [62], function and
its role in steroidogenesis [16,63,64]|. The transcription of the
STARD1 gene increases significantly in response to adrenocorti-
cotropic and luteinizing hormones, and phosphorylation of StAR
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Fig. 2. Flux of cholesterol to syncytiotrophoblast mitochondria. Cholesterol is
incorporated by endocytosis. Early endosomes initiate cholesterol transport to
mitochondria to stimulate steroid hormone synthesis. Incorporation of STARD3 into
early endosomes promotes its maturation into late endosomes. STARD3 facilitates
transport of late endosomal cholesterol to mitochondria. STARD3 is a member of
the START domain superfamily that possesses cholesterol binding and transport
activity. Lipid droplets are an alternative route to cholesterol flux to mitochondria.
Late endosomes and lipid droplets might anchor to mitochondria through SNARE
complexes. ST = syncytiotrophoblast; LDL =low density lipoproteins; HDL = high
density lipoproteins; M = mitochondria; ER = endoplasmic reticulum; SNARE = S-
NARE complexes.

stimulates cholesterol transport and steroidogenesis [65,66]. The
StAR protein does not need to enter into the mitochondria to pro-
mote cholesterol transfer since a truncated StAR protein (StAR-
N62) lacking the mitochondrial targeting sequence is able to drive
cholesterol transport, although it is not incorporated into the mito-
chondria [67].

Interaction between cholesterol and StAR under acidic condi-
tions induces a conformational change from the native structure
to the molten globule state [68], suggesting that this dynamic state
is involved in intramitochondrial sterol transfer [68]. Although
these studies were performed in vitro, the mitochondrial condi-
tions, particularly the acidic conditions of the intermembrane
space could support this hypothesis. The mechanism of action of
StAR remains unknown. However, it has been suggested that it
mediates cholesterol transport from the outer to the inner mito-
chondrial membrane. This process regulates steroidogenesis by
controlling the conversion rate of cholesterol into pregnenolone
by cytochrome P450scc.

While acutely regulated steroidogenic tissues display a high,
but transitory flux of cholesterol to mitochondria, the amount of
cholesterol in mitochondrial membranes is low [56], suggesting a
fast transformation of the sterol into pregnenolone. In contrast,
the constant flow of cholesterol from cytosol to syncytiotro-
phoblast outer mitochondrial membrane impacts the mitochon-
drial sterol content, which reaches a value of 13.5ug of
cholesterol/mg mitochondrial protein [58], five times higher than
reported for other types of mitochondria and close to the value
observed in the plasma membrane. The constant transport of
cholesterol to syncytiotrophoblast mitochondria allows the
increased production of progesterone during pregnancy [59], ie.,
in the last trimester of pregnancy, the human placenta can produce
about 250-500 mg of progesterone daily [65,69]. Once located in
the outer mitochondrial membrane, cholesterol must continue its
transit to the inner mitochondrial membrane, reach cytochrome
P450scc, and be transformed into pregnenolone. This step needs
a sterol carrier protein, MLN64.

6. MLN64 in human placenta

Similar to the gonads and adrenal glands, in human syncytiotro-
phoblast there must be a sterol carrier protein involved in mito-
chondrial cholesterol transport. Although StAR is the main
protein associated with mitochondrial cholesterol flux in different
acutely regulated steroidogenic tissues, it is not expressed in the
human placenta [61]. In the last decade a new member of the
START family, named MLN64, was identified in syncytiotro-
phoblast cells [70]. MLN64 was initially described as an endosomal
membrane protein in a metastatic lymphatic nodule, and contains
the START domain for cholesterol binding [71]. Since the syncy-
tiotrophoblast does not express StAR, MLN64 was considered to
be the main intracellular protein involved in cholesterol transport
in this tissue [56].

Alpy and Tomasetto [64]| reported that although StAR and
MLN64 contain a START domain, they also have different features
that determine their intracellular location and structure. MLN64
is an endosomal protein with four transmembrane segments in
its amino terminal end (named the MENTAL domain). Its subcellu-
lar localization is relevant because late endosomes and lysosomes
contain 50% of total cellular cholesterol, and they might play a role
in the distribution of cholesterol in the cell [72]. Also, van der Kant
et al. [72] showed that there are two types of late endosomes, one
that contains the protein ORP1L and transports oxysterols; and
another with MLN64 and ABCA3 (an ATP dependent transport pro-
tein that translocate substrates, including lipids). Hence, they sug-
gested that MLN64 could be involved in cholesterol flux from late
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endosomes to mitochondria. It has also been noted that amino acid
residues M307 and N311 are essential for cholesterol binding to
MLN64 [60,73,74]. We have demonstrated that MLN64 is incorpo-
rated into syncytiotrophoblast mitochondria and proteolytically
activated by a mitochondrial protease to stimulate steroidogenesis
[75]. The proteolytic product (i.e, MLNG64-28 kDa protein) is
associated with steroidogenic contact sites (see below), probably
to facilitate cholesterol transport between mitochondrial
membranes.

Charman et al. [73] transformed CHO cells into steroidogenic
cells by transfecting them with a vector encoding a fusion protein
with the complete electron transport chain of P450scc (F2-plas-
mid). Although the expression of MLN64 was depleted by
80-90% with siRNA, progesterone synthesis was inhibited only
by 30%, suggesting that MLN64 is not the only protein responsible
for cholesterol transport for steroidogenesis [73]. Kishida et al. [76]
demonstrated that in embryonic fibroblasts, lacking StAR, and
obtained from MLN64 mutant mice, transfection with F2 plasmid
resulted in reduced but not absent transformation of endogenous
cholesterol into steroid hormones compared to wild-type embry-
onic fibroblasts. This suggests that the MLN64 START domain is
not necessarily the only protein participating in sterol metabolism.
This is relevant for human placental steroidogenesis, since it
expresses MLN64 and lacks the StAR protein.

In this way, we have determined that HSP60 protein shares epi-
topes with the START domain of MLN64. Both proteins co-im-
munoprecipitated, and HSP60 labeled with fluorescein maleimide
inhibited progesterone synthesis [77]. This observation suggests
that HSP60 could participate in steroidogenesis in addition to
MLNG64. At present, we are conducting experiments to elucidate
the role of HSP60 in this process.

The presence of multiple proteins and steps during proges-
terone synthesis in adrenal glands, gonads and placenta, supports
the hypothesis, that at least in part, the limiting step in the regula-
tion of steroidogenesis is cholesterol transport from the outer to
the inner mitochondrial membrane. In this sense, the contact sites
between mitochondrial membranes which contains multiple pro-
teins, such MLN64 and HSP60, could play a major role for choles-
terol transfer to P450scc [78,79].

The interaction between StAR with a mitochondrial membrane
multiprotein complex has been proposed to affect cholesterol
transport. These complexes could be the transduceosome complex,
which consists of membrane and cytoplasmic proteins [80]; or the
steroidogenic metabolon, composed of mitochondrial membrane
proteins [80,81]. In human placenta, MLN64 interacts with the
steroidogenic contact sites [75] (see below).

7. Mitochondrial contact sites associated with steroidogenesis

Mitochondrial contact sites are domains where inner and outer
membranes are in close proximity, allowing exchange between
them. Contact sites are established and maintained in durable or
transient states by different proteins and enzymes. Hackenbrock
[82] noted that mitochondria exhibit different types of contact
sites: multiprotein complexes that perform various mitochondrial
functions. Their assembly takes place through a dynamic process
that requires the association of specific proteins and enzymes.
According to their protein composition, contact sites may partici-
pate in multiple mitochondrial processes, including protein import
or progesterone synthesis.

Proteins that are found in mitochondrial contact sites also par-
ticipate in other processes, including oxidative phosphorylation
(adenine nucleotide translocase -ANT-, VDAC, creatine Kkinase,
and hexokinase [83,84]; or apoptosis (ANT, VDAC, cyclophilin D,
and hexokinase II). The outer membrane contains proteins that

are able to interact with actin and establish ATP-dependent junc-
tions, and antiapoptotic proteins of the Bcl-2 family that, when
overexpressed, block apoptosis [85-87]. Another example is the
permeability transition pore [88], a multiprotein complex that
forms non-selective pores in the inner membrane and is associated
with structural components as the ANT, cyclophilin D and VDAC.
TPSO has been identified in association with the outer membrane
pore; creatine kinase with the intermembrane space; and hexoki-
nase I with VDAC in the outer membrane, and with the proteins
Bax/Bcl-2 [55,87].

It has been suggested that in steroidogenesis by the adrenal
glands and gonads, the contact sites are constituted by various
proteins such as voltage-dependent anion channel (VDAC)
[89,90], the o-1 receptor [91], an ATPase-ATD3 [92], TPSO, ANT,
IP3R (ER-resident inositol triphosphate receptor), Mfn1 and Mfn2
(mitofusine 1 y 2), among others [55,93]. Outer membranal
proteins (i.e., VDAC1 and TSPO) associated with inner membranal
proteins (i.e., ATPase-ATAD3a) constitute the core of a complex
that regulates mitochondrial cholesterol import in adrenal glands
and gonads [51,94]. Recent data indicate that although ANT is part
of the contact sites, apparently, it is not essential for cholesterol
transport [94]|. The association between the proteins Tom22,
Tim23, Tim 50, and 38 HSD2 has been shown to affect steroidoge-
nesis [95,96]. Alternatively, some elements of this complex could
interact with the endoplasmic reticulum, lipid droplets or late
endosomes [16,80,97,98].

8. Steroidogenic contact sites in human syncytiotrophoblast
mitochondria

Mitochondrial contact sites in syncytiotrophoblast have been
isolated and their composition determined [99]. They have been
proposed to be the conduit for cholesterol flux from the outer to
the inner membrane. In the human syncytiotrophoblast, it has
been proposed that cholesterol flux is accomplished through a
series of steps that involve various intracellular organelles associ-
ated with lipid droplets [75] and proteins from contact sites like
HSP60 [77], ATP-diphosphohydrolase [100,101], and MLN64 [75].
ATP-diphosphohydrolase activity supplies energy for cholesterol
flux during progesterone synthesis (see below). HSP60 is a
mitochondrial chaperone that has been associated with MLN64
in progesterone production [77].

Other proteins or enzymes that are associated with placental
steroidogenic contact sites are VDAC, ANT, ETC-P450scc, 3B
HSD1, NADP-dependent isocitrate dehydrogenase [102], and the
catalytic subunit of PKA [103]. The steroidogenic machinery
reported in adrenal glands includes TPSO [16]. Although in human
term placental explants specific ligands for peripheral benzodi-
azepine binding sites (PBzS) caused an increase of progesterone
and estradiol-17p secretion [104], and it has been also reported
that maternal obesity during pregnancy negatively regulates mito-
chondrial TSPO, which impairs mitochondrial steroidogenesis
[105], the role and localization of TSPO remains to be clarified. In
fact, the effect of ligands of PBzS on steroidogenesis was observed
only in intact placental explants (where plasma membrane, cytosol
and the whole signal transduction machinery were present) [104],
and the identification of TSPO in mitochondria was performed on
frozen placental tissue where the intactness of cellular and mito-
chondrial architecture is not assured [105]. We isolated highly
purified syncytiotrophoblast mitochondria from fresh placentas
[6]. These syncytiotrophoblast mitochondria retain their steroido-
genic and bioenergetics functions, and the TSPO protein was not
present, nor did ligands of PBzS have any effect on steroidogenesis
[106]. Similarly, in isolated mitochondria from BeWo cells, TSPO
protein was absent [77,106].
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Fig. 3. Model proposed for progesterone synthesis in human syncytiotrophoblast mitochondria. Progesterone synthesis has been divided into seven steps. (1) Anchoring of
lipid droplets or late endosomes to mitochondria via SNARE complexes. STARD3 is attached to lipid droplets or late endosomes. (2) Proteolytic transformation of STARD3 from
a 55-kDa into a 28-kDa protein by a metalloprotease that exerts its activity on the cytosolic side of the outer membrane of mitochondria. This metalloprotease is sensitive to
1,10-phenantroline, EGTA, or EDTA. (3) The STARD3-28 kDa protein, which contains the cholesterol binding domain (START), is associated with steroidogenic contact sites,
and increases cholesterol flux from the outer into the inner mitochondrial membrane, where it reaches the machinery of cytochrome P450scc and increases progesterone
production (step 4). If protease activity is inhibited and no STARD3-28 kDa protein is produced, no progesterone synthesis occurs. (5) Ay, induces ATP hydrolysis by ATP-
diphosphohydrolase during cholesterol transport throughout the steroidogenic contact sites. ADP can be hydrolyzed to AMP by ATP-diphosphohydrolase or can enter the
mitochondrial matrix for ATP synthesis by F;Fo-ATP synthase, stimulating oxygen uptake and the proton pump by the ETC. (6) NADP-dependent isocitrate dehydrogenase
produces NADPH to supply energy to the ETC associated to P450scc constituted by adrenodoxin and adrenodoxin reductase. (7) PKA activity stimulates progesterone
synthesis. Several syncytiotrophoblast mitochondrial proteins are suitable substrates for PKA and perhaps for other kinases. PKA maintains a major pool of inactive
phosphorylated phosphatases, leaving few active phosphatases that remove the phosphate from the amino acids that belong to RRXT/S motifs. PKA inhibition by H89
produced a decrease in progesterone synthesis. Steroidogenic contact sites, marked with a dashed line, are constituted by different proteins including adenine nucleotide
translocase (ANT), voltage dependent anionic channel (VDAC); ATP-diphosphohydrolase (ATP-D), NADP-dependent isocitrate dehydrogenase (ICD), cytochrome P450scc
(P450scc) and type Il 3B-hydroxysteroid dehydrogenase (3BHSD2). RRXT/S-specific motifs recognized by PKA; Y/T/S-tyrosine, threonine and serine residues; OM = outer
mitochondrial membrane; IM = inner mitochondrial membrane; Chol = cholesterol.

Steroidogenic mitochondrial contact sites from syncytiotro-
phoblast contain cholesterol and the complete machinery for pro-
gesterone synthesis: STARD3, which promotes cholesterol flux;
ETC-P450scc, which transforms cholesterol into pregnenolone;
3BHSD1, which transforms pregnenolone into progesterone; and
NADP-isocitrate dehydrogenase, which supplies the energy for
ETC-P450scc activity (Fig. 3). Thus, the contact sites synthesize
progesterone [99,102]. Interestingly, in isolated mitochondrial
contact sites, Ay, was not produced, and therefore, its role in
steroidogenesis must be re-assessed, leaving NADPH and ATP as
the principal energy sources [99].

In addition to the description of proteins from steroidogenic
contact sites, we have discovered the presence of diverse SNARE
elements associated with mitochondrial outer membranes [75],
and put forward a model for MLN64 in human placenta mitochon-
dria [75] in which lipid droplets containing SNARE protein
complexes [74,107-110] (i.e, o-SNAP, syntaxin 3, 7 y 12,
syntaxin-Binding Protein-2, syntaxin-Binding Protein-3, and
VAMP-8) probably participate in cholesterol transport. It has been

demonstrated that SNAP promotes interactions between lipid dro-
plets and mitochondria [111] and that steroidogenic cells express
syntaxin-17, SNAP-23 and SNAP-25 [112-116]. These observations
suggest that SNARE proteins could participate in cholesterol trans-
port by promoting functional interactions among lipid droplets, the
endoplasmic reticulum, endosomes and mitochondria. In syncy-
tiotrophoblast cells, MLN64 could be incorporated into mitochon-
dria through these complexes and then be activated by
mitochondrial proteases [75], favoring its uptake into mitochon-
dria (i.e., contact sites) [46,79], and promoting cholesterol trans-
port [77,102].

9. Architecture and physiological characteristics of
syncytiotrophoblast mitochondria

As it has been mentioned earlier, differentiation of the syncy-
tiotrophoblast involves mitochondrial cristae remodeling. This
mitochondrial remodeling involves turning large round
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mitochondria with lamellar cristae with an orthodox configuration
from cytotrophoblasts, into small irregular structure exhibiting
protuberances in the outer and inner membranes, a condensed
matrix, and cristae composed of vesicular regions connected by
narrow tubules observed in syncytiotrophoblast [6,59,99,117].
We have demonstrated that the acquisition of steroidogenic
activity in syncytiotrophoblast mitochondria involves changes in
F1Fo-ATP synthase dimerization [117]. The F{Fo-ATP synthase is
present as a native functional dimer assembled into long rows of
oligomers in the mitochondrial membrane [118]. This constitutive
self-association promotes membrane curvature and the formation
of the classical mitochondrial cristae ultrastructure [118-121]. The
dimeric structure of F;Fo-ATP synthase was solved by transmission
electron microscope [119-125]. This supercomplex had a critical
role in maintaining a high transmembranal potential that ensures
optimal conditions for efficient ATP synthesis [126].

Syncytiotrophoblast mitochondria contain low levels of dimeric
complex V, in contrast to cytotrophoblast mitochondria, which
have standard cristae morphology and a higher content of the
ATP synthase dimer [117]. The proportion of F;Fo-ATP synthase
dimer that can be extracted from mitochondria was assessed
through Blue Native-PAGE and WB analysis. It was demonstrated
that cytotrophoblast cells contain a higher dimer/monomer ratio
than syncytiotrophoblast cells [117], and that the ATP synthase
supercomplex is the consequence of a higher relative amount of
IF; in the cytotrophoblasts [117].

Syncytiotrophoblast mitochondria exhibit the same morphol-
ogy (i.e., tubular, vesicular or tubulovesicular cristae [117]) like
those of other steroidogenic tissues such as Leydig cells [127]. In
contrast, electron microscopic tomography studies of liver
[128,129], neuronal [130,131], brown adipose tissue [132], fungi
[133,134], rods and cones [135] mitochondria show typical lamel-
lar cristae architecture.

It has been suggested that cristae morphology has a direct
impact on ATP production in Leydig cells, since the narrow gap
between lamellae prevents the correct distribution of the F; sub-
unit of ATP synthase [127]. Allen et al. [ 136] have shown that mito-
chondrial membrane potential (Ay,), mitochondrial ATP
synthesis, and mitochondrial respiration are required to support
Leydig cell steroidogenesis [136]. In contrast, the rate of ATP syn-
thesis in isolated human cytotrophoblast and syncytiotrophoblast
mitochondria is similar (15116 nmol/mg/min and 153
13 nmol/mg/min, respectively), while progesterone synthesis is
ten times higher in syncytiotrophoblast than cytotrophoblast
mitochondria (35.7 £+0.90 ng of progesterone/mg/min and 3.6 +
1.34 ng of progesterone/mg/min, respectively) [117]. This suggests
that in human syncytiotrophoblast, ATP and progesterone synthe-
sis are quite important to cell physiology. In this sense, the relative
amount of ETC-P450scc and classic electron transport chain (ETC)
components is different in each steroidogenic tissue. In acutely
regulated steroidogenic tissues (i.e., the adrenal glands and gonads)
the content of ETC-P450scc is several times higher than classic ETC
elements, suggesting that these cells have a quick response to the
external signal to activate steroidogenesis. In contrast, in syncy-
tiotrophoblast the amount of both electron transfer chain compo-
nents is similar [59], indicating that this cell, with its unique
mitochondrial architecture, has parity between steroidogenesis
and the bioenergetics metabolism.

We have assembled a general model for steroidogenic metabo-
lism for human syncytiotrophoblast [59,99] (Fig. 3). It has been
suggested that the size reduction of mitochondria and the struc-
tural changes of their cristae may improve the steroidogenic activ-
ity of syncytiotrophoblast cells [6]. If translocation of cholesterol to
cytochrome P450scc is the rate-limiting step in steroidogenesis, a
larger surface to volume ratio might improve the movement of
cholesterol to the inner membrane where cytochrome P450scc is

located. A non-orthodox structure may also play a crucial role in
maintaining progesterone synthesis [117,137].

10. Role of Ay, in placental steroidogenesis: regulation of
mitochondrial ATP-diphosphohydrolase

Human syncytiotrophoblast mitochondria contain proteins and
enzymes that participate in steroidogenic metabolism, i.e., an ATP-
diphosphohydrolase (P49961-2|ENTP1_HUMAN) in the inner
membrane [99], which is involved in progesterone synthesis,
mainly in cholesterol transport [100,101]. ATP-diphosphohydro-
lase might provide the required energy to drive cholesterol trans-
port between the mitochondrial membranes in a similar way to
mitochondrial GTPase in the adrenal glands [138]. Detergent
solubilized ATP-diphosphohydrolase catalyzes the hydrolysis of
tri- (ATP, GTP, UTP, and CTP), and di-phosphonucleosides (ADP,
GDP, UDP, and CDP) in a Mg?*-, Ca?*-, or Mn?*-dependent manner
with a single rate-limiting step for each hydrolyzed nucleoside
[99]. However, in the intact and energized mitochondria, ATP-
diphosphohydrolase hydrolyzes mainly ATP [99]. The resulting
ADP promotes oxygen uptake and ATP synthesis by F;Fy-ATP
synthase [99,139]. The activities of ATP-diphosphohydrolase (ATP
hydrolysis) and F{Fo-ATP synthase (ATP synthesis) are strongly
coordinated to avoid a futile cycle and energy dissipation.

Mitochondrial inner membrane potential (Ay,) is a central
component of mitochondrial metabolism. It provides the driving
force for oxidative phosphorylation, for protein or metabolites
import, and to regulate the activity of membrane proteins like
the ANT [11,140,141]. We have demonstrated that, in syncytiotro-
phoblast mitochondria, Ay, regulates ATP-diphosphohydrolase
activity [99], particularly its substrate selectivity (i.e., ATP versus
GTP preference). Also, ATP-diphosphohydrolase has been associ-
ated with cholesterol transport between mitochondrial mem-
branes during progesterone synthesis [101]. Dissipation of Ay,
by CCCP (carbonyl cyanide m-chlorophenyl-hydrazone) induces
ATP-diphosphohydrolase to hydrolyze ATP as well as GTP. Under
these conditions, when Ay, decreased, NADPH production by
mitochondrial isocitrate dehydrogenase and ATP hydrolysis by
ATP-diphosphohydrolase were essential for progesterone synthesis
[99]. Studies with mitochondrial steroidogenic contact sites allow
the assessment of the role and impact of the ETC function, the
electrochemical proton gradient, oxygen consumption, and ATP
synthesis on progesterone synthesis [99].

11. Placental signal transduction machinery

Steroid hormones have important functions in mammalian
physiology and metabolic regulation through signaling cascades.
Protein phosphorylation is the most common regulatory mecha-
nism of protein function in cells. These have been widely studied
in steroidogenic tissues like the adrenal glands and gonads, whose
regulation is associated with changes in cAMP concentrations
[142].

The human placenta is dynamically regulated by a wide range
of intrinsic and extrinsic factors mediated by several signal trans-
duction pathways. The proteins that constitute signaling cascades
have been associated with different events, including: myometrial
relaxation [143], maintenance of uterine quiescence during preg-
nancy [144], myometrium adrenoreceptor coupling to adenylate
cyclases (AC) [145], AC isoform expression in human myometrium
during pregnancy [146], and high intracellular cAMP levels associ-
ated with syncytium formation in human placental tissue [147].

Signaling cascades are perfectly orchestrated and are pivotal in
pregnancy. Studying the function and composition of signaling
systems is crucial to understanding cellular processes and the
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interaction between the placenta, the mother and the fetus. Protein
kinases control cell signaling pathways, which consist of sequential
steps, initiated by different stimuli that result in the phosphoryla-
tion of serine, threonine or tyrosine residues. It is important to
study the subcellular locations of the different phosphodiesterase
(PDE) families, adenylate cyclases (AC), phosphatases (PP), and
kinases associated with protein post-translational modification.
The effect of these enzymes on the regulation of intracellular con-
centrations of second messengers and on cellular processes is an
important subject of study [142,148].

Although mitochondria contain proteins associated with the
cell signaling machinery and their own pool of second messengers,
the kinetics, targets and effectors remain unknown. Moreover, how
proteins can be phosphorylated in the mitochondrial matrix is yet
to be elucidated [149]. Second messengers (i.e., CAMP and cGMP)
regulate several cellular functions. PDEs (PDE 1-11) regulate intra-
cellular levels of cyclic nucleotides, determining the balance
between their production and degradation, which leads to the
rapid turnoff of the cAMP signal. cAMP cannot permeate the inner
mitochondrial membrane, however, a soluble adenylate cyclase
(sAC) activated by bicarbonate anion has been described
[150,151]. The cellular expression and location of specific PDEs is
determined by the local concentration of cyclic nucleotide and
the phosphorylation/dephosphorylation mechanism [152]. Acin-
Perez et al. [150] have described a mitochondrial signaling cascade
where PDE is involved in the phosphorylation/dephosphorylation
mechanism, and interacts with sAC, PKA and a cAMP mitochondrial
microdomain.cAMP is synthetized by the transmembrane (tmAC)
or sAC. The latter is located in the nucleus, mitochondria, micro-
tubules, and centrioles. This variable location suggests that cAMP
microdomains exist and are generated in response to extracellular
or intrinsic signals regulated by PDEs [153,154]. It has been
demonstrated that cytosolic sAC can generate second messengers
at the site of the complex of A-kinase anchoring proteins
(AKAPs)-cAMP-dependent protein kinases is located, removing
the membrane-proximal limitation of cAMP generation [155].

Bernatchez et al. [156] demonstrated the differential expression
of several adenylyl cyclase isoforms in trophoblast cells from
human placenta, according to the stage of differentiation (i.e.,
cytotrophoblast and syncytiotrophoblast). AC isoforms are subdi-
vided into four groups according to the activating or inhibiting
involved mechanism: group 1 is stimulated by calcium and
calmodulin (I, IIl and VIII ACs), group 2 is activated by G-protein
and protein kinase C (PKC) (II, IV and VII ACs), group 3 is inhibited
by low concentrations of calcium (V and VI ACs), and group 4 is
inhibited by phosphatase calcineurin (AC IX) [157-159]. ACs exert
an important function during differentiation of trophoblast cells,
depending on external factors such as PKC phosphorylation, cal-
cium/calmodulin concentrations, or the binding of agonists that
stimulate cytotrophoblast cells to differentiate into syncytiotro-
phoblast. However, the complete signaling pathways, the proteins
involved, and upstream activators and downstream effectors, have
not been elucidated.

Protein kinases play a key role in multiple cellular processes.
Akt 1/2/3 (or PKBa/B/Y) is a serine/threonine-specific kinase whose
activity is to modulate some cellular functions through phosphory-
lation of several substrates. Akt1 deficient mice exhibit structural
anomalies in the placenta, suggesting fetal growth failure [160].
Another protein kinase that has been identified and expressed
abundantly in the human placenta is ERK1/2. ERK2 transgenic mice
exhibit defects in trophoblast morphogenesis and development,
which induces damage in the vascularization of the fetal labyr-
inthine layer [161]. The ERK1/2 cascade is associated with the
11B-HSD2 [162], which is negatively regulated, suggesting an
important regulation point for the function of the human placenta
and fetal development [163].

MAPK pathways are involved in morphological and functional
differentiation of villous trophoblast, and have been implicated in
oxidative injury where JNK/p38 and ERK pathways have an impor-
tant effect. These data suggest an underlying equilibrium in the
oxidative functions that help maintain pregnancy by preventing
abortion, and preeclampsia due to oxidative stress [164-166].

Since the system of phosphorylation/dephosphorylation of pro-
teins is an important regulatory mechanism in many cellular pro-
cesses, the identification of tyrosine and serine/threonine
phosphatases is essential. PP2C phosphatase has been described
as a negative modulator of MAPK cascades, mainly p38 and JNK,
dephosphorylating and inactivating at different levels of the signal-
ing pathway [167]. Nevertheless, Daoud’s group [168] demon-
strated that ERK1/2 and p38 expression in human trophoblast
cells is crucial to mediate the initiation of trophoblast differentia-
tion. Other proteins are probably implicated in this process and
control trophoblast differentiation and processes that depend on
signaling cascades [168]. The identification and subcellular distri-
bution of these signaling proteins is essential to prevent damage
to the fetus, to develop selective and effective pharmacological
methodologies to reduce the incidence of preterm labor and of
complications associated with preterm deliveries attributed to pro-
gesterone synthesis.

It has been hypothesized that several cellular processes are
related to alkaline phosphatases. The placenta expresses an alka-
line phosphatase named placental alkaline phosphatase (PLAP). It
has been described in early and full-term placentae, associated
with insulin-like growth factor (IGF) regulation through dephos-
phorylation of the IGF binding protein-1 (IGFBP-1) in the mater-
nal-fetal interface. Therefore, abnormal regulation of these
pathways could lead to complications in fetal growth and preg-
nancy [169,170].

The orientation and location of enzymatic systems associated
with progesterone synthesis as well as protein phosphorylation/
dephosphorylation, cholesterol transport between mitochondrial
membranes, and cholesterol processing by cytochrome P450scc is
important to understand mitochondrial function in placental tis-
sue, including steroidogenesis. It has been proposed that steroido-
genesis is a constitutive process of the human placenta, apparently
without a regulatory control mechanism. However, the presence of
PKA tightly bound to syncytiotrophoblast mitochondria suggests
that a hormonal control mechanism is present [171].

12. cAMP-mediated signal transduction cascade in
progesterone synthesis

The most studied transduction pathway in steroidogenic tissues
is the one mediated by cAMP-PKA. In Leydig tumor cell line, basal
steroidogenesis, independent of cAMP, is lower than 1% compared
to the activation through cAMP-PKA dependent pathways induced
by LH/hCG [171], however, in isolated primary Leydig cells nor-
mally comprises 10-25% of maximally stimulated steroidogenesis
[172]; a similar situation is seen in isolated adrenocortical cells
[173,174].

The human placenta is considered to be an autonomous/
constitutively active tissue due to the absence of short term
fluctuations in maternal progesterone. However, human placental
steroidogenesis can be regulated by the luteinizing (LH) and
human chorionic gonadotropin (hCG) hormones. hCG is known to
bind and activate the G-protein coupled to the luteinizing
hormone/hCG receptor, activating the cAMP/PKA pathway, which
triggers events related to progesterone synthesis, decidualization
and trophoblast differentiation [175]. The role of other key
hormones that modulate cAMP levels and the participation of
other signal transduction pathways independent of cAMP/PKA
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are still unknown. Insulin, insulin-like growth factor 1, calcitriol,
phorbol esters, epidermal growth factor, oestrogens and cytokines
(IL-1and TNFa) have been implicated in the stimulation of
progesterone synthesis independent of PKA [176-180].

Primary cultures of trophoblast cells, choriocarcinoma derived
cell lines and mitochondria isolated from syncytiotrophoblast,
have been extensively employed as models of placental functions
[6,106,181-183]. In these models steroidogenesis has been
assessed through the use of activators of the PKA signaling cas-
cade. In BeWo cells, it was observed that progesterone synthesis
increases in the presence of the cAMP analog, 8-Br-cAMP. In the
presence of H89, a kinase inhibitor widely used to block PKA
activity, progesterone synthesis decreases from 70% to 90%,
besides increasing phosphorylation of mitochondrial proteins
[106].

In order to facilitate phosphorylation of the target substrate,
several phosphorylation/dephosphorylation systems have a speci-
fic cell distribution that allows kinases to associate with specific
organelles. This spatial and temporal modulation of signaling cas-
cades can be achieved by the presence of AKAPs, which tether PKA
to precise intracellular sites, such as mitochondria [184,185]. A
PKA and a phosphotyrosine phosphate D1 (PTPD1) have been
reported to be tightly associated with mitochondria isolated from
human placenta through AKAP-121. The activity of this kinase is
sensitive to H89 and the specific PKA inhibitor, PKI. The reported
sub-localization of PKA and AKAP-121 in syncytiotrophoblast is
mitochondrial contact sites [186], which are known to participate
in progesterone synthesis [102]. Additionally, phosphorylation of
proteins in the steroidogenic contact sites was blocked by H89,
suggesting that contact sites contain potential PKA substrates. In
the same study, it was observed that progesterone synthesis is
either inhibited or abolished, depending on the H89 concentration.
Also, phosphorylation of intact mitochondrial proteins increases in
the presence of this inhibitor, suggesting the participation of other
kinases and phosphatases modulated by PKA [187]. The presence
of the PKA o catalytic (Cot) subunit has also been detected in the
cytoplasm, nucleus and mitochondria of placental cells; PKA Ca
subunit is located predominantly in the outer mitochondrial
membrane [103].

We have assessed the overall contribution of PKA in proges-
terone synthesis and protein phosphorylation in syncytiotro-
phoblast mitochondria. We observed by submitochondrial
fractionation that the PKA Ca subunit is located in the outer,
the inner and the soluble fraction. The Ca subunit of the inner
membrane has the highest activity. The BII regulatory (R BII)
subunit was identified as the main isoform of PKA distributed
in both the outer and inner membranes. This is relevant since
the specificity in PKA signaling can be ensured by a differential
expression of the R subunits, which have different roles in cell
homeostasis.

Additionally, the identification of PKA associated with the
membrane fraction of placental mitochondria suggests that it
could make the signal transduction pathway involved in steroido-
genesis more efficient. However, PKA is tightly associated with
the mitochondrial membrane fraction, and dissociation of its
subunits cannot be induced by holoenzyme activators, such as
db-cAMP, as in the classical model of PKA activation. Furthermore,
incubation of mitochondria in the presence or absence of cAMP
or db-cAMP neither modified progesterone synthesis, nor protein
phosphorylation [103]. These data suggest that the human
placenta contains a constitutively active PKA as part of a complex
signaling cascade where other kinases and phosphatases may be
participating to modulate the dynamic phosphorylation and
dephosphorylation of mitochondrial proteins to synthesize
progesterone during pregnancy.

13. Conclusion and perspectives

The human placenta plays a central role during pregnancy
because it carries out multiple metabolic functions similar to those
performed by the pituitary, ovaries, bowels, liver, and kidneys. The
placenta plays an important role in the transport of nutrients, oxy-
gen, and waste products from the fetal metabolism; additionally,
the placenta synthesizes multiple hormones, progesterone being
among the most important because it establishes and maintains
the maternal fetal interface required to assure normal pregnancy.

