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INTRODUCCION






El Ribosoma. Estructura, funcion y evolucion.

En todas las células, uno de los procesos mas importantes que existen es el de
expresion geénica, de ahi que la mayor parte de la demanda energética celular se destine a
la regulacion y el mantenimiento de la correcta expresion de los genes. En el contexto de la
expresion génica se establecen diversas rutas celulares entre las que se encuentra la

sintesis de proteinas o traduccion.

La traduccion se entiende como el proceso por el cual las proteinas se construyen a
partir de la informacion contenida en un RNA mensajero (mRNA) utilizado como molde.
Entre la maquinaria que lleva a cabo este importante proceso destaca el ribosoma [1].

El ribosoma es aparentemente una ribozima compuesta por varios RNA ribosémicos
(rRNAs) y proteinas ribosémicas distintas. Este complejo ribonucleoproteico se encuentra
presente en todos los organismos y es esencial para la vida. Los virus parasitan los

ribosomas de las células huésped para sintetizar sus propias proteinas viricas.

En todos los organismas, los ribosomas estan compuestos por dos subunidades, una
subunidad grande (50S en organismaos procariotas y 60S en organismos eucariotas) y una
subunidad pequefia (30S en organismos procariotas y 40S en organismos eucariotas).

Ademas, existen ribosomas en las mitocondrias y cloroplastos.

La levadura de gemacién Saccharomyces cerevisiae, organismo modelo eucariota
utilizado en esta tesis, presenta una subunidad grande (60S) formada por 3 rRNAs (5S, 5.8S
y 25S) y 46 proteinas ribosémicas [2]. Esta subunidad es la encargada de catalizar la
formacion del enlace peptidico que ocurre entre un aminoacil- y un peptidil-tRNA en una

region universalmente conservada del ribosoma llamada centro peptidil-transferasa [3].

La subunidad pequefa esta formada por un rRNA 18S y 33 proteinas ribosémicas
[2]. Esta subunidad es la encargada de asegurar el correcto emparejamiento de bases

codon-anticodén del mRNA y los tRNAs en el denominado centro descodificador [4].

Ambas subunidades (60S y 40S) forman el ribosoma 80S en S. cerevisiae mostrado
en la Figura 1. En la ultima década, los estudios cristalogréficos y de crio-microscopia
electrénica han resuelto con gran detalle la estructura de los ribosomas tanto en organismos
procariotas como en eucariotas, asi como el de organulos, permitiendo determinar cémo han

evolucionado los ribosomas [5-14].

La subunidad pequeiia presenta una estructura marcada por la estructura secundaria
del rRNA 18S donde las proteinas ribosomicas se distribuyen mayoritariamente en la

periferia [15]. En la subunidad pequefia, se distinguen varios dominios estructurales



denominados cabeza, pico, hombro, pie, cuerpo y plataforma (Figura 1). EIl mRNA entra por
un surco formado entre la cabeza y el hombro, y sale por otro surco formado entre la cabeza
y la plataforma.

Protuberancia central
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Plataforma

Hombro

Pie 408

FIGURA 1. Estructura del ribosoma de Saccharomyces cerevisiae. (A) Representacion (vista de la superficie
de interaccion entre subunidades) de las distintas regiones de la subunidad pequefia. (B) Representacion (vista
de la superficie de interaccién entre subunidades) de las distintas regiones de la subunidad grande. (C) La
asociacion de ambas subunidades a través de puentes intermoleculares forma el ribosoma completo 80S (vista
desde la entrada de los mMRNASs); en gris se muestran los rRNAs de ambas subunidades, en color plrpura se
muestran las proteinas ribosémicas de la subunidad 40S y en color azul las proteinas ribosémicas de la

subunidad 60S. Los modelos se realizaron con el programa Chimera v.1.11.2 a partir del archivo pdb 4V88.

La subunidad grande presenta una estructura compacta parecida en eucariotas y
procariotas, una regién central conservada donde se encuentra la protuberancia central
formada por el rRNA 5S y las proteinas L5 (uL18) y L11 (uL15), el tallo L1 formado por la
proteina L1 (uLl), el rRNA 5.8S y el tallo P formado por una extension del rRNA 25S en la
gue se asocia la proteina L12 (uL11), una estructura pentamérica formada por la proteina

PO (uL10) y dos heterodimeros de las proteinas &cidas P1y P2 [16] (Figura 1).



Los ribosomas mitocondriales son ribosomas especializados, se encuentran
permanentemente asociados a la membrana interna de la mitocondria y su estructura
diverge de sus homdlogos bacterianos y eucaridticos. En S. cerevisiae el ribosoma
mitocondrial se denomina 74S y esta formado por dos subunidades. Hasta la fecha solo se
ha resuelto la estructura tridimensional de la subunidad grande o 54S que esta formado por
un rRNA 21S y 46 proteinas ribosémicas, 13 de las cuales son Unicas del ribosoma
mitocondrial [17]. Por otro lado también se ha resuelto el ribosoma mitocondrial completo de
humano (55S) , compuesto por una subunidad grande o 39S que esta formado por un rRNA
16S y 50 proteinas ribosémicas, y una subunidad pequefia o 28S formada por un rRNA 12S
y 29 proteinas ribosémicas [18, 19]; en el caso de la subunidad pequefia de S. cerevisiae o
37S no se ha resuelto aun la estructura tridimensional. La subunidad 37S esta formado por
un rRNA 15S y aproximadamente 37 proteinas ribosémicas [19, 20]. El DNA mitocondrial
solo codifica 8 proteinas que constituyen la cadena transportadora de electrones encargada
de la respiracion celular y la proteina ribosémica mitocondrial Varl, el resto de proteinas
ribosémicas mitocondriales se codifican en el genoma nuclear [19]. Los ribosomas
mitocondriales presentan caracteristicas propias entre las que se encuentran unas mayores
extensiones que proporcionan un mayor numero de interacciones proteina-proteina
comparado con sus homologos bacterianos y eucariéticos; esto parece ser debido a la gran
reduccion de rRNA que presentan, y que es reemplazado por extensiones proteicas [19].
Los rRNAs mitocondriales presentan una gran cantidad de segmentos de expansiéon y son
mas flexibles que sus homodlogos bacterianos y eucariéticos. Por otro lado, los ribosomas
mitocondriales presentan un tunel de salida del péptido naciente diferente al que presentan

sus homologos bacterianos y eucariéticos [17].

La traduccion en todos los organismos comienza con la asociacion de ambas
subunidades en presencia de un mRNA [1]. Esta asociacion da lugar a la formacion de 3
sitios de union para los tRNAs: sitios A, P y E en el ribosoma. El sitio A constituye el lugar de
entrada de los aminoacil-tRNAs, el sitio P es el lugar donde se cataliza la formacién del
enlace peptidico y el sitio E constituye el lugar de salida de los tRNAs desacetilados [21].

En la Figura 2 se representa un esquema del proceso de traduccion.

Se han encontrado tanto similitudes como diferencias entre los ribosomas presentes
en distintos organismos. Lo mas destacable es que todos los ribosomas comparten un
nucleo central comdn que se corresponde basicamente con el ribosoma bacteriano y que
incluye los centros funcionales basicos, tanto el centro peptidil-transferasa como el centro
descodificador. Unido a este nlcleo se extienden formando capas externas extras los

dominios de expansion de los rRNAs y las proteinas exclusivas o las extensiones exclusivas
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FIGURA 2. Proceso de traduccion: iniciacién, elongacion y terminacion. La principal diferencia en el
proceso de traduccién entre procariotas y eucariotas se encuentra en la iniciaciéon. En procariotas, la union de la
subunidad pequefia al MRNA se realiza por la interaccién entre una secuencia aguas arriba del codon de
iniciacion denominada secuencia Shine-Dalgarno y una secuencia complementaria en el extremo 3’ del rRNA
16S. En el caso de los eucariotas, el mMRNA se une a varios factores de iniciacion que permiten la formacion de
un complejo de pre-iniciacion (PIC). Este complejo escanea el mRNA hasta localizar el codon de iniciacion,
normalmente el primer codén AUG. Los procesos de elongacion y terminacion son muy parecidos en procariotas
y eucariotas. Adaptado de [22].

de las proteinas ribosémicas en los ribosomas eucariotas [13]. A su vez, las mayores
diferencias, encontradas en los ribosomas eucariéticos, se encuentran en la regién expuesta
al solvente donde aparecen diferentes expansiones de los rRNAs y extensiones de
proteinas ribosdmicas. Estos elementos proporcionan nuevas interacciones con elementos
implicados en la traduccion dando mayor robustez al proceso [22]. En la Figura 3 se

muestra la composicion de ribosomas de diferentes organismos.
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FIGURA 3. Composicion del ribosoma procariota, eucariota y el nacleo central conservado. Se representa
el nacleo central conservado donde se distinguen los rRNAs en color azul claro y las proteinas ribosémicas en
color rojo claro. Las expansiones de los rRNAs especificos se muestran de color azul intenso y las proteinas
ribos6micas especificas en color rojo intenso. Con lineas discontinuas, se indica la localizacion de los tallos L1 y
P para los que los muchos estudios cristalograficos no han podido aun resolver sus estructuras. Adaptado de
[22].

Sintesis de ribosomas en S. cerevisiae

La biogénesis del ribosoma es un proceso esencial para el crecimiento celular que
requiere una gran demanda energética [23]; en fase exponencial, las células de S.
cerevisiae producen alrededor de 2000 ribosomas por minuto [24], la transcripcion de los
rRNAs suponen el 60% del total de la actividad transcripcional [25], y el total de ribosomas
corresponde al 15-20% de la masa celular [25]. Estos nUmeros son significativos de por qué
el proceso de sintesis de ribosomas se encuentra rigurosamente regulado. En S. cerevisiae,
la sintesis de ribosomas implica igualmente cerca de 80 RNAs pequefios nucleolares
(snoRNAs) [26-28] y méas 200 factores de proteicos [29, 30]. En humanos, las cifras
aumentan hasta cerca de 300 snoRNAs y mas de 600 proteinas [28]. Este importante
proceso tiene su comienzo en el nucléolo continda en el nucleoplasma y sus ultimos pasos
suceden en el citoplasma. La alta produccién de ribosomas depende de los nutrientes
disponibles en el medio. Tanto la transcripcion de los rRNAs como la de las proteinas
ribosémicas estan interconectadas con el fin de evitar desbalances que puedan conllevar
consecuencias perjudiciales para el correcto funcionamiento celular [31]. En todos los

eucariotas se ha descrito que la ruta de sefializacion TOR (del inglés “Target Of



Rapamycin”) regula la biogénesis del ribosoma a varios niveles (Figura 4): participando
tanto en la sintesis de pre-rRNAs a través de la regulacion de la RNA polimerasa | (RNAPI)
y la RNA polimerasa Ill (RNAPIII), como en la transcripcion de los mRNAs de las proteinas
ribosdmicas, factores de ensamblaje y snoRNAs mediante la RNA polimerasa Il (RNAPII), y

finalmente en el procesamiento de los rRNAs y en el proceso de traduccién [25, 31].

Procesamiento de los rRNAs

La etapa inicial de la biogénesis del ribosoma es la transcripcion del DNA ribosémico
(rDNA). En S. cerevisiae, el rDNA se localiza en el cromosoma Xll y esta formado por un

alto namero (aproximadamente 150) de repeticiones en tandem [32].
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FIGURA 4. La ruta TOR regula la biogénesis del ribosoma a varios niveles. La ruta TOR controla la
biogénesis del ribosoma: (1) a través de la RNAPI afectando a la transcripcion del pre-rRNA 35S, (ll) a través de
la RNAPIII promoviendo la transcripcion del precursor de 5S y algunos snoRNAs, (lll) y a través de la RNAPII

regulando la expresion de las proteinas ribosémicas y los factores de ensamblaje. Adaptado de [31].



Cada repeticion consta de un gen que genera un transcrito primario de unas 9.1 kb
que codifica el precursor 35S de los rRNAs 5.8S, 18S y 25S y que es transcrito por la
RNAPI. En sentido contrario, presenta un gen que genera el precursor del rRNA 5S y que es
transcrito por la RNAPIII (Figura 5). No todas las repeticiones se encuentran activas
simultdneamente, sino que el niumero de copias que se transcriben en cada momento

depende de las necesidades celulares y el estado metabdlico de las células [33].

Los pre-rRNAs nacientes sufren distintas modificaciones quimicas [34] y son
procesados mediante la participacién de exo- y endonucleasas [35].
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FIGURA 5. Organizacion del rDNA de S. cerevisiae. La levadura S. cerevisiae contiene mltiples copias de los
genes ribosémicos, en el cromosoma Xll, que se transcriben como un Unico precursor de unas 9.1 kb en
repeticiones en tandem. En este precursor se encuentran el pre-rRNA 35S que tras procesarse da lugar a los
rRNAs maduros 5.8S, 18S y 25S. Estos estan flanqueados por dos regiones espaciadoras externas (5’ETS y
3'ETS) y estan separados por dos regiones espaciadoras internas (ITS1 separando 18S de 5.8S e ITS2
separando a 5.8S de 25S). El precursor rRNA 5S esta separado de 35S por otras dos regiones espaciadora que
no se transcriben (NTS). Con las letras P y T se indica la regiébn promotora y terminadora del transcrito

policistrénico.

El procesamiento de los rRNAs ocurre en el contexto de grandes complejos
ribonucleoproteicos denominados particulas pre-ribosémicas [29]. Estas particulas ademas
de los pre-rRNAs contienen multitud de factores no-ribosomicos (snoRNAs y proteinas), y
distintos grupos de proteinas ribosémicas mas o menos establemente ensambladas. En la
mayoria de los casos, la perdida de funcion de alguno de estos factores origina defectos en
el procesamiento de los pre-rRNAs. Hasta la fecha, s6lo para unos pocos de estos factores,
se ha descrito un mecanismo de accion molecular preciso. En el resto de los casos, la

funcion exacta de los factores sigue siendo desconocida.



El procesamiento del precursor 35S comienza con los cortes endonucleoliticos
consecutivos en los sitios Ay ¥ A, localizados en el 5’ETS, y posteriormente en el sitio A,
localizado en la region interna ITS1; el corte en el sitio A, da lugar a los precursores 20S y
27SA,, que pertenecen a rutas de maduracion aparentemente independientes de las
particulas pre-40S y pre-60S [36, 37] (Figura 6).

Numerosas evidencias experimentales indican que la eliminacién del 5’ETS del pre-
rRNA 35S podria ocurrir antes de que éste Ultimo sea transcripto por completo [38], es decir,
ocurrir de manera co-transcripcional. Estudios cinéticos de la maduracion de los pre-rRNAs
y la visualizacibn mediante microscopia electronica (EM) del transcrito naciente del pre-
rRNA apoyan el hecho de que el corte en el sitio A, pueda ocurrir co-transcripcionalmente.
En S. cerevisiae se estima que aproximadamente un 70% de los pre-rRNAs se procesan co-

transcripcionalmente en fase exponencial de crecimiento [39, 40].

En cualquier caso, como se ha mencionado anteriormente, el corte en el sitio A,
separa las rutas de maduracion de particulas pre-40S y pre-60S, originando los precursores
20S y 27SA; los cuales se procesan de manera aparentemente independiente. En el caso
de la formacién de la particula pre-40S, el pre-rRNA 20S se procesa en su extremo 3’ en el
sitio D por la endonucleasa Nobl en el contexto de una particula ribosémica denominada
“80S_like” en el citoplasma [41]. En el caso del pre-rRNA 27SA, el procesamiento es mas
complejo. ElI 27SA, puede seguir dos rutas alternativas de maduraciéon, cuya principal
diferencia es la forma de procesar la region interna ITS1. En la ruta principal,
aproximadamente, el 85% de todo el pre-rRNA 27SA, se procesa en el sitio A; por la
endonucleasa RNasa MRP [42], resultando en el pre-rRNA 27SA; que es digerido
posteriormente 5’-3’ exonucleoliticamente hasta el sitio B;s para dar lugar al precursor
27SBs, que posee el extremo 5 maduro del rRNA 5.8Ss [43, 44]. En la ruta minoritaria,
aproximadamente, el 15% de todo el pre-rRNA 27SA, es procesado directamente en el sitio
B, mediante un corte endonucleolitico por una nucleasa aun desconocida. Este corte
origina el pre-rRNA 27SB, que presenta el extremo 5 maduro del rRNA 5.8S, [45]. Al mismo
tiempo que se completa el procesamiento del sitio B;, ocurre el procesamiento del extremo
3’ del rRNA 25S mediante la digestion 3’-5’ exonucleolitica desde el sitio By hasta el sitio B,
presente en el pre-rRNA 27SA [46, 47].

Parece ser que los pre-rRNAs 27SBs y 27SB, se procesan siguiendo las mismas
reacciones de maduracion. La primera reaccion consiste en el corte en el sitio C,, que
separa los pre-rRNAs 7S y 25.5S (26S) que daran lugar a los rRNAs maduros 5.8S y 25S,

respectivamente [46]. Recientemente se ha demostrado in vitro que el “complejo Las1”
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FIGURA 6. Esquema del procesamiento de los rRNAs en S. cerevisiae. (A) Organizacion de una repeticiéon

del rDNA donde se indica la localizacion de los sitios de corte. (B) Esquema de la ruta de maduracién de los pre-

rRNAs. En rojo se muestran las enzimas endonucleoliticas y en verde las enzimas exonucleoliticas. Las

nucleasas aun no identificadas se han marcado con un simbolo de interrogacion. Adaptado de [48].
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compuesto por cuatro subunidades: Lasl, una endonucleasa; Grc3, una 5’ polinucleétido
kinasa; Rat1, una 5-3’ exonucleasa y su cofactor Rai1, una 5 pirofosfatasa, es el
responsable del corte en el sitio C, [49]. Este corte genera un pre-rRNA 7S con un extremo
3’ con un 2,3’ fosfato ciclico, y un pre-rRNA 26S con un extremo &’ con un grupo OH. El
grupo fosfato ciclico que presenta el pre-rRNA 7S en su extremo 3’ podria ser el
responsable de la estabilidad de este intermediario y protegerlo del procesamiento a 5.8S
[49]. El pre-rRNA 7S se procesa en el extremo 3’ por una serie de 3’-5’exonucleasas [50-53]
gue da lugar al menos a dos intermediarios estables, los pre-rRNAs 5.85+30 generado por

la subunidad Rrp44 del exosoma, y el pre-rRNA 6S generado por la subunidad Rrp6.

Recientemente, se ha demostrado que la maduracién del extremo 3’ del precursor 6S
ocurre en el citoplasma [54] mediante una serie de reacciones consecutivas llevadas a cabo
por las nucleasas Rex1, Rex2, Rex3 [52] y Ngl2 [53]. Esto da lugar a las dos especies de
rRNA 5.8S denominadas 5.8S, y 5.8Ss. El pre-rRNA 26S generado tras el corte en C, es
fosforilado por Grc3 permitiendo que Ratl-Rail se procese a un intermediario 25S’;
posteriormente, las enzimas Ratl/Rrpl7 maduran este intermediario hasta la especie
madura del rRNA 25S [44, 49, 55].

Por otra parte de manera independiente, el rRNA 5S se transcribe por la RNAPIII
como un precursor que presenta su extremo 5 maduro, pero cuyo extremo 3’ se extiende
varios nucleétidos del extremo 3’ maduro. La maduracion del pre-rRNA 5S consiste en la
digestion 3’-5’ exonucleolitica de estos nucledtidos llevada a cabo por la exonucleasa Rex1
[52, 56].

Las proteinas ribosémicas en S. cerevisiae

Las 79 proteinas ribosémicas de S. cerevisiae (Figura 7A 'y 7B), se codifican por 138
genes; en la mayoria de los casos, los genes estan duplicados dando lugar a proteinas
parélogas. Los mRNAs de las proteinas ribosémicas representan el 50% de toda la
transcripcion realizada por la RNAPII. Los genes de estas proteinas constituyen un
agrupamiento funcional conocido como regulén RP [57]; la caracteristica que presentan la
mayoria de estos genes es la presencia en sus promotores de un sitio de union del factor de
transcripcion Rapl [58]. Ademas, algunos genes de proteinas ribosémicas presentan un sitio
de union para el factor Abfl [25]. Se ha demostrado que la union defectiva de Rapl a los
promotores de las proteinas ribos6micas provoca una disminucion del 75% de la
transcripcién de estos genes [59]. En la regulacién de la transcripcion del regulon RP

intervienen diversos factores de transcripcion y sefiales intra- y extracelulares que estan
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FIGURA 7. Estructura tridimensional de las proteinas ribos6micas de la subunidad pequefia y grande del
ribosoma de S. cerevisiae. (A) Estructura tridimensional de las 33 proteinas ribosémicas que conforman la
subunidad pequefia del ribosoma de S. cerevisiae. (B) Estructura tridimensional de las 46 proteinas ribosémicas
gue conforman la subunidad grande del ribosoma de S. cerevisiae. Las proteinas ribosémicas aunque bien
conservadas, presentan extensiones especificas en eucariotas, que juegan papeles importantes en diferentes
puntos del proceso de ensamblaje de la propia proteina o interactuando con otras proteinas vecinas. La

representacion fue generada con el programa Chimera v.1.11.2 a partir del archivo pdb: 4V88.
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integradas en la ruta TOR (Figura 8), la cual como se ha mencionado anteriormente,
mantiene el correcto balance en la produccién de los rRNAs y las proteinas ribosémicas [25,
31].

Sch9 <«—» Sfp1 <+---» Mrs6

|

Fhi1
Hmo1 —
S
P
Rap1/Abf1 - A
~‘_‘__‘ Esa‘\ -~

FIGURA 8. Regulacion de la transcripcion de los genes de proteinas ribosdmicas (RP). Determinadas
sefales tanto extracelulares como intracelulares inducen o reprimen la ruta TOR y RAS/PKA como se indica en
la figura. Estas sefiales se canalizan mediante una cascada de sefializacién que implica factores integradores
como Sfply Sch9. El factor activador clave de los genes RP es Ifthl, el cual se une a los promotores gracias a su
interaccion con el factor Fhil [60]. Mrs6 es un factor importante implicado en la regulacion de la localizacién
subcelular de Sfpl, y éste a su vez, regula la localizacion de los factores Ifh1l y Fhil en el nicleo. Por otro lado la
actividad quinasa del factor Sch9 es esencial; se especula que fosforila al factor Rapl [61, 62]. Rapl y Hmol son
factores de transcripcion que cooperan para regular positivamente la transcripcion de los genes de las proteinas
ribosémicas. Esal es una acetil-transferasa de histonas que elimina la accién represora de los nucleosomas.
Hay dos sitios de unién para Rapl en el promotor de la mayoria de los genes de proteinas ribosémicas. Cuando
la proteina Rapl se une, se activa la transcripcién. Se ha observado que algunos genes de proteinas
ribosémicas presentan un sitio de union al factor Abfl en sus promotores. Adaptada de la Tesis Doctoral de

Fernando Gémez Herrero.
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Las proteinas ribosomicas son normalmente de pequefio tamafio y de caracter
basico, con la excepcién de las proteinas del tallo P (P1 y P2) que aunque pequefias
presentan un caracter acido; el caracter basico proporciona un entorno en el cual se
neutraliza las cargas negativas de los residuos fosfatos de los rRNAs [63]. Muchas de las
proteinas ribosémicas presentan una estructura diferenciada en dos dominios: una region
globular fuertemente estructurada que en la mayoria de los casos se localiza en la superficie
del ribosoma, y una regién formada por una o Vvarias extensiones normalmente
intrinsecamente desordenadas que es frecuente que se introduzcan hacia el interior del

ribosoma (Figura 9).