Although an effort has been made to understand the metabo-
lism of the human placenta, our knowledge of the function of this
organ is still not complete. In the future, it will be important to
know how placental cells handle cholesterol distribution for its
own metabolic needs in the trophoblast cells, and for the fetus.
Also, the participation of mitochondria in the distribution of energy
to synthesize ATP and/or progesterone should be studied. Finally,
the signal transduction with the central participation of mitochon-
dria to control cellular processes will be important to elucidate,
since this information will inform how the trophoblast maintains
the relationship between the mother and fetus leading to mainte-
nance of pregnancy to term. Then, a further research should be ori-
ented to new methods, including the need for new techniques to
study the syncytiotrophoblast in situ using non-invasive methods.
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The increasing prevalence of diabetes continues to be a major health issue worldwide. Alteration of mitochondrial electron
transport chain is a recognized hallmark of the diabetic-associated decline in liver bioenergetics; however, the molecular events
involved are only poorly understood. Moringa oleifera is used for the treatment of diabetes. However, its role on mitochondrial
functionality is not yet established. This study was aimed to evaluate the effect of M. oleifera extract on supercomplex formation,
ATPase activity, ROS production, GSH levels, lipid peroxidation, and protein carbonylation. The levels of lipid peroxidation and
protein carbonylation were increased in a diabetic group. However, the levels were decreased in M. oleifera-treated diabetic rats.
Analysis of in-gel activity showed an increase in all complex activities in the diabetic group, but spectrophotometric de-
terminations of complex II and IV activities were unaffected in this treatment. However, we found an oxygen consumption
abolition through complex I-III-IV pathway in the diabetic group treated with Moringa. While respiration with succinate feeding
into complex II-III-IV was increased in the diabetic group. These findings suggest that hyperglycemia modifies oxygen con-
sumption, supercomplexes formation, and increases ROS marker levels in mitochondria from the liver of STZ-diabetic rats,
whereas M. oleifera may have a protective role against some alterations.

1. Introduction

Mitochondria, which are mainly composed by proteins and
lipids, are considered the most complex and the most im-
portant organelles of eukaryotic cells. They not only play
a leading role in the energy metabolism, but also closely
involve in many cellular processes [1]. Moreover, mito-
chondria are highly dynamic organelles that continuously
divide and fuse as well as move within the cell [2]. In ad-
dition, it is now well established that the individual re-
spiratory complexes can be organized into supercomplexes,

but the composition and abundance of these may vary
among organisms and tissues depending on the metabolic
and physiological conditions [3-5] as well as on the lipid
content of the mitochondrial inner membrane [6, 7]. How-
ever, mitochondria are a source of reactive oxygen species
(ROS) which are involved in many pathological scenarios [8]
and often play an essential role in physiological cell death
mechanisms [9].

Mitochondrial dysfunction has recently been identified
as a common metabolic defect associated with diabetes,
obesity, and its metabolic complications [10, 11]. Previous
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studies have demonstrated that chronic diabetes induced by
streptozotocin (STZ) provoked significant alterations in
hepatic mitochondrial function which were restored to
normality with insulin treatment [12] or with mifepristone
(RU 38486) treatment [13]. In addition, it has been postu-
lated that STZ-induced cytotoxicity in HepG2 cells is me-
diated, at least in part, by the increase in ROS and reactive
nitrogen species (RNS) production, oxidative stress, and
mitochondrial dysfunction [14]. Moreover, diverse studies
suggest that mitochondrial oxidative function was com-
promised in diabetic and prediabetic humans as evidenced
by reduced levels of fatty acid oxidation, insulin-stimulated
ATP synthesis, and expression of genes involved in oxidative
phosphorylation (OXPHOS) [15-17]. With respect to
OXPHOS, activity was suggested that mitochondrial di-
abetes may also affect the complex V [18], and it is in-
teresting to mention that, in diabetic patients’ muscle, blue
native gel electrophoresis revealed a striking decrease in
complex I, III, and IV containing supercomplexes [19]. In
addition, impairment of pyruvate dehydrogenase complex
on the citric acid cycle and glucokinase activity during di-
abetes has been reported [19, 20]. These findings can be
associated with an increased in ROS production and a de-
crease in cellular reduced glutathione (GSH) content in STZ-
induced diabetic rats [21] and diabetic patients [22].
Moringa oleifera is commonly used in folk medicine as
an antidiabetic agent via its antioxidant property. Yet, its
biological activity is not limited to the antioxidant capacity.
In fact, other important biological activities such as hypo-
lipidaemic, antiatherosclerotic, and anticarcinogenic activ-
ities of M. oleifera leaves and seeds have been reported
[23-26]. However, phenolic compounds found in M. olei-
fera, especially flavonoids, possess both antioxidant and
prooxidant properties depending on concentration used.
The latter which is exhibited at higher concentrations of
phenolic compounds such as quercetin, galangin, taxifolin,
catechin, and prenylated flavonoid have been shown to affect
mitochondrial energetic processes (see supplementary ma-
terials (available here)) [27, 28]. In addition, it has been
shown that mitochondria are a plausible main target of
flavonoids mediating preventive actions against stress and
mitochondrial dysfunction-associated pathologies [29].
Recent evidence indicates that M. oleifera aqueous leaf ex-
tract presents anticancerous effect on A549 cancer cells by
affecting mitochondrial membrane potential and ATP levels
[30]. More recently, Khan et al. [31] showed that aqueous
extract of M. oleifera leaf protects pancreas against ROS-
mediated damage by enhancing cellular antioxidant defenses
and minimizing hyperglycemia in STZ-induced diabetes,
which might be due to the glucose uptake enhancement in
skeletal muscle, insulin secretion stimulation, and alpha-
amylase and alpha-glucosidase inhibition. Thus, the fa-
vorable roles of M. oleifera in glucose metabolism and
antioxidant system led us to investigate the effects of
M. oleifera on diabetes-induced mitochondrial changes in
liver. The aim of this study was to investigate the protecting
effect of M. oleifera extract upon STZ-induced mitochon-
drial dysfunction. To assess the degree of injury of the STZ,
both respiratory and enzyme activity parameters were
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evaluated and compared with the changes in the M. oleifera-
treated group.

2. Materials and Methods

2.1. Preparation of the Extract. The extract was prepared using
23 g of dry-ground sample and 260 mL of 80% methanolic
aqueous solution by successive maceration. The mixture was
shaken in a magnetic grid at room temperature for 24 h and
then filtered through Whatman filter paper number 1. The
final extract was concentrated on a rotary evaporator, placed
in a deep freezer for 24 h and lyophilized to obtain a pow-
dered extract that was kept at —80°C.

2.2. Ethics Statement. All experiments were performed in
compliance with the guideline for the welfare of experi-
mental animals by the National Institutes of Health and in
accordance with the guidelines of Institutional Animal Care.
This study was approved by the Institutional Animal Ethics
Committee at the Faculty of Health Science, UJED.

2.3. Diabetic Model and Treatment. Streptozotocin (STZ)
was dissolved in a citrate buffer (0.1 M, pH 4.5) and in-
traperitoneally injected (55 mg/kg) to induce diabetes in rats.
Rats injected only with citrate buffer served as control. Type
1 diabetes was confirmed evaluating fasting plasma glucose
levels after 5 days of induction; the inclusion criteria to
establish diabetes were 200 mg/dL of fasting plasma glucose.
Rats were divided in control (C group), diabetic (D group),
and M. oleifera-treated diabetic (M group) groups. M group
was daily administered with a 200 mg/kg dose of extract by
gavage during 3 weeks, and remaining groups were ad-
ministered with water as vehicle.

2.4. Isolation and Purification of Mitochondria. The rat liver
was collected immediately after euthanasia and homoge-
nized in 100mL of a buffer containing 20 mM Tris-HCI,
200 mM mannitol, 50 mM sucrose, 1mM EDTA, 1 mM
PMSEF, 1 protease inhibitor tablet, and 0.1% bovine serum
albumin (BSA) (pH 7.4; buffer A). Cellular and nuclear
fractions were removed in the pellet by centrifuging at
3,500 rpm for 10 min at 4°C. Mitochondria were obtained by
centrifuging the supernatant for 10 min at 11,000 rpm. Then,
mitochondria were washed and resuspended in buffer A
without BSA and centrifuged at 11,000 rpm for 10 min.
Mitochondria were loaded on a Percoll gradient 15, 23, and
40% in buffer A without BSA and centrifuged for 35 min at
25,000 rpm at 4°C [32].

2.5. Oxygen Consumption. Oxygen uptake was estimated
polarographically using a Clark-type electrode in a 1.5ml
water-jacketed chamber at 37°C. The mixture contained
250 mM sucrose, 20 mM HEPES, 50 mM K,HPO,, 10 mM
H;PO,, 10 mM MgCl,, and 1 mM EGTA, 0.1% BSA (pH 7.4)
[33]. Oxygen consumption was stimulated by the addition
of 0.1 mM NADH or 10 mM succinate (in the presence of
2uM rotenone). Otherwise, artificial substrates such as
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ascorbate/TMPD (10 mM and 100 uM, respectively, in the
presence of 2uM antimycin) were used for complex IV
activity, and malonate and KCN were added to inhibit
complex IV and complex II (10 mM and 5 mM, respectively).

2.6. NADH Dehydrogenase and Succinate Dehydrogenase
Activities. Activities of complex I (NADH : DCPIP oxido-
reductase) and complex II (succinate: DCPIP oxidoreduc-
tase) were determined spectrophotometrically at 600 nm
by following the reduction of the artificial electron
acceptor 2,6-dichlorophenol-indophenol (DCPIP; 50 uM;
epcprp =21 mM '.cm ™). Mitochondria were permeabilized
with 0.03% zwittergent and incubated in 10 mM KH,PO,,
5mM MgCl,, I1mM EGTA, and 120mM KCl (pH 7.4),
either with 0.2 mM NADH (complex I) or 2 mM succinate
(complex IT), plus 0.2 mM methosulfate phenazine (PMS).
Mitochondria protein concentration was 1 mg/ml, and
the reaction was started by the addition of NADH or
succinate [34].

2.7. ATP Synthase Assay. ATP hydrolysis of complex V was
measured spectrophotometrically at 25°C using a coupled
assay to the oxidation of NADH (349 nm = 6.22 mM '-cm ™).
The assay contained 100 g mitochondrial protein, 10 mM
HEPES (pH 8.0), 100mM NaNj;, 100 uM NO4Na, 90 mM
KCl, 3mM MgSO,; the ATP regenerating system consisted
of 5mM phosphoenolpyruvate, 2mM ATP, 0.03% zwit-
tergent, 50 units/mL pyruvate kinase, and 30 units/mL lac-
tate dehydrogenase. The ATPase reaction was started by the
addition of 0.l mM NADH. Oligomycin (6 yg/mL) was
added to inhibit ATPase activity and verify F1F0-ATP
synthase integrity; mitochondria were incubated with oli-
gomycin for 30 min [35].

2.8. Native Electrophoresis. Respiratory complexes and
supercomplexes were resolved by native PAGE as reported
previously [36]. Purified liver mitochondria (1 mg) were
suspended in 50 mM Bis-Tris and 500 mM 6-aminocaproic
acid (pH 7.0) and solubilized by adding digitonin (de-
tergent : protein ratio of 1: 5). The mixtures were incubated
for 30 min at 4°C and centrifuged at 100,000 g for 30 min.
The supernatants were recovered and immediately loaded on
a linear gradient polyacrylamide gradient gels (4-10%) for
Blue Native PAGE (BN-PAGE) or Clear Native PAGE high
resolution (hrCN-PAGE).

For BN-PAGE, the anode buffer contained 50 mM Bis-
Tris/HCl (pH 7.0); the cathode buffer contained 50 mM
tricine and 15 mM Bis-Tris (pH 7.0), and Coomassie (0.02%).
For the hrCN-PAGE, the anode buffer contained 25 mM
imidazole/HCI (pH 7.0); while the cathode buffer contained
50mM tricine, 7.5mM imidazole, 0.01% S dodecyl
D-maltoside, and 0.05% sodium deoxycholate (pH 7.0),
supplemented with Ponceau S red [37]. Gels were run at 4°C
and 35V for 16 h. The molecular weights of the respiratory
complexes or supercomplexes were estimated by using dig-
itonin bovine heart mitochondrial complexes as standard:
single complex: I=1000kDa, V=750kDa, III,=500kDa,

IV=230kDa, II=130 kDa; supercomplexes: I-III-

IV, ,=1500-2100 kDa, V, =1500 kDa.

2.9. Complex and Supercomplexes In-Gel Activities. The in-
gel activity assays were performed as Wittig and Schégger
[38] for complex I activity (NADH : methylthiazolyldiphenyl
tetrazolium bromide reductase), complex II activity
(succinate : methylthiazolyldiphenyl tetrazolium bromide
reductase), and complex IV activity (cytochrome c:dia-
minobenzidine reductase). In all cases, the assays were
performed at 20-25°C and stopped with 50% methanol and
10% acetic acid, after 10-25 min.

The in-gel activity of complex V was performed in
50 mM glycine (adjusted to pH 8.0 with triethanolamine),
10mM MgCl,, 0.15% Pb(ClO,),, and 5mM ATP. ATP
hydrolysis was correlated with the development of white lead
phosphate precipitates. The reaction was stopped using 50%
methanol, and subsequently, the gel was transferred to water
and scanned against a dark background as described pre-
viously [39].

2.10. SDS-Gel Electrophoresis and Western Blot Analysis. Liver
mitochondrial proteins (20ug per well) were separated
by SDS-PAGE according to Laemmli [40] in a 10% poly-
acrylamide gel under denaturing conditions. Proteins were
then transferred from gel to PVDF membrane (Immobilon
P; Millipore, Bedford, MA) in a semidry electroblotting
system (Bio-Rad) at 25V for 50 min. Membranes were
blocked in 500 mM NaCl, 0.05% Tween-20, and 20 mM Tris-
base (pH 7.5) (TTBS buffer), containing 5% blotting grade
blocker nonfat dry milk. Then, membranes were incubated
with antitotal OXPHOS antibody cocktail (at 1/500 di-
lution). Immunoreactive bands were visualized by en-
hanced chemiluminescence (Amersham Life Science, Inc.),
according to the manufacturer’s instructions, using horse-
radish peroxidase-conjugated antimouse IgG (at 1/10,000
dilution), and densitometric analyses were performed with
the software Image Studio Lite version 5.2 (LI-COR
Biosciences).

2.11. Protein Determination. The protein levels were esti-
mated by the method described by Lowry et al. using BSA as
standard [41].

2.12. Mitochondrial Glutathione Reductase Activity. Glutathione
reductase enzymatic activity was recorded by NADPH
consumption. Briefly, 50 ug of purified mitochondria was
placed in a phosphate buffer (50 mM, pH 7.0) containing
ImM GSH and 0.IM NADPH. NADPH reduction was
measured at 340 nm (exappu =6.22M “cm ™).

2.13. Measurement of Glutathione Concentration by HPLC-
UV. To quantify GSH and GSSG concentrations, a standard
curve of oxidized and reduced glutathione was used as
described by Yilmaz et al. [42]. Mitochondrial samples were
centrifuged at 500 rpm for 10 min and filtered to be injected



onto a Kromasil ETERNITY CI18 column (4.6 x 150 mm).
Mobile phase containing 10mM of monobasic sodium
phosphate and 2% methanol (pH 3.0) was used at a flow rate
of 1 mL/min in isocratic run. GSH and GSSG eluted from the
column were detected at 210 nm.

2.14. Lipid Peroxidation Assay. Mitochondrial lipid perox-
idation was estimated by the thiobarbituric acid reactive
substances (TBARS) method consisting of TBA-TCA-HCI
reaction as described by Buege and Aust [43]. Samples were
boiled at 95°C for 60 min, followed by a cooling and cen-
trifugation steps at 12,000 rpm for 10 min at 4°C. The pink
product absorbance (formed when the MDA reacts with
TBA) was spectrophotometrically recorded at 532nm
(empa =1.56 x10° M ".cm ™). MDA-TBA adduct peak was
calibrated with tert-butyl hydroperoxide simultaneously
processed as samples.

2.15. Mitochondrial H,O, Measurement. H,O, emission was
determined by the fluorogenic indicator Amplex Red
(Invitrogen) oxidation in presence of horseradish peroxidase
as described by Starkov [44]. Fluorescence was recorded in
a spectrofluorometer (LS 55 PerkinElmer Life Sciences) with
excitation and emission wavelengths of 555 and 581, re-
spectively. Briefly, 300ug of purified mitochondria was
added to 1 mL incubation buffer containing 125 mM KCl,
20mM Hepes, 0.2mM EGTA, 2mM KH,PO,, 2% BSA,
1 uM Amplex Red, and 4 U horseradish peroxidase (pH 7.2).
H,0, production was initiated after addition of 5mM py-
ruvate, 2.5mM malate, and 10 mM succinate as substrates
and 1M rotenone, 0.2 yM antimycin A, and 5mM malo-
nate as inhibitors.

2.16. Measurement of Protein Carbonylation. Determination
of carbonyl content was followed as Levine et al. [45]. The
oxidative damage to proteins was determined by carbonyl
groups based on their reaction with 2,4-dinitrophenyl-
hydrazine (DNPH) to form hydrazones. Briefly, 0.5mg of
mitochondria was incubated with 20 mM DNPH solution
for 1h; then proteins were precipitated with 20% (w/v) of
trichloroacetic acid and redissolved in DNPH. In brief, the
proteins were precipitated by the addition of 20% (w/v) of
trichloroacetate; protein pellet was washed three times with
ethanol : ethyl acetate (1 : 1) and resuspended in 1 mL of
6M guanidine. The absorbance was recorded at 370 nm
(ertydrazone =22 x10° M .cm™).

2.17. Measurement of HO-1 Activity. Fresh livers were placed
in prechilled Dounce homogenizer, and cold homogeniza-
tion buffer containing 100 mM potassium phosphate bufter
(pH 7.4), 2mM MgCl,, 250mM sucrose, and a protease
inhibitor cocktail (10 ug/mL leupeptin, 10ug/mL trypsin
inhibitor, 2 yg/mL aprotinin, and 1 mM PMSF) was added.
The homogenate was centrifuged at 10,000 g for 30 min at
4°C, followed by the supernatant centrifugation at 100,000 g
for 60 min at 4°C, to obtain the microsomal fraction as
a pellet. HO-1 activity was spectrophotometrically measured
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as described previously [46]. The microsomal fraction
(50uL) was added to the reaction mixture (500 L) con-
taining 0.8 mM NADPH, 2 mM glucose-6-phosphate, 0.2
unit of glucose-6-phosphate dehydrogenase, 20 M hemin,
100 mM potassium phosphate buffer (pH 7.4), and 2 mg of
rat liver cytosol as a source of biliverdin reductase. The
mixture was incubated at 37°C for 60 min in dark, and
samples were left in an ice bath for at least 2 min to stop the
reaction. Bilirubin product was determined by calculation
from difference in optical density (OD) at 464nm and
530 nm (ODys4-ODs30nm) of the sample. HO activity is
expressed as pmol/min/mg protein.

2.18. Data Analysis. The obtained data are represented as
mean + standard deviation of three independent determi-
nations, using the Sigma Plot software version 11.0. Dif-
ferences between means were obtained by analysis of variance
(ANOVA) and multiple comparison tests. P values < 0.05
were considered as significant.

3. Results and Discussion

The effectiveness of M. oleifera extract in alleviating diabetes
was assessed in the STZ-induced diabetic model in Wistar
rats. In response to STZ, rats showed increased water uptake,
increased urine production, increased blood glucose levels,
and reduced weight gain (D group =229 +9.05mg/dL and
156 + 12 g), which were unaltered in the control group (C
group =78 +5.5mg/dL and 187 + 18 g), while M group sig-
nificantly alleviated all parameters of diabetes (86
42mg/dl and 194+8g). These results suggest that M.
oleifera leaf may be a potential agent in the treatment of type
1 diabetes and are agreed with the observations that suggest
the beneficial effects of Moringa oleifera supplementation on
diabetes [47, 48]. Hence, these results led us to investigate
the valuable effects of the leaf extract on STZ-induced
mitochondrial changes, in liver, evaluating STZ injury on
both, respiratory and enzyme activities from respiratory
chain and some of the antioxidant system comparing them
with those from M. oleifera treatment.

3.1. M. oleifera Attenuates Oxidant Stress and the Decrease in
the Glutathione System in Liver Mitochondria. Diabetic cells
and tissues have the capacity to invoke adaptive mechanisms
that evolved to defend against oxidative stress [49]. One
putative mechanism is a defense system that would protect
against ROS into mitochondria. These include the super-
oxide conversion to hydrogen peroxide (H,0,) by man-
ganese superoxide dismutase (SOD) and scavenging H,0,
by catalase, glutathione peroxidase (GPx), or peroxiredoxin
III [50]. Reduced glutathione (GSH) scavenges H,O, via
GPx, ubiquitously expressed both in the mitochondria
matrix and intermembrane space [51]. In turn, the reduction
of oxidized glutathione (GSSG) to GSH is catalyzed by
glutathione reductase (GR), which requires NADPH. Thus,
increased ROS removal results in increased NADPH turn-
over. Also, GSH can also be used in conjugation reactions to
protect mitochondria enzymes from various toxins, for
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TaBLE 1: GSH and GSSG levels by HPLC-DAD and GR enzymatic activity in liver mitochondria from different groups.
Group  GSH (umol/mg protein)  GSSG (ymol/mg protein)  GSH/GSSG ratio  Total GSH (ymol/mg protein) ~ GR (U/min)
C 174.1 £ 35.1 4.8+34 36.2+0.19 178.8 £5.7 267.2+11.7
D 50.4+1" 49.8 +1.1" 1+0.08" 100.2 £ 1.3* 236+ 14.5
M 169 +1.2** 54.7 £2.2%" 3+0.05*" 223.7+2.9*" 366.7 £23.8"*
C =control; D = diabetic; M = diabetic plus Moringa. *Significant difference versus control (P <0.05). **Significant difference versus control and diabetic
(P<0.05).

TaBLE 2: Levels of MDA and carbonyl groups in liver mitochondria from different treatments.

Group MDA (nmol/mg prot) Carbonyl groups (nmol/mg) HO-1 (pmol/min/mg)
C 0.4317 £ 0.009 3.7232£0.57 40.9+4.9
D 0.5028 £0.06 12.738 +0.28" 85.7+£2.1"
M 0.3851 £ 0.02" 4.2645+0.98 105.2 +3.4*"

C = control; D = diabetic; M = diabetic plus Moringa. *Significant difference versus diabetic (P <0.05). *Significant difference versus control (P <0.05).

example, by-products in lipid peroxidation such as
4-hydroxynonenal (HNE) [52].

To assess the influence of STZ injection on redox state,
mitochondrial GSH levels and GR of liver were examined. A
single dose of STZ caused a significant decrease in GSH and
total GSH contents of diabetic rats (Table 1). Basal levels of
total GSH were 178.8 + 5.7 ymol/mg of protein in control
mitochondria, whereas total GSH levels in isolated mito-
chondria from STZ-treated rats (D group) were significantly
decreased by 70% compared with control (100.2+
1.3 ymol/mg of protein). In contrast, M. oleifera treatment
prevented a STZ-mediated decrease in GSH levels (M
group =223.7 + 2.9 ymol/mg of protein), which correspond
to an increase of 25% compared with C group. It is worth to
mention that M group rats showed a significant increase in
values of GSH, total GSH (2 times), and GSH/GSSG ratio
(P <0.05) compared with D group. However, the M group
ratio was 12 times reduced with respect to C group (Table 1).
One possible explanation for this phenomenon may be the
inactivation of mitochondrial GR activity. However, as
observed in Table 1, STZ administration did not alter the GR
activity in liver mitochondria when compared with control
rats. However, M group samples significantly increased GR
activity when compared with values of D and C groups
(Table 1). Hence, these results show that GR inactivation is
not the main mechanism of GSSG accumulation into the
mitochondria.

The oxidative stress implications in diabetes pathogenesis
are suggested to be produced not only by ROS generation but
also by a nonenzymatic protein glycation, autoxidation of
glucose, impairment of antioxidant enzymes, and peroxides
formation. Therefore, GSH level decline is associated with
oxidative damage to macromolecules, such as lipids and
proteins. ROS-mediated lipid peroxidation is a crucial factor
in the development of diabetic liver complications. In addi-
tion, GSH depletion induces heme oxygenase-1 (HO-1), a key
microsomal enzyme in heme degradation to carbon mon-
oxide (CO), iron (Fe*"), and biliverdin; this latter being
converted into bilirubin by the cytosolic biliverdin re-
ductase [53, 54]. Moreover, some observations suggest the
cytoprotective mechanism of HO-1 against oxidative stress

involving an increase in mitochondrial carrier levels and
antiapoptotic proteins as well as in cytochrome ¢ oxidase
activity [55].

In order to evaluate this possibility, we measure car-
bonyls concentration, lipoperoxidation, and HO-1 activity.
As observed in Table 2, C group showed the lowest levels of
carbonylation and MDA. In contrast, STZ treatment in-
creased lipid peroxidation and protein carbonyl content
(Table 2). Besides, M group showed a significant decrease in
lipoperoxidation in liver mitochondria (P <0.05) when
compared with D group. The carbonylation level in mito-
chondria of M group was significantly lower and showed
significant difference when compared with D group (Table
2). In contrast, M. oleifera extract administration did not
prevent the HO-1 induction provoked by STZ, where its
enzymatic activity remained significantly higher. Our results
clearly demonstrated that M. oleifera significantly sup-
pressed both lipoperoxidation and protein carbonylation.
However, M. oleifera did not lower the HO-1 activity, and
little is known about the molecular mechanisms responsible
for its activation, which requires further investigation.

It has been reported that M. oleifera exhibits bifunctional
antioxidant properties related to its ability to react directly
with ROS and to induce antioxidant enzymes expression
such as superoxide dismutase, catalase, glutathione re-
ductase, and glutathione peroxidase [56-58]. We confirmed
previous data and showed that Moringa not only decreased
lipoperoxidation and protein carbonylation levels in rat
livers but also increased HO-1 activity, parameters associ-
ated with a cytoprotective mechanism against oxidative
stress [59].

3.2. Effects of STZ and M. oleifera on Oxygen
Consumption. Although many previous studies have re-
ported pharmacological properties of M. oleifera, particu-
larly as antioxidant and antidiabetic properties that may
provide benefits for diabetic patients [25, 60, 61], there are no
reports that show M. oleifera extract effect on mitochondria
functionality. To determine the changes of mitochondrial
respiration in STZ-induced diabetic rats and M. oleifera
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FIGURE 1: Moringa oleifera effect on mitochondrial respiratory chain. (a) Oxygen consumption (*P <0.05 versus D; *P <0.05 versus C);
(b) enzymatic activity of complex I and II (* P < 0.05 versus C and M); (c) F;/F, ATPase activity (* P < 0.05 versus C and M; * % P < 0.05 versus
M +oligo) from liver mitochondria. C: control; D: diabetic; M: Moringa-treated diabetic groups.

protective effect, we measured the mitochondrial respiratory
chain using Clark-type oxygen electrode and determined
enzymatic activity of each complex by spectrophotometric
methods.

Figure 1(a) shows the respiratory activity of all groups in
presence of complex I, II, and IV substrates. The combi-
nation of pyruvate+ malate indirectly investigates the
monocarboxylate and dicarboxylate transporters and the
pyruvate dehydrogenase activities. The substrate combina-
tion produces NADH which donates electrons to complex I.
In D group, the state 4 respiration with pyruvate + malate
was not affected. However, Moringa treatment resulted in
15% decrease in the state 4 respiration. By contrast, succinate
donates electrons to FAD" in complex II and yields sig-
nificantly high respiration state 4 rates in both D and M
groups compared with C group. Otherwise, in diabetic rats,
state 4 respiration with succinate increased by 80% com-
pared with control rats. The observed change in the diabetic

animals was rectified by Moringa treatment (Figure 1(a)).
Additionally, functional analysis of complex IV (cytochrome
c oxidase) maximal activity was assayed with ascorbate (Asc)
and N,N,N’,N’-tetramethyl-p-phenylenediamine (TMPD),
which is an artificial redox mediator that assists the electron
transfer from ascorbate to cytochrome c. Complex IV res-
piration was calculated as the portion sensitive to cyanide
potassium (KCN), a specific inhibitor of cytochrome ¢ ox-
idase (Figure 1(a)), revealing no differences among all ex-
perimental groups.

Additionally, we measured the specific activities of re-
spiratory chain complexes in liver mitochondria. Spectro-
photometric analysis showed a significant increase in
complex I and ATPase activities in D group (Figure 1(c)),
while Moringa treatment was effectively reversing this al-
teration nearly to control values. Complex II showed no
significant change in mitochondrial fraction of D group
(Figure 1(b)). These data show that individual activities of
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mitochondrial electron transport chain (ETC) enzymes were
not negatively modified in diabetic treatment. In addition,
the respiratory properties of D and M groups have ap-
proximately 1.5-2 times succinate-respiratory rates com-
pared with that of C group. Therefore, our results suggest
that respiratory complex activities were not decreased in
liver mitochondria in STZ-induced diabetic rats. These
findings, which may appear, at first glance, contradictory,
may be interpreted in terms of higher ETC efhiciency, thus,
avoiding energy losses by electron leakage in response to
change in physiological functions and body energy re-
quirements; ETC undergoes some modifications either
during pathology development or disease [62]. In addition,
several studies concerning STZ-treated rats have been
performed with animals of different strains and different
amounts of STZ [63, 64]. In addition, in isolated hepatocytes,
increasing glucose concentration does not increase Apyy,,
mitochondrial respiratory rate, or cytosolic NADH/NAD"
ratio; instead, most of glucose excess is converted to gly-
cogen [65]. In fact, some authors have recently suggested
that mitochondria overstimulation is a probable risk factor
for insulin resistance, while moderate mitochondrial dys-
function may actually be protective under certain conditions,
suggesting the mitochondrial modulation as a prospective
therapy for metabolic diseases [66]. For this reason, it is
important that future research clarifies the true energy
functional state of isolated mitochondria from diabetic ani-
mals [67].

3.3. Modulation of Mitochondrial Complexes by STZ. As
mitochondrial content can substantially impact on respiratory
capacity, protein components of individual respiratory com-
plexes were quantified. To test whether hyperglycemia and M.
oleifera extract altered the composition of the ET'C, we ana-
lyzed the expression level of nuclear-encoded mitochondrial
complex I subunit NDUFB8, complex II subunit SDHB,
complex III UQCRC2, complex IV MTCOI, and complex V
ATP5A of each group. Interestingly, in diabetic rats, the
NDUFBS subunit resulted in an increase of complex I ex-
pression, while complex II and III were unaltered (Figure 2).
These data which resulted in increased expression of NDUFB8
and MTCOL1 support the suggestion that increased activity of
mitochondrial respiratory chain could result from a proteome
alteration leading to modulation of expression/activity of
a range of mitochondrial components. More importantly, an
upregulation of hepatic CI-NDUFB8 and CIV-MTCO1 was
found in diabetic rats, consistent with changes in-gel activity of
these complexes. Thus, it is plausible that increased NDUFB8
and MTCO1 contents observed in the STZ group, resulting
from diabetes mellitus type 1, may account, in part, for the
mitochondrial morphological changes observed, which could
have downstream effects on mitochondrial functionality
leading to hepatic dysfunction.

3.4. Loss of Redox State Does Not Destabilize Mitochondrial
Supercomplexes. It is now widely accepted that mitochon-
drial respiratory chain is organized with stable and func-
tional entities called supercomplexes (SC) [68]. SC consist of

various ratios of copies of individual complexes (I, III, IV,
and V) to form stable, supramolecular structures; for in-
stance, CI forms a supercomplex with CIII, and CIV (known
as the respirasome), as well as with CIII, alone (SC I+11L,).
CIII, forms a supercomplex with CIV (SC III, + IV), and CV
forms dimers (CV,). In addition, another recent advance
is that the discovery of respiratory megacomplex (MC
LIII,IV,) represents the highest-order assembly of re-
spiratory complexes [69], and it allows mitochondria to
respond to energy requiring conditions and to minimize
ROS generation during electron transfer reactions [70], as
well as the sequestering of vulnerable sites of mitochondrial
complexes from oxidative damage as a protective mecha-
nism that prevents tight interactions between the individual
complexes [71].

It is fairly well established in rectus abdominis muscle of
diabetic obese patients. BN-PAGE revealed a striking de-
crease in complex I, III, and IV containing mitochondrial SC
[72]. According to these results, Lenaz and Genova [71]
suggest that oxidative stress acts primarily by disassembling
supercomplex associations thereby establishing a vicious
circle of oxidative stress and energy failure, ultimately
leading to cell damage and disease.

It is interesting to mention that there are diverse specific
regulatory proteins for the supramolecular organization of
individual complexes that include CIV [73], respiratory SC
factors 1 and 2 (Rcfl and 2) [74], protein Cox interacting
(Coi) [75], and COX7a2L [76]. These proteins down-
regulation can impair the formation of SC; for instance,
some studies show that diverse pathologies decrease CIV
subunit levels affecting stoichiometry and assembly of SC
[77, 78]. In addition, diabetes induces mitochondrial ge-
nome damage by an increased free radical production de-
pleting antioxidant status [79]. Moreover, other structural
components as cardiolipin have been shown to be crucial for
functionality and SC formation and might be involved in the
pathophysiology of diabetes [80]. Thus, the impact of
complex IV failure and other enzymes may cause an energy
crisis due to a lower ATP synthesis and an increased ROS
production.

Figure 3(a) shows the Coomassie blue staining of the gels
for all treatments and the colorimetric enzymatic staining of
NADH, Succinate, COX, and ATPase complexes after de-
tergent extraction and BN-PAGE or hrCN-PAGE (only for
CV). Figure 3(b) clearly indicates that the major form of
supercomplexes is present in all samples. In contrast, the
amount of free complex I and IV were decreased in D group,
and these values did not change in mitochondria isolated
from M group. Otherwise, the in-gel activity of complex II
was significantly lower in C group compared with those in
the D and M groups. In addition, the brown bands indicate
the presence of complex IV in all groups and its increase in D
group (Figure 3(d)). On the other hand, in-gel ATP
hydrolysis/lead phosphate precipitation assay revealed
bands representing the F,Fy monomer and F,F, dimer bands
in Figures 3(e) and 3(f) showing the same functional patterns
as the in-solution assays, indicating the level of intrinsic
activity driven by complex V. In support, we have shown by
comparing the in-gel enzyme activities that the ATPase
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FIGUure 2: Characterization of OXPHOS proteins expressed in liver mitochondria during diabetes. (a) OXPHOS cocktail specificity
demonstrated by a Western blot from liver-isolated mitochondria of diabetic rats and treated with Moringa extract. Relative expression of
(b) MTCO1 subunit of CIV, (¢) SDHB subunit of CII, (d) UQCRC2 subunit of CIII, (¢) NDUFBS8 subunit of CI, and (f) ATP5A subunit of CV
was performed by densitometric analysis from gel. Molecular mass standards are shown on the left panel of the gel. C: control; D: diabetic;
M: Moringa-treated group. Data are shown as mean band density normalized relative to UQCR?2. Significant differences are represented by

*P <0.05 versus C; “P < 0.05 versus D.

activity of the F Fo-ATP synthase is specifically and sig-
nificantly increased in D group when compared with C
group.