Dominio Globular

Extensiones

FIGURA 9. Estructura tridimensional de la proteina ribosdmica L3 (uL3) de S. cerevisiae. (A) Estructura
tridimensional de L3 (uL3) donde se muestra una region coloreada en verde que forma los dominios globulares
de la proteina y una regién en rojo que corresponde con las extensiones de la misma, una amino-terminal y otra
como un lazo central. (B) Localizacién de la proteina L3 (uL3) en el contexto de la subunidad 60S del ribosoma.
Se observa que el dominio globular de la proteina se sitia en la superficie del ribosoma en contacto con el
exterior mientras que las extensiones de la proteina se introducen en el interior del ribosoma. Realizado con el

programa Chimera v.1.11.2 a partir de los archivos pdb: 3u5iy 3u5h.

Muchos genes de proteinas ribosémicas se encuentran duplicados, las proteinas
paralogas pueden ser idénticas pero en numerosos ejemplos no lo son totalmente. Se ha
llegado a especular que el ensamblaje de uno u otro paralogo afecta al funcionamiento del
ribosoma. Desde un punto de vista general, tomando la posibilidad de diferentes especies
de rRNA (el caso de 5.8Ss o 5.8S,) y proteinas ribosdmicas, podemos imaginar un
escenario de ribosomas con distinta composicién, que podria reflejarse en distinta
funcionalidad, es decir, un escenario de ribosomas especializados. Esta idea se ha

confirmado para ribosomas de distintos tejidos de organismos eucariotas superiores pero
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hasta el momento no se ha podido demostrar selectividad real de estos ribosomas hacia

ciertos mMRNAs para que se traduzcan diferencialmente [64].

Durante mucho tiempo se ha pensado que la funcion ribosémica residia
exclusivamente en las proteinas ribosdmicas y que los rRNAs servian de esqueleto
estructural. Con la aparicion del concepto de RNA catalitico y la obtencion de datos que
relacionaban de manera casi exclusiva a los rRNAs con la funcion ribosémica, se establecio
la hipétesis no probada de que el ribosoma es una ribozima, donde la actividad catalitica del
centro peptidil-transferasa es llevada a cabo por el rRNA 25S (o 23S) [65, 66]. En las Ultimas
dos décadas, la resolucion de estructuras de ribosomas de distintos organismos a nivel
atomico [67] ha confirmado que las proteinas ribosomicas se encuentran relativamente lejos
de los centros funcionales como para ser responsables de la accion catalitica, aunque son

esenciales para el funcionamiento general del ribosoma [66].

En las ultimas décadas casi todo el esfuerzo investigador se habia enfocado en el
analisis del papel de los factores de ensamblaje en la biogénesis del ribosoma. Poco se
conocia sobre la importancia de las proteinas ribosémicas en este proceso [68-77]. Se han
encontrado principios generales entre el ensamblaje de ribosomas procariotas y eucariotas,
aungue debido a la mayor complejidad del ribosoma eucariota los procesos no son del todo

equivalentes ni estan aun completamente resueltos [78].

La nomenclatura de las proteinas ribosomicas ha sufrido cambios drasticos no
deseables a lo largo de los ultimos afios, dando lugar a confusiones debido a que proteinas
ortdlogas procariotas y eucariotas tenian nombres distintos; asi la proteina L5 bacteriana se
corresponde con la proteina L11 de S. cerevisiae, a su vez la proteina L5 de levadura es la
proteina L18 en bacterias. Esto parece haber sido solucionado con el establecimiento de
una nomenclatura que evidentemente necesita un periodo de adaptacién para su correcta

asimilacién por parte de la comunidad cientifica que estudia el ribosoma [79] (Tabla 1).

Maduracion de la particula pre-ribos6mica temprana 90S

Como he mencionado anteriormente, el procesamiento de los rRNAs ocurre en el
contexto de grandes complejos ribonucleoproteicos formados por distintos pre-rRNAS,
algunas proteinas ribosdmicas y numerosos factores de ensamblaje. La composicion de las
particulas pre-ribosémicas es distinta dependiendo del estado de maduracién de las
mismas. La primera particula pre-ribosémica detectada es la particula 90S o también
conocida como procesoma SSU (del inglés Small-SUbunit processome) [80, 81]. La

particula 90S es un complejo macromolecular de aproximadamente 2.2 MDa que contiene al
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Nueva nomenclatura para las proteinas de la subunidad Nomenclatura para las proteinas de la subunidad grande del

pequena del ribosoma. ribosoma.
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TABLA 1. Nomenclatura unificada de las proteinas ribosémicas. Se muestra la nueva nomenclatura
adaptada por el area de trabajo del ribosoma de todas las proteinas ribosémicas de las subunidad pequefia
(izquierda) y de la subunidad grande (derecha). Se sefialan cuales son exclusivas de bacterias (B), cudles de

arqueas (A), y cuales de eucariotas (E). Adaptado de [79].
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pre-rRNA 35S, unos 70 factores de ensamblaje y numerosos snoRNAs. Muy recientemente,
los grupos de Ed Hurt y Sebastian Klinge han conseguido determinar la estructura
tridimensional de la particula 90S a 7.3 A de resolucion del ascomiceto extremdfilo
Chaetomium thermophilum [82] (Figura 10) y a 5.1 A de S. cerevisiae [83], respectivamente.
C. thermophilum, est4 estrechamente relacionado con S. cerevisiae, compartiendo hasta un
73% de homologia entre sus proteinas [84]. Varios estudios han determinado que la
formacion de esta particula sucede mediante el ensamblaje modular de 6 sub-complejos: U3
snoRNP, el sub-complejo Mpp10-Imp3-Imp4, UTP-A (formado por las proteinas Utp4, Utp5,
Utp8, Utp9, Utpl0, Utpl5 y Utpl7), UTP-B (formado por las proteinas Utpl, Utp6, Utpl2,
Utpl3, Utpl8 y Utp21), UTP-C (formado por las proteinas Rrp7, Utp22, Ckbl, Ckal, Ckb2 y
Cka2) y el subcomplejo Bmsl-Rcll, otras enzimas como Emgl y Kre33, y factores
estructurales como Utp20, Noc4 y Nopl4, que se asocian de manera secuencial sobre el
pre-rRNA naciente [82, 83, 85-88] (Figura 11). El completo ensamblaje del procesoma SSU
permite que la endonucleasa Utp24 realice el corte en los sitios A; y A, [89], separando el
rRNA 18S del 5 ETS y parte del ITS1. Muchos de estos factores son necesarios para la
correcta maduracion del rRNA 18S, sin embargo muy pocos de ellos son necesarios para la
correcta maduracion de los rRNAs de la subunidad grande [80, 81].

El corte en el sitio A, separa las rutas de maduracion de las particulas que formaran
parte de las dos subunidades, las tempranas pre-40S (43S) y pre-60S (66S), las cuales
maduran de manera aparentemente independientes (Figura 12). Las particulas pre-40S
tempranas contienen el pre-rRNA 20S y 12 factores fuertemente asociados, de los cuales
Rrp12, Nopl4, Enpl, Hrr25, Dim1, Ascl y Pnol se encuentran también en la particula 90S y
Tsrl, Ltvl, Nobl, Rio2 y Bub23 solo se encuentran en las particulas pre-40S [90, 91]; las
particulas pre-60S contienen el pre-rRNA 27SA, y a diferencia de la simplicidad que conlleva
la maduracién de las particulas 40S, la maduracion de las particulas pre-60S es mas
compleja, encontrandose diferentes factores dependiendo de la etapa de maduracion. Entre
estos factores se encuentran: Nop7, Nogl, Noc2, Nsa2, Nsa3, Nugl y Tif6. Por otro lado,
algunos de los factores que son especificos de la ruta de maduracion de particulas pre-60S
son: Ssfl, Nocl, Noc3, Nsal, Rsa4, Rix1 o Arxl [92-96]. Las células sintetizan cantidades
equimolares de ambas subunidades ribosdmicas, por lo que deben existir mecanismos de
regulacion que mantenga esta relacion, a pesar de la separacion en la maduracién de
ambas subunidades. Estos mecanismos se basan, al menos, en la transcripcion de un unico
transcrito comun para ambas subunidades, y la presencia de factores de ensamblaje
comunes para ambas rutas de maduracion que actian a distintos tiempos entre otros [97-
100].
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FIGURA 10. Estructura tridimensional de la particula 90S de Chaetomium thermophilum obtenida
mediante crio-microscopia electrénica. Se muestra la estructura de la particula pre-ribosémica 90S de este
hongo. Se observa la localizacién de los distintos sub-complejos necesarios para la maduracion de la subunidad
40S (morado), entre los que se destacan: U3 snoRNP (naranja), UTP-A (rojo) y UTP-B (azul). Adaptada de [82].

FIGURA 11. Modelo para la formacién de la particula pre-ribosémica 90S. La asociacion jerarquica de sub-
complejos al pre-RNA 35S comienza con la asociacién del complejo tUTP o UTP-A. Esta asociacion inicial
permite las subsiguientes incorporaciones de los demas sub-complejos. Las etapas de ensamblaje de U3
snoRNP y UTP-B, que ocurre de manera independiente, guian la formacion de 90S; estas dos etapas son
necesarias para el ensamblaje posterior de varios componentes [101-104]. El ensamblaje de la GTPasa Bms1 es
necesario para la incorporacion de otros factores y del sub-complejo Mpp10. La incorporacion de Rrp5 es crucial
para el reclutamiento del sub-complejo UTP-C pero no para los sub-complejos tUTP/UTP-A, U3 snoRNP o UTP-
B [85, 105]. Adaptado de [106].
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El ensamblaje de la subunidad 40S

Tanto el procesamiento del pre-rRNA como la unién de las proteinas ribosomicas al
pre-rRNA 20S ocurre en gran parte de forma co-transcripcional y en el nucléolo. Aunque
solo se ha descrito una particula pre-40S estable, nuclear, es posible que existan hasta al
menos cuatro particulas intermedias [48], cada una definida por los cortes que requiere el
pre-rRNA naciente hasta formar el pre-rRNA 20S.

Andlisis globales han demostrado que el ensamblaje de las proteinas ribosémicas de
la subunidad pequefia sigue un patrén jerarquico [76, 77] (Figura 13). Generalmente, las
primeras proteinas ribosémicas se ensamblan en la zona de la subunidad denominada
cuerpo, de manera temprana durante la transcripcion. A continuacion, se ensamblan las
proteinas que dan lugar a la zona denominada cabeza; estas proteinas suponen hasta el
70% de todas las proteinas ribosémicas que conforman la subunidad pequefia. Por ultimo,
las proteinas que se unen en un estadio mas tardio de maduracion ocupan su lugar en
distintas zonas. El hecho de que el proceso de ensamblaje ocurra de forma co-
transcripcional es consistente con la observacion de que hasta 21 proteinas ribosémicas de
la subunidad pequefia co-precipitan el pre-rRNA 20S. Soélo las proteinas S11 (uS17) y S13
(uS15), que se unen a la plataforma, co-precipitan cantidades significativas del pre-rRNA
35S [77].
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FIGURA 12. Ruta de ensamblaje del ribosoma eucariota. El primer precursor ribosémico en formarse es 90S
(naranja) compuesto por factores y proteinas ribosdmicas de la subunidad pequefia que son reclutados sobre el
pre-rRNA 35S. Tras ocurrir el corte en el sitio Az, la subsiguiente maduracién ocurre en dos rutas independientes:
el precursor de 40S (verde) y el precursor de 60S (azul). A lo largo de ambas rutas, ocurren asociaciones de
distintos factores que dirigen unidireccionalmente la maduracion a través del nucleoplasma hacia el complejo de

poro nuclear. Los ultimos pasos de maduracién ocurren en el citoplasma. Adaptado de [1086].

A pesar de la aceptacién de este modelo de ensamblaje de las proteinas de la

subunidad pequefa, se han descrito casos en los que se ha asumido un ensamblaje tardio,
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y posteriormente, se ha comprobado que estas proteinas estdn presentes en particulas
tempranas como 90S o pre-40S, con las que presentan asociaciones no estables, un
ejemplo de ello es la proteina S31 (eS31) [107]. Estos resultados indican que las proteinas
ribosémicas de la subunidad pequefia se ensamblan de manera laxa a las particulas pre-
40S tempranas y solo a lo largo de la maduracion, la interaccion con el rRNA se va haciendo

mas fuerte y estable [77].

Curiosamente el orden en el que se ensamblan las proteinas ribosémicas de la
subunidad pequefia en S. cerevisiae in vivo presenta gran paralelismo al ensamblaje in vitro
estudiado para las proteinas ribosémicas bacterianas [12, 108-110] y probablemente al de
las proteinas humanas [111]. Por tanto, el proceso de ensamblaje refleja las caracteristicas
biofisicas de las interacciones RNA-proteina estables de la subunidad pequefa del ribosoma
[78].

Varios factores de ensamblaje retrasan la incorporacion de ciertas proteinas
ribosémicas por competicion de su sitio de union a las particulas pre-ribosémicas. Ejemplo
de ello son las proteinas S10 (eS10) y S26 (eS26); la union prematura de S10 en la
estructura del pico de la subunidad pequefia se bloquea por la presencia del factor Ltvl, y la
unién de S26 a la plataforma es bloqueada por las proteinas Pnol/Dim2 [112]. Para que el
factor Ltvl se libere de la particula pre-40S es necesario que sea fosforilado por la quinasa
Hrr25 [113]. En el caso de Pnol se desconoce su mecanismo de reciclaje.
Interesantemente, se ha observado que las proteinas S10 y S26 se encuentran en la
entrada y salida del canal donde se une el mMRNA. Esta situacion sugiere un mecanismo de
control por el que la liberaciébn de un factor de ensamblaje controla la maduracién de la
subunidad 40S impidiendo su funcién previniendo el reclutamiento del mRNA a las
particulas pre-40S inmaduras. Este comportamiento en el que los factores de ensamblaje
ocupan el lugar de la proteina ribos6mica hasta el momento oportuno de su union al

ribosoma se conoce con el nombre genérico de la “hipétesis de los placeholders” [114, 115].

Las Ultimas etapas de maduracion de la subunidad pequefia ocurren en el
citoplasma, lugar donde se ensamblan las Ultimas proteinas ribosémicas, se genera el
extremo 3 maduro del rRNA 18S y se disocian los factores de ensamblajes que aun
permanecen unidos. Se ha descrito la existencia de un ciclo similar a uno de traduccion que
actia como punto de control en la correcta maduracion de subunidades ribosémicas
funcionales [41, 116]. Parece ser que el pico es la estructura que madura mas tarde, y en
este estadio de maduracion se han descrito hasta siete factores de ensamblaje (Enp1, Ltv1l,
Rio2, Tsrl, Diml, Nobl y Pnol) unidos a distintas regiones de la particula pre-40S en el

pico, la plataforma y la interfase entre ambas subunidades [112]. Recientemente, se ha
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demostrado que los Ultimos pasos de maduracion comienzan con el ensamblaje de la
proteina ribosémica S3 (uS3). De forma co-traduccional, la proteina S3 se asocia con una
proteina chaperona denominada Yarl formando un complejo [117, 118]. La proteina S3 se
encuentra en este complejo con su extremo amino-terminal rotado, y mientras que su
extremo carboxilico permite su dimerizacion. ElI complejo (S3),-Yarl es transportado al
nacleo, y una vez alli, el factor Ltvl reemplaza a la chaperona Yarl formandose de este
modo un complejo S3-Ltvl-Enpl. La asociacion inicial de este complejo con la particula pre-
40S se realiza mediante el extremo carboxilo terminal de S3 [119, 120]. Ltvl impide que la
proteina S3 interaccione con la proteina S20 a la vez que impide que el extremo amino de
S3 consiga su estructura final; de este modo, el factor Ltvl previene que el ensamblaje de
S3 ocurra de manera prematura. La fosforilacion de Ltvl por la quinasa Hrr25 [113], junto a
la rotacién del extremo amino terminal de la proteina S3, promueve la liberacién del factor
Ltvl, permitiendo que la proteina S3 ocupe su lugar definitivo en la particula pre-40S [118].
El ensamblaje de S3 permite el ensamblaje posterior de la proteina S10 [112]. También, se
ha observado que la liberacion de Ltvl es necesaria para que la subunidad pequefia pueda
unirse con la subunidad grande, en la que esta involucrada la GTPasa elF5B [113]. Esta
GTPasa cumple un papel importante en la maduracién citoplasmatica de la particula pre-
40S ayudando en la interaccion de la subunidad pequefia y la subunidad grande en el
intermediario denominado “80S-like” [41, 116] (Figura 14). En esta particula pre-40S tardia,
ademas de una serie de intercambios entre factores de ensamblaje y proteinas ribosémicas,
sucede el corte en el extremo 3’ del pre-rRNA 20S. La endonucleasa Nobl, es estimulada
tanto por GTP como por ATP, este proceso es dependiente de la GTPasa elF5B [41]. La
liberacion de la particula 40S que contiene el rRNA 18S maduro es llevada a cabo por el
factor de terminaciéon Rlil y su cofactor Dom34; ambas proteinas también participan en la
disociacién del ribosoma 80S maduro durante la terminacién de la traduccién. En este punto
la subunidad 40S ha madurado completamente salvo por la ausencia de S26 (eS26) [77,
116]. El ensamblaje preciso de S26 no estd aclarado dado que otros estudios indican que

S26 se une en el nucleo a complejos 90S [121].

Por otro lado, se ha descrito una ruta alternativa del Gltimo paso de maduracion del
pre-rRNA 20S a 18S, el cual es dependiente de la ATPasa Riol, que favorece la disociacion
del factor Pnol, que ocupa una posicibn solapante con la posicion que posteriormente
ocupara la endonucleasa Nobl. Ademas, como anteriormente he mencionado, la actividad
ATPasa favorece la reaccion de Nobl [122]. De igual manera, la ATPasa Riol podria

promover la formacion de la particula “80S-like”.
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FIGURA 13. Esquema de ensamblaje de las proteinas de la subunidad pequefia. A) Representacion de la
estructura secundaria del rRNA 18S. B) Representacion tridimensional del rRNA 18S. En amarillo, se muestran
las proteinas que se ensamblan de forma temprana, muchas de ellas situadas en la regién del cuerpo. En azul,
se muestran las proteinas que se ensamblan posteriormente formando la regién de la cabeza. Por Ultimo, en rojo
se muestran las proteinas ribosémicas que se ensamblan de forma tardia. En gris, se muestran proteinas para

las que aun se desconoce la posicion y el tiempo de ensamblaje en la subunidad pequefia. Adaptada de [78].
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FIGURA 14. Ultimas reacciones de maduracion de la subunidad 40S. Modelo de los eventos de maduracion
citoplasmatica de la subunidad pequefia. En amarillo, se muestran los factores que se unen de forma estable a
particulas pre-40S; en magenta, se muestran las proteinas ribosémicas, y en color verde, los factores que se
unen de forma mas débil. La particula pre-40S se muestra en color gris claro y la subunidad 60S en gris oscuro;
el mRNA se muestra en color azul. Los distintos pasos se describen previamente en el texto. Adaptado de [78].

Recientemente se ha cristalizado el factor Tsrl, una proteina estructuralmente
parecida a una GTPasa traduccional pero que no presenta ni sitio de uniéon a GTP ni
actividad hidrolitica. Se ha observado que Tsrl ocupa una posicién que solapa con la de la
GTPasa elF5B y la ATPasa Riol. La asociacion de Tsrl a las particulas pre-40S bloquea el
canal de unién de los mMRNAs, previene la asociacion de la misma con la subunidad 60S y
bloquea la unién de los factores elF5B y Riol. EI mecanismo por el que se libera el factor
Tsrl de la particula pre-40S aun se desconoce [123].

El ensamblaje de la subunidad 60S

El ensamblaje de la subunidad 60S presenta mayor complejidad que el de su
analoga pequefia. A diferencia del ensamblaje de la subunidad pequefia que ocurre en su
mayor parte de forma co-transcripcional, sélo las primeras etapas de la formacién de las
particulas pre-60S mas tempranas ocurren de esta forma. Como he mencionado
anteriormente, la maduracién de la subunidad 60S se inicia con el corte en el sitio A, del pre-
rRNA 35S [39, 40, 124]. Una vez finalizada la transcripcion se forma el primer precursor

detectable de pre-rRNA denominado pre-rRNA 27SA,. El factor Rrp5 se localiza asociado en
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el ITS1 adyacente a los sitios A, y Az, ¥ se ha demostrado que favorece los cortes en A, A,
para producir el rRNA 18S y en el sitio A; por la RNasa MRP para dar lugar a los rRNAs
5.8S y 25S [100]. Muchas de las proteinas ribosomicas de esta subunidad y numerosos
factores de ensamblaje estan involucrados especificamente en el proceso de maduracion
[95]. Las proteinas ribosdmicas en esta etapa aun presentan interacciones débiles con los
pre-rRNAs que en muchos casos no son las interacciones definitivas que tienen con los
rRNAs maduros. A medida que transcurre el proceso de maduracion, estas interacciones se
van haciendo mas robustas y las proteinas ribosbmicas van ocupando sus posiciones
definitivas [125].

En un principio, los estudios para comprobar el papel de las proteinas ribosémicas
durante el ensamblaje de las subunidades 60S se enfocaban en provocar Unicamente la
represion transcripcional de unas pocas proteinas individuales, y la constatacion fenotipica
de los efectos tras esta represién en el crecimiento celular, en los niveles de subunidades
totales, polirribosomas, procesamiento de los pre-rRNAs y el transporte ndcleo-
citoplasmaético de particulas pre-ribosémicas [126-137]. Actualmente, el estudio del papel de
las proteinas ribos6micas también incluye analisis sisteméaticos en los que se estudia la
composicion de particulas pre-ribosémicas purificadas y como éstas cambian tras la pérdida
de funcion o eliminaciéon de aquellas proteinas ribosdbmicas en estudio [125, 138-140].
Gracias a estos estudios, se ha descubierto qué conjunto de proteinas ribosémicas afectan
especificamente a las etapas tempranas de la maduracién de la subunidad 60S, cuales
afectan a las etapas intermedias y cuales a las etapas tardias y citoplasmaticas.
Curiosamente, los conjuntos de proteinas que afectan principalmente a etapas tempranas o
tardias en la maduracion de las particulas ribosémicas tienen una correlacion con su
localizacién en el ribosoma. Asi, las proteinas necesarias para las etapas tempranas del
procesamiento del pre-rRNA 27SA; se localizan en la superficie soluble de la subunidad 60S
unidas a los dominios | y Il del rRNA 25S. El siguiente grupo de proteinas, que son
necesarias para las etapas intermedias de maduracidon se encuentran localizadas en los
alrededores de la salida del tunel de salida de los polipéptidos nacientes (PET, en inglés),
unidas a los dominios | y Il del rRNA 25S y al rRNA 5.8S. Por otro lado, las proteinas que se
necesitan para el procesamiento del pre-rRNA 7S se localizan en la superficie de contacto
entre subunidades. Por Gltimo, las proteinas necesarias para los ultimos estadios nucleares
y citoplasmaticos de maduracion se localizan alrededor de la protuberancia central, donde
se sitba el rRNA 5S, entre los dominios Il y V del rRNA 25S (Figura 15). Este proceso
jerérquico recuerda vagamente al proceso que sigue el ensamblaje in vitro de la subunidad
grande bacteriana [141], sugiriendo que muchos de los principios que gobiernan el

ensamblaje de la subunidad grande estdn como sucede para la subunidad pequefia

25



conservados evolutivamente, a pesar de la mayor complejidad de la biogénesis del ribosoma

en eucariotas.

Si desgranamos mas especificamente las etapas de maduracion de la subunidad
60S, llama la atencion que durante las etapas tempranas de su ensamblaje es necesaria la
estabilizacién de los extremos 3’ y 5’ del pre-rRNA 27SA; la cual se lleva a cabo mediante la
participacion de una serie de factores entre ellos Rrp5 [100]. Se ha observado que la
proteina ribosémica L3 (uL3) se une a los dominios del pre-rRNA 27SA, donde se sitian sus
extremos. La proteina L3 (uL3) en el ribosoma maduro ocupa una posicion cercana al
extremo 5’ del rRNA 5.8S y al extremo 3’ del rRNA 25S [142]. Ademas de la proteina L3
(uL3), se ha observado que un conjunto de factores de ensamblaje relacionados
genéticamente con L3 (uL3) participa en esta estabilizacién inicial y compactacion de la
particula pre-60S mas temprana. Estos factores incluyen, ademas de Rrp5, las proteinas
nucleolares Npal/Urbl, Npa2/Urb2, Rsa3, Nop8 y las helicasas de RNA Dbp6, Dbp7, Dbp9
[100, 143].