Our results are concerned with the changes in the
amount of CIV subunits; for example, Cox6b1 is involved in
the regulation of mitochondrial function by promoting SC
formation, suggesting its antiaging effects of calorie re-
striction [81]. In addition, heart failure in dogs induced by
coronary microembolism resulted in loss of complex IV
containing SC of the electron transport chain [77, 78].
Similarly, in RAW 264.7 macrophages, knockdown of either
subunit cytochrome ¢ oxidase (CcO) Vb or CcO IV resulted
in a significant decrease in CcO containing supercomplexes
[78]. Liver mitochondria from ethanol-treated rat also
showed a lower level of supercomplexes with a concomitant
loss of CcO protein [82]. Therefore, complex IV has been

shown to be necessary for maintaining the stability of
complex I in SC, as shown in mouse fibroblast cell lines,
where a reduced expression of subunit IVil or nonsense
mutation in subunit I not only resulted in lower CcO content
but also caused significant reduction in complex I [83].
Structural defects in complex III also affected the amount of
complex I, whereas chemical inhibition did not. Patients
with defects in cytochrome b not only lose complex III but
also show decreased amounts of complex I, while main-
taining a normal enzymatic activity [84]. Conversely, the
disruption of complex I function caused by nonsense mu-
tations in NDUFS4, a subunit of this large multimeric
complex, led to the partial loss of complex III activity in skin
fibroblast cultures obtained from Leigh-like patients [85, 86].
However, defects in the complex I subunit ND5 did not
cause a loss of complex III in the I-IIT supercomplex [87].
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diabetic groups.

3.5. H,0, Production by Liver Mitochondria Oxidizing
Complex I and Complex 1I Substrates. Several studies have
reported that ROS overproduction by mitochondrial ETC is
responsible for hyperglycemia-induced oxidative stress and
the pathogenesis of diabetic complications [88, 89]; however,
it is not clear whether mitochondria of diabetic origin really
generate ROS independently of the surrounding diabetic
milieu. Herlein et al. [90] showed that the gastrocnemius,
heart, and liver mitochondria of STZ-diabetic rats were not
irrevocably altered to produce superoxide excess either by
complex I or complex III. Moreover, gastrocnemius and
heart mitochondria demonstrated an increased respiratory
coupling, instead of a decrement. In addition, mitochondria
of insulin-deficient diabetic rats did show signs of ROS
overproduction. Thus, the detailed molecular mecha-
nism and sites of ROS generation during diabetes are
controversial.

In isolated mitochondria, the rate of mitochondrial ROS
generation is directly governed by membrane potential
(A¥Y'm) and pH gradient across the inner membrane, favored
only by a state 4 condition [91]. Hence, H,0O, production
rate was measured in liver mitochondria using fluorescent
dye Amplex Red and pyruvate plus malate or succinate, as
complex I-IIT and II-III linked substrates, respectively, and
the results are shown in Figure 4. Data presented in Figure 4
(a) show that the major source of ROS is complex I for liver
mitochondria of C group, using pyruvate plus malate as
substrate, reflecting the generation of superoxide anion. In
contrast, with M group-isolated mitochondria oxidizing
succinate in state 4 produced 6 times more ROS compared
with other treatments (C and D groups) (Figure 4(b)).
Therefore, the mitochondrial ROS production rates varied
dramatically among the three experimental groups in re-
sponse to addition of respiratory inhibitors.

At the level of ROS formation, all groups have the same
basal formation using malate plus pyruvate or succinate, but
the addition of respiratory inhibitors had a varied effect on
ROS production in the different groups. In case of the C
group, the addition of rotenone and antimycin stimulated

ROS production by using pyruvate and malate (Figure 4(a)).
However, in both D group and M group, the addition of
rotenone has no effect, while antimycin caused only a slight
increase in ROS formation (Figure 4(a)). Nevertheless, with
succinate, inhibitors have a different pattern. In the C group,
the addition of rotenone causes no effect on ROS pro-
duction, and antimycin favors its increase; but in this case,
malonate has no effect (Figure 4(b)). However, in the di-
abetic group, antimycin has a greater eftect on ROS pro-
duction than control, and malonate adversely affects ROS
formation (Figure 4(b)).

Finally, M group sensitivity to individual training in-
hibitors was unaltered in case of rotenone and malonate, but
adding antimycin in this treatment favored ROS production
(Figure 4(b)). Thus, measurements of ROS with Amplex Red
cannot be used for sites of ROS generation from liver mi-
tochondria treated with STZ and/or M. oleifera. This situ-
ation could be attributable to experimental conditions
because complex I (rotenone), complex II (malonate), and
complex III (antimycin A) inhibitors have been commonly
used. However, the final concentration being used is not
stationary, causing experimental errors that are different
from one method to other. In addition, it is necessary to use
other respiratory inhibitors, as stigmatellin and myxothiazol.
No obstant, this does not deny other possible explanations
that can affect ROS production as differences in the
stoichiometry-activity ratios of the respiratory complexes
[92], the susceptibility to proton pump slip at complex IV
[93], or other mechanisms.

Damage to complex I, the most vulnerable ETC complex,
increases ROS production, leading to a vicious circle of
further mitochondrial dysfunction. It is important to note
that complex I injury has a stronger impact on mitochon-
drial function compared with the damage to other com-
plexes because mitochondria possess smaller amounts of
complex I than other ETC complexes [94]. Superoxide
production by complex I is much higher during reverse
electron transport from succinate to NAD™ [95]. In addition,
it was found that defective complex I produces more ROS
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Figure 4: H,0O, production by mitochondrial respiratory chain measured by Amplex Red (UA) in liver mitochondria from different
treatments (C: control; D: diabetic; M: Moringa-treated diabetic groups) oxidizing (a) pyruvate plus malate or (b) succinate as substrates and
the effects of respiratory chain inhibitors (R: rotenone; A: antimycin A; Ml: malonate). Mitochondria were studied during state 4 respiration.
To correct for the increase in background fluorescence of the Amplex Red/HRP detection system overtime, fluorescence was monitored for
a period of ten minutes. This background was subtracted from resorufin trace. Data are means+ SEM (n=>5).

[96], suggesting that structural modifications of the enzyme
may play a crucial role in ROS production process. Recently,
it was reported that pancreatic mitochondrial complex I
showed aberrant hyperactivity in type 1 and 2 STZ-diabetic
mice and rat and in cultured 8 cells [97]. Further experi-
ments focusing on STZ-induced diabetes in rats revealed
that complex I's hyperactivity could be attenuated by
metformin. Interestingly, in this study, no changes were
reported in complex I activity in brain, liver, and heart by
BN-PAGE [97]. However, the reason why complex I activity
did not exhibit detectable increases in these tissues is
unknown.

Our results in Figure 1(b) show that complex I activity
was significantly higher in diabetes than in healthy in-
dividuals. This increased activity was apparently contrib-
uted by an increased NDUFB8 subunit protein content as
shown in Figure 2(e). Moreover, the complex I hyperac-
tivity also imposed pressure in complex IV (Figures 2(b)
and 3(d)). These findings suggest that these elevated ac-
tivities could be attributed for ROS production, given that
higher ETC activity can also increase mitochondrial ROS
generation [98, 99]. However, our results on specific sites of
ROS generation along with ETC are controversial (Figure 4).
This may explain why in some tissues seem that inhibition
of electron transfer at complex I (by rotenone) may generate
an increase in radical formation, whereas, in others, rote-
none will reduce radical generation by preventing passage of
electron further into the distal part of the chain. However,
the basis for such a difference is obscure and presumed to
be related to A¥m changes and radicals leakage across the
membranes [100].

Polyphenols have been traditionally viewed as antioxi-
dants; however, increasing evidence has emerged supporting
the ability of certain polyphenols to exert numerous ROS-
scavenging independent actions. Then all these natural
compounds modulate mitochondrial functions by inhibiting

organelle enzymes or metabolic pathways, by altering the
production of ROS and modulating the activity of tran-
scription factors which regulate the expression of mito-
chondrial proteins [101]. Thus, some particular polyphenols
are now recognized as molecules capable of modulate
pathways that define mitochondrial biogenesis (i.e., in-
ducing sirtuins), mitochondrial membrane potential
(i.e., mitochondrial permeability transition pore opening
and uncoupling effects), mitochondrial electron trans-
port chain and ATP synthesis (i.e., modulating complex I
to V activity), intramitochondrial oxidative status (i.e.,
inhibiting/inducing ROS formation/removal enzymes),
and ultimately mitochondrial-triggered cell death (modu-
lating intrinsic apoptosis) (review in [102]). Thus, some
studies have indicated that mitochondria may be the target
organelle of phenolic compounds [103, 104]. Recently, it was
reported that galangin (natural flavonoid) could maintain
liver mitochondrial function in diabetic rats through oxi-
dative stress reduction and both antioxidant enzymes and
respiratory complexes activities enhancement [79]. There-
fore, the likely role of mitochondrial ROS in diabetes has led
to efforts for developing effective antioxidant compounds
targeted to mitochondria.

This study was designed to investigate the protective
effect of M. oleifera on liver bioenergetics and to elucidate its
potential mechanism. M. oleifera resulted in a well-preserved
mitochondrial redox potential, significantly by elevating
heme oxygenase-1 and decreasing ROS formation and lip-
operoxidation. These observations indicated that STZ-
induced mitochondrial oxidative damage was remarkably
attenuated. Thus, to our knowledge, we have shown for the
first time that M. oleifera extract modulates mitochondrial
respiratory activity, an effect that may account for some of
the protective properties of phytochemicals. These effects
may be of physiological significance since it seems that some
phytochemicals are concentrated into mitochondria. The
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results also support a pharmacological use of M. oleifera
extract in drug to reduce mitochondrial damage in vivo.
However, the details about mechanism of action require
turther investigation.

4. Conclusions

We provide experimental evidence indicating that M. olei-
fera extract targeting mitochondria can be used therapeu-
tically to alleviate diabetes. Therefore, it will be important to
identify regulatory proteins involved in the adjustment of
respiratory chain complex organization/activity in response
to altered redox state. In liver, the alteration of mitochon-
drial enzymatic activities and oxidative stress induced by
STZ suggested of a compensatory response. In addition, M.
oleifera extract upregulated mitochondrial genes linked with
respiratory chain. Our data show an increased mitochon-
drial function and activity/expression of respiratory com-
plexes in liver of STZ-diabetic rats, which can be normalized
by M. oleifera at levels that do not markedly alter the
consequences of hyperglycemia.
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Figure S1: Possible mitochondrial processes that are mod-
ulated by Moringa oleifera extract. It is now well established
that the individual mitochondrial respiratory complexes can
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be organized into supercomplexes, but the composition and
abundance of these may vary among organisms and tissues
depending on the metabolic and physiological conditions.
Alteration of mitochondrial electron transport chain is
a recognized hallmark of the diabetic-associated decline in
liver bioenergetics; however, the molecular events involved
are only poorly understood. Moringa oleifera is used for the
treatment of diabetes. However, its role on mitochondrial
functionality is not yet established. This study was aimed to
evaluate the effect of M. oleifera extract on supercomplex
formation, ATPase activity, ROS production, GSH levels,
lipid peroxidation, and protein carbonylation. The levels of
lipid peroxidation and protein carbonylation were increased
in the diabetic group. However, the levels were decreased in
M. oleifera-treated diabetic rats. Analysis of in-gel activity
showed an increase in all complexes activities in the diabetic
group, but spectrophotometric determinations of complex II
and IV activities were unaffected in this treatment. However,
we found an oxygen consumption abolition through com-
plex I-III-IV pathway in the diabetic group treated with
Moringa. Respiration with succinate feeding into complex
II-ITI-IV was increased in the diabetic group. We have
shown for the first time that M. oleifera extract modulates
mitochondrial respiratory activity, an effect that may ac-
count for some of the protective properties of phyto-
chemicals. These effects may be of physiological significance
since it seems that some phytochemicals are concentrated
into mitochondria. The results also support a pharmaco-
logical use of M. oleifera extract in drug to reduce mito-
chondrial damage in vivo. (Supplementary Materials)
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ARTICLE INFO ABSTRACT

Keywords: Electron leakage from dysfunctional respiratory chain and consequent superoxide formation leads to mi-
Mitochondrial respiratory chain tochondrial and cell injury during ischemia and reperfusion (IR). In this work we evaluate if the supramolecular
Supercomplexes assembly of the respiratory complexes into supercomplexes (SCs) is associated with preserved energy efficiency

Reactive oxygen species
N-acetylcysteine
Postconditioning

and diminished oxidative stress in post-ischemic hearts treated with the antioxidant N-acetylcysteine (NAC) and
the cardioprotective maneuver of Postconditioning (PostC). Hemodynamic variables, infarct size, oxidative
stress markers, oxygen consumption and the activity/stability of SCs were compared between groups. We found
that mitochondrial oxygen consumption and the activity of respiratory complexes are preserved in mitochondria
from reperfused hearts treated with both NAC and PostC. Both treatments contribute to recover the activity of
individual complexes. NAC reduced oxidative stress and maintained SCs assemblies containing Complex I,
Complex III, Complex IV and the adapter protein SCAFI more effectively than PostC. On the other hand, the
activities of CI, CIII and CIV associated to SCs assemblies were preserved by this maneuver, suggesting that the
activation of other cardioprotective mechanisms besides oxidative stress contention might participate in
maintaining the activity of the mitochondrial respiratory complexes in such superstructures.

We conclude that both the monomeric and the SCs assembly of the respiratory chain contribute to the in vivo
functionality of the mitochondria. However, although the ROS-induced damage and the consequent increased
production of ROS affect the assembly of SCs, other levels of regulation as those induced by PostC, might
participate in maintaining the activity of the respiratory complexes in such superstructures.

1. Introduction

The organization of the respiratory chain complexes has been re-
presented into different models: the fluid state one, in which individual
entities and mobile electron carriers diffuse freely in the mitochondrial
inner membrane interacting through random collisions [1]; the solid
state model, in which the respiratory complexes are arranged into
compact conglomerates known as supercomplexes (SCs) or respira-
somes [2] and the currently accepted pattern that integrates both types
of organization, known as the plasticity model [3]. The controversy on
the possible artifacts that mild detergents cause on respiratory com-
plexes' association, has been tempered by experimental evidences that

include the identification of SCs in mitochondria from many organisms
[4,5]; the demonstration that almost all Complex I is bound to Complex
III in the absence of detergents [5,6] and that the purified SCs are stable
and catalytically active [7].

Mitochondrial respiratory complexes are the main source of reactive
oxygen species (ROS) production and in consequence, particularly
sensitive to their effects. Superoxide anion (O, ) is produced after one-
electron reduction of O, in two sites of Complex I: at flavin in the
NADH-oxidizing site (site Ig) and in the ubiquinone-reducing site (site
Io) [8], as well as in the outer quinol-binding site of mitochondrial
complex III (site Illo,) [9]. The proposal that the structural organization
of the respiratory complexes into supramolecular arrangements

Abbreviations: ROS, reactive oxygen species; O,, oxygen; O,’, Superoxide anion; IR, ischemia and reperfusion; SC's, supercomplexes; SCAFI, supercomplex assembly
factor I; NAC, N-acetylcysteine; PostC, postconditioning; H,0,, Hydrogen peroxide; NADH, Nicotinamide adenine dinucleotide; HR, Heart rate; LVDP, Left ven-

tricular developed pressure; TTC, Triphenyltetrazolium Chloride
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decreases electron leakage and controls ROS production [10] is sup-
ported by reports showing that disruption of the association between
Complex I and Complex III with dodecyl maltoside augments ROS
generation in vitro [11] and that low levels of the III,IV, supercomplex
is associated with increased ROS production in yeast mitochondria
[12].

It has been established that ROS generated in Complexes I and III
contribute to myocardial damage during ischemia and reperfusion (IR)
[13-15], but few studies have addressed that their arrangement into
SCs might be related with diminution in oxidative stress and with
cardioprotection in reperfused hearts. What is known is that the in-
crease of the cytochrome-c-oxidase subunit VIb in SCs, concurs with left
ventricular pressure recovery in IR hearts subjected to preconditioning
[16] and, that isoflurane-conferred protection in ischemic injury is
partially related with the stabilization of oligomers from complexes III/
IV [17]. In this work we evaluated the effect of the antioxidant N-
acetylcysteine (NAC) and of the mechanical manoeuver of Post-
conditioning (PostC) on the functional properties of the mitochondrial
respiratory chain and stability of SCs in mitochondria from IR hearts, to
provide further evidences on the causative link between ROS produc-
tion, energy deficiency and decrease in mitochondrial respirasome
formation.

2. Material and methods

This investigation was approved by the Ethics Committee of the
National Institute of Cardiology, “Ignacio Chéavez” (INC-13806). The
experimental protocols followed the guidelines of Norma Oficial
Mexicana for the use and care of laboratory animals (NOM-062-ZOO-
1999) and for disposal of biological residues (NOM-087-SEMAR-
NAT-SSA1-2002).

2.1. Experimental design

Male Wistar rats (300-350g) were anaesthetized by injecting in-
traperitoneally a single dose of sodium pentobarbital (60 mg/kg i.p)
plus sodium heparin and complete lack of pain response was assessed
by determining pedal withdrawal reflex. Hearts were perfused retro-
gradely in a Langendorff heart perfusion system via the aorta at a
constant flow rate of 13mL/min with Krebs-Henseleit solution
(118 mM NaCl, 4.75 mM KCl, 1.18 mM KH,POy,, 1.18 mM MgSO,7H,0,
2.5mM CaCl,, 25 mM NaHCO3, 5 mM glucose and 0.1 mM sodium oc-
tanoate, pH 7.4), which was continuously bubbled with 95% O, and 5%
CO, at 37 °C. Cardiac performance was measured at left ventricular
end-diastolic pressure (LVEDP) of 10 mmHg using a latex balloon in-
serted into the left ventricle and connected to a pressure transducer.
Throughout the experiment, left ventricular developed pressure (LVDP)
was recorded using the software LabChart8-Pro v8.1.5 from
ADInstruments. Heart rate (HR) expressed as beat number x min "~ 1 was
obtained from the left ventricular pressure waveform.

Hearts were perfused for 20 min to reach a steady state and then
subjected to the different protocols. The experimental groups were: 1)
Control, hearts continuously perfused for additional 90 min 2) IR,
hearts subjected to global ischemia for 30 min by turning off the
pumping system and then to 60 min of reperfusion. 3) IR + NAC hearts,
that were subjected to 30 min of ischemia and that during the first
10 min of reperfusion received 0.25 mM of NAC in the Krebs-Henseleit
Buffer and 4) IR+ PostC, hearts subjected to 30 min of ischemia, to
postconditioning (5 cycles of 30 s reperfusion and 30 s ischemia) and to
60 min of reperfusion (Fig. 1A).

2.2. Infarct size
Infarct size was evaluated by staining with triphenyltetrazolium

chloride (TTC). At the end of the experiments the hearts to be used for
infarct size calculations were frozen at —20 °C. Heart slices of ~3 mm
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were obtained and immersed in 1% TTC solution in phosphate buffer
(8.8 mM Na,HPO,, 1.8 mM NaH,PO,, pH 7.4) for 10 min at 37 °C.
Digital images of heart slices were analyzed using the ImageJ® 1.48
software (NIH, MD, USA). Infarct size was expressed as percentage of
total heart area [18].

2.3. Mitochondrial isolation

Fresh cardiac tissue from the different groups was placed in cold
buffer solution containing 250 mM sucrose, 10 mM HEPES, and 1 mM
ethylenediaminetetraacetic acid, pH 7.4. The hearts were minced and
incubated for 10 min with the same buffer plus subtilisin A (2 mg/g of
tissue) in an ice bath. Then the tissue was washed, suspended in the
same buffer without the enzyme and homogenized. Mitochondria were
obtained by differential centrifugation as previously described [19].

2.4. ROS production and oxidative stress markers in mitochondria

Hydrogen peroxide production was evaluated as an indicator of ROS
generation. Mitochondria (0.250 mg/mL) were incubated in reaction
buffer containing 100 mM sucrose, 75 mM KCl, 5 mM Tris, 3 mM MgCl,,
10uM EGTA, and 1mM KH,PO, pH 7.4, plus 0.1 uM dihydrodi-
chlorofluorescein (DCF) and 1U/mL horseradish peroxidase.
Mitochondria were energized with malate/glutamate (5:3 mM) or with
succinate (10 mM). Antimycin A (AA; 5uM) or rotenone (1 uM) were
used to enhance ROS production. DCF oxidation was monitored at
Aex= 475nm (4-nm slit) and Ae = 525nm (4-nm slit) in a Perkin-
Elmer LS50B spectrofluorometer at 30 °C. The slopes of the traces ob-
tained after substrate and/or inhibitor addition were compared against
a standard curve of H,0, generated by adding known amounts of H,O5
to the buffer containing DCF, horseradish peroxidase and mitochondria
as previously described [20].

Malondialdehyde (MDA) was measured as lipoperoxidation marker
according with Guerrero-Beltran et al. [21]. Briefly, 1mg of mi-
tochondrial protein was added to a medium containing 1-methyl-2-
phenylindole. The reaction was started by adding 37% HCI and in-
cubated for 40 min at 45°C. Then the samples were centrifuged at
3000 g for 5min and the optical density of the supernatant was mea-
sured. The method is based on the formation of a stable chromophore
with a maximal intensity of absorbance at 586 nm. Results are ex-
pressed in nmol of MDA per milligram of protein.

Reduced glutathione (GSH) was evaluated fluorometrically as de-
scribed by Galvan-Arzate et al. [22]. Briefly, fresh mitochondria (15 pg)
were derivatized with 100 pL of o-phthalaldehyde (OPA, 1 mg/mL) and
incubated for 20 min at room temperature in 2-mL final volume.
Fluorescence was measured at Aey= 350nm and Aem= 420nm in a
LS50B Luminescence Spectrophotometer (Perkin Elmer, Waltham, MA).
Twin samples were used in parallel to evaluate oxidized glutathione
(GSSG). Mitochondria were incubated for 30 min with 100 uL of 40 mM
N-ethylmaleimide (NEM) to prevent that glutathione free SH group
reacts with OPA. Then, the samples were mixed with 4.3 mL of 0.1 N
NaOH (pH 12) to allow GSSG reduction. Finally an aliquot was with-
drawn, incubated with 50 pg of OPA for 20 min and fluorescence was
measured [23]. Results were normalized per mg protein and expressed
as GSH/GSSG ratio.

We also measured protein oxidation with the OxyBlot™ protein
oxidation detection kit (Merck-Millipore, Darmstadt, Germany). Briefly,
two aliquots of each mitochondrial sample (20-40 pg) were transferred
to Eppendorf tubes and denatured by adding a final concentration of
10% SDS. One aliquot was derivatized to 2,4-dinitrophenylhydrazone
(DNP) with 2,4-dinitrophenylhydrazine (DNPH), while the aliquot used
as the negative control was incubated with the same volume of control
solution. Then, samples were neutralized and separated by SDS-PAGE,
transferred to PDVF membranes and incubated with rabbit anti-DNP
antibodies (1:150 dilution) in PBS-Tween containing 1% bovine serum
albumin. Horseradish peroxidase-conjugated secondary antibodies
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Fig. 1. A) Schematic representation of the experimental protocols in the isolated heart model. All hearts were stabilized during 20 min. Control hearts were
continuously perfused during 110 min; IR hearts were subjected to 30 min of global ischemia and 60 min of reperfusion; IR +NAC hearts received 0.25 mM NAC
during the first 10 min of reperfusion and IR +PostC hearts were subjected to 5 cycles of 30 s reperfusion and 30 s ischemia and then, to 60 min of reperfusion; B)
infarct size; C) heart rate (beats*min ') and D) left ventricular developed pressure (LVDP). Data are means = SD of at least six different experiments. “P < 0.05vs.

Control and P < 0.05 vs. IR.

(1:300 dilution) and a chemiluminescent reagent were used for signal
detection.

2.5. Mitochondrial oxygen consumption

Mitochondrial oxygen consumption was determined using a Clark-
type oxygen electrode (Yellow Springs Instruments, Yellow Springs,
OH, USA). The experiments were carried out in 1.5mL of basic
medium, containing 125 mM KCl, 10 mM Hepes and 3 mM Pi, pH 7.3.
State 4 respiration was evaluated in the presence of 5mM sodium
glutamate and 5 mM sodium malate. State 3 respiration was stimulated
by adding 200 uM adenosine diphosphate (ADP). Respiratory rates are
expressed as ng-atoms oxygen/min/mg protein (ngAO/min/mg).
Respiratory control ratio (RCR) was calculated as the ratio between the
State 3 and State 4 rates. Phosphorylation efficiency (ADP/O ratio) was
calculated from the added amount of ADP and total amount of oxygen
consumed during state 3. Uncoupled respiration was observed after
incubating with 1 uM of CCCP (Carbonyl cyanide m-chlorophenyl hy-
drazone).

2.6. Mitochondria solubilization

Separation of electron transport chain complexes was performed
using BN-PAGE according to the protocol described by Schéfer et al.
[24]. Mitochondrial proteins were solubilized with digitonin using a
detergent to protein ratio of 2:1 (mg:mg) in 200 pL of 3 X -buffer con-
taining 150 mM BIS-TRIS, 1.5mM aminocaproic acid, pH 7. After in-
cubating during 30 min, the samples were centrifuged at 18,000 g for
2h and supernatants were recovered. All procedures were performed at
4°C.
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2.7. Blue native polyacrylamide gel electrophoresis (BN-PAGE) and in-gel
activity assays

Blue-Native (BN) 3.5-10% gradient gels were loaded with 100 pg of
mitochondrial protein in the presence of Coomassie blue G-250 dye and
were run overnight at 30 V in cold. The anode buffer contained 50 mM
BIS-TRIS, pH 7.0 and the cathode buffer 50 mM tricine, 15 mM BIS-
TRIS/HCI plus 0.002% Coomassie blue G-250. At the end of the elec-
trophoresis, some gels were further stained with Coomasie blue. Other
gels were used to measure the enzymatic activities of each mitochon-
drial respiratory complex as follows: NADH dehydrogenase activity of
Complex I (CI) was evaluated by formazan production, after incubating
the gels in 10 mM TRIS, 1 mg/mL (w/v) of 4-nitro blue tetrazolium
chloride and 0.14 mM NADH, pH 7.0. Succinate dehydrogenase activity
of Complex II (CII) was visualized as purple bands in the presence of
80 mM succinate, 2 mg/mL (w/v) of 4-nitro blue tetrazolium chloride
and 4.5mM EDTA, pH 7.0. Complex III (CIII) activity was determined
with 0.2mM TMPD (N,N,N’,N’-tetramethyl-p-phenylenediamine) in
70% methanol, 100 mM sodium acetate and 100 uM H,O,, pH 7.0.
Cytochrome c oxidase activity of Complex IV (CIV) was visualized by
precipitation of 3,3-diaminobenzidine oxides in a buffer containing
50 mM sodium phosphate, 0.5 mg/mL of 3,3-diaminobenzidine-tetra-
hydrochloride, 0.5mg/mL cytochrome ¢, 20 units/mL catalase, and
75 mg/mL sucrose, pH 7.0. Finally, ATPase activity (CV) was detected
in a medium containing 30 mg of lead II perchlorate trihydrate, 30 mM
Tris-Glycerol, 5mM ATP and 15mM CaCl, in 20 mL until maximal
signal of the lead phosphate band was obtained [25]. The developed
bands were analyzed by densitometry using the Image J program from
the National Institutes of Health.
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2.8. Activity of the respiratory chain complexes

The enzymatic function of the mitochondrial respiratory complexes
was also measured spectrophotometrically as described by Spinazzi
et al. [26]. Complex I activity was evaluated in 1 mL of 10 mM TRIS
buffer pH 7.4, supplemented with 100 pM NADH and mitochondrial
protein (50 pg). The reaction was started by adding 0.95uM 2,6-di-
chloroindophenol (DCPIP) as terminal electron acceptor. Reduction of
DPCIP was followed at 600 nm during 3 min in the presence or absence
of 1 uM rotenone (¢ = 21 mM ' em ™ '). Specific activity is expressed as
nmol/min/mg. Complex II activity was determined incubating 40 ug of
mitochondrial protein in 0.5M potassium phosphate buffer (pH 7.5)
supplemented with 20 mM succinate and 150 pL of DCPIP 0.015% (w/
v). Final volume was adjusted to 1 mL with distilled water. Reduction of
DPCIP was followed at 600 nm during 3 min (¢ = 21 mM~! em™h).
Specific activity is expressed as nmol succinate,,/min/mg, due that
1 mol of DCPIP is reduced as 1 mol of succinate is oxidized. Complex III
was measured as follows: 40 ug of mitochondrial protein was incubated
in 1 mL of potassium phosphate buffer 0.5M (pH 7.5) plus 1 mM EDTA,
0.5mM KCN and 50 uM of oxidized cytochrome c at 30 °C for 15 min.
Cytochrome ¢ reduction was initiated by adding 50 uM of decylubi-
quinol (DBH,) in the presence or absence of 10 ug of antimycin A. The
increase in absorbance was followed for 1-2min at 550nm
(e =18.5mM™ " cm™1). Specific complex III activity is the antimycin
A-sensitive-activity. Complex IV was evaluated after adding 40 ug of
mitochondrial protein to 1 mL of 50 mM potassium phosphate buffer,
(pH 7.0) containing 50 uM of reduced cytochrome c, with or without
0.5mM KCN. Decrease in absorbance was immediately registered at
550nm (e = 18.5mM ™' ecm™'). Complex IV activity is expressed as
first order rate constant k (min~! x mg protein~!). Oligomycin-sen-
sitive ATPase activity (CV) was evaluated by measuring ATP hydrolysis
by a coupled enzymatic assay using lactate dehydrogenase and pyr-
uvate kinase [27]. Forty ug of mitochondrial protein were incubated in
200 pL of a medium containing 50 mM Tris'HCI, pH 8.0, 5 mg/mL BSA,
20 mM MgCl,, 50 mM KCl, 15uM CCCP, 5uM AA, 10 mM phosphoe-
nolpyruvate (PEP), 2.5mM ATP, 4U lactate dehydrogenase, 4U pyr-
uvate kinase and 1 mM NADH during 5 min at 37 °C. The reaction was
continuously recorded at 340 nm during 3 min, then 3 uM oligomycin
was added and measured for additional 3 min.hydrolysis NADH con-
centration was calculated by using an extinction coefficient of
6220 M~ ! cm™. As the hydrolysis of 1 mol ATP produces the oxidation
of 1 mol NADH through this coupling system, the activity is expressed
as nmol ATP/mg protein/min.

2.9. Immunodetection in first dimension (1-D) and second dimension (2-D)
native gels

BN gels were incubated in 20 mL of a solution containing 0.192 M
glycine, 0.025M TRIS plus 1% SDS during 60 min under constant agi-
tation and transferred onto polyvinylidine difluoride membranes
(PVDF) for 50 min at 25 V. Then, the membranes were blocked with 5%
defat milk in TBS-T and incubated overnight with anti-NADH dehy-
drogenase subunit Ndufs4 (ab55540, Abcam, Cambridge, MA,
USA;1:1000); anti-ubiquinol cytochrome c¢ reductase core protein
UQCRFS1 (ab14746, Abcam, Cambridge, MA, USA; 1:1000); anti-cy-
tochrome c oxidase subunit II (sc-514489, Santa Cruz Biotechnology,
USA; 1:1000) and anti-COX7A2L subunit (Proteintech, Rosemont, IL,
USA, 1:1000). Secondary antibodies were used at 1:25,000 dilution.
The signals were visualized with C-Digit blot scanner and analyzed by
ImageJ (NIH).

2.10. Statistical analysis
Data were analyzed using one or two-way ANOVA followed by

Tukey's post-hoc test with the graph Pad PRISM 5.03 software;
P < 0.05 was considered statistically significant.
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3. Results

3.1. N-acetylcysteine and postconditioning maintain cardiac function and
reduce infarct size in reperfused hearts

NAC and PostC reduced infarct size to 26% and 18% respectively, in
comparison with almost 59% of cell death observed in IR hearts
(P < 0.05) (Fig. 1B). Heart rate and left-ventricular developed pressure
(LVDP) were maintained in Control hearts during 110 min of constant
perfusion, while those parameters decreased from the first minutes and
until the end of reperfusion in IR hearts. LVDP in the IR group was more
affected than heart rate. Both NAC and PostC prevented almost com-
pletely from heart dysfunction at the end of reperfusion, being more
evident cardiac pressure recovery (Fig. 1C and Fig. 1D).

3.2. Cardioprotection conferred by N-acetylcysteine and postconditioning is
related with decreased H,0, content and reduction of oxidative stress

Succinate oxidation in the presence of both Antimycin A (AA) and
rotenone (Rot) augmented hydrogen peroxide levels in IR mitochondria
in comparison with Control mitochondria (10 + 3.5 and 10.1 = 1.3
pmol H,O»/min/mg vs. 4.7 + 1.7 and 1.8 + 2.3 pmol H,0,/min/mg
respectively). Both NAC and PostC, diminished hydrogen peroxide at
different extent, although PostC showed higher efficiency even without
inhibitors. On the other hand, mitochondria from IR hearts energized
with glutamate/malate showed higher rate of hydrogen peroxide gen-
eration than Control mitochondria, that further increase in the presence
of AA, confirming the participation of Complex III in ROS production.
Again, both treatments diminished ROS production in comparison with
IR mitochondria. Also, the combination of glutamate/malate plus ro-
tenone enhanced H,O, production in IR mitochondria as compared
with the Control group (Fig. 2). Lipid peroxidation and protein carbo-
nylation increased in mitochondria from the IR group in correlation
with decreased redox state (GSH/GSSG) as compared to the Control
group (P < 0.05) (Fig. 3). NAC reduced MDA levels by 51%
(1.3 £ 0.5 vs. 2.7 = 0.8 nmol MDA/mg protein in IR mitochondria)
(P < 0.05) and PostC to 1.65 * 0.2 nmol MDA/mg protein (48%)
(Fig. 3A). GSH/GSSG increased significantly in IR 4+ PostC in compar-
ison with IR mitochondria (P < 0.05; Fig. 3B); whereas protein oxi-
dation diminished in both IR+ NAC and IR + PostC groups (Fig. 3C).