Transcurridos estos primeros pasos de maduracion, en los pasos intermedios se
engloban los procesos de eliminacion de la region interna ITS1 para lo cual es necesario la
formacion de una estructura a modo de pseudonudo en la estructura del rRNA 5.8S vy el
plegamiento del ITS2. Posteriormente ocurre el plegamiento de los dominios | y Il creando

una plataforma que ayuda a la formacion de la estructura terciaria de los rRNAs [144].

El siguiente paso en el ensamblaje es la asociacion de proteinas ribosémicas con los
dominios | y Ill, permitiendo el corte en el sitio C, en la region interna ITS2. Los factores
necesarios para el corte en el sitio C, (Nsa2 y Nog2/Nug?2) se reclutan gracias al ensamblaje
de algunas proteinas ribosémicas (L9 (uL6), L17 (uL22), L19 (eL19), L23 (uL14), L25 (uL23),
L26 (uL24), L27 (eL27), L31 (eL31), L34 (eL34), L35 (uL29), L37 (eL37) [145, 146]. Por otro
lado estas proteinas ribosémicas asociadas en estos pasos intermedios son necesarias para
el correcto ensamblaje posterior de las proteinas ribosomicas L2 (uL2), L39 (eL39) y L43
(eL43) localizadas en la superficie inter-subunidad adyacentes al centro peptidil-transferasa
(PTC, en inglés) [125]. A su vez las proteinas L2 (uL2) y L43 (eL43) junto con Nog2 son
necesarias para el procesamiento del pre-rRNA 7S [125]. Mencionar que no se conoce el
mecanismo por el cual se acopla el ensamblaje de estas proteinas con el procesamiento de
este pre-rRNA. Recientemente se ha purificado un intermediario de pre-60S utilizando el
factor Nog2 etiquetado con TAP, donde se ha observado que la GTPasa Nog?2 esta presente
durante tres procesos importantes de la maduracion de subunidades 60S: la rotacion del

complejo 5S-RNP, la construccién del PTC y la eliminacién de ITS2. En este intermediario
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FIGURA 15. Ensamblaje de las proteinas ribosémicas de la subunidad grande del ribosoma. A)
Representacién de la estructura secundaria de los rRNAs de la subunidad 60S. B) Representacion tridimensional
del rRNAs de la subunidad 60S; en amarillo, se muestran las proteinas que se ensamblan de forma temprana las
cuales se localizan en la superficie de la subunidad 60S. En azul, aquellas proteinas que se ensamblan de
manera intermedia y que se localizan alrededor de la salida del tanel de salida del polipéptido naciente. Por
ultimo, en rojo, se muestran las proteinas ribosdmicas que se ensamblan de forma tardia y que se encuentran

formando parte de la protuberancia central. Adaptada de [78].

se han observado catorce factores asociados a una region que han denominado region “arc”
que se localiza en la superficie de interaccion con la subunidad pequefa, entre la

protuberancia central y el tinel de salida del polipéptido. Estos factores son Rsa4, Nsa2,
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Mtr4, Nogl, Tif6, RIp24, Bud20, Arx1l, Nog2, Rpf2 y Rrsl y cinco factores adyacentes a la
zona de ITS2, Nop53, Nop7, RIp7, Cicl, Nopl5 [147]. La actividad de la ATPasa Real
provoca cambios conformacionales en las particulas pre-60S nucleoplasmicas tardias que
estimulan la actividad GTPasa de Nog2, cuyas actividades son necesarias para el transporte
de éstas al citoplasma [148]. La liberacion de Nog2 permite la asociacion del factor de
transporte nucleo-citoplasmatico Nmd3 cuyo sitio de unién solapa con el de Nog2 [148, 149].
Por otro lado, la GTPasa Nogl presenta una funcién dual, su dominio amino terminal
interacciona con los factores Nog2 y Nsa2 mientras que su dominio carboxilo terminal
interacciona con los factores Tif6, Rlp24, Arxl y las proteinas ribosémicas L3 (uL3), L31
(eL31), L22 (eL22), L19 (eL19) y L35 (uL29). Se sugiere gue mientras el extremo amino de
Nogl actua en el remodelado del centro, el extremo carboxilo terminal aparentemente actla
como un “andamio molecular” para la asociacion de numerosos factores de ensamblaje y el
ensamblaje de algunas proteinas ribosémicas ademas de participar en un control de calidad
de la construccion del tanel de salida del polipéptido [147, 150]. Como se mencion6
anteriormente en este intermediario se observo que Nop53 se localiza cerca del sitio ITS2, lo
cual tiene sentido porque Nop53 recluta el factor Mtr4, el cual participa en la eliminacién de
ITS2 mediante el exosoma [151].

El dltimo paso antes de la salida de particulas pre-60S del nicleo es la formacién de
la protuberancia central que contiene el rRNA 5S unido a las proteinas L5 (uL18) y L11
(uL5). Recientemente, ha sido demostrado que las proteinas L5 (uL18) y L11 (uL5) se
importan al ndcleo juntas a través de un complejo formado por la carioferina Kap104 y la
importina Syol. Los extremos aminos de las proteinas L5 (uL18) y L11 (uL5) interaccionan
con Syol, cuya secuencia de sefializacién nuclear NLS es reconocida por Kap104. Tras el
transporte al ndcleo, la proteina Ran unida a GTP libera a Kap104 y el complejo Syol-L5-
L11 se asocia con el rRNA 5S. Syol se libera probablemente durante el ensamblaje del 5S-
RNP al pre-60S [152] (Figura 16). EI complejo 5S-RNP se ensambla en la particula pre-
ribosémica 60S mediante los factores de ensamblajes Rpf2 y Rrs1 [130]. En este paso,
acttan los factores Rsa4 y Nogl que contribuyen en la estabilizacion de la protuberancia
central prematura y el remodelado del 5S-RNP que inicialmente presenta una conformacion
rotada 180° de su posicion final, ocasionando a su vez, la rotacién de algunas hélices del
rRNA 25S [153]. Aparentemente esta conformacion alterada proporciona los sitios de unién
de factores de ensamblaje durante momentos especificos del proceso de maduracion y

establece un control temporal de la formacion de la protuberancia central.

La proteina ribosémica L21 (eL21) se localiza en la protuberancia central cerca del
complejo 5S-RNP. Esta proteina se ha demostrado que es necesaria para la interaccion de

factores implicados en el remodelado de la protuberancia central como son Rsa4 y Nogl
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mencionados anteriormente. Por otro lado, el ensamblaje de la proteina L21 (eL21) parece
ser un pre-requisito para que la ATPasa Real pueda liberar de manera eficiente a los
factores Rsa4 y Ipil [125, 154]. La liberacion de los factores Rpf2 y Rrs1 unidos con el 5S-
RNP, y del factor Rsa4 son necesarios para la correcta rotacion del 5S-RNP a su posicion
final. La reorganizacion del 5S-RNP vy la liberacién del factor Nog2 parecen estar acoplados
al transporte de la particula pre-60S al citoplasma, la liberacién del factor Nog2 permite que
el factor de transporte nucleo-citoplasmatico Nmd3 se asocie a las particulas pre-60S,
puesto que ocupan posiciones solapantes [148]. Por otro lado parece ser que la
reorientacion de la protuberancia central favorece la asociacion del factor Mex67 para llevar

a cabo el transporte al citoplasma [155].
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FIGURA 16. Ensamblaje del complejo 5S-RNP. El complejo Syol-L5-L11 que se forma en el citoplasma, se
importa al nicleo con la ayuda de la carioferina Kap104. En el nucleo, el complejo Syol-L5-L11 se unen al rRNA
5S. La actividad de RanGTP unida a Kap104 promueve la liberacion de Syol. En este punto, el complejo 5S-
RNP se incorpora a la particula pre-ribosémica 60S. Los factores Rpf2 y Rrs1 ayudan en el reclutamiento de 5S-

RNP a la particula pre-60S generando la protuberancia central prematura. Adaptada de [156].

Una vez en el citoplasma, las particulas pre-60S se someten a los Ultimos pasos de
maduracion, entre ellos el procesamiento del pre-rRNA 6S a 5.8S, la asociacion de las
ultimas proteinas ribosomicas y la liberacion de los factores de ensamblaje que aiun quedan
unidos (Figura 17). Las proteinas ribosémicas de ensamblaje citoplasmatico se localizan en
la superficie de la subunidad que interacciona con la subunidad pequefa, adyacentes a la

protuberancia central, al centro peptidil-transferasa y al centro activador de GTPasa. Se
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piensa que los ultimos pasos de maduracion estan precisamente destinados a completar los
sitios activos. Se ha demostrado que la ausencia de las proteinas ribosomicas que se
ensamblan en estos Ultimos pasos citoplasmaticos, como las proteinas L29 (eL29) y L40
(eL40), o la represion transcripcional de la proteina L10 (uL16), dan lugar a defectos en la
unién de la subunidad grande con la subunidad pequefia durante el proceso de traduccién
[134, 157, 158].

El ensamblaje prematuro de proteinas como L10 (uL16), L24 (eL24) o PO (uL10) en
particulas pre-60S esta bloqueado estéricamente por factores de ensamblajes que ocupan
sus sitios de unién, constatando nuevamente la presencia de factores tipo “placeholders”. Es
durante los ultimos pasos de maduracién citoplasmatica cuando las subunidades 60S
nacientes se someten a un nuevo chequeo para comprobar el ensamblaje correcto del sitio
P en los centros peptidil-transferasa y activador de GTPasa. El primer factor en actuar
parece ser que es la ATPasa AAA Drgl, la cual es reclutada y activada por el factor RIp24; a
su vez Drgl promueve la liberacion de RlIp24, permitiendo el ensamblaje posterior de la
proteina ribosémica L24 (eL24) que es paraloga al factor [159, 160]. Esta etapa permite la
unién del factor Reil que junto con la ATPasa Ssal y su cofactor Jjj1 liberan los factores
Arxl y Albl [161-163]. Por otro lado, la proteina ribosémica L12 (uL11) recluta al factor de
ensamblaje Yvhl que interviene en la liberacion de Mtr4 permitiendo que la proteina
ribos6mica PO se ensamble de forma irreversible a la particula pre-60S citoplasmatica [161,
164-166]. Muy recientemente, se ha demostrado que la liberacion de Mtr4 favorecida por el
factor Yvhl permite la asociacion de los factores de transporte Mex67-Mtr2 en el nicleo en
el sitio que ocupaba Mtr4, permitiendo su transporte al citoplasma. Alli, los factores Yvhl y
Mex67-Mtr2 se liberan y favorecen el ensamblaje de la proteina ribosomica PO [167]. Sin
embargo, en ausencia de la proteina ribosémica L12 (uL11), que no es esencial, no se ha
observado que haya diferencias en la eficiencia de reciclaje del factor Mtr4 al ndcleo [168].
La proteina ribosémica L10 (uL16) presenta un lazo flexible en su estructura que, debido a
su proximidad al sitio P, es responsable de detectar si el ensamblaje del centro peptidil-
transferasa es correcto. En ese caso, se activan los factores Efll y Sdol, que favorecen la
liberacion del factor Tif6 [169]. A su vez, este proceso favorece la liberacion del factor Nmd3
llevada a cabo por la GTPasa Lsgl. Es el correcto ensamblaje del tallo P el que activa y une
el factor Efl1, el cual podria acoplar este punto de control con la liberacién de factores que
previenen la interaccion de la subunidad grande con la subunidad pequefia de forma

prematura.
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Mecanismos de vigilancia en la biogénesis del ribosoma

Como he estado mencionando en secciones anteriores, los puntos de
verificacién estructural y funcional de las particulas pre-ribosémicas son frecuentes a lo largo
de la ruta de maduracion de las subunidades ribosémicas. Estos aseguran el correcto
ensamblaje del ribosoma. Muchos de estos controles ocurren en el nucléolo. Entre ellos
destacan las distintas verificaciones realizadas por el complejo TRAMP asociado al
exosoma [170]. Esta ruta parece actuar en los casos en los que ciertos factores de
ensamblaje no son capaces de unirse o llevar a cabo su funcién, lo que podria provocar el
bloqueo de las particulas pre-ribosémicas que no pueden progresar en su maduracion,
simplemente por falta de reciclado de los factores asociados.
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FIGURA 17. Ultimas etapas de la maduracién de la subunidad 60S. Las particulas pre-60S citoplasmaticas
contienen solo unos pocos factores de ensamblaje que se liberan tras las Ultimas reacciones de remodelado
citoplasmatico. La incorporacion de L29 (eL29) en el citoplasma requiere evidencia experimental. Es de destacar
la liberacidn del factor Tif6é que provoca la activacion de la GTPasa Lsgl, que a su vez promueve la liberacion del
factor de exportacion Nmd3. Por otro lado, el ensamblaje de la proteina L10 (uL16) requiere de la participacion
de la chaperona Sqtl, la cual es también necesaria para la liberacion del factor Nmd3. Las proteinas acidicas P1
y P2, que pueden existir en su forma libre, se asocian aparentemente de manera co-traduccional a las

subunidades 60S durante la fase de iniciacion de la traduccién. Adaptada de [78].

El complejo TRAMP esta compuesto por una polimerasa de poli-adenina (Tfr4 6
Tfr5), una helicasa de RNA (Mtr4) y una proteina con dedos de zinc (Airl 6 Air2). Este
complejo se encarga de afadir pequefias colas de poli-(A), en el extremo 3’ de los RNAs

aberrantes, incluyendo aquellos que provienen de los rRNAs. Posteriormente, el exosoma
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detecta la cola de poli-(A), y realiza la degradacion en sentido 3’-5’. Se ha sugerido que la
mayoria de los complejos TRAMP-exosoma se concentran en unos compartimentos

nucleolares denominados “No-body” [170].

En el citoplasma, las particulas pre-ribosémicas y los ribosomas aberrantes son
degradados mediante la ruta denominada “Non-functional rRNA Decay” (NRD). Segun se
trate de una subunidad pequefia o una grande aberrante, esta ruta utiliza distintos factores.
Asi, el NRD de la subunidad pequefia comparte componentes con una ruta de degradacion
de mRNAs denominada “No-Go Decay” (NGD) [171], mientras que el NRD de la subunidad
grande utiliza la ubicuitinacion [172]. Mientras que la degradacion de la subunidad pequefia
parece ser dependiente de traduccion [171], la degradacion de la subunidad grande se lleva
a cabo por el proteasoma citoplasmatico (UPS en inglés) y es dependiente de ubicuitinacion
[172]. Los sustratos de degradacion de la subunidad pequefia al igual que la de los mMRNAs
se localizan en los granulos citoplasmaticos, conocidos como “P-bodies”, donde se
encuentran las enzimas encargadas de la degradacion, tales como la exonucleasa 5-3’
Xrnl, y las GTPasas Ski7 y Hbs1. En cambio, los sustratos de degradacién de la subunidad

grande se acumulan en compartimentos peri-nucleares [172].

Finalmente, mencionar que dependiendo del estado fisioldgico (condiciones de
estrés, inanicién, o fase estacionaria, etc), las células activan mecanismos de reciclaje del
exceso de ribosomas y particulas pre-ribosémicas tales como la ribofagia, un tipo de macro-
autofagia selectiva de subunidades 60S maduras. Esta ruta implica la proteasa de ubicuitina
Ubp3, su activador Bre5 des-ubicuitinando y la ubicuitin-ligasa Rsp5 ubicuitinando ciertas
proteinas asociadas a ribosomas [170, 173]. Se desconocen los mecanismos de ribofagia de

subunidades pequefias.

La ruta ribofagica especifica de particulas pre-ribosémicas se denomina “Piecemeal
Microautofagia of the Nucleus” (PMN), es un tipo de micro-autofagia selectiva donde se

encuentra implicada la vacuola y la envuelta nuclear [174] (Figura 18).
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FIGURA 18. Rutas principales de degradacién del RNA ribosdmico. (i) Mecanismo de degradacién de los
pre-rRNAs defectuosos por el complejo TRAMP-exosoma en el ndcleo y nucléolo. (ii) Mecanismo de
degradacion de subunidades 40S maduras (18S NRD) llevaba a cabo por la maquinaria del NGD. (iii)
Mecanismo de degradacién de la subunidad 60S madura (25S NRD), en la que participa el proteasoma. (iv)
Ribofagia de la subunidad 60S madura. (v) Micro-autofagia selectiva de componentes nucleolares (PMN).
Adaptada de [170].
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OBJETIVOS






El objetivo final de esta tesis ha sido profundizar en el conocimiento del proceso de
biogénesis de la subunidad grande del ribosoma eucariota, usando como modelo la levadura
Saccharomyces cerevisiae. Para ello, hemos estudiado el efecto que provoca la eliminacion
de dos proteinas ribosémicas en dicho proceso, las cuales aun no habian sido analizadas ni
caracterizadas en este contexto. En concreto, se ha pretendido:

1.- Caracterizar funcionalmente el papel de la proteina ribosémica L16 (uL13) durante el

ensamblaje de la subunidad 60S.

2.- Caracterizar funcionalmente el papel de la proteina ribosémica L14 (eL14) en la

biogénesis de la subunidad 60S.
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CAPITULO O

Las proteinas ribosémicas L14 y L16 del ribosoma de

Saccharomyces cerevisiae






Nuestro laboratorio tiene como objetivo principal el estudio del proceso de biogénesis
del ribosoma eucariota y trabaja principalmente con Saccharomyces cerevisiae como
organismo modelo. Entre otros proyectos, nuestro laboratorio intenta comprender la funcién
precisa de las proteinas ribosdmicas durante el ensamblaje de las subunidades ribosémicas.
Asi, en el mismo, se ha abordado la caracterizacion funcional de distintas proteinas
ribosémicas tales como L3 [129], L35 [131], L26 [133], L37 [136], L40 [134] o PO [166] de la
subunidad grande y S31 [107], S18, S10 y S12 (en progreso) de la subunidad pequefia.
Entre otras cosas por su proximidad con la proteina L3 en la subunidad ribosémica 60S
madura, se planteé como objetivo de esta Tesis Doctoral la caracterizacion funcional de las
proteinas ribosémicas L14 y L16, que como se explica a continuacién son vecinas proximas
entre si en la subunidad 60S madura. Ambas proteinas presentan un tamafio pequefio y
caracter basico, caracteristicas generales de las proteinas ribosomicas. En la Figura 1 de

este capitulo se muestra la localizacion de estas dos proteinas en el contexto ribosémico.

FIGURA 1. Localizacién de L3, L14 y L16 en la subunidad grande del ribosoma de S. cerevisiae.
Estructura tridimensional de la subunidad 60S (superficie de interaccién entre subunidades). En verde, se
muestra la proteina ribosémica L3, en azul la proteina L16 y en rojo la proteina L14. En celeste se muestran las
restantes proteinas ribosémicas que componen la subunidad grande del ribosoma y en gris los rRNAs. Realizado
con el programa Chimera v.1.11.2 a partir de los archivos pdb: 3u5h y 3ub5i.

A su vez, las proteinas L14 y L16 se encuentran cercanas a las proteinas L6 (eL6),
L9 (uL16), L20 (eL20) y L33 (eL33) localizadas en la zona expuesta al solvente del
ribosoma. Ambas muestran interacciones con los dominios Il y VI del rRNA 25S (Ver Figura

15 de la introduccion, pagina 32). Ademas L16 interacciona con el rRNA 5.8S (Figura 2).
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La proteina L14 esté codificada por dos genes paralogos, RPL14A y RPL14B. Estos
dos genes muestran una similitud de secuencia muy alta que origina proteinas muy similares
de 138 aminoécidos cada una; la unica diferencia existente entre L14A y L14B consiste en
un cambio del aminoacido alanina (A) en RPL14A, por una glicina (G) en RPL14B, en la
posicion 89. Las diferencias mas llamativas se observan en regiones no codificantes tales
como las presentes en el Unico intron que ambos genes poseen. Este hecho sugiere que a
diferencia de las regiones codificantes no ha habido restriccidon por presion selectiva en los
intrones y abre la posibilidad de que puedan existir procesos de regulacion especificos para

cada paralogo.

FIGURA 2. Interaccion de las proteinas L14 y L16 con los rRNAs en el contexto de la subunidad 60S
madura. Estructura tridimensional de la subunidad 60S del ribosoma de S. cerevisiae. Se muestran Unicamente
los rRNAs y las proteinas L14 (rojo) y L16 (azul). En color turquesa, se muestra el dominio Il del rRNA 25S, y en
color fucsia el dominio VI. En gris se muestra el resto de dominios del rRNA 25S, 5S y 5.8S. Realizado con el

programa Chimera v.1.11.2 a partir de los archivos pdb: 3u5h y 3u5i.

A su vez, la proteina L16 esta también codificada por dos genes paralogos RPL16A y
RPL16B. Ambos genes presentan una similitud de secuencia muy alta, sintetizando cada
uno, una proteina de 198 aminoécidos. Las proteinas L16A y L16B presentan una similitud
del 92% a nivel de aminoacidos. La mayoria de las diferencias de secuencias se encuentran

nuevamente en el intrén que presentan ambos genes.

Respecto a sus estructuras proteicas, L14 presenta un dominio globular y 2
extensiones, una mayor que corresponde con el extremo carboxilo terminal y una pequefia

que corresponde con el dominio amino terminal (Figura 3). En el caso de la proteina L16,
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ésta presenta un dominio globular y una extension carboxilo terminal que se muestra en la

Figura 3.

FIGURA 3. Morfologia de las proteinas L14 y L16. (A) Estructura tridimensional de la proteina ribosémica L14.
Se marca con N y C sus extremos amino y carboxilo, respectivamente. (B) Estructura tridimensional de la
proteina ribosémica L16. Se marca con N y C sus extremos amino y carboxilo, respectivamente. Realizado con el

programa Chimera v.1.11.2 a partir del archivo pdb 3u5i.

FIGURA 4. Interaccion fisica entre L14 y L16. (A) Se muestra en turquesa y fucsia los dominios Il y VI del
rRNA 25S respectivamente, que conforman el entorno molecular de las proteinas L14 (rojo) y L16 (azul)
interaccionando entre si. (B) Detalle de la interaccién de las proteinas L14 (rojo) y L16 (azul) en distintas

orientaciones. Realizado con el programa Chimera v.1.11.2 a partir de los archivos pdb: 3u5h y 3u5i.
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Ambas proteinas interaccionan intimamente entre si por las a-hélices de sus
extensiones C-terminales. Los amino&cidos implicados de la proteina L14 son los ultimos 30
y de la proteina L16, los ultimos 25. Ambas proteinas interaccionan principalmente mediante
interacciones apolares entre residuos, exceptuando dos puentes salinos encontrados, uno
entre el grupo carboxilo de la ultima alanina de la proteina L14 y el grupo g-amino de la lisina
177 de L16, y el otro entre el grupo carboxilo de la Ultima tirosina de L16 y el grupo
guanidina de la arginina 109 de L14, segun se deduce de la disposicién de ambas proteinas

en el cristal resuelto de la subunidad 60S madura (Figura 4).

Como se ha mencionado anteriormente, uno de los objetivos de esta Tesis ha
consistido en el estudio de las consecuencias funcionales de la disrupcion de estas

interacciones sobre el proceso de ensamblaje de las subunidades 60S.