Bl Control
= R
254 R
— +NAC
- * =1 IR+PostC

154

104

54

pmol H,O,/min/mg protein

0-

Fig. 2. Effect of NAC and PostC on the rate of hydrogen peroxide production in
mitochondria from reperfused hearts. H,O, content was determined by fol-
lowing HRP-catalyzed dichlorofluorescein (DCF) oxidation in mitochondria
plus succinate or glutamate/malate in the presence of Antimycin A and/or
rotenone. Data are means * SD of at least three independent experiments per
group. *P < 0.05 vs. Control and ** P < 0.05 vs. IR. # P < 0.05 vs. mi-
tochondria without inhibitors.
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translocator (ANT) content. It is also shown a Coomassie blue staining of the gel. Data are representative of at least five different experiments per group. Data are

means = SD. P < 0.05 vs. Control and “'P < 0.05 vs. IR.

3.3. Mitochondrial function is preserved by diminishing oxidative stress in
reperfused hearts

The association between oxidative stress and oxidative phosphor-
ylation (OXPHOS) was evaluated in isolated mitochondria by per-
forming oxygen consumption experiments. No changes were observed
in basal oxygen consumption (State 4) with NADH-linked substrates
between Control, IR and IR+NAC mitochondria (Fig. 4A), whereas
ADP-stimulated respiration (State 3) diminished in the IR group and
was recovered in both IR+ NAC and IR + PostC mitochondria. RCR, the

single most useful general measure of mitochondrial function, dimin-
ished from 2.89 + 0.43 to 1.6 + 0.19 (Control vs. IR mitochondria;
P < 0.05) and increased significantly in mitochondria from hearts
subjected to both treatments (Fig. 4B). ADP/O, which represents the
maximum number of ATP molecules made as an electron pair passes
down the respiratory chain from substrate to oxygen, followed a similar
pattern, but was only preserved with NAC treatment (P < 0.05). ADP-
stimulated (State 3) and uncoupled respiration diminished in the IR
group suggesting inhibition of substrate oxidation (Fig. 4C).
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3.4. Enzgymatic activities of the respiratory chain complexes from reperfused
hearts treated with N-acetylcysteine and postconditioning

The activity of CI diminished 59% in IR mitochondria when com-
pared with that of Control mitochondria. IR+NAC and IR+ PostC
groups recovered CI activity, but the difference was significant only in
the last one (Fig. 5A). The activities of CII (Fig. 5B) and CIII (Fig. 5C)
were also affected by IR, although the counteracting effect of NAC was
more evident in CII, than in CIII activity. Conversely, PostC increased
CIII activity to higher values than NAC and even than in Control
(Fig. 5C). Despite the lack of significant differences, IR mitochondria
showed a slight decrease in CIV activity in comparison with mi-
tochondria from the other groups (Fig. 5D). CV activity was fully re-
covered in both IR+NAC and in IR +PostC mitochondria as compared
with IR mitochondria (Fig. 5E).

3.5. Detection of respiratory complex activities in blue native gels

The relative contribution of the monomeric and SCs forms on the
total activity of the respiratory chain complexes and the effect of ROS-
reducing treatments in mitochondria from IR hearts were evaluated in
BN gels. SCs assemblies in which the activities of the three complexes
were detected and the additional bands that contained higher mass
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complexes than its corresponding monomers were included in the SCs
analysis (Fig. 6). To identify putative productive SCs, we performed a
careful alignment of the activity gels and label the group of bands in
which Complex I, Complex III and Complex IV comigrate. As Complex
III assay might render unspecific staining, we correlate the activity
bands with the spots obtained after immunodetection with Anti-Com-
plex III subunit UQCRFSL1 in a two-dimension SDS gel. To further cor-
roborate the identity of the respiratory complexes and its associations in
our preparations, a comparison was made with the electrophoretic
pattern of bovine heart mitochondria (Supplementary material).

Complex I in situ activity associated to the monomeric form di-
minished in IR mitochondria and was maintained in the IR+ PostC
group (P < 0.05); this treatment also maintained the activity of CI in
SCs at the levels observed in Control mitochondria (P < 0.05; Fig. 6A
and D). CIII, activity diminished in IR mitochondria and was fully re-
covered in both IR+NAC and IR + PostC groups (P < 0.05); whereas
the activity associated to SCs increased only in mitochondria from
PostC hearts as compared with IR mitochondria (P < 0.05; Fig. 6B and
D). CIV activity decreased in the monomer and in SCs from IR mi-
tochondria as compared with the other groups. The activity associated
to the monomer and to SCs increased significantly only in mitochondria
from PostC hearts (P < 0.05; Fig. 6C and D).

Although Complex II and Complex V did not contribute to SCs
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Fig. 5. Spectrophotometric analysis of the respiratory complexes activities in isolated mitochondria. A) Activity of Complex I; B) Complex II; C) Complex III; D)
Complex IV and E) Complex V. Values are the means +

assemblies, their activities were also evaluated. No changes in Complex
IT activity were detected in any of the experimental groups (Fig. 7A),
neither in the activity of the dimeric and monomeric forms of Complex

V (Fig. 7B).

SD of at least four different experiments. ‘P < 0.05 vs. Control and “P < 0.05 vs. IR.

3.6. Relative content of respiratory complexes in supercomplex assemblies
in reperfused hearts treated with N-acetylcysteine and subjected to

postconditioning

We also examined whether IR and ROS-reducing treatments affect
respiratory complexes content in SCs by performing (1D-BN) PAGE and
subsequent immunoblotting. A I+1II,+1V, complex was identified in

413
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mitochondria from the Control group, which also contained the adapter
protein SCAFI (Supercomplex assembly factor I). The relative content of
the subunits NDUFS4 (Complex I), UQCRFS1 (Complex III), COX IV
(Complex IV) and COX7A2L (SCAFI) clearly diminished in mitochon-
dria from the IR group and were preserved differentially in the IR
+NAC and in the IR +PostC groups (Fig. 8).

4. Discussion

In this work we show that oxidative stress contention promotes
heart performance, decreases infarct size, preserves mitochondrial
function and maintains the assembly/activities of both SCs and the
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Fig. 6. In gel activities of the respiratory chain complexes
(I, III and IV) in BN-gels. Representative images of at least
three different experiments of the in-gel activities of re-
spiratory complexes in blue native gels. Gels were pre-
pared and loaded with solubilized mitochondria. Parallel
running was performed to optimize the comparison be-
tween the activities and location of the different re-
spiratory complexes and SCs. The symbol (&) groups the
bands in which activities for Complex I, III and IV were
observed. The bands labeled as CIV,, represent possible
oligomeric forms of cytochrome c oxidase. A) Complex I
activity; B) Complex III activity; C) Complex IV activity
and D) densitometric analysis of the activity associated to
monomeric (Complex) and SCs forms. Values are the
means + SD of at least three different experiments.
“P < 0.05 vs. Control and P < 0.05 vs. IR.

[ Complex
W sC

Fig. 7. In gel activities of the respiratory chain complexes
(II and V) in BN-gels and Coomassie blue staining.
Representative images of at least three different experi-
ments of the in-gel activities of respiratory complexes in
blue native gels. Gels were prepared, loaded with solubi-
lized mitochondria and run in parallel to optimize the
comparison between the activities and location of the
different respiratory complexes and SCs. A) Complex II; B)
Complex V (CV4 = CV dimer; CV,,, = CV monomer); C)
Coomassie blue staining.

individual complexes of the respiratory chain.

These results reinforce the well known paradigm that mitochondria
are both producers and ROS targets and incorporate SCs stability as a
main factor in mitochondrial function.

The association between SCs' assembly and lower ROS generation
has been observed in different conditions. Fibroblasts exposed to re-
spiratory chain complex inhibitors increased ROS in correlation with
SCs levels diminution [28], the knockdown of Complex I subunit
NDUFSI1 decreases the integration of complex I into SCs and augments
ROS levels in neurons [29]; whereas age-related changes in SCs archi-
tecture modify ROS production [30]. Such association might be the
consequence of a more efficient electron transfer in SCs than in
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Fig. 8. Immunodetection of SCs assemblies in
mitochondria from reperfused hearts treated
with NAC and subjected to PostC.
Representative western blot images of at least
three different experiments in which mi-

al

tochondrial protein were separated in 1D blue
native gels. The same membrane was stripped
and confronted to all the antibodies. A)
Complex I was detected with anti-NADH de-
hydrogenase subunit NDUFS4; B) Complex III
with anti-Ubiquinol cytochrome C reductase
core protein UQCRFS1; C) Complex IV with
anti-cytochrome c¢ Oxidase subunit IV; D)
SCAFI with anti-COX7A2L supercomplex III-IV
subunit; E) Coomassie blue staining of the

+111,+IV_+SCAFI

CI (NDUFS4)  ClIl (UQCRFS1)

E)

individual complexes [31], as the distances between binding sites of
coenzyme Q at complexes I-III and of cytochrome c at complexes III-IV
in these supramolecular arrangements are shorter [32] than the diffu-
sion lengths calculated by random collision mechanisms for individual
complexes [33].

The site of ROS production is still a non-resolved issue. It is gen-
erally accepted that during succinate oxidation, ROS are produced to
some extent by complex III [34] but mainly through reverse electron
transport (RET) to complex I [35]. Indeed, Chouchani et al. [36] re-
ported that succinate is accumulated during ischemia and that is me-
tabolized in parallel with ROS production from Complex I by RET
during early reperfusion in vivo. Although it was tempting to speculate
that the observed diminution in succinate dehydrogenase activity
(Fig. 5B) could drive succinate accumulation, our results show that
H,0, production was not sensitive to rotenone, therefore RET is not the
main mechanism of ROS production in our experimental setting. In this
sense, it was reported that the damage to complex I during ischemia/
reperfusion might induce the loss of protein-protein interaction be-
tween this complex and complex III, enhancing ROS production by
complex III [37]. This scenario might explain our observation of com-
plex Il diminution in SCs in association with increased ROS production.

Our finding that individual Complex I and Complex III activities and
those associated to SCs assemblies are higher in mitochondria from the
PostC group than in the NAC group, might reflect the activation of
protective mechanisms independent of those related with oxidative
stress contention. PostC modulates the activity of several protein ki-
nases associated with cardioprotection [38]. Results from our group
and others show that activation of extracellular signal-regulated kinases
1/2 (ERK1/2) correlates with increased levels of phosphorylated pro-
teins in mitochondria from PostC hearts [39], and that this maneuver
increases ¢cGMP levels preventing the opening of the mitochondrial
permeability transition pore (mPTP) during the early stage of reperfu-
sion [40]. Phosphate groups attached to residues of subunits IVa and
IVb from Complex IV has been detected in mitochondria isolated from
pre-conditioned hearts, suggesting a possible role of phosphorylation in

CIV (COX7A2L)

PVDF membrane used in this set of experi-
ments used as control load. *SCs in which
SCAFI was not detected.

the stability of these proteins [16], that might be extended to SCs.

In this work not only the activity, but the immunoreactivity of some
of complexes in both its individual and SCs forms was compromised
during IR. Loss of integrity of particular complex subunits after oxida-
tive injury might account for these results, as it has been reported that
ischemia diminishes the amount of detectable NDUFA9 subunit from
Complex I in both native and denaturing conditions in association with
cardiolipin oxidation [41].

We found that COX7A2L was mainly present in [+III,+1V, and in
much lower extent in free complex IV. This protein was detected in
superstructures composed of III,+1IV and I+III, +1V,, but not in free
complexes III and IV [42]; whereas more recently, Perez-Perez et al.
[43] reported that COX7A2L is not exclusively associated with SCs, but
it also co-migrates with CIII,, free complex IV and with different SCs
containing complex III. This authors propose that although COX7A2L
stabilizes SCs III,+ 1V, has not role on respirasome formation. Further
controversy on the possible relevance of COX7A2L was added by Boe-
kema et al. [44], which sustain that point mutations within genes en-
coding subunits of one oxidative phosphorylation complex affect the
stability of other complexes.

The idea that dissociation of SCs has pathophysiological implica-
tions was first suggested by Lenaz and Genova [45]. Their speculation
that ROS reduce electron channeling, lowers electron transfer and/or
proton translocation, eliciting further ROS production, fits with the
vicious circle of oxidative stress and energetic decline observed in re-
perfusion damage. However, changes in SCs' assembly has rendered
polemic results in the framework of cardiovascular diseases. While
Wong et al. [16] reported that SCs levels were similar in mitochondria
isolated from IR and from preconditioned hearts; the cardioprotective
effect of isoflurane was related, at least in part with maintenance of
Complex III and Complex IV activities in SCs [17]. On the other hand,
SCs disassembly was observed after long-time (60 min) reperfusion and
prevented by inhibiting the permeability transition pore [46], whereas
lower levels of supercomplex I[+III,+IV; were detected without
changes in the individual activities of the respiratory chain complexes
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in a canine heart failure model [47]. Here, we find that oxidative stress
diminution preserves mitochondrial function and that cardioprotection
is related with maintenance of the activity and content of Complex I,
Complex III and Complex IV in supramolecular assemblies.

5. Conclusion

We conclude that both the monomeric forms and the SCs of the
respiratory chain contribute to the in vivo functionality of the mi-
tochondria. However, although the ROS-induced damage and the con-
sequent production of ROS affect the assembly of SCs, other levels of
regulation as those induced by PostC, might participate in maintaining
the activity of the mitochondrial respiratory complexes in such super-
structures.
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Ustilago maydis is an aerobic basidiomycete that depends on oxidative phosphorylation for its ATP supply,
pointing to the mitochondrion as a key player in its energy metabolism. Mitochondrial respiratory complexes I,
1II,, and IV occur in supramolecular structures named respirasome. In this work, we characterized the subunit
composition and the kinetics of NADH:Q oxidoreductase activity of the digitonine-solubilized respirasome
(1600 kDa) and the free-complex I (990kDa). In the presence of 2,6-dimethoxy-1,4-benzoquinone (DBQ) and
cytochrome c, both the respirasome NADH:O, and the NADH:DBQ oxidoreductase activities were inhibited by
rotenone, antimycin A or cyanide. A value of 2.4 for the NADH oxidized/oxygen reduced ratio was determined
for the respirasome activity, while ROS production was less than 0.001% of the oxygen consumption rate.
Analysis of the NADH:DBQ oxidoreductase activity showed that respirasome was 3-times more active and
showed higher affinity than free-complex I. The results suggest that the contacts between complexes I, III, and IV
in the respirasome increase the catalytic efficiency of complex I and regulate its activity to prevent ROS pro-

duction.

1. Introduction

The proton electrochemical potential, Apy., across energy trans-
ducing membranes is the basis of the chemiosmotic hypothesis for en-
ergy coupling [1-3]. In mitochondria this electrochemical potential is
used for heat production, ion and substrate transport, ATP/ADP ex-
change, and especially ATP synthesis [4]. The proton translocation
across inner mitochondrial membrane occurs through three protein
complexes termed NADH:coenzyme Q oxidoreductase (complex I),
coenzyme Q:cytochrome c oxidoreductase (complex III;, which is a
functional dimer), and cytochrome c¢ oxidase (complex IV); ad-
ditionally, the succinate:coenzyme Q oxidoreductase (complex II), that
belongs to the electron transport chain, doesn't translocate protons but
produce ubiquinol which is a mobile lipid electron carrier [4].

Three models have been proposed to explain the organization of the
electron transport chain complexes: 1) “Random collision model”,
proposed by Hackenbrock et al. [5] in which individual respiratory
complexes in the inner membrane diffuse freely, and electron transfer is
based on random collisions between complexes and two small electron
carriers, coenzyme Q and cytochrome c; 2) “Solid state model”, in

which complexes are attached in supra-structures called super-
complexes [6], which have been founded in mitochondria from mam-
mals, plants, fungi, and bacteria; and 3) “Plasticity model”, which in-
volves both previous models [7].

Supercomplexes have a wide distribution in the natural kingdoms,
from bacteria to plants and animals. In Paracoccus denitrificans the su-
percomplexes II1,:1V; [8] and I;:111,:1V; have been reported [9]; while
in Saccharomyces cerevisiae complex III, could be attached to one
(III,:1V7) or two (III,:IV,) monomers of complex IV [10,11]. In Neuro-
spora crassa supercomplexes are composed of complexes I, IIl,, and IV
in different proportions [12]. Supercomplex I;:III, is the most abundant
in potato (Solanum tuberosum), bean (Phaseolus vulgaris), barley (Hor-
deum vulgare), and Arabidopsis thaliana [13-15]. Bovine heart mi-
tochondrial supercomplexes described are I;:111,:1Vy, [;III,, and 1,1V,
[16]. If complexes I, Il and IV are present in the supercomplex and
NADH oxidation and oxygen reduction occur, they are called respira-
some [10].

Actually, the architecture of respirasomes from porcine (Sus scrofa)
heart mitochondria [17] and ovine (Ovis aries) heart mitochondria [18]
has been determined by cryo-electron microscopy with a resolution of
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5.4 A and 5.8 A, respectively.

Initially, respirasomes were associated with electron channeling
from NADH to oxygen and the enhancement of electron flow between
complexes [5,19]; however this hypothesis has been challenged by new
structural and functional evidence [17,18,20]. Currently, the accepted
role is related to structural stabilization of complex I [6,21], and pre-
vention of oxygen radicals production [7,21-28]. However, the precise
role of supercomplexes remains to be defined.

In this work, digitonin-solubilized respirasomes from Ustilago
maydis mitochondria were isolated and their subunit composition and
activity were characterized. U. maydis is an aerobic basidiomycete
which infects the corn and teocinte plants in a biotrophic way [29]. In
the laboratory the non-pathogenic yeast form of U. maydis is easily
maintained in standard growth conditions [30]. U. maydis contains the
four classic mitochondrial respiratory complexes and depends on the
oxidative phosphorylation for the supply of ATP [31]. Supercomplexes
isolated from U. maydis contained complexes I, III; and IV, as well as
coenzyme Q and cytochrome c. NADH oxidation supported oxygen
uptake and was sensitive to KCN, antimycin A or rotenone. Ad-
ditionally, complex I activity from respirasome was inhibited by anti-
mycin A or KCN, even upon the addition of coenzyme Q and cyto-
chrome c, suggesting a tight functional interaction between complexes.
Kinetic characterization of NADH:Q oxidoreductase activity showed
that respirasome was 3-times more active than free-complex I, sug-
gesting a stimulatory effect of the contacts between complexes in the
respirasome.

2. Materials and methods
2.1. Cell culture and mitochondria isolation

U. maydis cells (strain FB2) were prepared as previously described
[31]. U. maydis mitochondria were isolated using the method described
by Waterfield and Sisler [32]. For details see Supplemental material.

2.2. Solubilization of respiratory supercomplexes

The respiratory supercomplexes and complexes were solubilized
from U. maydis mitochondria using digitonin (a very-mild detergent) as
described by [33-35], with minor modifications [36]. Briefly, U. maydis
mitochondria (10 mg/ml) were suspended in 3.5ml of 50 mM Bis-Tris
and 500 mM 6-aminocaproic acid, pH7.0 and 140yl digitonin (50%
stock) were added to reach a detergent/protein ratio of 2:1. Digitonin
was added drop by drop while the mixture was gentle stirred in an ice
bath and then incubated in this condition during 30 min. The mixture
was centrifuged at 100,000g for 30 min at 4°C and supernatant con-
taining the supercomplexes and individual complexes was recovered
and immediately loaded into a sucrose gradient (16-42%) for super-
complexes isolation (vide infra).

2.3. Respirasome isolation

Mitochondrial digitonin extract (16 mg protein) was loaded on
24 ml of a continuous sucrose gradient (16-42% sucrose, 15 mM Tris,
pH 7.4, 20 mM KClI and 0.2% digitonin) and centrifuged at 131,000g for
16h at 4°C [36]. Afterward, 500 pl fractions were collected from the
bottom of the gradient. Fractions containing respirasomes were iden-
tified by BN-PAGE (vide infra). These respirasomes samples were pooled
and diluted 7-fold with 30 mM HEPES, pH 8.0 and 5% glycerol; then
were concentrated using a Centrifugal Filters Units (100K, Millipore
Amicon Utra) to a final volume of 100 pl, and stored at —70 °C until
used.

2.4. Blue Native-PAGE and in-gel catalytic activity assays

Samples from the sucrose gradient and the later supercomplexes

619

BBA - Bioenergetics 1860 (2019) 618-627

fraction were loaded on a linear polyacrylamide gradient gel (4-10%)
for Blue Native PAGE (BN-PAGE) [35]. The BN-PAGE buffers were
50 mM Bis-Tris/HCl, pH 7.0 for the anode electrode, and 50 mM tricine,
15 mM Bis-Tris, pH7.0 and the anionic Coomassie© Brilliant Blue R-
125 dye (0.02%) for the cathode electrode [35]. The voltage was set to
35V for 10 h at 4 °C and the run was stopped when the sharp line of the
dye approached the gel front. Molecular weight of the respiratory
complexes and supercomplexes was determined by their electrophoretic
mobility and in-gel catalytic activity, using the complexes of digitonine-
solubilized bovine heart mitochondria as standards.

The in-gel assays were performed as described by Jung [34] using
gel loaded with isolated digitonine-solubilized supercomplexes from of
U. maydis mitochondria. NADH dehydrogenase activity (NADH:-
methylthiazolyldiphenyl tetrazolium bromide (MTT) oxidoreductase)
was assayed at 20-25 °C in a buffer containing 1.2 mM MTT and 1.0 mM
NADH in 10 mM Tris/HCI, pH 7.4. For succinate dehydrogenase activity
(Succinate:MTT oxidoreductase) NADH was replaced by 10 mM succi-
nate, 0.2mM phenazine methosulfate (PMS), 5mM EDTA in 10 mM
K,HPO,4, pH7.4. NADH or succinate dehydrogenase activity was cor-
related with the development of purple precipitates on the gel. When
activity-staining appear (10-20 min) the reaction was stopped with
fixing solution (50% methanol, 10% acetic acid). To assay the activity
of complex IV the gel was incubated in 50 mM K,HPOy, pH 7.2, 4.7 mM
3,3’diaminobenzidine tetrahydrochloride (DAB) and 16 uM horse heart
cytochrome c. After 30-40 min of incubation at 20-25 °C, the activity
was observed as a brown precipitate and the reaction was stopped with
the fixing solution. Activity of complex V was assayed in 50 mM glycine
(adjusted to pH8.0 with triethanolamine), 10 mM MgCl,, 0.15% Pb
(ClO4), and 5mM ATP. ATP hydrolysis correlated with the develop-
ment of white lead phosphate precipitates. The reaction was stopped
using 50% methanol, and subsequently the gel was transferred to water
and scanned against a dark background as described previously
[36,37].

2.5. Kinetic characterization of NADH dehydrogenase activity from
respirasomes and free-complex

Activity of complex I (NADH:2,6-dimethoxy-1,4-benzoquinone
(DBQ) oxidoreductase activity) from respirasomes or free-complex I
was determined spectrophotometrically at 340 nm by following the
oxidation of NADH (enapy = 6.22mM~'cm™!) in an Agilent 8453
UV-visible spectrophotometer (Agilent Technologies, USA). Activity of
isolated respirasomes or free-complex I was performed in a reaction
mixture containing 120 mM KCl, 5mM MgCl,, 1 mM EGTA, 30 mM
KH,PO,4, pH7.4, at 25°C. Where indicated, isolated respirasomes or
free-complex I, were added to the buffer described above plus 10 uM of
horse heart cytochrome c¢ [38], 10-1000 uM of DBQ and 10-150 uM
NADH to start the reaction. Where indicated, rotenone (1-10pM)
[39-41], antimycin A (0.1-1uM) [42-44], or cyanide (1-3mM)
[45,46] were added. Addition of cyanide increased the pH to 7.8, but
the activity of complex I and the respirasome was the same at pH 7.4
and pH 7.8 (data no shown). To explore the effect of phospholipids on
the activity of free-complex I and respirasomes, the protocol reported
by [47] was followed using asolectin or lecithin.

Protein concentration of respirasome or free-complex I was 50 ug/
ml and the reaction was started by the addition of NADH. NADH ab-
sorbance was continuously monitored and the time response was less
than 1s. Kinetic analysis of changes in NADH dehydrogenase activity
(initial velocity) was carried out using the direct spectrophotometric
recording. Initial velocities were further obtained from the slope of the
linear region in each spectrophotometric recording, and the linear re-
gion of the traces was corroborated with the plot of the first derivative
against time. Data were analyzed by robust, weighted, non-linear re-
gression analysis using the SigmaPlot software (Systat Software, Inc.,
version 10.0). The data represent the average of eight independent
experiments. Rotenone was added to inhibit NADH:DBQ
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Table 1
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Subunit identity and molecular mass of Ustilago maydis mitochondrial respirasomes. The identity of each subunit was determined by LC/ESI-MS/MS.

Subunit identity =MW mature protein (kDa)  Exclusive unique peptides

Unique exclusive spectra/total spectra

Coverage (%) ID (Scaffold-NCBI) ID (KEGG/PENDANT)

Complex [
NUAM 77.2 33 51/103 53 Q4P471 UMAG_10695
NUBM 51.6 18 20/32 31 Q4PGP5 UMAG_11170
NUCM 48.2 17 27/47 45 Q4P4N9 UMAG_11162
NUGM 28.3 8 13/18 21 Q4PDY2 UMAG_11896
NUHM 24.3 7 8/15 32 Q4PGX9 UMAG_00634
NUKM 20.5 5 9/18 26 Q4P1W1 UMAG_11038
NUFM 13.4 5 7/15 51 Q4P712 UMAG_11517
NB4M 15.0 3 4/4 31 Q4PBS6 UMAG_02437
NUPM 17.2 4 6/8 44 UMAG_05598
NUEM 35.1 17 23/40 57 Q4PHN2 UMAG_00381
N7BM 14.1 5 6/11 41 Q4P6C6 UMAG_10847
NI2M 10.1 4 5/8 38 Q4P2N8 UMAG_05625
NUYM 17.2 6 10/16 34 Q4PHA1 UMAG_00512
NUIM 14.1 4 4/7 55 Q4PAHO UMAG_11495
NUXM 20.9 5 8/11 46 Q4P5K7 UMAG_10989
NUZM 22.2 5 8/21 40 Q4POU1 UMAG_12039
NB6M 10.7 5 6/14 52 Q4PF02 UMAG_01311
Complex III,
QCR2 43.2 17 27/49 56 Q4PEI5 UMAG_01478
Cytl 30.4 10 15/29 36 Q4P512 UMAG_11534
QCR7 10.5 8 11/14 70 Q4P6M6 UMAG_04237
RIP1 26.5 6 9/22 21 Q4P7T8 UMAG_10507
Complex IV
Cox2 28.6 5 8/14 30 QOH8Y7 QOH8Y7
Cox4 12.8 3 4/9 41 Q4P511 UMAG_04802
Cox5A 16.8 7 10/20 46 Q4P348 UMAG_05465
Cytochrome ¢
11.9 3 4/7 39 XP_011389077 UMAG_02708

The identity of each protein was determined by mass spectrometry. The subunit molecular weight of the mature protein was determined by 2D-Tricine-SDS-PAGE and
corroborated with the molecular weight obtained from U. maydis genome analysis (Biomax informatics ag; http://pedant.helmholtz-muenchen.de/
pedant3htmlview/pedant3view?Method = analysis&Db = p3_t237631_Ust_maydi_v2GB).

oxidoreductase activity of complex I; samples used in this work were
100% inhibited by rotenone, confirming that complex I was the only
NADH dehydrogenase present in both samples. The concentration of
complex I in respirasome and free-complex I samples was determined
by a densitometry analysis of Coomassie© Brilliant Blue R-125 stained
NUAM 77 kDa-subunits (ID Scaffold-NCBI Q4P4Z1; ID KEGG/
PENDANT UMAG_10695, Table 1) from an SDS-Tricine-PAGE, using
Coomassie stained BSA as a standard (see Supplemental material sec-
tion). The gel was scanned and the stain-intensity of NUAM subunit and
BSA was determined by the Image Analysis software version 1.0
(Thermo Fisher Scientific Inc.). The intensities of NUAM subunit and
BSA were measured by peak integration after densitometry analyses.
The mol of NUAM subunit was determined using the molecular weight
of the mature protein (Table 1). The amount of complex I in respira-
somes and free-complex I samples was 3.3 = 0.7 ug/10 pg total protein
and 2.8 = 0.5ug/10 g total protein, respectively; these amounts of
complex I in respirasomes and free-complex I were used to kinetics
parameters estimation.

2.6. Oxygen consumption by mitochondrial respirasomes

Oxygen consumption by isolated respirasomes was determined
using a type Clark electrode in the buffer described above at 30 °C.
Mixture reaction was supplemented with 10 pM horse heart cytochrome
¢, 70 uM DBQ and 20-100 uM NADH. Maximum activity of complex IV
from respirasomes was assayed with 4 mM ascorbate and 6 mM 2,3,5,6-
tetramethyl-p-phenylendiamine (TMPD) to reduce the horse heart cy-
tochrome c. Where indicated, rotenone (10 uM), antimycin A (1 uM), or
cyanide (3 mM) were added.
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2.7. Quantification of hydrogen peroxide produced by respirasomes

Quantification of hydrogen peroxide was performed with Amplex®
Red hydrogen peroxide assay kit (Invitrogen, Molecular Probes, USA),
following the manufacturer instructions. Experimental conditions used
were similar to those described in Section 2.5 (vide supra). Superoxide
dismutase (50 U/ml) was added to the reaction mixture to accelerate
the production of hydrogen peroxide from the superoxide anion.

2.8. Tandem mass spectrometry (LC/ESI-MS/MS)

Protein identification of isolated supercomplexes was determined by
mass spectrometry performed by the Arizona Proteomics Consortium
(Cancer Center and by the BIO5 Institute of the University of Arizona).
Samples were prepared following the specifications of the Proteomics
Core Laboratory. Scaffold program (version Scaffold 4.8.9, Proteome
Software Inc., Portland, OR) was used to validate MS/MS based peptide
and protein identifications. Peptide identifications were accepted if
they could be established at greater than 95.0% probability by the
Scaffold Local FDR algorithm. Protein identifications were accepted if
they could be established at greater than 99.0% probability and con-
tained at least 2 identified peptides. Protein probabilities were assigned
by the Protein Prophet algorithm [48]. Proteins that contained similar
peptides and could not be differentiated based on MS/MS analysis alone
were grouped to satisfy the principles of parsimony. Proteins sharing
significant peptide evidence were grouped into clusters. Proteins were
annotated with GO terms from NCBI (downloaded Apr 24, 2018) [49].

2.9. Determination of protein concentration

Samples were treated with 0.4% deoxycholate and the protein
content was determined as described by Lowry et al. [50]. Bovine
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Fig. 1. Isolation and in-gel activity of the respirasome. Respiratory complex and supercomplexes from U. maydis mitochondria were solubilized with digitonin (A).
Left panel shows the Coomassie-stained native gel strips; CI, CII, CIV, and CV corresponding to in-gel activities assay of complexes I, II, IV, and V, respectively.
Respirasome was isolated by sucrose-gradient ultracentrifugation and its in-gel NADH dehydrogenase activity analyzed by BN-PAGE (B). Fractions from the bottom
[3-11] and the top [25-30] of the sucrose gradient were used to obtain isolated the respirasome and free-complex I, respectively (C). Where is showed Bos taurus
respiratory complex and supercomplexes were solubilized with digitonin and used as standard. U. maydis respirasome sample was used to subunits identification by

MS/MS (Table 1).

serum albumin (BSA) was used as standard.
2.10. Materials

Analytical grade reagents were purchased from Sigma Chemical Co.
(St. Louis, MO, USA), E. Merck (Darmstadt, Germany), and BioRad
(Hercules, CA, USA). Strain FB2 of U. maydis was obtained from the
American Type Cell Collection (Manassas, VA, USA).

3. Results
3.1. Composition of isolated respirasomes

Respiratory complexes and supercomplexes from U. maydis mi-
tochondria were efficiently solubilized with digitonin preserving their
activity (Fig. 1A). In gel-activity of individual complex I, II, IV and V
was associated with a protein band of a molecular mass of 960, 150,
240 and 640 kDa, respectively; additionally, ATPase activity of complex
V was associated with a single protein band of 1260 kDa, which has
been reported as the dimer of F;Fy-ATP synthase [36]. Activities of
complexes I and IV were associated with several bands with molecular
masses from 1400 to 1900 kDa (Fig. 1A). MS/MS analysis confirmed the
presence of complex III, in these supercomplexes.

Digitonin-solubilized respirasomes from U. maydis were isolated by
sucrose density gradient centrifugation (Fig. 1B). NADH:MTT oxidor-
eductase activity from complex I was distributed from fraction 3 to 30;
however, fractions 3-11 contained exclusively the respirasome, and this

pattern was highly reproducible (Fig. 1B). Free-complex I was re-
covered from fractions 25-30. The fractions containing respirasomes
and free-complex I were pooled separately and concentrated as de-
scribed in the Materials and methods section and their purity, in terms
of NADH dehydrogenase activity, was analyzed by BN-PAGE (Fig. 1C).
For the respirasomes, activities of complex I and IV were associated
with a main protein band of 1600 kDa, using bovine mitochondrial
respiratory complexes solubilized with digitonin as standard (Fig. 1C).
No activity of monomeric complex I and IV, or complex III, stained with
Coomassie was observed, demonstrating that supercomplexes were
isolated without contamination by individual complexes. Free-complex
I activity was located around 970 kDa as a single band (Fig. 1C, right
lane).

Although activities of complexes I and IV were observed in
the upper zone of the gel (Fig. 1B), suggesting a broad spectrum of
supercomplexes stoichiometries, a main protein band of 1630 kDa was
observed in the gel stained with Coomassie (Fig. 1C). Using the
molecular weight obtained from U. maydis genome database
(Biomax informatics ag; http://pedant.helmholtz-muenchen.de/
pedant3htmlview/pedant3view?Method = analysis&Db = p3_t237631_
Ust_maydi_v2GB) for complex I (900kDa), dimer of complex III,
(473kDa), and complex IV (203kDa), we hypothesize that the
minimum and most probable stoichiometry of this 1630 kDa super-
complex is I;:(III);:IV;. Seventeen subunits for complex I, 4 subunits
for complex III,, and 3 for complex IV were identified by MS/MS
analysis of isolated respirasomes (Table 1), confirming their composi-
tion. Additionally, cytochrome ¢ was detected in the respirasome
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Fig. 2. Oxygen consumption by isolated Ustilago
maydis respirasome. (A) Electron flux into respira-
some was started by 150 nmol of NADH addition in

300 300 — R 120mM KCl, 5mM MgCl,, 1mM EGTA, 30mM
& NADH 135 nmoles TMPD KH,PO,, pH 7.4, at 30 °C. (B) Mobile electron car-
5 270 196 i 270 - riers stimulate respirasome oxygen uptake (ie.
E 3 65 uM DBQ and 60 pg cytochrome c¢/ml). Maximum
Sab l i Rotenone activity of complex IV was reached by ascorbate
170 o 1150 (4mM) and TMPD (6 mM) addition (C). Where is
Respirasome E showed 15 uM rotenone (D), 3 uM antimycin A (E) or
B c;g;q 210 3mM cyanide (A-E) were added to inhibit respira-
l NADH 150 nmoles tion through complexes I, IIl, or IV, respectively.
300 Catalase 180 Catalase = 2000-4000 Units. Numbers below each
S o NADH 75 nmoles recording represent the velocity of oxygen con-
T 270 150 — sumption = nmol O,/mg of CI'min. Different NADH
E G concentrations were added to assay the respirasomes
240 236 response and the oxygen reduction mean *+ S.D.
) _ was: 133 + 17 nmol O, reduced/mg of CI'min with
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sample (Table 1). Complex I amount was determined as described in
Materials and methods section and Supplementary material.

3.2. Oxygen consumption by respirasomes

Surprisingly, isolated respirasomes reduced oxygen in the presence
of NADH (133 + 17 nmol O, reduced-(mg of CI'min)~?), suggesting
that they contain, in addition to functional respiratory complexes I, III,
and IV, the mobile elements, coenzyme Q and cytochrome c, allowing
the electron flux from NADH to oxygen (Fig. 2A). If mobile electron
carriers (i.e. 60 ug cytochrome c/ml and 65 pM DBQ) were added to the
reaction mixture, oxygen consumption increased (397 = 41 nmol O,
reduced-(mg of CI'min) ~'; Fig. 2B-E), suggesting that these could be
used as substrates by isolated respirasomes. Once NADH has been
oxidized, oxygen uptake decreases (Fig. 2A-C), and a new NADH ad-
dition promoted respiration again. Although oxygen uptake was sup-
ported by NADH oxidation, the maximum complex IV activity was
reached with ascorbate and TMPD addition (992 + 203 nmol O, re-
duced-(mg of CI'min) ™ }; Fig. 2C-E), indicating that flux control could
belong to complexes I or III,. Oxygen reduction by respirasome in the
presence of NADH, cytochrome ¢ and DBQ was inhibited by rotenone
(Fig. 2D), antimycin A (Fig. 2E), or cyanide (Fig. 2A-E). The total in-
hibition of electron flux by these specific inhibitors discards the pre-
sence of rotenone-insensitive alternative NADH dehydrogenases (i.e.
Ndel, Nde2, or Ndil) or cyanide-resistant alternative oxidase [31] in
isolated respirasomes. Additionally, MS/MS analysis confirms the ab-
sence of these alternative respiratory elements in the U. maydis re-
spirasome. The absence of hydrogen peroxide (H,0,) as a result of
electron leak during NADH oxidation was demonstrated by the addition
of catalase (Fig. 2A and B). Alternatively, H,O, production by re-
spirasomes, assayed with the Amplex Red probe, was of 240 = 4 pmol
of H,Oo(mg of CI'min) ~! in the presence of 150 nmol of NADH to as-
sess the maximum rate of oxygen consumption; Cyanide addition
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increased ROS production to 550 + 10 pmol of H,O»(mg of CI'min) ~ 1
and 484 * 24 pmol of H,O,(mg of CI'min) ' in the absence or pre-
sence of superoxide dismutase, respectively. These values represent
0.001% of the maximum rate of oxygen consumption supported by
NADH.

Since H,0, production was negligible (i.e. less than 0.001%) during
maximum oxygen consumption by respirasome, one question is arising,
the NADH:DBQ oxido-reductase activity of complex I occur even if
electron flow in complex III, and IV in supercomplexes is interrupted by
antimycin A or cyanide? To answer this question, NADH:DBQ oxido-
reductase activity by respirasomes was monitored in the presence of
inhibitors of complex I, III, or IV.

3.3. NADH oxidation by respirasome

Oxidation of NADH by respirasomes was recorded spectro-
photometrically at 340 nm in the presence of cytochrome ¢ and DBQ
(Fig. 3). NADH dehydrogenase activity of respirasomes was inhibited
by rotenone (Fig. 3A) demonstrating that this activity belongs ex-
clusively to complex I and alternative NADH dehydrogenases were
absent. Interestingly, reduction of DBQ by complex I was stopped when
complex III, and complex IV were inhibited by antimycin A or cyanide,
respectively, even in the presence of an excess of coenzyme Q and cy-
tochrome ¢ (Fig. 3B and C). Inhibition of the NADH:DBQ oxidor-
eductase activity occurs even if inhibitor (i.e. Antimycin A or cyanide)
was added before NADH (Fig. 3B and C). This observation indicates that
activity of complex I is tightly coordinated with the activities of com-
plexes IIl, and IV in the respirasome (Fig. 2). Antimycin A and cyanide
have no effect on free-complex I activity (Fig. 3E and F). Remarkably,
the ratio between NADH oxidation (i.e. 959 + 197 nmol NADH oxi-
dize/mg of CI'min; see Fig. 3) and oxygen reduction (ie.
397 + 81 nmol O, reduced/mg of CI'min, see Fig. 2) by respirasomes
was 2.42 = 0.3, very close to the theoretical value of 2 for the electron
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Fig. 3. Effect of rotenone, antimycin A and cyanide on NADH:DBQ oxidoreductase activity of respirasome. Respirasomes were incubated in the buffer described in
Fig. 2. NADH oxidation was monitored by NADH absorbance at 340 nm. Where is indicated respirasome, DBQ (65 uM), cytochrome ¢ (60 pg/ml), NADH (150 nmol),
and (A) rotenone (15uM), (B) antimycin A (5pg/ml), or (C) cyanide (3 mM), were added. Addition of inhibitor before NADH is showed as +Rotenone (A),
+ Antimycin A (B), or +CN- (C). Activity of free-complex I was assayed in similar conditions in the presence of rotenone (D), antimycin A (E) or cyanide (F). The

number below each recording represents the velocity of NADH oxidation. The mean

+

S.D. value of NADH:DBQ oxidoreductase activity for respirasome in this

experimental condition was 959 + 197 nmol NADH oxidize/mg of CI'min (n = 9). Results were obtained from 7 different preparations.

flux from NADH to oxygen through respiratory complexes I-III,-IV.

Oxygen uptake stimulation by the addition of DBQ and cytochrome
c (Fig. 2A and B) suggests that mobile electron carriers were taken from
the medium, and their microdiffusion between complexes could play an
important role in electron flux. Interestingly, inhibition of complexes
III, or IV stops the NADH:DBQ oxidoreductase activity of the respira-
some (Fig. 3), suggesting that protein-protein contacts between com-
plexes I, III; and IV could play an important role in the regulation of
respirasome activity. In this sense, we have previously characterized
the role of protein-protein interactions in the activity of the complex V
dimer [36]. Then, the characterization of NADH dehydrogenase activity
in respirasomes and free-complex I could be helpful to elucidate the role
of the interactions between complexes in the respirasomes.

3.4. NADH dehydrogenase activity from complex I versus NADH
dehydrogenase activity from respirasome

As a first step, activity of NADH:DBQ oxidoreductase from respira-
some and free-complex I was determined following the change in ab-
sorbance at 340 nm.

Activity of NADH:DBQ oxidoreductase by respirasome (Fig. 4A and
B) or free-complex I (Fig. 4C and D) increased as the NADH or DBQ
concentrations were raised. The data were fitted to the Michaelis-
Menten equation. Respirasome showed a V., = 3340 = 150 nmol
NADH oxidized-(mg of CI'min) ™!, a Ky.napy = 19 * 4uM and a Ky,
peo = 76 = 15uM. In contrast, free-complex I showed a Vy,ax value of
1000 = 80nmol NADH oxidized(mg of CImin)~!, a Ky
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napa = 50 = 11uM and a Kyppo = 103 = 30uM (Table 2). It has
been reported that phospholipid reconstitution could increase the ac-
tivity of DDM-isolated complex I from Yarrowia lipolytica [47]; how-
ever, this effect was not observed in the free-complex I or respirasome
from U. maydis (see Suppl material). The Lineweaver-Burk plot for free-
complex I as well as complex I from respirasome was consistent with a
random Bi Bi mechanism, which predicts a ternary complex (i.e. NADH-
CI-DBQ).

The k., values for free-complex I and respirasome were 15 + 1s~
and 49 + 257!, respectively (Table 2), confirming that respirasome is
3-times more active than free-complex I. Additionally, the k.../Ky.napu
values of free-complex I and respirasome were 2.9 X 10° + 0.2 x 10°
and 2.6 x 10° £ 0.6 x 10°M~'s™ !, respectively; while the ke./Ky.
DBO values were 1.4 x 10° + 0.3 x 10° and
6.5 x 10° + 1.3 x 10°M " 's™! for free-complex I and respirasome,
respectively (Table 2), indicating a higher specificity of respirasome for
NADH and DBQ. These results indicate that incorporation of complex I
into respirasomes and the interaction between complexes I, III, and IV,
has a stimulatory effect on the activity and affinity of complex I.

1

3.5. Proteins associated to respirasomes

The MS/MS analysis of isolated respirasomes showed five proteins
related with the organization of mitochondrial architecture: Prohibitins
1 (UMAG_11092) and 2 (UMAG_05030); Fcjl (UMAG_00635), Rcf2
(UMAG_03929) and the mitochondrial inner membrane organizing
system protein 1 (UMAG_10488). All these proteins showed
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Fig. 4. Kinetic characterization of NADH:DBQ activity from respirasome and free-complex I. The dependence of respirasome (A) and free-complex I (C) activity on
NADH at different fixed concentrations of DBQ, and dependence of respirasome (B) and free-complex I (D) activity on DBQ at different fixed NADH concentrations,
were fitted to the Michaelis-Menten equation. In (A) and (C) the fixed concentration of DBQ was (@) = 10; (O) = 50; (A) = 100; (A) = 200; (H) = 400; ([]) = 600;
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average of four replicates from five independent preparations. The activity was corrected by complex I amount in each preparation of respirasomes and free-complex
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Table 2 4. Discussion
Kinetics parameters of NADH:DBQ oxide-reductase activity of the respirasome
and the free-complex I from Ustilago maydis mitochondria. Mitochondrial respiratory complex I, III, and IV are membrane

proton-pumps that transform the energy of NADH into the proton
electrochemical gradient (Apy ) across the inner membrane. The free
Vimax (nmol NADH oxidized/ 1000 = 80 3340 + 150 energy stored in the Ayy, is utilized for ATP synthesis. Actually, stable

mg complex [min ") interactions between the respiratory complexes have been determined,

Free-complex I” Respirasome”

Keat 671 15+ 1 49 * 2

NADH and these new structures are named supercomplexes. Although com-
Kyt (M) 50 + 11 19 + 4 position and stoichiometry of supercomplexes are diverse, if complexes
Keae/Kn (M~ 1s™1) 2.9%x10° £ 0.2 x 10° 2.6 x 10° * 0.6 X 10° I, Ill, and IV are presents, the electron flow could occur from NADH to
DBQ oxygen (i.e. a respirasome). The respirasome has been described in
Kaa (UMD 103 = 30 76 =15 mitochondria from different eukaryotes such as bovine [16], Neurospora
Keat/Km (M~ 1571 1.4 x 10° £ 0.3 x 10° 6.5 x 10° + 1.3 x 10° Y . > P .
crassa [12], and prokaryotes as the a-proteobacteria Paracoccus deni-

2 Complex I mol in free-Complex I and respirasome samples was determined trificans [9].
as described in Materials and methods section, and kinetics parameters were In this work the U. maydis respirasome was efficiently solubilized
showed as mg of Complex I. with digitonine and isolated as a highly stable unit (Fig. 1). Composi-

tion of U. maydis respirasome was assessed by MS/MS analysis
transmembrane domains but only prohibitin 2 and Rcf2 presented a (Table 1), in-gel activity (i.e. complex I and IV), and NADH:O, oxi-

glycine zipper motif in the transmembrane domains. It has been sug- doreductase activity (i.e. electron flux from NADH to oxygen). The
gested that proteins with transmembrane glycine zippers play a struc- minimal stoichiometry of the respirasome was LIII,IV; with an ap-
tural role as glue between the membrane proteins [51]. Finally, three parent molecular mass of 1630 kDa (Fig. 1).

proteins with the pentatricopeptide repeat domain (PPR domain: Oxygen consumption supported by NADH oxidation strongly in-
UMAG_06347 and UMAG_11282; PET127: UMAG_02275) were asso- dicates that cytochrome ¢ and coenzyme Q were present in isolated U.
ciated with the respirasome sample. maydis respirasome (Fig. 2A), similar to that described for the respira-

some obtained from bovine heart mitochondria [52]. This could be
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possible because the binding of cytochrome c to complex III, is strong
[53,54], and coenzyme Q was embedded in the lipid annulus of the
respirasome. However, incorporation of fresh cytochrome ¢ and DBQ
into isolated respirasomes increased the electron flow from NADH to
oxygen, suggesting that the respirasome can take the quinone and cy-
tochrome ¢ from the medium.

Recent experimental evidences support that substrate channeling
inside the respirasome doesn't occur. Electron microscopy showed that
each monomer in complex III dimer (III,) contains two Q binding sites
(Qp and Qy), which are located on opposite sides of the dimer. The
activity of complex III, involves oxidation of QH, and reduction of
cytochrome c, in a process called the Q-cycle. QH, binds at the Qp site
and its electrons are transferred, one to cytochrome c in the inter-
membrane space via the Rieske protein, and the other to a Q bound at
the Qy site, generating a semiquinone (Q-). A new QH, binds at the Qp
site and a second cytochrome c is reduced, and the Q- bound at the Qy
site is fully reduced to QHs,, which is released into the ubiquinone pool.
Kinetic analysis has demonstrated the alternating activity of each
monomer [55].

The cryo-electron microscopy analysis of the respirasome shows
that the Q binding site of one monomer of complex 1II, is facing the Q
site of complex I but separated by ~10nm (~100 A), while the other
monomer is facing complex IV [18]. Also, these studies showed that
there were no proteins involved in substrate channeling between the Q
sites of complex I and complex III, [18].

Indeed, a time-resolved kinetic study of the respiratory chain in
submitochondrial particles or mitochondrial membranes showed that Q
exists as a single, common pool which is exchanged freely between
respiratory complexes, including supercomplexes [56]. An elegant ap-
proach to test the electron channeling in the respirasome was provided
by Fedor and Hirst [20], who hypothesized that in the presence of
electron channeling between complexes I and III,, the respiratory ac-
tivity supported by NADH should be insensitive to enzymes that take
the QH, from the quinone pool. Using a cyanide-insensitive, non-elec-
trogenic quinol oxidase (AOX), they probed that adding AOX to bovine
submitochondrial particles the NADH oxidation rate increases and be-
comes cyanide insensitive. They concluded that channeling doesn't
occur because quinol produced by complex I is released into the qui-
none pool and oxidized by AOX [20].

However, a recent report shows that in the inner mitochondrial
membrane complex I is heterogeneously distributed [57]. In bovine
heart about 44% of complex I occurs as a single copy (I;); 16% as I;III,
supercomplexes, and 40% as I;III,IV;_, respirasome [57]. In Yarrowia
lipolytica the arrangements of complex I founded were: complex I by
itself (40%); supercomplexes I;:11I; (13%); and L;111,IV,_5 (47%) [57].

In this sense, the kinetic behavior of complex I in the different su-
percomplexes found in the membrane is not necessarily the same. An
approach to determine the properties of respirasome is to isolate it.
Interestingly, although the NADH:O, oxidoreductase activity of U.
maydis respirasome was sensitive to classical respiratory inhibitors
(Fig. 2), inhibition of complexes III, or IV prevented NADH oxidation
(Fig. 3) in the presence of an excess of DBQ and cytochrome c. Parti-
cularly, inhibition of NADH:DBQ oxidoreductase activity by antimycin
A or cyanide strongly supports the idea that interactions between
complex I and complexes III, and IV might regulate the activity of
complex I, and therefore the respirasome activity. In line with this
hypothesis, inhibition of NADH:O, oxidoreductase activity in the re-
spirasome with antimycin A or cyanide does not induce H,O, or su-
peroxide production, as confirmed by catalase addition (Fig. 2) or
Amplex Red assay in the presence or absence of superoxide dismutase.
Since complex IV doesn't use the product of complex I, and its active
site is ~20nm away from complex I Q site [18], the cross-talk (i.e.
complex-complex contacts) between complexes IV and I is a working
hypothesis to explain that inhibition of complex IV induces the in-
hibition of complex I.
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It has been described that intersubunit contacts play a significant
role in the catalytic properties of many enzymes. Particularly, in the 3-
deoxy-d-manno-octulosonate-8-P synthase the subunit interphase is
important for substrate selectivity and binding [58]; and in the gluco-
samine-6-P deaminase from Escherichia coli the contacts between the
subunits modify the allosteric equilibrium between the R and T-state
[59]. In U. maydis the contacts between monomers in the dimer of F;F,-
ATP synthase increase the ATPase activity and decrease the ICsy for
oligomycin [36].

In the respirasome, interactions between complex IV and complex I
involve subunit 7A of complex IV and either ND5 or the 39-kDa subunit
of complex I. Additionally, complexes IV and III, interact through
subunits cox 7A and cox 8B and regions of subunits QCR9, QCR8 of
complexes IV and III,, respectively [57].

To explore the effect of complex-complex contacts in the respira-
some, we decided to determine NADH:DBQ oxidoreductase activity of
complex I in two states, free as well as incorporated in the respirasome.
Free-complex I from U. maydis showed a Vy,x of 1000 + 80 nmol
NADH oxidized-(mg of complex I'min) ~ 1. similar values (420-840 nmol
NADH~(mg~min)_1) have been reported for Yarrowia lipolitica [44,60].
However, kinetic analysis showed that the activity of U. maydis re-
spirasomal complex I was 3-time higher than that of the individual
complex I (Vax = 3340 = 150 nmol NADH oxidized-(mg of complex
I'min) ~1), and the affinity for NADH and DBQ was also higher. These
observations indicate that incorporation of complex I in super-
complexes (i.e. respirasome) increased their catalytic (k. and the
specificity (kea/Ky) constants, illustrating the possible role of the tight
interactions between complexes I, III, and IV. In contrast with our re-
sults, the group of Shinzawa-Itoh described that the supercomplexes
isolated from bovine heart mitochondria showed an NADH:Q; oxidor-
eductase activity of 700-1120 nmol NADH:(mg of SCmin) ! in the
presence of 150 uM NADH, 37 uM Q1, 200 uM cytochrome ¢ and 2 mM
KCN [61]. The activity of U. maydis respirasome was 3-time higher than
the activity of bovine supercomplexes, and under similar concentra-
tions of NADH, coenzyme Q, and cytochrome c the U. maydis respira-
some showed only 30% of its Vy,x (Fig. 4). It's important to note that
KCN was present in the mixture assay of the bovine supercomplexes
activity [61], while KCN had a different effect on U. maydis respira-
some.

An important difference between bovine and U. maydis respirasomes
is the dependence of complex I activity on active complexes III, and IV.
Here we showed that NADH:DBQ oxidoreductase activity of complex I
was depended on active complex III, and IV, even in the presence of an
excess of DBQ and cytochrome c; moreover, inhibition of complex IV
abolished complex I activity (Fig. 3). Bovine respirasome showed si-
milar behavior only if coenzyme Q concentration was limiting, sug-
gesting that activities of complex III, and IV were important to remove
the products [61]. Under this condition electron leak at mammalian
complex I or contribution to QH, pool would be probable [61]. Ad-
ditionally, complex-complex contacts in U. maydis respirasome pro-
motes NADH:DBQ activity, while in bovine respirasome this stimulating
effect was not observed.

To explain the effect of cyanide or antimycin A on the activity of
complex I in respirasome, we hypothesized that the respirasome in U.
maydis is “tighter”, and the interactions between the complexes pro-
moted a conformational change in complex I (i.e. formation of deactive
status of complex I). Studies on the deactive state of complex I, which is
formed during ischemia, showed that an unstructured region in the loop
of ND3 prevents coenzyme Q binding [62]. Actually, this deactive state
is considered a regulatory mechanism of complex I to minimize
ischemia-reperfusion injury [63]. Thus, although a deactive state of
complex I in U. maydis must be determined experimentally, in the re-
spirasome the cyanide inhibition of complex IV could recreate the
ischemia condition, promoting the “deactive state” of complex I and
preventing NADH oxidation and coenzyme Q reduction.

Regarding the identity of proteins associated whit the U. maydis
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respirasomes sample, prohibitins 1 and 2 [64,65] and Ref2 [66,67]
have an important role in the formation and stabilization of super-
complexes. Although Fcjl has a role in the formation of the mi-
tochondrial crista [68], it has not been reported a role of this protein in
respirasome formation.

The common features of the pentatricopeptide repeat domain pro-
teins and Pet127 detected in the respirasome sample are the mi-
tochondrial localization and mRNA binding during the synthesis of
proteins in mitochondria. Although deletion of some members of these
proteins results in a complete loss of mitochondrial respiratory capacity
[69,70], their precise role in the U. maydis respirasome should be ex-
perimentally determined.

Under physiological conditions, the interaction between complexes
[-1II,-IV in the respirasome may have two possible roles: 1) stimulate
the NADH:DBQ oxidoreductase activity of complex I, and 2) provide a
mechanism of regulation of complex I, stabilizing its deactive/active
status to prevent ROS production. If cellular ATP decreases, individual
mitochondrial respiratory complexes could associate into respirasomes
to improve the electron flux, the proton pumping and generate the
Apy+ needed for ATP synthesis. Contrary, if there is not a cellular de-
mand for ATP (or an ischemic state) complex I can be in a deactive state
to decrease NADH consumption and cytochrome ¢ reduction, and then
drop the electron flux reducing the ROS production.
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RESUMEN

La placenta humana requiere de colesterol para sintetizar la progesterona que mantiene la relacion entre el feto y la
madre, lo que le permite concluir de manera exitosa el embarazo. La placenta incorpora el colesterol principalmente
a través de las lipoproteinas de baja densidad (LDL) que se obtienen del torrente circulatorio materno por un
mecanismo de endocitosis. A los endosomas que se generan en este proceso se les unen varias proteinas conformando
los endosomas tardios, que degradan las LDL y liberan el colesterol a las mitocondrias del sinciciotrofoblasto que lo
transforman en pregnenolona y posteriormente en progesterona. Las proteinas de fusién de membranas denominados
complejos SNARE participan en la liberacion del colesterol en sitios de contacto especificos en donde se localizan las
proteinas mitocondriales responsables de la esteroidogénesis.

Palabras Clave: placenta humana, receptores de lipoproteinas, mitocondrias, transporte de colesterol, esteroidogénesis,
sitios de contacto.

General aspects of cholesterol transport in the steroidogenesis of the human placenta

ABSTRACT

The human placenta requires cholesterol to synthesize the progesterone that maintains the relationship between the
fetus and the mother, which allows it to successfully conclude pregnancy. The placenta incorporates cholesterol
through the LDL obtained from the maternal blood stream by a mechanism of endocytosis. Endosomes formed
by this process degrade the LDL, bind several proteins forming the late endosomes and releasing the cholesterol
to syncytiotrophoblast mitochondria to transform it into pregnenolone and then, into progesterone. The soluble
attachment proteins denominated SNARE participates in the transport of cholesterol in specific contact sites where the
mitochondrial proteins responsible for steroidogenesis are located.

Key Words: human placenta, lipoprotein receptors, mitochondria, cholesterol transport, steroidogenesis, contact sites.
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INTRODUCCION
a placenta humana tiene un papel primordial al
! establecer mecanismos de comunicacién entre

el feto y la madre durante el embarazo. En este
proceso, la progesterona adquiere un papel central
al favorecer la implantacion del blastocisto, la remodelacion
de la matriz extracelular y la promocion de la migracion del
trofoblasto (Halasz & Szekeres-Bartho, 2013). Ademas, la
sintesis de progesterona se incrementa conforme avanza el
embarazo (Morel et al., 2016). Estas funciones garantizan
que el producto alcance la madurez que le permita vivir fuera
del vientre materno (Burton & Fowden, 2015; Vaughan &
Fowden, 2016; Ashary, Tiwari & Modi, 2018).

La placenta es un organo excepcional capaz de realizar de
manera simultanea las funciones de diferentes tejidos, por
ejemplo: sintetiza hormonas como las glandulas endocrinas,
realiza el intercambio gaseoso como en los pulmones y
filtra metabolitos como en los rifiones, entre otras funciones
(Chatuphonprasert, Jarukamjorn & Ellinger, 2018). A pesar
del papel que desempeia la placenta, hasta el momento
no se conocen con certeza los mecanismos maternos o
fetales que la controlan, aunque se han sugerido posibles
sefiales autocrinas, paracrinas o intracrinas. El linaje celular
funcional de la placenta es el trofoblasto, que se divide en
cito y sinciciotrofoblasto, este ultimo es responsable del
transporte de nutrientes y desechos al estar en contacto con
las lagunas maternas y al mismo tiempo, el responsable del
metabolismo esteroidogénico (en este articulo se considera
la esteroidogénesis como la transformacion del colesterol
en progesterona). Si bien no se conocen varios aspectos del
control del metabolismo placentario, lo que si es claro es que
la placenta humana tiene un papel central en las funciones del
embarazo (Byrns, 2014), para mantener la relacion materno-
fetal al sintetizar cantidades elevadas de progesterona,
una hormona esteroide que se produce en las mitocondrias
del sinciciotrofoblasto y que regula, entre otras funciones,
los procesos inmunologicos que evitan que el producto sea
rechazado, ya que la carencia o disminucion de progesterona
podria provocar un aborto (Holland et al., 2017a).

Se ha demostrado que los explantes de la placenta humana
(pequetios fragmentos que contienen a las células del
trofoblasto), son resistentes a condiciones fisicas no
fisiologicas que un tejido “normal” no podria soportar. Por
ejemplo, luego de la incubacion en un medio hipotonico o
a temperaturas superiores a los 45°C, los explantes realizan
todas sus funciones metabolicas, incluyendo la sintesis de
progesterona, de manera similar a los explantes que no fueron
expuestos a estos tratamientos. Los resultados muestran que la
placenta humana contiene mecanismos de autopreservacion y
como estrategia fisiologica, un control metabdlico y funcional
independiente a los estimulos externos que desarroll6 como

una forma para proteger al producto (Paul, Jailkhani & Talwar,
1978, Paul, Gupta, Jailkhani & Talwar, 1980). En este sentido,
se ha reportado que las mitocondrias de la placenta se adaptan
de acuerdo con el avance del embarazo (Holland et al.,
2017b). Por otro lado, aunque existen abundantes evidencias
del metabolismo energético, atin falta mucho por conocer del
funcionamiento de la placenta en el ser humano (Kaiser, 2014;
Bianco-Miotto ef al., 2016).

RECEPTORES A LIPOPROTEINAS

Para la sintesis de progesterona es necesario ¢l colesterol; sin
embargo, debido a que la placenta no tiene la maquinaria para
sintetizar las cantidades de colesterol que se requieren para
la produccion diaria de progesterona (van Leusden & Villee,
1965; Zelewski & Villee 1966), éste es proporcionado por las
lipoproteinas maternas a través de los receptores especificos
del sinciciotrofoblasto. En las células del trofoblasto se ha
descrito la presencia de varios tipos de receptores para las
lipoproteinas, como el de las lipoproteinas de baja densidad
(LDL) que son los que se expresan de manera principal
(Winkel,Snyder, MacDonald & Simpson,1980; Furuhashi et
al., 1989; Chatuphonprasert et al., 2018). Las lipoproteinas
de alta densidad (HDL) se han identificado en las células
del trofoblasto (Wadsack et al., 2003), en las células BeWo
(Pagler et al., 2006) y en varios tejidos esteroidogénicos. Sin
embargo, a diferencia de las LDL, las HDL se procesan por
una via diferente a la lisosomal (Sanderson, 2009).

Debido a que la sintesis de progesterona esta sujeta a la
capacidad de incorporar el colesterol de las LDL (Figura 1),
se determind que la concentracion de los receptores para las
lipoproteinas esta regulada por la presencia de las mismas LDL.
En células aisladas del trofoblasto y mantenidas en cultivo, la
incubacién con LDL-!%° por tiempos largos, disminuyé cerca
del 90% la captacion y degradacion de las LDL, lo que sugiere
que las células del trofoblasto pueden regular el nimero de
receptores de las LDL en la membrana plasmatica. Este efecto
no se observo cuando las células se incubaron en presencia de
HDL (Winkel, MacDonald & Simpson, 1981). Sin embargo,
datos recientes sugieren que la placenta usa tanto las LDL
como las HDL para obtener el colesterol necesario para la
sintesis de progesterona (Sanderson, 2009). La capacidad de la
placenta de emplear ambas lipoproteinas asegura que el aporte
de colesterol sea constante para mantener la esteroidogénesis,
aun en condiciones que puedan afectar la concentracion de
cualquiera de éstas, asegurando asi que el embarazo no esté
en riesgo.

El aporte del colesterol materno no se usa tan solo para la
produccion de progesterona, ya que también se requiere
para satisfacer las necesidades del desarrollo del feto en
crecimiento (Woollett, 2011; Bartels & O’Donoghue, 2011;
Bhattacharjee et al., 2012; Baardman et al., 2013).
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Figura 1. Esquema de transporte del colesterol en el torrente circulatorio materno a las mitocondrias de las células de la placenta humana.
Las LDL maternas se asocian a los receptores de las LDL (LDL-R) que son endocitadas conformando el endosoma, en donde el colesterol
se libera de las LDL. Posteriormente, se asocian proteinas para constituir el endosoma tardio (Endosoma-T) que permite su asociacion
a la membrana externa mitocondrial (MEM), en donde se encuentran los sitios de contacto esteroidogénicos. En estos sitios se realiza el
transporte de colesterol que ingresa a la membrana interna en donde se localiza la cadena del citocromo P450scc para su transformacion
en pregnenolona (P5) y posteriormente a progesterona (P4). Una vez sintetizada la P4, ésta se libera al torrente circulatorio para mantener
la relacién materno-fetal. Figura elaborada por los autores.

TEJIDOS ESTEROIDOGENICOS Y TRANSPORTE celular. Las diferencias en la concentracion del colesterol en
MITOCONDRIAL DEL COLESTEROL las merpbranas sugier.en la existencia de un mecanismo de
regulacion celular mediado por al menos dos vias de transporte:

Aunque el colesterol es una molécula hidrofobica que las ’
vesiculas y proteinas especificas (Flis & Daum, 2013).

c¢lulas requieren para varias funciones, su concentracion es
altamente regulada, ya que los cambios en las concentraciones
pueden ser fatales para la viabilidad celular, como en el
caso de la estabilidad de las membranas. Se ha descrito que,
en las células de los mamiferos, la presencia de colesterol
en el reticulo endopldsmico es baja, pues su concentracion
corresponde al 5% de los fosfolipidos; sin embargo, en el
aparato de Golgi su concentracion es mayor al 30% (Mesmin,
Antonny & Drin, 2013). La mayoria del colesterol se localiza
en la membrana plasmatica, con un 60% del total del esterol

En los tejidos esteroidogénicos, el transporte de colesterol al
citocromo P450scc mitocondrial es relevante, ya que cuando
se estimula la sintesis de pregnenolona, la primera hormona
esteroide que se genera por la actividad de la cadena acoplada
al P450scc, el transporte de colesterol hacia la mitocondria
deber ser vectorial, eficiente y en la concentracion necesaria
para dar respuesta a las necesidades celulares y sin alterar sus
funciones (Chien, Rosal & Chung, 2017).
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Dentro de las vias de transporte del colesterol celular, se ha
descrito una familia de proteinas denominadas STARD, con
capacidad de unir al colesterol y participar en su distribucion
intracelular (Alpy et al., 2013). Estas proteinas se asocian
a complejos multiproteicos especificos que aseguran la
precisa distribucion del esterol. Aunado a esto, se han
descrito asociaciones entre las membranas de los diferentes
organelos celulares (ver mas adelante), conformados por
transportadores, enzimas y proteinas de andamiaje (Mesmin,
Antonny & Drin, 2013), formando microdominios entre las
membranas denominados sitios de contacto (Poderoso et al.,
2013; Soffientini & Graham, 2016).

Se han descrito varios tipos de sitios de contacto, por ejemplo,
las membranas asociadas a las mitocondrias (mitochondria-
associated ER membrane, MAMs), que son un microdominio
de asociacion entre el reticulo endopldsmico (RE) y las
mitocondrias. Es importante destacar que la mitocondria
tiene un papel relevante en el proceso esteroidogénico, ya
que es ahi en donde reside la transformacion del colesterol
en pregnenolona (Papadopoulos & Miller, 2012), ademas
de participar en otros procesos (Tait & Green, 2012), como
la sintesis de ATP, sefializacion intracrina, la apoptosis, la
inmunidad innata, la autofagia o larespuesta al estrés (Galluzzi,
Kepp & Kroemer, 2012). Este tipo de microdominios se ha
sugerido que contribuye al transporte de diferentes lipidos
entre las membranas celulares.

En la esteroidogénesis, parecen conjuntarse un sistema
mediado por vesiculas y otro por proteinas. Dentro del sistema
proteico, se ha descrito a la STARD1 como la principal
proteina que participa en la esteroidogénesis de goénadas y
glandulas suprarrenales. Se ha demostrado que la STARDI
transfiere colesterol eficientemente a la mitocondria (Tuckey,
Headlam, Bose & Miller, 2002) y que su interacciéon con el
colesterol induce un cambio conformacional de su estructura
nativa a globulo fundido (‘moltenglobule’), que se ha sugerido
como un estado dindmico que permite la transferencia del
esterol (Rajapaksha, Kaur, Bose, Whittal & Bose, 2013).
En la interaccion de la STARDI con la mitocondria durante
el transporte del colesterol se han reportado complejos
multiproteicos formados por un grupo de diversas proteinas
entre las que se encuentran la VDAC (Bose, Whittal, Miller
& Bose, 2008; Prasad et al., 2015), el receptor o-1 (Marriott,
Prasad, Thapliyal & Bose, 2012) y la ATPasa ATAD3 (Issop
et al., 2015), por mencionar algunas. En este sentido, los
complejos multiproteicos a su vez pueden interaccionar con
elementos proteicos del reticulo endopldsmico, con gotas
lipidicas o endosomas tardios (Beller, Thiel, Thul & Jéickle,
2010; Yang, Galea, Sytnyk & Crossley, 2012).