Al comienzo de este trabajo, la Unica informacion disponible sobre la proteina L16
era un estudio sisteméatico realizado por el grupo del profesor Philipp Milkereit. En este
estudio, se reprimia la transcripcion de algunos genes de proteinas ribosomicas y a
continuaciéon se estudiaba los efectos que éstos causaban sobre el procesamiento de los
pre-rRNAs y el transporte nucleo-citoplasmatico de particulas pre-60S [175]. Dependiendo
del parecido en los defectos observados tras la represion, las proteinas ribosémicas se
clasificaron en distintos grupos funcionales. La proteina L16 junto a las proteinas
ribos6micas L3, L4, L7, L8, L18, L20, L32 y L33 fue incluida en el grupo de proteinas cuya
represion causaba una acumulacion en el precursor 35S, no presentaban el precursor 27SA,
y afectaban al procesamiento del extremo 5 del rRNA 5.8S. En esta Tesis quisimos
profundizar en la caracterizacién funcional de la proteina L16 y su extremo carboxilo terminal
en la sintesis del ribosoma. Respecto a la proteina L14, al comienzo de esta Tesis, no se
disponia de ninguna informacién al respecto. En esta Tesis hemos iniciado el estudio
funcional de la misma tras su represion transcripcional. También hemos estudiado la
composicion de particulas tempranas pre-60S tras la represion transcripcional de L14.
Cuando este trabajo estaba en progreso, se publicé un articulo donde descubrian la
interaccion genética de la helicasa de RNA Mak5 y el factor de biogénesis Ebp2 con la
proteina L14A. En este estudio, se propuso que posiblemente lo que ellos denominaron
“grupo Mak5” (compuesto por Ebp2, Nop16 y Rpf1) podria estar implicado en dirigir los
cambios conformacionales necesarios para el ensamblaje de un médulo preformado
compuesto por las proteinas ribosomicas L6, L14 y L16 en el contexto de los segmentos de
expansion ES7L y ES39L del rRNA 25S [176].
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CAPITULO 1

Role of the yeast ribosomal protein L16 in ribosome biogenesis






INTRODUCTION

Ribosomes are highly complex ubiquitous macromolecular assemblies that are
responsible for the synthesis of all cellular proteins from MRNA templates. In all cells,
ribosomes are composed of two ribosomal subunits (r-subunits), the large one about twice
the size of the small one. The recent determination of the atomic structures of the r-subunits
has confirmed that the majority of the ribosomal RNA (rRNA) and ribosomal proteins (r-
proteins) from prokaryotic ribosomes is conserved in eukaryotes, although additional rRNA
sequences, referred to as expansion-segments, extra extensions within conserved r-proteins
and eukaryote-specific r-proteins have increased significantly the mass and complexity of

cytoplasmic eukaryotic ribosomes [22, 142, 177].

Synthesis of eukaryotic ribosomes is a highly complex process that takes
successively place in the nucleolus, nucleoplasm and cytoplasm [30, 178, 179]. The speed,
directionality and accuracy of this process depend on a myriad of small nucleolar RNAs and
protein trans-acting factors [29, 106]. Within the nucleolus, the mature 18S, 5.8S and 25S
rRNAs are first co-transcribed as a single large precursor by RNA polymerase |, whereas the
pre-5S pre-rRNA is independently transcribed by RNA polymerase Il [32, 180]. Pre-rRNAs
are processed via well-known pathways that require a series of sequential endo- and
exonucleolytic reactions [35, 48, 181]. Pre-rRNA processing takes place inside pre-ribosomal
particles, which are formed by the association of many trans-acting factors with the pre-
rRNAs and the assembled r-proteins; this process occurs concomitantly to most pre-rRNA
modification and folding reactions [178]. Cleavage at processing site A, leads to the
formation of 43S and 66S pre-ribosomal particle intermediates of the small and large r-
subunits, respectively, which then follow independent maturation pathways [179, 182]. While
43S pre-ribosomal particles are rapidly exported to the cytoplasm [183], early 66S pre-
ribosomal particles undergo hierarchical maturation involving pre-rRNA processing,
association and release of trans-acting factors, structural remodelling of the particles, stable
assembly of r-proteins and acquisition of export competence [29, 93, 179]. Upon appearance
in the cytoplasm, the final maturation steps, which include dimethylation and cleavage of 20S
pre-rRNA to yield mature 18S rRNA within the 40S r-subunit, 3-end exonucleolytic
processing of 6S pre-rRNA to mature 5.8S rRNA within the 60S r-subunit, and the
dissociation of trans-acting factors and the assembly of the few remaining r-proteins in both

r-subunits, enable r-subunits to acquire their competence in translation [179, 184].

Most of our current knowledge concerning ribosome biogenesis in eukaryotes comes
from studies with the yeast Saccharomyces cerevisiae (hereafter named only yeast). More
than 300 protein trans-acting factors have been identified and functionally characterized in

yeast, although the precise functions by which these proteins operate are only beginning to
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be unravelled [30, 178, 185]. As for trans-acting factors, functional analyses have
demonstrated that many r-proteins act as active players in the maturation and nucleo-
cytoplasmic transport of pre-ribosomal particles [144]. The principles governing the assembly
of r-proteins start to be understood [76, 77, 125, 140, 144, 175], however, how r-proteins
participate in driving formation or rearrangement of structures within pre-ribosomal particles
remains in many cases yet to be unveiled. Finally, the functions of some r-proteins in
ribosome biogenesis, especially those belonging to the large r-subunit, and their correct

timing of assembly, are currently under intensive investigation.

We are interested in understanding the contribution of 60S r-proteins to ribosome
biogenesis (e.g. [129, 133, 136, 144, 166, 186]). In this study, we have undertaken the
functional characterization of yeast L16 (uL13 according to the recently proposed r-protein
nomenclature [79]). Yeast L16, which is encoded by two paralogous genes, RPL16A and
RPL16B, shares a notable sequence identity with bacterial L13, which is an essential protein
required for early assembly of 50S r-subunits in vivo [187, 188] and in vitro [74]. L16 also
shows substantial homology to mammalian L13a, which is an early assembling 60S r-protein
with no apparent role in pre-rRNA processing and the assembly and function of ribosomes,
but with an important role in global rRNA methylation and, as an extra-ribosomal free r-
protein, in modulating the translation of a subset of proteins in different cell types of the
immune system [189-191]. Eukaryotic L16/L13a contains a specific C-terminal extension of
unclear role during mammalian ribosome biogenesis [190]. In contrast to mammalian L13a
and as previously reported in a systematic study [192], we show in this study that L16 is
required for the normal accumulation of 60S r-subunits in yeast. Depletion of L16 causes
instability of early and intermediate pre-ribosomal particles, as shown by low steady-state
levels and massive turnover of the 27S and 7S pre-rRNAs. As a consequence, depletion of
L16 impairs nucleocytoplasmic export of pre-60S r-particles. Moreover, L16 stably
assembles into 90S pre-ribosomal particles. Finally, we clearly show that deletion of the
eukaryote-specific C-terminal extension of yeast L16 causes lethality and impairs ribosome
biogenesis; however, presence of this extension is not strictly essential for pre-rRNA
processing and L16 assembly. While the present work was in progress, Milkereit and co-
workers have independently reported similar findings on the role of the C-terminal extension

of yeast L16 r-protein [192].
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RESULTS

Depletion of L16 leads to a strong 60S r-subunit shortage

The r-protein L16 protein is a constituent of the 60S r-subunit and it consists of an
evolutionary conserved N-terminal globular body and a long eukaryote-specific C-terminal
extension formed by two a-helices. L16 is located on the solvent-side of the 60S subunit in
close proximity to L3, L14 and L33 (Fig. 1A). The globular domain of L16 binds to rRNA
nucleotides within domains 1l and VI of 25S/5.8S rRNAs while its extension binds only
nucleotides within domain VI, most of them in the expansion segment ES39L [11]. At the
protein level, L16 mediates interactions with distinct regions of other r-proteins such as L6,
L9, L20, L33, and most notably the most distal a-helix of its C-terminal extension interacts

with the most distal a-helix of the eukaryote-specific C-terminal extension of L14 (Fig. 1B).

Fig. 1. Location of L16 in the yeast 60S r-subunit. (A) Position of L16 and its immediate nearby r-proteins, in
the context of the 60S r-subunit. The remaining 60S r-proteins are coloured in black, 25S and 5S rRNAs in pale
gray, and 5.8S rRNA in red. Note that the 5' end of 5.8S rRNA is in proximity of the above r-proteins. (B) Structure
of the ribosome-bound L16 and L14 r-proteins showing the interaction between their eukaryote-specific C-terminal
extensions. The amino acids used for the serial deletion mutants of RPL16B are indicated. The representations
were rendered with UCSF Chimera [193], using the atomic model for the crystal structure of the yeast 80S
ribosome (PDB files 3U5I and 3U5H, [10].
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This latter interaction is mainly mediated by apolar patches, except for the presence
of two salt bridges, the first one between the carboxylic group of the last alanine residue in
L14 and the e-amino group of lysine 177 in L16, and the second one between the carboxylic
group of the last tyrosine residue in L16 and the guanidinium group of arginine 109 in L14.

A previous systematic functional study has revealed that depletion of yeast L16
results in a defect in early processing reactions on the pathway that converts 27SA pre-
rRNAs into mature 25S and 5.8S rRNAs [175]. To further address the role of L16 in ribosome
biogenesis, we first investigated the ribosome and polysome content upon in vivo depletion
of L16 in a rpl16aA rpl16bA [pGAL1-RPL16B] strain (hereafter named GAL::RPL16 strain)
grown in rich medium containing galactose (YPGal) and shifted to rich medium containing
glucose (YPD). This strain showed wild-type growth on YPGal plates but was unable to grow
on YPD plates (Fig. 2A).

@ ,t I Wild type

GAL::RPL16
B Glc
g:,L::HPLm 80S polysomes
I T
60S
408 |
GAL::RPL16
6h Glc
polysomes
‘"TS 80S T
60S I v *

Fig. 2. Depletion of L16 results in a shortage of 60S r-subunits. (A) Growth comparison of the strains W303-
1A (Wild type) and FEY251 [pAS24-RPL16B] (GAL::RPL16). These two strains were grown in liquid YPGal
medium and diluted to an OD600 of 0.05. Serial 5-fold dilutions were spotted onto YPGal (Gal) and YPD (Glc)
plates, which were incubated at 30 °C for 3 days. (B) Polysome profile analysis of GAL::RPL16 cells grown in
YPGal (Gal) or shifted to YPD (Glc) for 6 h. Cells were collected at an OD600 of around 0.8. Whole cell extracts
were prepared and 10 Azeo units of each extract were resolved in 7-50% sucrose gradients. The Azss was
continuously measured. Sedimentation is from left to right. The peaks of free 40S and 60S r-subunits, 80S vacant

ribosomes/monosomes and polysomes are indicated. Half-mers are labelled by arrows.
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Moreover, it showed a normal polysome profile when grown in liquid YPGal; however,
when shifted to liquid YPD it already showed after 6 h an aberrant profile, consisting of a
clear decrease in the levels of free 60S versus free 40S r-subunits, a strong decrease in the
80S peak and polysomes and the appearance of large half-mer polysomes (Fig. 2B). These
results demonstrate that, as expected, depletion of L16 leads to a strong deficit in 60S

relative to 40S r-subunits.

Depletion of L16 impairs pre-rRNA processing and induces the turnover of 27S pre-
rRNAs

To examine in more detail the pre-rRNA processing defects initially described for a
GAL::RPL16 strain after a 2-4 h shift to YPD [175], we assayed changes in steady-state
levels of pre- and mature rRNAs during a time-course of L16 depletion. Northern blot
analysis showed a significant accumulation of 35S pre-rRNA and the appearance of the
aberrant 23S species at early time points of depletion (Fig. 3A). Levels of 27SA, pre-rRNAs
also initially accumulated but mildly decreased at later time points of depletion. Almost no
27SB pre-rRNA was detected at any time point after the shift (Fig. 3A). As a consequence,
levels of 7S pre-rRNA, 25S rRNA, and to a lesser extent 5.8S rRNAs decreased (Fig. 3A-B).
No alterations in the ratio between the long and short forms of 5.8S rRNAs were detected.
Formation of mature 18S and 5S rRNAs was also mildly reduced. Moreover, primer
extension analysis confirmed that there was a slight increase in the stop at site A, at the
early time points after the shift (Fig. 3C). The 27SA; pre-rRNA, which cannot be readily
detected by northern blotting, clearly accumulated in the L16-depleted strain, as shown by
the stop at site As. In agreement with the northern analysis, the intensity of the stop at site
Bis decreased substantially upon depletion of L16. However, that of the stop at site By
remained practically unaffected during the first time points and slightly increased at later time

points of depletion (Fig. 3C).