Aunque hay un gran flujo de colesterol en los tejidos
esteroidogénicos de regulacion aguda, en las mitocondrias
la cantidad de colesterol es baja (Horvath & Daum, 2013);

sin embargo, en las mitocondrias de la placenta humana
los niveles de colesterol son altos, semejantes incluso a los
de la membrana plasmatica (Navarrete, Flores-Herrera,
Uribe & Martinez, 1999). Esto adquiere relevancia, ya que
hasta el momento no se han descrito moduladores de la
esteroidogénesis placentaria; sin embargo, esta caracteristica
habla de un transporte permanente de colesterol que permite
mantener una produccion de progesterona de manera sostenida
durante el embarazo.

Una vez que el colesterol ha sido transportado a la membrana
externa mitocondrial, éste debe continuar su transito hasta
la membrana interna donde se encuentra el citocromo
P450scc para ser transformado en pregnenolona (Martinez
& Strauss,1997).Esto sugiere que un paso limitante en la
esteroidogénesis podria ser la transferencia de colesterol de la
membrana externa a la interna mitocondrial. Se ha reportado
que para el transporte de colesterol entre las membranas
mitocondriales se requiere de los sitios de contacto (Strauss,
Kishida, Christenson, Fujimoto & Hiroi, 2003; Miller &
Bose, 2011).

No obstante que la STARDI es la principal proteina asociada
al flujo de colesterol hacia la mitocondria y descrita para
diferentes tejidos esteroidogénicos de regulacion aguda, la
placenta humana no la expresa (Miller, 2013). Sin embargo,
la placenta sintetiza entre 250 y 500 mg de progesterona al
dia durante el ultimo trimestre del embarazo (Simpson &
MacDonald, 1981; LaVoie & King, 2009); esto implica un
flujo continuo de colesterol hacia la mitocondria. En la ltima
década se identifico en las células del sinciciotrofoblasto a la
proteina STARD3 (Watari et al., 1997), descrita originalmente
en un tumor de mama, la cual presenta el dominio START de
union al colesterol caracteristico de esta familia de proteinas.

La STARD3 es una proteina endosomal con 4 segmentos
transmembranales en su extremo amino terminal (dominio
MENTAL). Alpy &Tomasetto (2014), reportaron que, aunque
la STARD1 y STARD3 presentan un dominio START y
comparten ciertas propiedades bioquimicas, también son
diferentes en varios aspectos, que van desde su localizacion
hasta su estructura (van der Kant, Zondervan, Janssen &
Neefjes, 2013) demostraron que los endosomas tardios y
los lisosomas contienen la mitad del colesterol celular y
que de ellos depende su distribucion. También observaron
que hay dos tipos de endosomas tardios, uno presenta a la
proteina ORP1L que transporta oxisteroles y otro contiene a la
STARD3 y a la ABCA3 (una proteina transportadora que usa
ATP para la translocacion de sustratos, incluyendo lipidos),
(van der Kant, Zondervan, Janssen & Neefjes, 2013). Esto les
permitié sugerir que la STARD3 facilita el flujo de colesterol
de los endosomas tardios a la mitocondria, constituyendo un
tipo de transporte vesicular. De igual manera, se ha descrito
que la STARD3 requiere de los aminoacidos M307 y N311
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para unir al colesterol (van der Kant, Zondervan, Janssen &
Neefjes, 2013). Asimismo, construyeron el knock-out del gen
que codifica para la STARD3 y observaron que no se elimind
de manera total la sintesis de progesterona, sugiriendo que
el transporte de colesterol mediado por la STARD3 no es el
unico camino que emplea la placenta humana para mantener
la esteroidogénesis (van der Kant, Zondervan, Janssen &
Neefjes, 2013). En el laboratorio, hemos determinado que
la proteina HSP60 comparte epitopes con la STARD3 y
que su presencia induce el incremento en la sintesis de
progesterona de las mitocondrias del sinciciotrofoblasto
(Olvera-Sanchez,Espinosa-Garcia, Monreal, Flores-Herrera
& Martinez, 2011). Recientemente se determind que la
HSP60 participa junto con la MLN64 en el transporte de
colesterol para llevar a cabo la esteroidogénesis en la placenta
humana (Monreal-Flores, Espinosa-Garcia, Garcia-Regalado,
Arechavaleta-Velasco & Martinez, 2017).

Se han descrito complejos multiproteicos responsables
de conducir el colesterol hasta el P450scc, entre los que
se encuentra el transduceosoma, compuesto de diversas
proteinas membranales y citoplasmaticas y el metabolon
esteroidogénico descrito como un conjunto de proteinas de
las membranas mitocondriales (Fan & Papadopoulos, 2013).
Al respecto, se reportd que la STARD3 es capaz de generar
puntos de contacto entre el RE y los endosomas, como un paso
previo al transporte de colesterol a las mitocondrias (Alpy et
al., 2013) y un mecanismo particular para la esteroidogénesis
de la placenta humana (Tuckey, Bose, Czerwionka & Miller,
2004; Martin, Kennedy & Karten, 2014).

En su conjunto, la informacion muestra que de manera general
el transporte de colesterol para la esteroidogénesis requiere de
multiples sistemas que involucran proteinas como la STARDI
y la STARD3, los endosomas tardios, las gotas lipidicas, el
citoesqueleto y los elementos MAMs, MINOS (mitocondrial
inner rmembrane organizing system) y MCSs (mitocondrial
contact sites), asi como los sitios de contacto entre las
membranas mitocondriales para realizar con éxito el flujo de
colesterol y su transformacion en pregnenolona en los tejidos
esteroidogénicos de regulacion aguda y en progesterona en el
caso de la placenta humana, un tejido de regulacion crénica.

SITIOS DE CONTACTO ENTRE LAS MEMBRANAS
MITOCONDRIALES

Hackenbrock & Miller (1975), describieron por primera vez
que las mitocondrias poseen diferentes tipos de sitios de
contacto y que son complejos multienzimaticos que realizan
diferentes funciones mitocondriales. Su formacion se lleva
a cabo mediante un proceso dindmico que requiere de la
asociacion de proteinas y enzimas especificas.

Para la fosforilacion oxidativa se ha descrito la asociacion
de varias proteinas, entre las cuales estdn el acarreador de

los adenin-nucledtidos (ANT), la porina o el canal anionico
dependiente del voltaje (VDAC), la creatina cinasa y la
hexocinasa, entre otros (Adams, Bosch, Schelege, Wallimann
& Brdiczka, 1989; Papadopoulos, 1993). En la apoptosis,
se asocian proteinas como el ANT, la VDAC, la ciclofilina
D y la hexocinasa II. Ademas, la membrana externa posee
proteinas que pueden establecer, junto con la actina, uniones
dependientes de ATP y proteinas antiapoptoéticas de la familia
Bcl-2, cuya sobreexpresion tiene como consecuencia el
bloqueo de la apoptosis (Adams & Cory, 2001; Suen, Norris
& Youle, 2008). Otro ejemplo es el poro de la transicion de la
permeabilidad (Rasola & Bernardi, 2014), que es un complejo
multiproteico que forma poros no selectivos en la membrana
interna y que tiene los siguientes componentes estructurales:
el ANT, la ciclofilina D, y el VDAC. Adicionalmente, se
ha identificado al translocador de proteinas (TPSO, antes
conocido como el receptor periférico a benzodiacepinas)
unido al poro en la membrana externa, la creatina cinasa en el
espacio intermembranal y la hexocinasa II ligadas a la VDAC
en la cara citosolica de la membrana externa, asi como las
proteinas Bax/Bcl-2 (Zamzami & Kroemer, 2001).

Finalmente se ha sugerido que para la esteroidogénesis en las
glandulas suprarrenales y gonadas existe un punto de contacto
especifico, compuesto de un octdmero de la creatina cinasa
(CK), el VDAC, la TPSO y el ANT, ademas del IP3R (ER-
resident inositol triphosphate receptor), la Mfn2 y la Mfnl
(mitofusina 1 y 2), entre otras (Martin, Kennedy & Karten,
2014).La asociacion de las proteinas de la membrana externa
como VDACI y TSPO con las proteinas de la familia de las
ATPasas (ATAD3a) en la membrana interna, forman el ntiicleo
de un complejo que regula la importacion del colesterol
mitocondrial (Issop et al., 2015). Datos recientes sugieren
que la TPSO, aunque forma parte del sitio de contacto, no
es indispensable para el transporte del colesterol (Tu et al.,
2014; Morohaku et al., 2014). Adicionalmente, se ha descrito
que la asociacion entre las proteinas Tom22, Tim23, Tim 50,
y la 3BHSD2 puede repercutir en la esteroidogénesis (Pawlak,
Prasad, Thomas, Whittal & Bose, 2011; Rajapaksha et al.,
2016).

Nuestro grupo de trabajo sugiri6 un modelo para la
participacion de la STARD3 en las mitocondrias de la
placenta humana (Esparza-Perusquia et al, 2015) donde
se propone que las gotas lipidicas contienen proteinas
constituyentes de los complejos de fusiéon de membranas
denominados SNARE (soluble N-ethylmaleimide-sensitive
factor attachmentprotein receptor), entre las que incluyen las
a-SNAP, syntaxina 3, 7 y 12, syntaxina-Binding Protein-2,
syntaxina-Binding Protein-3, y VAMP-8, que podrian estar
participando en el transporte del colesterol en las mitocondrias
de la placenta humana. Se ha demostrado que la proteina
SNAP promueve la interaccidon entre las gotas de lipidos y
las mitocondrias, y que en las células esteroidogénicas las
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SNARE se expresan como Syntaxina-17, SNAP-23 y SNAP-
25 (Grant et al., 1999; Steegmaier,Oorschot, Klumperman &
Scheller, 2000; Jagerstrdm et al., 2009). Estas observaciones
sugieren que las proteinas SNARE podrian contribuir en el
mecanismo de transporte del colesterol a las mitocondrias
esteroidogénicas, muy probablemente mediante la promocion
de la interaccion funcional entre las gotas de lipidos, el
reticulo endoplasmico, los endosomas y las mitocondrias.
En las células del sinciciotrofoblasto, la proteina STARD3
puede ser incorporada en las mitocondrias a través de estos
complejos y ser transformadaa su forma activa por proteasas
mitocondriales (Esparza-Perusquia ef al., 2015), favoreciendo
su incorporaciéon o participacion en los sitios de contacto
(Uribe, Strauss & Martinez, 2003; Miller & Bose 2011) y
promover el transporte del colesterol para la sintesis de la
progesterona (Strauss, Kishida, Christenson, Fujimoto &
Hiroi ,2003).
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Steady-state persistence of respiratory syncytial virus

in a macrophage-like cell line and identification of
non-synonymous mutations through sequencing of
the persistent viral genome
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Abstract: Persistent viral infection in cell cultures have been categorized at least as in
“carrier-state”, where there exists a low proportion of cells infected by a lytic virus, and as in
“steady-state”, where most of cells are infected, but in absence of cytophatic effect. Here, we
showed that human respiratory syncytial virus (hRSV) maintained a steady-state persistence in
the macrophage-like cell line P388D1 after 120 passages, since the viral genome was detected in all
of the cells analyzed by fluorescence in situ hybridization, whereas only defective viruses were
identified by sucrose gradients and titration assay. Interestingly, up to 8.0+7.0% of the cells
harboring the hRSV genome revealed undetectable expression of the viral nucleoprotein N;
however, when this cell population was sorted by flow cytometry and independently cultured,
hRSV protein expression was induced at detectable levels since the first post-sorting passage,
supporting that sorted cells harbored the viral genome. Finally, sequencing of the persistent hRSV
genome obtained from virus particles collected from cell-culture supernatants, allowed
assembling of a complete genome sequence that displayed 38 nonsynonymous mutations
distributed in ten of the eleven viral proteins. Eight of the 38 nonsynonymous mutations have
been previously characterized and they were related to alterations in viral assembly or budding,
membrane fusion and evasion of the antiviral response.

Keywords: Respiratory syncytial virus; viral persistence; steady-state persistence; defective
viruses; viral genome sequencing.
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1. Introduction

Persistent infection is a relevant strategy for many viruses to be long-term maintained within a host
population, since silent viral transmission may be allowed from healthy carriers, although viral
persistence could also lead to life-threatening chronic diseases. Human respiratory syncytial virus
(hRSV) is an enveloped Orthopneumovirus from the Pneumoviridae family, with genome encoded in a
non-segmented negative strand RNA with approximately 15,200 nucleotides of size and tropism for
epithelial cells and macrophages of the respiratory tract [1-3]. The hRSV genome consists of ten
genes, NS1-NS2-N-P-M-SH-G-F-M2-L, encoding eleven proteins, since the M2 gene has two
overlapping open reading frames expressing M2-1 and M2-2 [4]. Eight RSV proteins are structural,
whereas the NS1, NS2 and M2-2 are non-structural proteins with relevant roles in immune evasion
and regulation of genome transcription/replication, respectively [5-7].

Globally, hRSV is the main etiological agent of severe acute lower respiratory infection (ALRI) in
children under five years and it was estimated in 2015 a total of 33.1 million of RSV-ALRI, with 3.2
million of hospital admissions and 59,600 in-hospital deaths; of relevance, forty-five percent of
hospitalizations occurred in infants younger than six months [8]. RSV-ALRI early in life has been
associated to respiratory diseases such as wheezing and asthma-like symptoms in later childhood
[9-13], which is highly prevented by Palivizumab prophylaxis in children without a family history
of atopy, suggesting that RSV predisposes to long-term airway hyperreactivity in an
atopy-independent mechanism [13,14]. It has been proposed that hRSV persistence in the
respiratory tract may be at least one mechanism associated to recurrent asthma-like symptoms [15].
Experimental models in rats, mice and guinea pigs have shown that hRSV persists in wvivo,
according to long-standing detection of viral antigens, recovery of viral RNA and isolation of
infectious virus in pulmonary tissue [16-19]. Evidence of hRSV persistence in humans is limited,
but some studies have reported viral RNA in respiratory and non-respiratory tissues of
asymptomatic children and adults [20-23], as well as in respiratory secretions of
immunocompromised patients [24]. Cell lines as in vitro models are useful tools to evaluate
mechanisms and potential target cells for virus persistence; in such a way, epithelial cells, dendritic
cells and macrophages have been persistently infected by hRSV [25-27].

Persistent viral infection in cell cultures has been classified in at least two types: carrier-state and
steady-state. In the former, only a small proportion of cells are productively infected, functioning as
a permanent source of virus that is delivered to the extracellular medium to be transmitted
horizontally to the constantly growing uninfected cell population. In steady-state persistence, most
cells are infected and both, virus and cell multiplication, are maintained without cell destruction
[28,29].

We have studied persistence of hRSV in the macrophage-like cell line P388D1 for over 120 passages
and our observations indicate hRSV alters cell survival, IFN-I response and nitric oxide production
to persist [30-32]. Most of our persistently hRSV-infected macrophage-like cultures are constituted
by >90% of cells expressing viral proteins [31,32]; however, we have also identified some cultures
with <70% of hRSV positive cells after storage in liquid nitrogen, suggesting it could be associated
to a carrier-state. Herein, we report that hRSV established no a carrier-state, but a steady-state
persistence in the P388D1 cell line, since viral genomic RNA was detected in all of the cells analyzed
by fluorescence in situ hybridization, whereas only defective viruses were identified through viral

titration and sucrose gradients. Additionally, genomic RNA was isolated from virus particles
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collected from cell-culture supernatants and sequenced to determine changes experienced in the

hRSV genome after several passages.

2. Materials and Methods

2.1. Cell lines and virus

Persistently RSV infected macrophage cultures (M®P) were obtained and characterized in our
laboratory from surviving cells after acute infection of the mouse macrophage-like cell line P388D1
at multiplicity of infection of 1 (m.o.i. of 1), with the wild type hRSV Long strain (VR-26, ATCC), as
previously described [25]. Viral persistence was constantly monitored (every two or three weeks)
through expression of three structural proteins by direct immunofluorescence (section 2.2). M®P
cultures showed non-cytophatic effects and have been subcultured or passaged for over 120 times
in RPMI-1640 culture medium (Gibco), supplemented with 5% fetal bovine serum (Biowest), 1%
penicillin-streptomycin (Invitro) and 1 uM 2-mercaptoethanol (Sigma). This work was performed
with passages 120-150. The original P388D1 cell line was used as a non-infected control (M®N) and
was maintained under similar culture conditions as M®P. The human epithelial cell line HEp-2 and
the monkey kidney epithelial cell line Vero E6 were cultured in Dulbecco’s Modified Eagle Medium
(DMEM; Gibco), supplemented with 5% fetal bovine serum, 10 nM HEPES (Sigma) and 1%
penicillin-streptomycin. HEp-2 cells were acutely infected at m.o.i. of 0.5 with the RSV Long strain
for 72 h to compare buoyant density of viruses produced under this condition and buoyant density
of viruses in MOP cultures (see section 2.5).

Infectious hRSV from M®P cultures were quantified in HEp-2 and Vero E6 cells through a limiting
dilution method, with viral titers expressed as the 50% tissues culture infectious dose per ml
(TCIDso/ml).

2.2. Direct immunofluorescence

Percentage of persistently RSV infected cells in M®P cultures was evaluated by direct
immunofluorescence. MOP were fixed with 4% p-formaldehyde on ice and permeabilized with
0.3% saponine at room temperature (15 min each step). After blocking non-specific binding sites (30
min) with blocking solution (5% neonate bovine serum (Bioexport) in PBS), a mix of FITC-labeled
monoclonal antibodies against three hRSV structural proteins was added by using the IMAGEN
Respiratory syncytial virus kit (anti-hRSV-FITC; Oxoid), diluted 1:10 in blocking solution. MON
were stained under the same protocol to confirm binding specificity of the FITC-labeled anti-hRSV
antibody (internal negative control). Percentage of FITC* cells (hRSV-protein* cells) was determined
by flow cytometry in a FACS Calibur (BD Biosciences). Unstained M®P or MON were used as

negative controls, to determine background fluorescence.

2.3. Cell sorting

FITC™ and FITC* cells were isolated from M®P cultures with <70% of hRSV-protein* cells (passages
120, 123 and 126) in a FACS Aria II cell sorter (BD Biosciences), after staining with the
anti-hRSV-FITC, although cells were not permeabilized. Each subset was defined in a fluorescence
histogram and extreme opposed regions, corresponding to FITC™ and FITC* populations were
selected for sorting. Recovered cells were independently cultured in supplemented RPMI during

four to five days before the first, post-sorting passage. Immunofluorescence to determine
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percentage of hRSV-protein* cells in consecutive post-sorting passages was performed in fixed and

permeabilized cells (as described in section 2.2).

2.4. Fluorescence in situ hybridization and indirect immunofluorescence

Fluorescence in situ hybridization (FISH) for hRSV genomic RNA (hRSV-gRNA) in M®P cultures
was performed with a pool of 29 single stranded DNA probes (20 nucleotides), detecting targeted
positions from 1140 to 2285, encompassing the nucleoprotein N gene (GenBank: AY911262.1). Each
probe was labeled with the red fluorophore Quasar 570 (Biosearch Technologies). M®P and M®N
were plated onto coverslips (2.5x105) in 48-well plates and incubated overnight to allow adherence.
Cells were washed with PBS and fixed with 4% p-formaldehyde (10 min) and then permeabilized in
0.3% saponine (15 min). Permeabilized cells were treated with wash buffer containing 10%
formamide and 2x saline sodium citrate (2x SSC; 0.3 M NaCl and 0.03 M sodium citrate, pH 7.4).
Heat denaturalized DNA from salmon testes (Sigma), was added at 0.5 mg/ml in hybridization
buffer (wash buffer plus 5% Ficoll 400) for 2 h at 37°C. After washing twice, specific DNA probes
were added at 4 nM in hybridization buffer overnight at 37°C under constant agitation. Two
stringency washes were performed to eliminate unbound probes (30 min each). Indirect
immunofluorescence was performed immediately with the anti-N primary antibody (sc-58001;
Santa Cruz Biotechnology), dilution 1:100 in 3% neonate bovine serum in PBS (30 min), followed by
a FITC-labeled secondary antibody 1:100 (sc-2010; Santa Cruz Biotechnology). Nuclear staining was
performed with 0.8 pg/ml Hoechst 33342 (Invitrogen). Cover slides were mounted with 6 ul of
mounting fluid (Oxoid). Fluorescence imaging acquisition was performed in a microscope Leica Las
X (Leica). Auto-fluorescence of unstained cells was a reference to set the threshold for positive
staining of probes and antibodies.

Percent of hRSV-protein* cells by confocal microscopy was calculated by counting cells expressing
the N protein in at least three different microscopic fields, from three independent experiments and

compared to percentages obtained from immunofluorescence analyzed through flow cytometry.

2.5. Sucrose gradients and buoyant density

Virus buoyant density was determined by analysis of viral pellets through sucrose gradients.
Supernatants from M®P cultures or acutely infected HEp-2 cells (72 h post infection) were collected
and centrifuged at 59,000xg, 4°C (2.5 h) in a SW45 Ti rotor. Pellets were resuspended in 10 mM
Tris-HCl pH 7.5, loaded in a lineal sucrose gradient (20-60%) and centrifuged at 59,000xg, 4°C (2.5
h) in a SW28 rotor. Gradients were fractionated from bottom to top in 0.5 ml and optical density at
280 nm (O.D. 280 nm) was determined by spectrophotometry, whereas refraction units were
determined with a hand-held refractometer (Atago). Buoyant density (p) was calculated as
p20°C=2.73291 - 2.6425, where n=refraction units [25].

2.6. Virus genome sequencing

Viral genome sequence was obtained from RNA extracted from viral pellets enriched through
centrifugation of supernatants collected along five passages from M®P cultures sorted as FITC™ and
FITC+ (10-15 post-sorting passages), at 59,000xg, 4°C (2.5 h). Viral pellets were resuspended in 10
mM Tris-HCl pH 7.5 (90 ul) and treated with 5 U DNase I (Invitrogen) at 37°C (30 min) and 100
pg/ml RNase A (Invitrogen) at 37°C (15 min). After nucleases treatment, RNA was immediately
extracted with the QIAmp Viral RNA kit (Qiagen), according to the manufacturer’s instructions.
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Depleted RNA was directly fragmented by using the Illumina TruSeq Stranded mRNA Sample
Preparation Kit ([llumina) and two libraries, (Persistent_ hRSV_F-and Persistent_ hRSV_F*), were
constructed according to the manufaturer’s instructions.

Five millions reads per sample were obtained and RSV genomes were assembled de novoe using
Spades (v.3.12.0.); contigs were mapped against the VR-26 strain of the hRSV (GenBank accession
no. AY911262.1). Best alignment was for hRSV with 98.8% of coverage for each sample, with depth
of 769x and 552x for Persistent_hRSV_F-and Persistent_ hRSV_F*, respectively; genome sequences
are available at the National Center for Biotechnology Information (GenBank accession no.
MT492012 and MT492011).

2.7. Statistical analysis
Mean=standard deviation from three independent experiments was determined by using GraphPad

Prism software.

3. Results

3.1. Detection of the hRSV genome in M®P cultures through fluorescence in situ hybridization

The M®P cultures have been previously studied to determine alterations in the biology of the host
cell, associated to maintenance of hRSV persistent infection [30-32]. Our previous reports were
performed in cultures of M®P with >90% of hRSV-protein* cells, according to direct
immunofluorescence with anti-hRSV-FITC antibodies and analysis by flow cytometry (Figure 1).
However, we also observed few M®P cultures with <70% cells expressing viral proteins after
storage in liquid nitrogen (Figure 1); this type of cultures were of interest in this work to study

whether M®P cultures were carrier- or steady-state.

(a) (b) (©
100 100 1007
75 \ﬂi’ 61.0%
g ||} ———
250] [}
U J
25 f
_ N
10> 100 10®  10° 10 10° 10" 10° 100 10 10° 100 10° 100 10°
RSV-FITC RSV-FITC RSV-FITC

Figure 1. Persistently hRSV infected macrophages (M®P) were analyzed by direct immunofluorescence
and flow cytometry to determine percentage of cells expressing viral proteins. Three different M®P cultures
were identified with high a) or intermediate b), c) percentage of cells expressing hRSV proteins after one week

of their independent thawing from liquid nitrogen.
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First, we evaluated the amount of cells harboring the hRSV-gRNA through FISH and confocal
microscopy by using DNA probes directed against the whole hRSV N gene, along with analysis of
N protein expression by indirect immunofluorescence (Figure 2a). This assay was performed with
MO®P cultures displaying less than 82% cells expressing viral proteins, according to flow cytometry
(Table 1). Interestingly, confocal microscopy revealed a regular cytoplasmic distribution of viral
RNA in every single cell from M®P cultures, whereas the nucleoprotein N was observed with
variable expression and forming small or large aggregates (Figure 2a and 2b), in agreement with
morphology of inclusion bodies, previously described during hRSV replication [33]. We also
observed some cells with cytoplasmic hRSV-gRNA but undetectable expression of N protein
(Figure 2a). In merged images, red fluorescence from the DNA probes was deeply intense, whereas
green fluorescence from the anti-N antibody was in some cases almost imperceptible, mainly in
cells with low levels of N protein. As expected, mock-infected macrophages (M®N) did not bind
either DNA probe against the hRSV-gRNA or the anti-N antibody.

Besides, we calculated the percentage of cells expressing the N protein in at least three different
microscopic fields from three independent M®P cultures and such value was compared to that
obtained by flow cytometry; bright field was useful to improve visualization of cells with low N
protein expression (Figure 2b). Results showed higher percentage of hRSV-protein* cells analyzed
by confocal microscopy than that by flow cytometry (Table 1), although this difference was not
statistically significant (p=0.058). It is important to consider that data from table 1 were calculated
with 358.1+79.6 cells from each of the three independent M®P cultures, whereas 10,000 events were
considered for analysis by flow cytometry. Thus, we observed hRSV-gRNA in all of the cells in
M®P cultures, as expected in steady-state persistence, despite the fact that viral protein expression

was not always detected either by confocal microscopy or flow cytometry.
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(a) Anti-N (FITC) gRNA (Quasar 570)

M®N

Mo®P

Table 1. Percentages of hRSV-protein” cells by two methods

hRSV-protein” cells (%)
M®P culture Flow cytometry Microscopy

1 67.50 95.10

2 79.30 84.00

3 82.10 97.00
Mean+SD 76.3+7.7 92.0+7.0

Figure 2. Intracellular distribution of hRSV genomic RNA (hRSV-gRNA) in M®P cultures was analyzed
by FISH and expression of the N protein determined by indirect immunofluorescence. Non-infected
macrophages (M®N) were used as negative control. (a) Nucleus staining was performed with Hoechst 33342
(blue), N-protein was detected with an anti-N antibody followed by a FITC-labeled secondary antibody
(green) and the hRSV-gRNA detection was achieved with Quasar 570-labeled DNA probes directed against the
N gene (red). White arrows point to a cell with low N protein expression, high level of hRSV-gRNA and
imperceptible green signal in merge image. Yellow arrows point to a cell with undetectable N protein
expression, even though hRSV-gRNA was distinguished. Images were captured with a 63x objective. Scale
bars: 15 um. (b) Brigh field was used for contrast green fluorescence, in order to distinguish cells expressing
low levels of N protein. Black arrows point to cells with few, tiny N protein aggregates; every cell with low or
high expression of N protein was counted to calculate percentage of hRSV-protein* cells by confocal
microscopy and this value was compared to percentages obtained through flow cytometry (Table 1).

Percentages were calculated from three independent M®P cultures.

3.2. Flow cytometric cell sorting of hRSV-protein positive and hRSV-protein negative cells from MOP

cultures

Next, we used anti-hRSV-FITC antibodies to sort FITC™ and FITC* cells from M®P cultures by using
flow cytometry; afterwards, cells were independently cultured to evaluate their behavior regarding
viral protein expression throughout subsequent subcultures. High purity of FITC™ cells was

achieved by sorting (96.4x1.2%), whereas purity of FITC* cells was much lower (61.0+6.8%),
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indicating that they were contaminated with negative cells (Figure 3). After their independent
culture during four to five days, the first post-sorting passage was evaluated regarding hRSV
protein expression. Under such condition, 53.9£16.4% of hRSV-protein* cells were observed in the
cultures sorted as FITC™ (hereafter called as csFITC™), with a progressive increase up to 94.3+2.9% at
passage six and then, a slight but constant decrease up to 79.2+8.2% at passage 15 (Figure 3). In
cultures sorted as FITC* (hereafter called as csFITC*) 68.5£10.8% hRSV-protein* cells were observed
in the first post-sorting passage, with gradual augment to 97.2+2.0% at passage six and decline to
82.5+12.6% in the last passage. These results suggested that FITC™ cells harbored the hRSV-gRNA,
whereas protein expression was low-to-undetectable but with potential to be reactivated to higher

levels after sorting and independent culture.
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Figure 3. Sorting and independent culture of cells with positive and negative expression of hRSV
proteins. Cells expressing or not hRSV proteins in M®P cultures were identified by direct immunofluorescence
and flow cytometry with anti-hRSV-FITC labeled antibodies. FITC- and FITC* cells were sorted, cultured
independently and percentage of hRSV-protein* cells was evaluated during 14 consecutive post-sorting
passages. Percentage of FITC- and FITC+ cells at time cero was determined according to purity of each cell

population recovered. Data represent average=SD of the three independent M®P cultures.

3.3. Buoyant density and tittering of persistent hRSV from M®P cultures

In persistent carrier-cultures, infectious viruses are normally detected in supernatants [34,35];
therefore, we examined the presence of infectious hRSV in supernatants from M®P cultures.
Through titration in HEp-2 cells by limiting dilution (TCIDso), we did not detect infectious viruses
in at least five different passages (120, 122, 135, 149 and 150), since cytopathic effect was

undetectable. Nevertheless, titration in Vero E6 cells showed cytopathic effect sometimes in the first
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logiw dilution resulting in viral titers of 255.7+202.6 TCIDso/ml, indicating infectious viruses were
produced at low levels. Accordingly, we determined virus buoyant density by sucrose gradients.
Reported buoyant density for hRSV is 1.17-1.20 g/ml [36] and we calculated average density of
1.072+0.009 g/ml for viruses in M®P cultures (Figure 4), indicating primarily production of
low-density, defective virus. As a control, we also determined buoyant density of hRSV produced
in acutely infected HEp-2 cells (72 hours post infection), obtaining an average density of 1.195+0.18
g/ml, with low frequency of defective viruses (Figure 4); besides, viral titer during acute infection
was of 2.40+0.55x106 TCIDso/ml. Accordingly, absence of infectious viruses support our previous

observations that RSV established a steady-state persistence in macrophage-like cells.

1.1- 1.06
1.0
0.9 1.05
08 -+ M®P (

: o HEp-2+hRSV

(72 h post-infection)

0O.D. 280 nm

Fraction number

Figure 4. Buoyant density of viral particles in M®P cultures and in HEp-2 cells infected at m.o.i. of 0.5 for
72 h was determined through sucrose gradients. Supernatants from hRSV-infected cells were fractioned in
sucrose gradients and buoyant density of each fraction was calculated; optical density at 280 nm was also
evaluated. Buoyant densities are indicated in fractions that show absorbance at 280 nm. Data represent the

average=SD of three independent M®P or acutely infected HEp-2 cells.

3.4. Sequencing of the persistent hRSV genome

Finally, we sequenced the persistent hRSV genome obtained from viral particles in supernatants of
two independent M®P cultures, csFITC- and c¢sFITC*. Supernatants were collected from both types
of M®P cultures along 10-15 post-sorting passages that showed approximately 80% hRSV-protein*
cells. After RNA was extracted from virus pellets, two sequencing libraries, Persistent_hRSV_F-and
Persistent_hRSV_F*, were constructed for samples from csFITC- and csFITC*, respectively. One

contig of 15,227 nucleotides per sample was obtained with 98% identity with respect to the
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reference sequence, strain Long VR-26 (GeneBank accession no. AY911262.1), used to establish our
persistently hRSV infected culture.

A total of 38 nonsynonymous mutations were detected in the persistent hRSV genome (Figure 5), of
which, 34.2% occurred in protein F, 18.4% in protein G, 10.5% in protein NS1 and 7.9% or 10.5% in
the polymerase L. Results were identical for the genome of virus collected from csFITC™ and
csFITC* cultures, except in protein L of virus from the last culture that showed an additional
substitution (Q1112R, Table 2). Frequency of nonsynonymous mutations in each viral protein was
calculated in regards to total amino acids (protein length), indicating similar mutation frequency for
F and G proteins (Figure 5), while protein NS1 showed the higher mutation frequency with respect

to all other viral proteins.

Number of nonsynonymous mutations in hRSV proteins

4 1 3 2 2 1 7 13 1 0 *3—4
v Vv v v v vV Vv Vv |V A 2 v
"Nst N2 0 N P M SH G F M2-1 M2-1 L

(2.87) (0.80) (0.76) (0.82) (0.78) (1.60)(2.34) (2.26) (0.51) (0.00) (0.14-0.18)

Nonsynonymous mutation frequency** (%)

Figure 5. Schematic representation of hRSV genome and number of nonsynonymous mutations identified
after sequencing the persistent viral genome of M®P cultures. Viral RNA was obtained from hRSV recovered
by ultracentrifugation of supernatants from two independent M®P cultures (csFITC- and csFITC*).
Independent sequencing was performed and nonsynonymous mutations were identified. Numbers on the top
of the diagram correspond to quantity of nonsynonymous mutations identified in the corresponding protein,
while numbers into parenthesis represent the **frequency of nonsynonymous mutations, calculated as a
percentage per total amino acid number of each viral protein. *3 and 4 mutations were observed in the

polymerase L, in csFITC- and csFITC* respectively.

We found previous reports describing biological effects of substitutions in eight of the 38 positions
identified by us with nonsynonymous mutations (Table 2). Thereby, substitutions in proteins N
(1270V), P (S116P), G (D6V) and F (K68Q, I79M, N126D, M526L, C550S), might alter viral assembly
or budding, antibody recognition, triggering of virus-cell fusion and cell-cell fusion, as well as
replication of the viral genome [24,37-42], in agreement with our observation of defective viruses.
The other 30 substitutions, most of them located in proteins G and F, have not been described and
their biological effect and contribution to hRSV persistence remains unknown; however, we
included in table 2 commentary for some of them with regard to their localization or proximity to

other characterized mutations.
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Table 2. Substitutions observed in the persistent hRSV genome and potential biological effects.
Gen Substitutions Biological effect Commentaries References
NS1 E21K Uncharacterized - _

V82A Uncharacterized - -
E91G Uncharacterized - -
T123S Uncharacterized —-NS1 a-helix-3 is constituted by residues [55]
119-134.
—Substitutions Y125, L132/L133 and a-helix-3
truncation, reduce NS1-mediated suppression
of the antiviral response.
NS2 T90A Uncharacterized —P36, L52 and P92 residues are required for [57]
NS2 ubiquitination activity, targeting STAT2
for proteasomal degradation.
N K60E - - -
H89Q Uncharacterized - -
1270V Directly involved | —Core RSV polymerase complex consists of L [37]
in interaction with | and P, but N and M2-1 are also required.
viral P protein —I1270A abrogates interaction with P protein
and significantly reduces polymerase activity.
P N75D Uncharacterized - -
S116P Phosphorylation -S116, S117, S119, S232 and S237 are [47,50,51]
site phosphorylation sites; mutation or
dephosphorylation reduce N-P interaction
and hRSV budding from infected HEp-2 cells.
—-M2-2-dependent transcriptional inhibition
requires simultaneous phosphorylation of
S116, S117, S119.
M M431 Uncharacterized - -
T133I1 Uncharacterized - -
SH T38A Uncharacterized - -
G Dév Involved in | —-D6A substitution reduced 3-fold the [38]
interaction ~ with | interaction of G with matrix M protein
viral M protein (cytoplasmic domain).
G29C Uncharacterized —Position inside cytoplasmic domain [50]
150T Uncharacterized —Position inside transmembrane domain [50]
T1131 Uncharacterized - -
T1331 Uncharacterized - -
1189V Uncharacterized - -
N294K Uncharacterized - -
F K68Q Triggering of | —A positively charged residue in position 68 is | [39,46]
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membrane fusion
and  recognition

by a neutralizing

essential to mediate membrane fusion and
viral entry.

-K68N substitution is associated to low

antibody binding affinity of the neutralizing mAb
MEDI8897.
79M Stability of the | —I79A resulted in absence of membrane fusion, | [40]
pre-fusion possibly by premature transition to the
conformation post-fusion conformation.
N8OK Uncharacterized — -
T101P Uncharacterized — -
N126D N-glycosylation -N126Q substitution does not alter either F [41]
site protein expression or membrane fusion
(position within p27 peptide).
1152T Uncharacterized -Position inside fusion domain [54]
1292V Uncharacterized — -
T323S Uncharacterized — -
Y391H Uncharacterized — -
E497A Uncharacterized — -
H515N Uncharacterized — -
M526L Uncharacterizedb | —-Mb526I substitution was observed in a SCID** | [24]
ut M526] has been | patient with persistent RSV infection, after BM
observed transplant and rising in CD8 T cell count.
C550S Palmitoylation —C550 is a palmitoylated residue of the [42]
site cytoplasmic domain.
—C550S does not alter F expression, although
membrane fusion increased partially.
M2-1 T110A Uncharacterized - -
M2-2 None - - -
L G412S Uncharacterized —Position inside **RdRp domain [47]
QI1112R* Uncharacterized —Position inside **PRNTase domain
V11241 Uncharacterized —Position inside **PRNTase domain
K1602R Uncharacterized —Position inside connector domain

*Only observed in hRSV from csFITC*

**SCID, severe combined immune deficiency; RdRp, RNA-dependent RNA polymerase domain; PRNTase,

polyribonucleotidyl transferase or capping domain
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4. Discussion

Considering that epithelial cells and macrophages are susceptible to hRSV infection in the
respiratory tract [1-3], we previously studied alterations in the biology of macrophage-like cells
during hRSV persistence and described some mechanisms related to maintenance of such long-term
viral infection [30-32]. Herein, we focused on features of the virus present in M®P cultures after
several passages and present evidence that hRSV established a steady-state persistence, since
hRSV-gRNA was detected in all of the cells in culture, despite the fact that some of them displayed
low-to-undetectable N protein expression, according to flow cytometry and confocal microscopy.
We also observed a predominant production of defective viral particles and presented for the first
time the sequence of a persistent hRSV genome that has been maintained in vitro throughout 120
passages. The persistent hRSV genome showed 38 non-synonymous mutations distributed in ten
viral proteins; only eight substitutions have been previously studied and are mainly related to
alterations in viral assembly or budding, membrane fusion and possibly in evasion of the antiviral
response.

M®P has been subcultured for more than 120 passages by means of repeated freezing and thawing;
normally we observe cultures with more than 90% of cells expressing hRSV proteins after thawing
from liquid nitrogen. However, we also detected some cultures from different passages with
relatively low percentage of infected cells (<70%) and such observation initially suggested that the
virus might have sometimes low rates of replication, allowing high proliferation index of the
uninfected cell population, as in a carrier-state persistence. However, detection of hRSV-gRNA by
FISH in the whole culture and the evidence of a small cell population without N protein expression,
suggested hRSV established a steady-state persistence in the macrophage-like cell line P388D1 and
we propose the hypothesis that some cells may preserve the viral genome in silent form. Actually,
we calculated by confocal microscopy up to 8.0£7.0% hRSV-gRNA* cells, with undetectable N
protein expression. Sorting and independent culture of FITC™ cells showed since the first
post-sorting passage, about 50% hRSV-protein* cells and a progressive increase at subsequent
subcultures, supporting the evidence that this cell population preserved intracellularly the viral
genome. We do not discard that the sorted hRSV~ population may have included cells with very
low levels of viral proteins, essentially because we did not permeabilized them during
immunofluorescence to preserve viability, then, selection of FITC™ and FITC* cells was set up
according to their surface protein expression. When we compared percentages of hRSV-protein*
cells analyzed by flow cytometry and confocal microscopy after cell permeabilization (Table 1), the
last method provided higher values though without statistical significance. As percentage of
hRSV-protein* cells was determined by flow cytometry from 10,000 events, whereas percentage by
confocal microscopy was calculated from <500 cells, the former method could be considered more
reliable. However, overlapping between the autofluorescent cell population (control) and cells with
low expression of viral proteins by flow cytometry, could avoid accurate definition of positives and
negatives during analysis, resulting in underestimation of hRSV-protein* cells.

It has been advised that numerous cycles of freezing and thawing could lead to phenotypic and
functional changes in cell lines, although mechanisms have not been described [43]; we consider
such effect as a possibility in M®P, but if this was the case, alterations in hRSV-gRNA transcription

and translation were apparently reversible after independent culture of FITC™ cells.
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Previous reports have shown that positive-sense single stranded RNA viruses maintain their
genome during persistence as double stranded RNA, in absence or with low level of viral protein
expression (e.g. porcine reproductive and respiratory syndrome virus, and Seneca virus A) [34,44].
In negative-sense RNA viruses, both dsRNA and structural viral proteins have been observed,
although studies have been performed only during acute infection [45]. We did not discard that
FITC" cells from M®P cultures might be silent reservoirs of hRSV-gRNA; therefore our observations
warrant further research to determine mechanisms associated to viral genome maintenance in the
host cell during persistence.

On the other hand, we previously reported that relative expression of hRSV genome is 11-fold
higher in M®P at 24 h of culture with respect to acutely infected macrophages at 24 h post-infection,
and 2000-fold greater in M®P compared with M®N (non-infected control) [32]. Hence, despite
hRSV genome is actively replicated in M®P, infectious viral particles are absent as we identified
only low-density defective virus (Figure 4). Such defective viruses were detected since early
passages of the M®P culture (after passage 11; [25]); however, they were mixed with infectious
viruses displaying densities of 1.18 g/ml. Thus, after passage 120 we only identified viruses with
undetectable infectivity in HEp-2 cells and very low infectivity in Vero cells (which do not produce
type-I interferon), suggesting that progressive subculture of M®P produced cumulative changes in
the viral genome.

Sequencing of the genomic RNA from defective viruses in M®P supernatants, showed a full-length
genome with 38 nonsynonymous substitutions in ten of the eleven viral proteins, being F, G and
NS1 the proteins with higher mutation frequency (Figure 5); previous reports have described eight
of the 38 identified mutations [37-42,46,47].

Substitutions in the polymerase complex. The polymerase complex required for replication and
transcription of the hRSV genome consists of the large protein or L polymerase, the phosphoprotein
P, the nucleoprotein N and the processivity factor M2-1. N protein associates with nascent genomic
RNA possibly to modulate elongation during replication (increasing polymerase processivity) and
avoiding viral RNA destruction by cellular nucleases and/or recognition by the innate immune
system [48]. P protein is a fundamental polymerase-cofactor that tethers L polymerase to the N-
RNA complex. Other roles of P are as chaperone, preventing association of the recently synthesized
N with host cell RNAs, and recruiting of M2-1 to the polymerase complex for efficient transcription
[49]. Also, P protein has at least five phosphorylation sites of which, S116, 5117 and S119 are
required for M2-2-mediated transcriptional inhibition [50], whereas this phosphorylated form of P
is also able to interact with N protein, contributing to viral assembly and budding from infected
cells [50,51].

We observed a total of ten nonsynonymous mutations in P, N, M2-1 and L proteins of which, only
two have been previously studied: 1) substitution I1270A in N is related to diminished interaction
with P and reduced polymerase activity [37]. Our results showed the comparable substitution 1270V
in protein N from the persistent hRSV; however, we have not evidence of altered polymerase
activity since, as mentioned before, hRSV genome is actively replicated in M®P [32]. 2)
Substitutions S116L/A produce only a slight effect in P protein function, although 5116D abolishes
completely its role during transcription and replication [47]; additionally, the former substitutions
partially affect N-P protein interaction [47,50]. We observed the substitution S116P in P protein and

we do not discard that such proline might be altering N-P interaction and, in consequence, viral
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budding during hRSV persistence, although further experiments are necessary to determine
relevance of this particular mutation.

Unexpectedly, hRSV collected from csFITC*showed a fourth mutation in the polymerase L with
respect to virus from csFITC- that displayed only three mutations. Thus, virus from csFITC*
exhibited two mutations (Q1112R and V1124I) localized in the conserved region V (CRV, residues
956-1437) of the polymerase, involved in addition of a methylated cap to viral mRNAs [52]. Even
tough we need to study biological relevance of having one or two mutations in the CRV, we
observed phenotypic differences between cells from csFITC*and csFITC-, as the former culture
presented abundance of cells with a more rounded morphology and less firmly attached to surface
of culture dishes.

Substitutions in G protein. The attachment G protein is one of three hRSV envelope

glycoproteins (F and SH are the other two) and displays the highest variability with regards to
other proteins; for this reason it is a reference for virus classification into antigenic subtypes (A and
B) and genotypes [53]. Structurally, G is a type II glycoprotein with cytoplasmic and
transmembrane domains localized in the N-terminal region, and an extracellular domain displaying
only 44% of amino acid identity between subgroups [54,55]. A secreted form lacking the
cytoplasmic and part of the transmembrane (TM) domain is also produced in hRSV-infected cells
and escape mutations in these two domains have been observed in infected cultures under selective
pressure by a neutralizing anti-G antibody, resulting in reduced amounts of full-length G protein
on the cell-surface and into the viral envelope [38].
We found two nonsynonymous substitutions in the cytoplasmic domain of G (D6V and G29C) and
one localized in the TM domain (I50T); position D6 has been described as involved in interaction
with protein M during matrix assembly (located under the viral envelope), although it has been
reported that protein F has a redundant role through its direct interaction with M [38]. Considering
the three substitutions observed in the cytoplasmic and TM domains of G in viruses from M®P
cultures, we do not discard main production of this glycoprotein in its soluble form and assembly
of virions with low levels of this envelope protein. Interestingly, virions released from cells infected
with a G-deleted hRSV, show up to 60% less quantity of SH protein in their envelope [56],
suggesting that a lack of G protein may alter hRSV assembly and possibly its buoyant density.

Substitutions in F protein. Fusion protein F is essential for viral entry through fusion of the
viral envelope with the host-cell plasma membrane, allowing access of the capsid to the cytoplasm
to initiate viral replication; also mediates cell-cell fusion and development of syncytia [57]. Protein F
is expressed in a pre-fusion state on the viral envelope and undergoes conformational changes to a
post-fusion form, upon binding to hRSV receptors that potentially are ICAM-I and nucleolin [58].
Five of the 13 sites with nonsynonymous mutations identified in the persistent hRSV-F protein have
been previously studied. Of relevance, K68 provides a positive charge that is essential for lipid
bilayer fusion [39]; our finding of the K68Q substitution might be related to absence of syncytia in
MO®P cultures and the low-to-undetectable viral infectivity. Also, 179 is related to stability of the
pre-fusion conformation and an earlier report indicates I79A substitution avoids membrane fusion,
probably by premature transition to the post-fusion conformation [40]; we observed the 179M
substitution, which may have similar consequences. It is also notable the uncharacterized
substitution 1152T localized inside the fusion peptide [59], which might affect the hydrophobic

property of this domain, since threonine is a polar amino acid. In summary, substitutions K68Q,
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I79M and I152T may be associated to altered viral-cell fusion and cell-cell fusion processes in M®P
cultures.

Furthermore, a substitution M526] in F was reported in an infant with severe combined
immunodeficiency syndrome and persistent hRSV infection (>70 days virus detection in respiratory
samples), but only after bone marrow transplant [24]. Biological relevance of this substitution was
not studied; however, authors proposed it might be associated to specific or nonspecific immune
responses [24]. Considering it was observed a M526L substitution in the persistent hRSV from M®P
cultures, we suggest it might be associated to innate immune pressure.

Substitutions in NS1. The two nonstructural proteins, NS1 and NS2, are hRSV molecules
responsible of suppressing the type I interferon (IFN-I)-mediated antiviral response [60]. Even
though the substitutions we observed in NS1 protein have not been previously characterized, it is
notable that the T123S (Table 2) is inside the NS1 helix a-3, which is a determinant domain for
innate immune modulation [61]. We previously reported that nuclear localization of IRF-3 and
synthesis of IFN-f are constitutive in M®P, however, autocrine response to this cytokine is blocked,
and recombinant-IFN-B does not induce either STAT-1 phosphorylation or antiviral gene
transcription [31]. Further research is necessary to determine whether the T123S substitution in NS1
altered its role, as suppressor of IFN-I synthesis in M®P, enabling NS2 as main antiviral effector
[62] contributing to maintenance of hRSV persistence. Notably, replication of defective viruses
(from supernatants of M®P cultures) in HEp-2 cells was not significantly improved in Vero cells,
suggesting that mutations in NS1 and NS2 proteins were not principal determinants for lowering

infectious capacity, as may be mutations in proteins F and G.

5. Conclusions

Our results provided evidence that hRSV established a steady-state persistent infection in
macrophage-like cells, since all of the cells studied from M®P cultures harbored the viral genome,
whereas non-infectious viral particles were mainly produced. However, it is still important to study
mechanisms associated to viral genome transmission and regulation of gene expression during
hRSV persistence. After sequencing the persistent viral genome isolated from virus particles from
MO®P culture supernatants we did not detect either gene deletions or insertions. However, the
nonsynonymous mutations identified and previously characterized, suggested that persistent hARSV
is defective in our in vitro model mainly by alterations at the level of viral assembly, viral budding
and membrane fusion; such alterations may be associated to the long-term infection. Further
characterization of the 30 novel nonsynonymous mutations would be useful to understand the
complex virus-host cell interaction related to hRSV persistence in macrophage-like cells, and as a

possibility, to identify molecular markers of persistent hRSV-infections.
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Chapter 4 )
Proteomics of Lignocellulosic Substrates s
Bioconversion in Anaerobic Digesters

to Increase Carbon Recovery as Methane

Alicia Guadalupe Talavera-Caro, Maria Alejandra Sanchez-Muiioz,

Inty Omar Hernandez-De Lira, Lilia Ernestina Montaiiez-Hernandez,
Ayerim Yedid Hernandez-Almanza, Jésus Antonio Morlett-Chavez,
Maria de las Mercedes Esparza-Perusquia, and Nagamani Balagurusamy

Abstract Anaerobic digestion (AD) is a cost-effective treatment for management of
lignocellulosic substrates, viz., agricultural wastes and animal manures, which also
aids in generation of methane as biofuel. Although the application of AD technology
is increasing, one of the major limitations of the process is that the rate of fermen-
tation is higher than the rate of methanogenesis, which significantly affects process
stability and methane yield. Normally, the souring of digesters can be observed after
2-4 weeks after the initiation of the volatile fatty acids accumulation, which makes it
difficult for early detection and consequently resulting in acidification of digesters.
Of late, metagenomic approaches are gaining importance due to their ability to
reveal the microbial diversity and their dynamics in a relatively short time. However,
their functional nature could not be clearly explained due to the lack of data on their
activity. Recent advances in proteomic studies show its potential as a complemen-
tary technology to metagenomic studies for efficient management of digesters.
Metaproteomic analyses aid in identifying a shift in metabolic paths and in metabolic
networks under stress conditions. This provides insights on functionality, microbial
interactions, and provides data on spatiotemporal variations and their dynamics of
proteins crucial for efficient performance of the digester. Besides, this technique has
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led to identify novel phylotypes with novel functions among the microbial commu-
nities of the anaerobic digesters, which suggest the potential of proteomics in
bioprospection of novel enzymes for industrial purposes. How proteomics along
with metagenomics and transcriptomics data could aid in early detection of distur-
bances in the digesters helps in formulating recovery strategies as well as to increase
the methane content of biogas will be discussed in this chapter.

Keywords Anaerobic digestion - Metabolic networks - Methane - Proteomics

4.1 Introduction

The recent use of lignocellulosic biomass as a renewable energy source has been of
increasing interest due to the environmental crisis and alarming decline in fossil fuel
reserves. In the next few decades, bioenergy will be considered as one of the potential
renewable energy sources, in addition to other renewable energy sources, e.g., wind
and solar. Wide-scale practice of these technologies depends on the economics
involved in their infrastructure and maintenance. Among all, bioenergy from biomass
is constantly investigated due to their easiness in installation and operation. Anaer-
obic digestion (AD) is one of the processes widely used to recover energy from
biomass sources, like animal manures, solid municipal wastes, paper industry wastes,
energy crops, or agricultural wastes, in the form of methane (Nallathambi Gunaseelan
1997).

Anaerobic digestion process degrade/oxidize organic matter under anaerobic con-
ditions by several consortia of different metabolic groups of microorganisms, where
methane (60-70%) and carbon dioxide (30-40%), and other trace gases (< 1% hydro-
gen, nitrogen, ammonia, and hydrogen sulfide) are major end products. However,
methane is the most valuable product because it can be used to generate electricity
and heat (Angelidaki et al. 2003). Methane production in AD process involves four
different steps: hydrolysis, acidogenesis, acetogenesis, and methanogenesis.

Nevertheless, microorganisms carrying out this degradation/transformation reac-
tions differs in their physiology, nutritional requirement, growth kinetics, and are
sensitive to the environment. This characteristics lead to a delicate balance between
all group of microorganisms involved in AD, and any modification can cause
instability and consequently, low methane yield (Adekunle and Okolie 2015). For
this reason, over the last decade, there has been a rapid development in state-of-the-
art techniques to understand the microbial community dynamics, interactions, and
functionality to achieve a proper digester efficiency and stability. Besides, it is
necessary to study the non-culturable microorganisms involved in the process and
its proteome to fill the knowledge gaps in our understanding of the complex
microbial interplay and functionality in AD process.

The study of microbial diversity and gene expression in AD, through
metagenomic and metatranscriptomic analysis, has helped us to reveal “black box™
contents and their role to a certain level. Still, there is limited understanding of all the
possible metabolic pathways that are active throughout the biomethanation process
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and without which, successful operation and maintenance of biodigesters for higher
methane yield. Hence, the interest on metaproteomics of digesters is gaining atten-
tion. This tool can evaluate growth and activity of different microorganisms in
relation to their environment (protein expression and localization), to identify
posttranslational modification, to infer certain protein—protein interactions, amino
acid sequences, and genotypes, besides protein identification (Vanwonterghem et al.
2014). As well, metaproteomic databases can permit to examine targeted biomarkers
from microbial communities for evaluation of the biodigester functioning. In this
chapter, we focus on the contribution of metaproteomic approaches to gain an
insight on the composition of microorganisms sharing similar metabolic structure,
and the shift in their dynamics and functions under certain environmental or induced
conditions in biodigesters employing lignocellulosic substrates as main feedstock.

4.2 Anaerobic Digestion of Lignocellulosic Substrates

Global annual production of available lignocellulosic biomass is 181.5 billion
tonnes. In USA alone, about 1.25 billion tonnes of lignocellulosic biomass is
produced annually, while in Canada, about 69.25 million tonnes are generated
(Paul and Dutta 2018). The use of biomass residues as sources of renewable energy
has increased. Recently, the lignocellulosic-rich biomass feedstocks such as fibrous
food wastes, animal manures, paper industry wastes, agro residues, and energy crops
are mostly used as feedstocks for bioenergy production (Sawatdeenarunat et al.
2015). Apart from biogas production, ethanol and butanol production from ligno-
cellulosic biomass, such as wheat straw, corn cob, and sugarcane bagasse is also
being studied (Jiang et al. 2017).

The major components of the lignocellulosic biomasses are cellulose, hemicellu-
lose, and lignin, which are hydrolyzed through a series of reactions by microorgan-
isms. Cellulose and hemicellulose are the predominant polysaccharides in these
biomass materials. Whereas, lignin is conformed of phenolic polymers, which add
recalcitrance to the complex structure of lignocellulose substrates and limits the
accessibility of polysaccharides by microbial enzymes (Isikgor and Becer 2015;
Liu and Chen 2015). Li et al. (2018) reported the interaction of cellulose, hemicel-
lulose, and lignin components on biodegradability of different lignocellulosic bio-
masses and observed that methane production was favored and correlated with
decomposition of substrates rich in cellulose and hemicellulose, whereas, lignin
was not completely digested (Li et al. 2018).

Nevertheless, the lignocellulosic biomass shows low rate of polysaccharide
hydrolysis due to the presence of lignin (Cesarino et al. 2012). Therefore, to increase
hydrolysis rate, methods of pretreatment have been developed (Ariunbaatar et al.
2014) and becoming crucial to anaerobic digestion process. Pretreatments aid to
overcome limitations and eliminate the barriers to access polysaccharides for deg-
radation, augment digestibility, and consequently increase biogas production from
lignocellulosic biomass residues (Chen et al. 2014). Pretreatment techniques such as
physical (steam explosion, hydro-thermolysis, thermochemical), chemical (alkalis,
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acids, oxidants as organic solvents), nonconventional (ionic liquids), and biological
processes are mostly applied to polysaccharide decomposition (Singh et al. 2015;
Carrere et al. 2016).

Enhancement in methane yield has been reported for several lignocellulosic
residues, which reveal the significant improvements on lignin depolymerization.
However, type of pretreatment depends on the composition of lignocellulosic feed-
stocks (Table 4.1), since the type and accumulation of products after pretreatment
process can either be beneficial or harmful to the microbial consortium of AD process
(Poudel et al. 2012; Ahring et al. 2015).

Additionally, C:N ratio of lignocellulosic-rich substrates is an important param-
eter as high and low ratios were found to have negative impact on the process by
altering pH, and consequently inhibiting growth and activity of microbial commu-
nities in the biodigester (Rahman et al. 2017). In general, to overcome the limitations
due to C:N ratios, the addition of a co-substrate rich in carbon or nitrogen provide
optimum conditions for biomethanation and this process is known as co-digestion.
Selection of suitable co-substrate is important, in order to enhance synergisms, dilute
detrimental compounds, and optimize the methane yield without affecting digestate
quality (Mata-Alvarez et al. 2014; Siddique and Wahid 2018). Hence, research on
the AD process evolves continuously to identify optimum operational conditions and
their relation to the microbial diversity, their function to increase methane yield.

4.3 Recognizing Important Pathways of AD

In terms of energy, anaerobic digestion is a green technology, where biogas produc-
tion is a more efficient method for energy generation from biomass than other
biological and thermochemical conversion processes (Deublein 2009). AD is an
alternative to landfills as a means of organic waste management as AD process
generates energy apart from reducing methane emissions. Similarly, traditional
management of burning conventional forage residues results in atmospheric pollu-
tion and the application of AD process can recover energy from these lignocellulosic
biomass (Braun et al. 2008). The conversion of agricultural waste is commonly
performed in large parallel or serial biodigester systems of different sizes and
designs, known as biogas plants (BGPs). The biodigesters are classified depending
on some conditions; such as temperature of the process (psychrophilic, mesophilic,
or thermophilic), the type of substrate (e.g., silage, animal manure, or dung), and
consistency (e.g., Wet process with low solid content or Dry digestion process with
high solids content) (Mcinerney et al. 1979; Weiland 2010; Angelidaki et al. 2005).

AD is a complex multistep process that is performed by a large consortium of
microorganisms composed of four major groups as mentioned previously, hydro-
Iytic, fermentative, syntrophic acetogenic bacteria, and methanogenic archaea
(Fig. 4.1) (Ferry 1993; Zheng et al. 2014).

First, hydrolytic bacteria hydrolyze biopolymers (lipids, proteins, and carbohy-
drates) to soluble oligomers and monomers (long-chain fatty acids, glycerol, amino
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Fig. 4.1 General map of the four main stages of anaerobic digestion with the most abundant
intermediates influencing methane yield

acids, and monosaccharides) by extracellular enzymes. These compounds are further
converted to volatile fatty acids (VFAs; butyrate, propionate, acetate, among others),
alcohol (ethanol and methanol), H,, and CO, by fermentative bacteria. Eventually,
VFAs greater than C, and alcohols are oxidized to acetate, hydrogen (H,), formate,
and CO, by syntrophic acetogens. Finally, the last group of methanogenic archaea
converts acetate and CO, to methane (Gujer and Zehnder 1983).

In the last AD step (methanogenesis), a complex interplay among different func-
tional microorganisms occurs. Hydrogenotrophic methanogens oxidize H, into meth-
ane (CHy) by using CO,. While the methyl group of acetate or methylamines is reduced
to CH4 by acetoclastic methanogenesis (Schink 1997). Syntrophic acetate oxidation
(SAO) (Schniirer et al. 1999) also occurs under anaerobic conditions, yielding CO, and
H,, which feed the hydrogenotrophic methanogens (Fig. 4.1). Methanogenic stage is
one of the rate-limiting steps as the growth rate of methanogens is low as well as they
are sensible to environmental fluctuations such as pH, temperature, and VFAs concen-
tration (Chen et al. 2008). In addition, several other factors influence biogas yield,
mainly the recalcitrant nature of the substrate, the binding of bacteria on the substrate
during the hydrolysis stage (Angelidaki et al. 2011) and high ammonia concentrations
(Appels et al. 2011).

It is worth to mention, methanogenesis involve an optimal organization and
interaction among different bacterial and archaeal communities, specific syntrophic
interactions, and an imbalance can affect growth and activity of the microbial
communities and could cause a deterioration in reactor performance, and thereby
decreasing the methane yield (Krause et al. 2008; Rastogi et al. 2008; Akuzawa et al.
2011). Understanding the structure of microbial communities, the possible interac-
tions among different microbial groups, and the active metabolic pathways could help
in improving the methane yield. As mentioned earlier, the metaproteomics is a useful
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tool that can provide information on transcription and translation, giving discernment
between regulation of gene expression, protein synthesis, stability, and turnover of
mRNA and proteins synthesized in situ. Of late, this approach has been successfully
applied to laboratory- and full-scale anaerobic systems with potential in biogas
production from lignocellulose substrates, as seen in Table 4.2.

Laboratory-scale digesters systems are scaled-down models to investigate new
different substrate composition, microbial diversity, and its efficiency on organic
matter removal and consequently methane yield potential and for testing new reactor
configurations (Herrmann et al. 2011). These systems allow us to add control tools to
handle several operational parameters and to control a malfunction, if there is any. In
contrast, full-scale BGP represents a bigger challenge in operation and maintenance
and some disturbances are hard to manipulate (Gerardi 2003).

Table 4.2 Overview of metaproteomic studies on AD of lignocellulosic biomass

Reactor type ‘ Substrate Major findings References
Laboratory-scale reactors

Thermophilic 8 L- Mixture of beet silage | Proteins involved in Hanreich
stirred tank reactor (95%) and chopped rye | acetoclastic and et al.
(55°0C) (5%) hydrogenotrophic (2012)

methanogenesis, energy con-
servation, and a heat shock
protein were identified. Most
of them belong to
Methanosarcinales, and others
to Methanomicrobiales and

Synergistales
Mesophilic 2 L Blended Taihu blue Proteins involved in methane | Yan et al.
digester under acid algae production and energy metab- | (2012)
stress conditions olism were identified (MCR:
35°0) methyl-coenzyme M reduc-

tase, alcohol dehydrogenase,
coenzyme-B sulfoethyl
thiotransferase) from
Methanosarcinales,
Methanomicrobiales, and

Clostridiales
Mesophilic 500 mL Cut straw and hay Members of Bacteroidetes Hanreich
batch digesters were responsible for carbohy- | et al.
(38°C) drate metabolism, while fla- (2013)

gellins from Firmicutes
showed its prevalence among
the community. Otherwise,
abundant enzymes from
methanogenesis were detected
from Methanobacteriales,
Methanosarcinales, and
Methanomicrobiales

(continued)
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Reactor type

Substrate

Major findings

References

Thermophilic 1 L
digester (55 °C)

Unprinted office paper
and anaerobic sludge
from thermophilic
industrial digester fed
with municipal solid
wastes

Cellulose and hemicellulose
hydrolysis and fermentation
enzymes were strongly related
to Caldicellulosiruptor spp.
and Clostridium thermocellum.
Hydrogenotrophic pathway
enzymes assigned to
Methanobacteriales.
Coprothermobacter
proteolyticus recognized to
perform proteolysis and
fermentation

Lii et al.
(2014)

Mesophilic 5 L con-
tinuous stirred tank
reactors (CSTRs,

37 °C) designed as a
“bovid-like” digestive
system

Aerobic sludge from a
wastewater treatment
plant inoculated with
cow digestive tract
contents (RU) and cow
manure (CO)

Glycogen-accumulating
microorganisms
(Competibacteraceae with
two-phase metabolism from
aerobic to anaerobic) domi-
nated the CSTRs.
Hydrogenotrophic
methanogenic proteins domi-
nated the RU. While CO reac-
tor was affiliated to subunits
from acetyl-CoA
decarbonylase/synthase
(ACDS) complex and acetate
kinase from
Methanosarcinales and
Methanomicrobiales

Bize et al.
(2015)

Thermophilic digester
(2L;55°C)

Fresh and digested
swine manure

The most abundant proteins
belong to energy production
and conversion, carbohydrates,
lipids, and amino acid metab-
olism, followed by information
storage and cellular processing
proteins. The proteins related
to energy production were
ATPases subunits, MCR, and
acetyl CoA decarbonylase

Lin et al.
(2016)

Mesophilic and ther-
mophilic anaerobic
digesters (5 L); 37 and
55°C)

Acidified grass

Both mesophilic and thermo-
philic reactors contained high
abundance of glycolytic pro-
teins, sugar transport systems,
and phosphotransferase sys-
tems affiliated to Firmicutes.
While in thermophilic condi-
tions chaperons and heat shock
proteins were overexpressed

Abendroth
et al.
2017)

(continued)
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Reactor type

Substrate

Major findings

References

Mesophilic 2 L batch
reactors (37 °C)

Reed straw (pretreated
with cellulase) and
swine manure sludge

Bacterial proteins (Firmicutes,
Proteobacteria,
Actinobacteria, and
Bacteroidetes) were mainly
affiliated to polymer metabo-
lism. Ferredoxin-NADP
reductase for H, production
was assigned to Azotobacter.
The most abundant
metaproteins were acetyl-CoA
decarbonylase, MCR, and ace-
tate pathway from
Methanosarcinales

Jia et al.
(2017a)

Mesophilic 2 L reac-
tors (35 °C)

Food waste with short-
term hydrothermal
pretreatment

Carbohydrate and energy
metabolism were the most
active functions during the H,
production stage of Firmicutes
and Bacteroidetes. Proteins
from acetate metabolism,
methylotrophic and
acetoclastic pathways
increased during the
methanogenic stage were
assigned to
Methanosarcinales,
Methanobacteriales, and
Methanotococcales

Jia et al.
(2017b)

Mesophilic (R1-2),
thermophilic (R3-4),
and high ammonia
levels (R5-6) of
multibioreactor sys-
tem (500 mL)

Sludge from BGP fed
with corn, silage,
pressed and pulp turnip,
chicken dung, liquid
manure, and iron
sludge

Enzymes of glycolysis and
amino acid biosynthesis were
found in R1. In reactors 3 and
4 decreased MCR from
Methanosarcinales and
Methanobacteriales. While in
R5-6 increased the expression
of 5,10-ethylene HyMTP
reductase and subunits of
ACDS complex from
Methanobacteriales and
Methanosarinales

Kohrs et al.
2017)

Mesophilic 500 mL
reactor

Cut filter paper

The most upregulated proteins
included carbohydrates hydro-
lases, ABC transporter pro-
teins, outer binding proteins,
copper amine oxidases, trans-
lation elongation factors, car-
boxyl transferase,
glyceraldehyde 3-phosphate
dehydrogenase, and flagellins,
mostly belonging to
Firmicutes, Synergistetes, and
Bacteroidetes

Speda et al.
(2017)

(continued)
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Reactor type

Substrate

Major findings

References

Mesophilic 4 L leach
bed reactors (37 °C)

Acidified ensiled rye-
grass and granular
sludge

Proteins related to carbohy-
drate hydrolysis, glycolysis,
and transport proteins were
assigned to Firmicutes,
Bacteroidetes, Spirochaetes,
and Proteobacteria. ATPases
and oxidoreductases belong
mostly to Firmicutes,
Proteobacteria, and
Bacteroidetes. Meanwhile,
proteins from lipid and amino
acid metabolisms and environ-
mental stress were affiliated to
Firmicutes and Bacteroidetes

Joyce et al.
(2018)

Mesophilic 10 L
stirred tank reactor
(37 °C)

Dried distiller grains
feedstock under trace
element deprivation

Trace element

(TE) deprivation causes a
decrease of hydrogenotrophic
metaproteins from
Methanomicrobiales. Only
coenzyme F,o-reducing
hydrogenase and methyl-
H4MTP increased its abun-
dance upon the addition of
TE. Methylotrophic and
acetoclastic metaproteins
decreased while
formylmethanofuran dehydro-
genase from
Methanosarcinales increased

Wintsche
et al.
(2018)

Full-scale biogas plant

Mesophilic biogas
plants (BGPs;
270-2280 m>)

Corn-/grass-/rye whole
crop silages

Piglet manure/cattle
manure/cattle slurry

Peptidases, glycolytic
enzymes, glucose transporters,
ribosomal proteins, chaperons,
amino acid metabolism, and
energy conservation proteins
were identified from bacteria.
No cellulolytic enzymes were
detected. For Archaea,
hydrogenotrophic and
acetoclastic metaproteins from
Methanobacteriales and
Methanosarcinales were iden-
tified. Changes in protein pro-
files correlated to MCR
decrease upon acidification

Heyer et al.
(2013)

(continued)
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Table 4.2 (continued)
Reactor type Substrate Major findings References
Mesophilic (43 °C) M: Whole crop silages | Carbohydrate hydrolases, Kohrs et al.
and thermophilic of maize, forage rye, sugar transporters, glycolytic (2014)
(52 °C) BGPs cattle manure, and enzymes, and primary fermen-
(1500-1600 m>) slurry tation enzymes were identified.
T: Mix of maize whole | Most of the mesophilic pro-
crop silage and poultry | teins were affiliated to
manure Methanosarcinales. Whereas
Firmicutes and Thermotogales
were assigned to thermophilic
BGP, as well as
Methanobacteriales
Mesophilic BGP Whole crop silages of | Proteins as HyMPT Theuerl
(43 °C; 1500 m) maize and rye, cattle S-methyltransferase, V-type et al.
manure and cattle H*-transporting ATPase and (2015)
slurry MCR from both acetoclastic
and hydrogenotrophic path-
ways were dominant and
belonged to
Methanomicrobiales and
Methanosarcinales. Subunits
of ACDS complex were affili-
ated to Methanosarcinales
35 mesophilic and Agricultural substrates, | The 40 BGPs were dominated | Heyer et al.
thermophilic BGPs industrial wastes, by methanogenic enzymes (2016)
(min. 33 °C, max. slaughterhouse wastes, | related to nutrient transport and
55 °C; 20-4000 m*) sewage sludge, munici- | one-carbon metabolism. The
pal waste, mixed and most abundant metaproteins
unknown substrates (MCR and 5,10-methylene
H4MTP reductase) belonged to
Methanobacteriales and
Methanosarcinales. At 33 °C,
proteins from short fatty acid
metabolism, lipid and
one-carbon metabolism were
abundant. At 55 °C, proteins
from DNA recombination and
repair, and amino acid biosyn-
thesis were abundant
Mesophilic and ther- BGP1: Maize silage, ABC transporters, carbon and | Ortseifen
mophilic BGPs (1-3: | sugar beet, and poultry | methane enzymes were et al.
37 and 4: 54 °C; manure. BGP2: Maize | assigned to BGP3. ABC trans- | (2016)

105 m%)

silage, grass, and
pig/cattle manure.
BGP3: Maize silage
and pig manure. BGP4:
Maize silage, grass, and
pig manure

porters were highly expressed
and affiliated to Firmicutes and
Bacteroidetes, as well as,
hypothetical substrate-binding
proteins. Glycolytic enzymes
were identified from
Firmicutes and Bacteroidetes.
While members of
Methanosarcinales and

(continued)
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Table 4.2 (continued)

Reactor type Substrate Major findings References

Methanomicrobiales were
responsible for
hydrogenotrophic and

methylotrophic

methanogenesis
Thermophilic indus- Food waste with high Dictyoglomales and Hagen
trial biogas reactor levels of free ammonia | Planctomycetes were highly et al.
(60 °C; 2200 m?) active in polysaccharide (2017)

hydrolysis. Proteins from obli-
gate hydrogenotrophic
methanogens dominated over
acetoclastic methanogens.
Novel phylotypes of
SAO-bacteria (unFi_cl and
unFi_c2) were identified and
perform B-oxidation of buty-
rate and other longer chain
fatty acids, as well as in acetate
oxidation

4.4 Metaproteomics in AD of Lignocellulosic Substrates

Metaproteomics was first defined by Wilmes and Bond (2004) as “the large-scale
characterization of the entire protein complement of environmental microbiota at a
given point of time.” Through the years several denominations have been used
depending on the different experimental procedure, the complexity of the environmen-
tal sample or the outcomes. Terms include environmental proteomics, metaproteomics,
community proteomics, proteogenomics, and proteotyping. However, not all are syn-
onyms. Schneider and Riedel (2010) mentioned that environmental proteomics refers
to the proteome analysis of environmental samples, while metaproteomics is the study
of highly complex biological systems containing a large number of proteins, which is
hard to assign to species within a phylotype. In contrast, community proteomics infers
that most of the proteins identified are assigned specifically to members of the com-
munity. Proteogenomics links the gene function to the identified protein, giving the
accurate information about a biological system functionality. On the other hand,
proteotyping refers to a gel-free approach, supported by the rapid protein resolution
by mass spectrometers for the characterization of mixed microbial communities (Kohrs
et al. 2017). Despite several definitions, proteomics englobes a large-scale study of
proteins, which allows the understanding the metabolic networks, syntrophic interac-
tions, carbon and nitrogen fluxes, and novel pathways.

Several analytical methods have been applied to provide an insight into microbial
communities in AD, commonly genomic approaches. Cloning and sequencing of
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DNA or fingerprint target of 16S rRNA gene have been usually applied to explore
communities of Archaea and Bacteria (Clement et al. 1998; Schliiter et al. 2008).
However, metaproteomics emerged as a complementary approach to give a full
vision of the physiological and biochemical functions of microbial population.
General metaproteomic workflow comprises biogas community sampling, protein
extraction, protein gel separation, tryptic digestion of proteins, mass spectrometry of
resulting peptides, and database searching of mass spectra (Hassa et al. 2018).
However, as mentioned before, new gel-free approaches have led to rapid resolving
mass spectrometers (MS) for rapid identification and characterization of microbial
communities employing tandem MS and MS/MS-based shotgun proteomics
(Karlsson et al. 2015).

4.4.1 Hydrolysis

As mentioned previously, microbial communities degrade polymeric biomass into
monomers by hydrolytic enzymes during the first step of AD process in order that
simpler compounds are available for the next steps of biomethanation process. The
three primary substrates for hydrolysis are polysaccharides, lipids, and proteins,
which are generally present in majority of the wastes or feedstocks of anaerobic
digesters (Tong et al. 1990). In the case of polysaccharides, there exist two basic
types of enzyme system for its hydrolysis: complex systems as cellulosomes,
produced by anaerobic bacteria and nonassociated, free enzyme systems produced
by aerobic microorganisms (Fig. 4.2) (Felix and Ljungdahl 1993).

The first metaproteomic study conducted by Hanreich et al. (2013), demonstrated
the presence of a-amylase and glycoside hydrolase only. a-amylase is an
endoamylase, which acts on a-1,4 glycosidic bonds in amylose or amylopectin of
starch, releasing oligosaccharides of different length. While, glycoside hydrolases
are capable of hydrolyzing cellulose, hemicellulose, and starch. This study employed
maize-digestate from a biogas plant fermenting maize and a mix of cut straw and hay
as feedstock. The metaproteome was dominated only for few proteins from genus
Thermoanaerobacterum and Microscilla and in less abundance, the proteins of
Cytophaga, which synthetizes pectate lyase. This enzyme catalyzes the eliminative
cleavage of pectate, a main component of cell walls in plants. In contrast, a study of a
biogas plant treating silage or whole maize crop showed a set of hydrolytic enzymes
performing degradation of high-molecular carbohydrates like cellulose, hemicellu-
lose, xylan, and arabinan (Heyer et al. 2013).

Other nonagricultural substrates, as waste papers, with a composition of about
70% of cellulose and 30% of hemicellulose has led to the identification of structural
and catalytic components of C. themocellum cellulosome; CelS and CelJ, as well as
hydrolytic enzymes degrading high-molecular carbohydrates. Other enzymes as
B-mannanase, acetyl xylan esterase, and endoxylanase, specialized in hemicellulose
degradation were related to Caldicellulosiruptor genus (Lii et al. 2014). On the other
hand, food wastes as feedstock, with high levels of free ammonia, indicated that an
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Fig. 4.2 Schematic diagram of the nonassociated and associated cellulase systems. Most aerobic
microorganisms degrade cellulose by secreting a set of complex enzymes viz., endoglucanase,
exoglucanase, and f-glucosidase. On the contrary, most of the anaerobic microorganisms produce
cellulosomes. The cellulosome is an extracellular multienzymatic complex present on the cell wall
and binds to the substrate for its hydrolysis. It can incorporate several hydrolases through cohesin—
dockerin interaction, while the carbohydrate-binding module keeps the cellulosome attached to the
lignocellulosic substrate. This figure was modified from Zhu and McBride (2017)

uncultured Afribacteria was mainly responsible for the hydrolysis of polysaccha-
rides synthesizing enzymes as p-glucoside, galactose mutarotase, L-fucose isomer-
ase, and xylose isomerase potentially related with hemicellulose degradation.

For protein hydrolysis, proteases, and endopeptidases belonging to
C. proteolyticus are reported frequently, when protein-rich biomass is treated in
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thermophilic biodigester (Heyer et al. 2013). Other enzymes also related to protein
degradation are trypsin-like serine protease and it is reported that Planctomycetes
and Atribacteria groups are metabolically active in carbohydrate and protein degra-
dation (Hagen et al. 2017).

Recently, metaproteomics is employed as a bioprospecting tool for identifying
novel enzymes. Speda et al. (2017) showed this tool is useful to identify and select
novel enzymes from consortia, that are specifically upregulated upon its induction.
Cellulolytic activity was targeted in a defined medium containing filter paper, instead
of glucose, and compared with a non-induced sample. Cellulose induction led to the
identification of 1,4 P-cellobiosidase, 1,4 P-xylanase, cellobiose phosphorylase,
B-glucosidase, and hypothetical Ig domain proteins from several species.

4.4.2 Nutrient Transport

Substrate transporter systems are of great relevance for the following steps of
methanogenesis. The main mechanism by which a microorganism can obtain nutri-
ents from the environment is by means of these proteins. Diverse studies have
evidenced transport proteins in anaerobic reactors. Two classes of proteins involved
in nutrient transport are TonB-dependent receptors and ATP-binding cassette (ABC)
transporters. These proteins have been previously reported in AD from several
members of Bacteroidetes and Spirochaetes phylum (Hanreich et al. 2013). The
TonB-dependent transporter (TBDT) is a bacterial outer protein that can actively
transport siderophores, as well as, vitamin B12, nickel complexes, and carbohy-
drates. This receptor is part of a starch utilization system that has been recognized by
its efficiency to transport oligosaccharides to its further degradation. As mentioned
before, TBDT is deployed for more complex substrates and uses a proton motive
force for the uptake of oligomers that are too large to diffuse via porins (Lii et al.
2014). Interestingly, TBDT also can degrade polymers as polysaccharides, proteins,
proteoglycans and via substrate-binding hydrolytic proteins.

In contrast, ABC proteins are a family of primary transporters that hydrolyzes
ATP to transport organic and inorganic compounds. ABC systems are
bioenergetically expensive as ATP hydrolysis is needed to translocate the substrate
across the membrane. Consequently, investment of ATP in this transport mechanism
limits binding and transport, especially when higher concentration metabolites are
present. ABC transporters have been reported to be related to peptide transport,
maltose, and other metabolites, such as glycerol 3-phosphate (Speda et al. 2017,
Kohrs et al. 2014; Hagen et al. 2017). Ortseifen and colleagues (2016) showed in an
integrated metagenome-proteome research digesting maize silage and pig manure,
that mostly ABC-transporters of peptides, oligopeptides, monosaccharides, and iron
of the phylum Firmicutes were upregulated, and as well as other translocating
proteins from Spirochaetes, Thermotogae, and Thermococcus phylum. While Jia
and coworkers (2017a) made an extensive work of the metaproteome evaluating the
four different stages of methanogenesis (peak stage of hydrogen production, late
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stage of hydrogen production, peak methanogenic stage, and late methanogenic
stage) in a bioreactor fed with cellulase-pretreated reed straw. They found ABC
protein expression increased during the peak methanogenic stage where methane
production potentials and methane production rate reached 2709.94 mL and
9.71 mL/h.

Otherwise, components of sugar transport systems (like the phosphotransferase
system) were identified mainly from Firmicutes species, in a biodigester fed with
grass, and with a separate acidification step at thermophilic and mesophilic condi-
tions (Abendroth et al. 2017). This active transport is used by bacteria for uptake of
carbohydrates, particularly hexoses, hexitols, and disaccharides, where the source of
energy is from phosphoenolpyruvate (Roseman 1969).

4.4.3 Acidogenesis

After hydrolysis and nutrient transport, monosaccharides and amino acids are the
most abundant substrates for fermentation and a wide range of microorganisms can
metabolize both, mostly Clostridia and other Gram-positive bacteria (Madigan et al.
2008; Ramsay and Pullammanappallil 2001).

Monosaccharides are channeled to catabolic pathways for the production of pyru-
vate via the Embden—Meyerhof-Parnas (EMP; glycolysis) or Entner Doudoroff
(ED) pathway. During glycolysis, reducing equivalents like NADH and H, are
produced, and pyruvate is further metabolized to acetate, CO,, and H, (at low partial
pressure) or subsequently to C; products (lactate or propionate), or C2/C4/C6 products
(acetate/butyrate/caproate) via acetyl-CoA (at high partial pressure). At low partial
pressure of H,, the flow of electrons (NADH) lead to H, production which leads to
pyruvate degradation. As partial pressure increases, the flow of electrons shift to the
generation of reduced electron fermentation products (volatile fatty acids, VFAs) such
as propionate and long-chain fatty acids, lactate, or ethanol. Thus, in a system where
methanogens are effectively consuming H,, low concentrations of ethanol, lactate, and
butyrate are maintained (Brisen et al. 2014).

At first evaluation of a full-scale agricultural BGP metaproteome, Heyer et al.
(2013) demonstrated the identification of metabolic enzymes involved in glycolysis as
glyceraldehyde-3-phosphate dehydrogenase (G3PD), enolase, phosphoglycerate
kinase, glycerol kinase, and lactate dehydrogenase (LDH), mostly associated to
Clostridia. Similar results were found in agricultural BGPs in mesophilic and thermo-
philic conditions assigning proteins from glycolysis as 6-phosphofructokinase, aldol-
ase, G3PD, 3-phosphoglycerate kinase, phosphoglycerate mutase, and enolase, as well
as enzymes from the primary fermentation: LDH (assigned to Lactobacillus), NADP-
dependent isopropanol dehydrogenase, and aldehyde dehydrogenase also related to
Clostridia (Kohrs et al. 2017). Jia et al. (2017a) also demonstrated the presence of
LDH in Streptococcus during the hydrogen production stage.

Other BGP digesting maize silage and pig manure revealed highly abundant
proteins in fermentation. In spite of the low abundance reported, the use of an
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integrated approach for combining metaproteomics and metagenomics tools aid in
the identification of glycolysis enzymes (enolase, aldolase, and G3PD) (Ortseifen
et al. 2016). Similar results were found in a case study evaluating a proteome from a
thermophilic reactor degrading swine manure, where enolase from different species
of phyla Proteobacteria were identified (Lin et al. 2016).

On the other hand, an industrial biogas reactor predominantly fed with food waste
and high levels of free ammonia, few enzymes from glycolysis were identified, and
attributed to uncultured phylotypes Atribacteria, Planctomycetes, and Dictyglomus
(Hagen et al. 2017). In contrast, a mesophilic reactor containing pretreated food waste
(under short-term hydrothermal) recorded a higher proportion of proteins of carbo-
hydrate metabolism to Proteobacteria, Firmicutes, Actinobacteria, Bacteroidetes,
and Cyanobacteria. The proteins involved belong to glycolysis, pyruvate, propio-
nate, glyoxylate, and dicarboxylate metabolism (Jia et al. 2017b).

In lab-scale models, anaerobic digestion of office paper, led to the identification
and assignation of all glycolytic enzymes to C. thermocellum, C. proteolyticus, and
Caldicellulosiruptor genus. Also, proteins involved in the synthesis of fermentation
products such as lactate, ethanol, butanol, acetate, formate, and butanoate were also
assigned to the same genus (Lii et al. 2014). Corresponding to the metabolism of
grass, as lignocellulosic biomass, a set of glycolytic enzymes were identified specif-
ically in the phase of sugar assimilation (Abendroth et al. 2017). Speda et al. (2017)
were able to identify carboxyl transferase (gluconeogenesis) and G3PD (glycolysis)
in a cellulose-rich (paper filter) biodigester. These findings showed that the EMP is
one of the key glycolytic pathways functional during anaerobic digestion, as well as
in the formation of intermediary products of fermentation, leading to the next step of
methane production (Wilmes and Bond 2009; Abram et al. 2009).

4.4.4 Acetogenesis

During this stage, syntrophic bacteria oxidize VFAs greater than C, to produce key
intermediates (25% acetate and 11% H,) of the process. In this acetogenesis step,
obligatory hydrogen forming syntrophic bacteria can cause toxic effects by accu-
mulating high hydrogen pressure on the system. Consequently, the microbial con-
sortium is not capable to survive under those conditions. Hence, symbiosis, as a
syntrophic relationship, is necessary between acetogenic bacteria and autotrophic
methanogens or sulfate-reducing bacteria for hydrogen consumption. The
hydrogenotrophic methanogens keep the hydrogen pressure low, which contributes
to a thermodynamically controlled condition for the fermentative bacteria to con-
tinue oxidizing the organic compounds (e.g., ethanol, propionate, and butyrate into
acetate) (Barua and Dhar 2017). This oxidizing activity is related to the genera of
Syntrophomonas and Syntrophobacter, as well to Chloroflexi, Actinobacteria, and
Spirochaetes. Nonetheless, more or less abundance is related as well to Gelria,
Lachnospiraceae (uncultured), Ruminococcaeae, Incertae sedis, Sporanaerobacter,
and Petrobacter (Zieminski and Frac 2012; Wang et al. 2017; Jain et al. 2015).
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In the case of butyrate, the oxidizing pathways are through the B-oxidation, for
propionate oxidation will proceed through the methyl-malonyl-CoA (MMC) path-
way and for syntrophic oxidation will be associated to the Wood-Ljungdahl
(WL) pathway. According to Hagen et al. (2017), Syntrophomonas genus is the
major phylotype in AD, where S. wolfei required all classes of the p-oxidation
enzymes (acyl-CoA dehydrogenase, enoyl-CoA hydratase, 3-hydroxyacyl-CoA
dehydrogenase, and 3-ketoacyl-CoA thiolase). While for the propionate degradation,
Pelotomaculum thermopropionicum identification suggests the requirement of the
methyl-malonyl-CoA (MMC) cluster and propionate CoA transferase (PCT) cluster
in high abundance. Further, this study reported that Thermoacetogenium phaeum for
acetate oxidation by WL pathway (formyltetrahydrofolate synthase, 5,10-
methylenetetrahydrofolate dehydrogenase, methylenetetrahydrofolate reductase,
trimethylamine:corrinoid methyltransferase, carbon monoxide dehydrogenase/ace-
tyl-CoA, phosphotransacetylase, and acetate kinase) (Hagen et al. 2017).

Role of all enzymes participating in AD has been poorly reported, due to the large
amounts of proteins and other interfering substances present in the sample. Nevertheless, a
relatively high abundance of proteins involved in acetogenesis has been revealed. Mostly,
WL-like formyltetrahydrofolate synthase, 5,10-methylenetetrahydrofolate dehydroge-
nase, methylenetetrahydrofolate reductase, trimethylamine-corrinoid methyltransferase,
carbon monoxide dehydrogenase-acetyl CoA, phosphotransacetylase, and acetate kinase
have been identified as crucial for energy transport and microbial interactions performed
mainly in syntrophic acetate oxidizers. A protein cluster encoding Fe—S oxidoreductase
and an electron transfer flavoprotein were also identified, both related as well as electron
transfer mechanisms (Hagen et al. 2017).

4.4.5 Interspecies Hydrogen Transfer in Syntrophs

Interspecies hydrogen transfer mechanism is vital in syntrophic relationships, where
the latter groups such as hydrogen consumers are strongly influencing the syntrophic
bacteria (Gomez Camacho and Ruggeri 2018). Acetate produced in the process could
be converted to methane either directly by methyl reduction or by following a
two-step reaction, where acetate is first oxidized to CO, and H,, by syntrophic acetate
oxidation (SAQ), and then this hydrogen is used to reduce CO, into CH, (Mulat et al.
2014). Heyer et al. (2019) studied the interactions between microorganisms and the
metabolic interchangeability of the different microorganisms. This work suggested
that under specific anaerobic digestion conditions the thermodynamic equilibrium of
CO,, H,, and acetate will decide on the metabolic pathway shift, either between SAO
or homoacetogenesis. Understanding this will explain how some archaeal species
have major enzyme affinity on acetate and could suppress other acetate-consuming
phylotypes.

Thus, competition on the substrate between certain microorganisms such as
Methanosaetaceae may kill or suppress other species due to the expression of
bacteriocins, which inhibit the competitor (Heyer et al. 2019). The H, produced by
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non-methanogenic syntrophic microorganisms from key fermentation products (eth-
anol and C, and greater than C, volatile fatty acids) are reduced to methane by
hydrogenotrophic methanogens or to H,S by sulfate-reducing bacteria. This inter-
species microbial exchange of hydrogen suggests that syntrophs are incapable of
independently oxidizing alcohols and C, and greater than C, volatile fatty acids
under anaerobic conditions and need a partner that consumes hydrogen to keep the
partial pressure of hydrogen under control and facilitate their metabolic activity.
Syntrophic interactions consist generally on the intercellular transport of reducing
equivalents, like H, and/or formate, coupled with H,/formate consumers, also
referred as interspecies hydrogen transfer (IHT) (Shrestha and Rotaru 2014;
Summers et al. 2010).

In addition, formate often serves as a substitute for H, in interspecies electron
transfer. The electron reduced carriers on this type of mechanism are additionally
regenerated to an oxidized state (Shrestha and Rotaru 2014; Kouzuma et al. 2015).
Westerholm et al. (2016) reported that SAO bacteria are principally classified in the
group of homoacetogens, which perform the Wood Ljungdahl (WL) pathway during
growth, in presence of autotrophic and/or heterotrophic substrates, and produce
acetate as main by-product. In this pathway, they suggest that the gene fhs encodes
the enzyme formyl tetrahydrofolate synthetase (FTHFS) to catalyze the
ATP-dependent activation of formate, postulating as well, the reverse WL perfor-
mance for acetate oxidation. Interestingly, the Pseudothermotoga lettingae acetate
oxidizer can combine the methyl branch of the latter pathway with a glycine
cleavage system (Westerholm et al. 2016).

Recent discoveries reported that some bacteria could directly transfer electrons to
methanogens, as a unique cell-to-cell electron transfer mechanism, in a thermody-
namically efficient manner (Cheng and Call 2016). The electron transfer, between
microorganisms mediating electron carriers, is referred as direct interspecies electron
transport (DIET), where three mechanisms have recently been suggested: (1) the via
conductive pili, by association from two bacteria with a conductive pili (conductive
nanowires), (2) the membrane-bound mechanism with electron transport proteins, by
electron transmission which represents close cell connections by using a multiheme
outer surface cytochrome (OmcZ), and finally (3), the more recently studied the
magnetite particle which form chains for electrically connecting cells involved in
DIET (Park et al. 2018).

4.4.6 Methanogenesis

Methanogenesis is one of the critical steps in the process of AD, characterized by slow
reaction rate on the energy workflow. Syntrophic interactions between acetogenic
bacteria and methanogens as well as methyl group reduction are essential to CH,
production. Thus, understanding the microbial community involved in electron trans-
ferring dynamics is key to biogas production improvement. Archaeal methanogens are
dominant groups in this phase, generally performing the aceticlastic, hydrogenotrophic
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and methylotrophic pathways. The microorganisms usually found are the strict
hydrogenotrophic Methanomicrobiales, Methanobacteriales, Methanococcales, and
the acetate-utilizing microorganisms Methanosarcinales with specific predominance
of Methanosarcina and Methanosaeta. Methanogens are quite sensitive for changes in
environmental and operational conditions of AD process and many factors (i.e., high
concentrations of volatile fatty acids, ammonium, sulfide, sodium an heavy metals)
could inhibit the process (Al Seadi et al. 2008; Ziganshin et al. 2016).

As mentioned earlier, methane can be produced either by hydrogenotrophic
pathway by reducing CO, using hydrogen, the methylotrophic pathway where
methylated compounds like methanol or methylamine are reduced, and in
acetoclastic pathway, methyl group of acetate is directly reduced to methane.
Recently, the class of Thermoplasmata has been described to be capable to reduce
methanol with H, and may use methylamines as well, suggesting that methanogenic
diversity could be higher (Wintsche et al. 2018).

From the above three pathways, studies were performed using isotope assays to
know the metabolic contribution from each one. It was reported that syntrophic
acetogenic process and hydrogenotrophic methanogenesis accounted for 41 and
50% of methane formation at 37 °C and 55 °C, respectively (Yin et al. 2018).
Another study using isotopes indicated that the non-aceticlastic oxidizers performed,
approximately 80% of the pathway of the acetate decomposition in the reactor,
which indicated the role of syntrophic acetate-oxidizing bacteria. Pseudothermotoga
lettingae (previously as Termotoga lettingae) strain was reported to show syntrophic
acetate oxidizing activity without sulfate ions and under co-culture conditions in
relation with hydrogenotrophic methanogens (Sasaki et al. 2011).

Identification of the pathways and enzymes involved in the methanogenesis
networks via metaproteomic approach has been carried out (Table 4.2). During the
hydrogenotrophic pathway, CO, is reduced to methane through the intermediates
formyl, methylene, and methyl. These residues are transferred to the coenzyme M,
forming a methyl-CoM molecule further reduced to CH,4 by the key methyl coen-
zyme M reductase (MCR). Meanwhile, the energetically coenzyme F,;( acts as an
electron acceptor for hydrogenase, formate dehydrogenase, and carbon monoxide
dehydrogenase, as well as donor electron for reductase NADP". Moreover, this
coenzyme utilize H, and formic acid, as electron donor to produce the methane by
CO, reduction (Jia et al. 2017b). In the aceticlastic pathway, methyl group of acetate
is reduced to methane by methyl reductase enzyme. In the case of methylotrophic
pathway, the methyl groups are transferred to a methanol-specific corrinoid protein,
then reduced by the MCR (Jia et al. 2017b; Guo et al. 2015). It is important to
highlight that methyl-coenzyme M (methyl-CoM) reductase is active for all the three
pathways (Hanreich et al. 2012).

In a full-scale BGP, CODH/ACS and energy-converting hydrogenase (Ech), pro-
teins, and enzymes involved in metabolism of methanol and methylated amines, as well
as, V-type ATP synthase for energy conversion were assigned to Methanosarcinales.
While F,;o-dependent N5, N, o-methyleneH4MPT reductase (Mer), Mtr, and F4,, reduc-
ing hydrogenase (Frh) were assigned to Methanobacteriales (Heyer et al. 2016). In the
hydrogenotrophic pathway, Lii et al. (2014) found proteins from strains of
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Methanothermobacter as Hy-forming methylene HyMPT dehydrogenase, F4,o-depen-
dent methyleneH,MPT dehydrogenase, Mtr, Mer, MCR, Frh, and heterodisulfide
reductase. As well as from the methylotrophic pathway, monomethylamine
methyltransferase, and a large subunit of the corrinoid/iron—sulfur protein and
methylcobamide:CoM metyltransferase were detected. In contrast, none of acetoclastic
enzymes were identified in this study.

Furthermore, trace elements on the anaerobic digestion have an impact on the
performance process to carry out cell metabolisms and is critical to the final stage of
the methane yield. For methanogens, the presence of Fe, Zn, Ni, Cu, Co, Mo, and
Mn are essential. First, Fe, is important in stimulant as growth factor and formation
of cytochromes and ferroxins vital for energy metabolism. Additionally, trace
elements form the active site in metalloproteins, act as a cofactor and give the
structure. Enzymes such as Mtr and MCR require Co and a nickel-containing
cofactor Fu3( in their active sites, respectively (Choong et al. 2016). Trace element
deprivation has shown to decrease hydrogenotrophic metaproteins abundance from
Methanomicrobiales and methylotrophic and aceticlastic metaproteins from
Methanosarcinales. However, trace elements may have negative impact when
present in high concentrations. It has been demonstrated to cause enzyme disruptions
and changes on functional structure, and microbial composition as well. Therefore,
effectiveness of the anaerobic digestion performance by using trace elements will
further depend on its optimum bioavailability fraction (Bourven et al. 2017).

4.5 Stress Responses and Biomarkers

Although AD is an economic way of waste management combining with renewable
energy production in the form of methane, the process has certain thresholds and one
of them is high sensitivity to the presence of certain substances at high concentrations
during the process. Most frequently, a reactor turns “sour” due to accumulation of
volatile fatty acids (VFAs). Further, ammonia, high partial pressure of H, have
recorded negative effects on AD process, among several other factors (Chen et al.
2014). Therefore, several studies have focused on efforts to overcome stress condi-
tions by detecting different key enzymes to those conditions in the reactor (Table 4.3).

Formerly, when the process contains simple sugars, which are easy to degrade,
VFAs are accumulated and decrease in pH results in the imbalance of AD process.
Interestingly, under this condition, Theuerl et al. (2015) could detect proteins involved
on aceticlastic and hydrogenotrophic methanogenesis from Methanosarcinales,
Methanobacteriales, and Methanomicrobiales, with an abundance ranging from
55to 77%.

On the other hand, high concentrations of total ammonia nitrogen due to the high
rate of protein hydrolysis could negatively affect reactor operation. Nevertheless,
lignocellulosic-rich matter is a convenient substrate to slow the rates of process start-
up, diminishing the possible ammonia accumulation. Also, trace elements have
demonstrated to overcome such problems. It has demonstrated that nickel which is
contained in coenzyme F,37 enhanced methane potential and overcome such
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Table 4.3 General overview on protein abundance under varying environmental and operational

conditions
Key enzyme/ Species related to
Reactor biomarkers Functional role RA | expression References
Lab-scale Cofactor F439 | Nickel ++ | Methanococcus Passaris
anaerobic hydrocorrinoid pros- Jjannaschii et al.
moving bed thetic group of the Methanococcus (2018)
reactor at methyl-CoM reduc- maripaludis
37°C tase. It decreases the Methanococcus
toxic effect of higher vaneilii
VFAs content and
increases methane
production
Lab-scale Methyl It reduces the methyl |+ Methanobacterium | Zhang
mesophilic coenzyme-M CoM with hydrogen Methanosaeta et al.
digester reductase for methane (2018)
treating production
starch
Low-temper- | “Oxygen-sen- | Interconversion from | ++ | P. propionicus Abram
ature granu- | sitive alcohol | alcohol to et al.
lar sludge dehydrogenase | acetaldehyde (2011)
reactor oper- | *Transketolase | Constitutes the +
ated at 15°C reversible link +
between glycolysis +
and pentose phos-
phate pathways
Sequencing | “*Peroxiredoxin | Protects the cell ++ | Accumulibacter Wilmes
batch reactor against reactive oxy- |+ phosphatis and Bond
with alter- gen species (2009)
ations in *Thioredoxins/ | Responsible to +
phosphorus chaperon maintain disulfide +
level proteins bonds within the +
cytoplasmatic pro-
teins in a reduced
state

RA Relative abundance
#Abundance of proteins depending on the stress condition or inhibitory factor

+ low abundance, ++ medium abundance, +++ high abundance

problems (Capson-Tojo et al. 2017). Additionally, under concentrations of 6-7 g-N/
L ammonium, inhibition of Methanomicrobiales and Methanosaetacea activities
was observed along with a shift in microbial community (Lii et al. 2014).

The lignocellulosic-rich feedstocks with high lignin content could also cause
inhibitory stress conditions. The negative impacts on these types of substrate,
especially due to the by-products of lignin decomposition, inhibitory aromatic
compounds. These are mainly composed of furanic acid (5-HMF, fufural) and
phenolic compounds leading to a metabolic shift of the H,-producing pathways to
a nonproducing pathway (Monlau et al. 2014). However, several numbers of
enzymes are involved in the catabolic pathway of lignocellulosic compounds. The
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benzoyl-CoA reductase class I (BamBCDEFGHI) could function as a functional
marker, which is expressed and detected when mono-aromatic compounds are
degraded (von Netzer et al. 2016).

A well-studied biomarker to understand methane production is the expression of
mcrA gene, which encodes the key enzyme methyl coenzyme M reductase (MCR).
MCR catalyses the last step of methanogenesis and related to methane yield. This
biomarker can provide useful information and by monitoring its activity functional
performance of a biodigester can be studied (Motris et al. 2014). Expression of mcrA
has been found related to the presence of concentration of volatile fatty acid such as
acetate and propionate (Aguinaga Casafias et al. 2015). However, new protein
biomarkers are drawing attention, as proteins can be synthesized and then folded
immediately after a stimulus, which could vary under different conditions. Hence,
protein identification with potential in biomarker fingerprint could be revealing tool
for instant physiological responses (Lacerda et al. 2007).

4.6 Challenges and Future Perspectives

Metaproteomics analysis is the most recently developed tool, which indicates the
protein assignment to specific microorganisms and contributes to understand the
relationship between phylogenetic analyses and the proteome (Abram et al. 2011).
However, its application has not been completely exploited since there is still more
“black holes” and methodological challenges to solve the whole metabolic pathways
(Wilmes et al. 2015).

Principal problems are related to methodological issues involved in the correct
isolation of the proteome, since humic acids and their impurities make the quanti-
fication and separation of the proteins very challenging. Humic acids are commonly
present in environmental samples and bind to the proteins which hamper protein
separation (Wilmes and Bond 2004). Fractioning proteins by gel separation, also
involves several difficulties, as poor separation of acidic, alkaline, and hydrophobic
proteins and a low load capacity, which affects the resolution and analysis of the gel
(Li et al. 2016).

Secondly, peptides’ identification is one of the most challenging steps in
metaproteomics. Some proteins’ sequences are among the most highly conserved
across different microorganisms, which entails the same peptide sequences from
several different species. These leads to have many proteins identified in the same
information storage and processing group. Besides, MS/MS data uses the top of the
10-20 most abundant peptide ions acquired and does not cover all available peptide
ions, which misses a plenty of valuable information (Heyer et al. 2017). Thus,
metaproteomic approaches have to overcome the cleanup and characterization
of peptides and proteins by intensive purification and pre-fractionation methods
(Wenzel et al. 2018).

The key to the metaproteomic studies is the resolution level of the peptide
identification. In future, considerations on the use of the best algorithm which
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could identify the proteins covered on the database to evaluate for de novo results
(Heyer et al. 2015). The molecular techniques could provide the microbial informa-
tion and linking the species on the proteomic data by complementary studies of the
microbial consortium, could aid to overcome the challenges encountered in the
coverage of the samples. Further, improvement in methodologies to identify proteins
along with improvement in methods of data analyses are essential to apply
metaproteomics as an effective tool to understand the microbial diversity and their
function of biodigesters (Herbst et al. 2016).
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