Pulse-chase RNA labelling experiments with [*H]-uracil were also performed in wild-
type and GAL::RPL16 cells after a 8 h shift to minimal medium containing glucose and
lacking uracil (SD-Ura). In wild-type cells, the 35S precursor was converted rapidly into 27S
and 20S pre-rRNAs, which were efficiently processed to mature 25S and 18S rRNA,
respectively (Fig. 4). In contrast, in the GAL::RPL16 strain, only some 35S and 20S pre-
rRNAs and traces of 27S, and aberrant 23S pre-rRNAs were detected. In these conditions,
mature 18S rRNA, although less than in the wild-type strain, was still formed but practically

no mature 25S was produced at any time of chase.
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Fig. 3. Depletion of L16 negatively affects the steady-state levels of pre- and mature rRNAs. Strains W303-
1A (Wild type) and FEY251 [pAS24-RPL16B] (GAL::RPL16) were grown in liquid YPGal medium, and shifted to
liquid YPD medium. Cells were harvested at the indicated times, total RNA was extracted from each sample and
equal amounts (5 pg) of RNA were subjected to northern hybridization or primer extension analysis. (A) Northern
blot analysis of high-molecular-mass pre- and mature rRNAs. (B) Northern blot analysis of low-molecular-mass
pre- and mature rRNAs. Probes, between parentheses, are described in the Experimental Procedures section.
(C) Primer extension analysis with probe g within ITS2. This probe allows detection of 27SA; (as the stop at site
A2), 27SA; (as the stop at site Az) and 27SB pre-rRNAs (as stops at sites By and Bjs).

Taken together, these results indicate that L16 is required for conversion of 27S pre-
rRNAs into mature 25S and 5.8S rRNAs, more specifically, for the processing of 27SA, and
27SA; pre-rRNAs to 27SB pre-rRNA species. In addition, L16 depletion affects negatively
ITS2 processing since, although 27SBs pre-rRNA underaccumulates, 27SB, pre-rRNA

continues to be produced but fails to be converted to 7S, pre-rRNA.

Remarkably, our results suggest that there might be a considerable degradation of
pre-rRNAs upon depletion of L16, most likely due to abortive formation of early pre-60S r-

particles.
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Fig. 4. Depletion of L16 induces turnover of 27S pre-rRNAs. Strains W303-1A (Wild type) and FEY251
[pPAS24-RPL16B] (GAL::RPL16) were transformed with YCplac33 (CEN URA3), grown at 30 °C in liquid SGal-Ura
medium to mid log phase and then shifted to liquid SD-Ura medium for 8 h. Cells were pulse-labelled with [5,6°
*H]uracil for 2 min followed by a chase with a large excess of unlabelled uracil for the times indicated. Total RNA
was extracted from each sample and 20,000 cpm was loaded and separated on (A) a 1.2% agarose-6%
formaldehyde gel or (B) a 7% polyacrylamide-8M urea gel, transferred to nylon membranes and visualized by

fluorography. The positions of the different pre- and mature rRNAs are indicated.

Depletion of L16 impairs export of pre-60S r-particles from the nucleus to the

cytoplasm

Different reports have described that defective pre-60S r-subunits are retained in the
nucle(ol)us and hence not exported to the cytoplasm when there is a failure during the
nuclear phases of large r-subunit maturation (i.e. [131, 136, 175, 194]). Thus, to determine
whether depletion of L16 impairs nuclear export of pre-60S r-particles, we analyzed the
location of the 60S reporter L25-eGFP in the GAL::RPL16 strain. As expected for an r-
protein, L25-eGFP was found predominantly in the cytoplasm in the GAL:RPL16 strain

grown in selective SGal medium (Fig. 5).
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Fig. 5. Depletion of L16 leads to nuclear retention of pre-60S r-particles. FEY251 [pAS24-RPL16B] cells co-
expressing Nopl-mRFP and either the 60S r-subunit reporter L25-eGFP or the 40S r-subunit reporter S3-eGFP
were grown in SGal-Trp (Gal) or shifted to SD-Trp (Glc) up to 6 h. The subcellular localization of the GFP-tagged
r-proteins and the Nopl-mRFP nucleolar marker was analyzed by fluorescence microscopy. Arrows point to
nucleolar fluorescence. Approximately 200 cells were examined for each reporter, and practically all cells gave

the results shown in the pictures.

However, following a shift to selective SD medium, L25-eGFP accumulated in the
nucle(ol)us as denoted by its co-localization with the nucleolar Nop1-mRFP marker (Fig. 5).
We did not observe nuclear accumulation of L25-eGFP in the isogenic W303-1A wild-type
control strain grown in identical conditions (data not shown). The nuclear retention was
specific for the 60S r-subunit reporter, since no accumulation of nuclear fluorescence was
observed when the location of the 40S r-subunit reporter S3-eGFP was studied in the
GAL::RPL16 strain under non-permissive conditions (Fig. 5). We conclude that the nucleo-
cytoplasmic and/or intranuclear transport of pre-60S r-particles is specifically impaired upon
depletion of L16.

L16 assembles within early pre-ribosomal particles

Assembly of r-subunits occurs mainly in the nucle(ol)us, although a few r-proteins
only associate with pre-ribosomal particles in the cytoplasm [144]. In the late 1970s, the
Planta laboratory demonstrated that nuclear assembling r-proteins could associate with pre-
ribosomal particles either at an early or a late stage of the r-subunit maturation process [195].

These experiments suggested that L16 (then named L21) assembled rather early. More
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recently, the Milkereit group has shown by systematic analyses of the composition of early
and late pre-60S r-particles that L16 clustered with a large group of r-proteins whose levels
were similar in both classes of particles, suggesting that, indeed, L16 could be an early
nuclear assembling r-protein [125]. To investigate in more detail the timing of L16 assembly,
we assessed the presence of L16 within distinct pre-ribosomal particles upon purification of
GFP-tagged proteins specific for 90S (Pwp2/Utpl, Nop58/Nop5) [42, 43], early (Ssfl, Nsal,
Nop7), intermediate (Nop7, Rix1), late (Arx1) and cytoplasmic (Arx1, Lsgl/Kre35) pre-60S r-
particles [93, 94, 96, 196-198], and mature 60S r-subunits (P0) [199]. Purified particles were
analyzed by SDS-PAGE and L16, two other r-proteins (L1 and L10) and selected trans-
acting factors (Nopl, Hasl, Mrt4) were detected by western blotting using specific
antibodies. The distribution of the trans-acting factors indicated that the corresponding
particles were specifically purified (see, [134]). Notably, L16 significantly co-enriched with all
tested pre-ribosomal particles (Fig. 6), as also did L1, which was used as a control of an
early assembling r-protein [166]. In clear contrast, L10, which was used as a cytoplasmic
assembling r-protein control [125, 200], was practically absent from early and intermediate
pre-60S r-particles, very modestly represented in late and cytoplasmic pre-60S r-particles but
significant enriched in PO-GFP containing particles (Fig. 6). Together, these data reveal that

L16 already associates at the stage of early nuclear pre-ribosomal particles.
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Fig. 6. L16 r-protein stably assembles into 90S pre-ribosomal particles. The indicated GFP-tagged proteins
were used as baits to affinity purify 90S or distinct pre-60S r-particles. A non-tagged isogenic strain was used as a
negative control. Equivalent amounts of the corresponding purified particles were separated by SDS-PAGE and
subjected to western blot analysis. Note that the Rix1- and Lsgl-GFP containing complexes are slightly
underloaded. Specific antibodies were used to detect the Nop1, Hasl and Mrt4 trans-acting factors and the L1,
L10 and L16 r-proteins.
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The eukaryote-specific C-terminal extension of L16 is required for growth

Extensions of eukaryotic r-proteins have not yet thoroughly studied (i.e. see, [176,
201, 202]). To study the role of the eukaryote-specific C-terminal extension of L16 in cell
growth and ribosome biogenesis, we cloned full-length RPL16B and three serial rpl16b
truncation alleles under the control of the cognate RPL16B promoter into the YCplaclll
centromeric plasmid. Upon transformation of these constructs into the rpl16aA rpl16bA
[YCplac33-RPL16B] strain (hereafter RPL16 shuffle strain), cells were subjected to plasmid
shuffling on 5-fluorootic acid (5-FOA) containing plates. Expression of wild-type L16B (full-
length L16B consists of 198 amino acids) or the truncated L16B protein variant lacking the
last 18 amino acids (L16B-N180 construct), as the sole sources of L16 in the cells, conferred
a wild-type growth phenotype (Fig. 7A) and a normal polysome profile (data not shown).
However, expression of the truncated protein variants lacking the last 30 (L16B-N168

construct) or the last 51 amino acids (L16B-N147 construct) did not support growth (Fig. 7A).

To further analyze the role of the C-terminal extension of L16, we transformed the
above plasmid-borne truncated alleles of RPL16B into a yeast strain conditionally expressing
an N-terminally HA-tagged L16B fusion-protein from a GAL1 promoter (GAL::HA-RPL16
strain). None of the truncated L16 variants conferred a dominant-negative growth phenotype
on selective SGal medium (Fig. 7B). Upon depletion of wild-type HA-L16 on selective SD
medium, only full-length L16B and the L16B-N180 variant supported growth, whereas the
L16B-N168 and L16B-N147 proteins did not (Fig. 7B). Moreover, on selective SD medium,
polysome profiles were normal upon expression of full-length L16B and the L16B-N180
variant, but indistinguishable of those obtained upon L16-depletion upon expression of the
L16B-N168 and L16B-N147 proteins (data not shown). Next, we studied the expression and
stability of the truncated forms of L16 from extracts of GAL::HA-RPL16 cells grown in
selective SGal medium or shifted to selective SD medium for 12 h. As shown in Fig. 7C, all
truncated forms of L16B were detected, although the L16B-N168 and L16B-N147 seemed to
accumulate to a lesser extent; however, we cannot exclude the possibility that a substantial
number of epitopes could have been removed with the truncations, and hence, that the
recognition efficiency of the anti-L16 polyclonal antibodies have diminished resulting in
weaker detection of the truncated L16B-N168 and L16B-N147 proteins. Taking into account
that r-proteins unable to assemble into ribosomes are rapidly degraded (i.e. [203]), these
results suggest that all the truncated forms of L16 could get incorporated into pre-60S r-
particles (see below). It has been reported that the expression of certain r-protein gene
mutants from plasmids leads to a much softer phenotype than their expression from their

chromosomal loci (i.e. [204]). Indeed, for most duplicated r-protein genes, plasmidic
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Fig. 7. Growth phenotype and expression levels of L16 in strains bearing wild-type or truncated variants
of L16B. (A) In vivo phenotypes of the different C-terminal truncation mutants. Empty vector (YCplac111) and
YCplacl11l-borne wild-type RPL16B or the indicated rpl16b alleles expressed from the RPL16B cognate promoter
were transformed into the RPL16 shuffle strain, FEY251 [YCplac33-RPL16B]. Transformants were serially diluted
5-fold on SD-Leu and SD+5-FOA plates, which were incubated for 3 days at 30 °C. The W303-1A strain (Wild
type) was used as a control. (B) The strain FEY251 [pAS25-RPL16B], which expressed a 2xHA-tagged L16
fusion protein from the GAL1 promoter, was transformed with YCplacll1l-borne wild-type RPL16B or the
indicated rpl16b alleles. Transformants were serially diluted 5-fold on SGal-Leu and SD-Leu plates, which were
incubated for 3 days at 30 °C. (C) Expression levels of YCplacl11-borne wild-type RPL16B and the indicated
rpll6b mutant alleles in the FEY251 [pAS25-RPL16B] strain. Whole cell extracts were prepared from cells grown
in SGal-Leu (Gal) or shifted to SD-Leu (Glc) for 24 h. Equivalent amounts of cell extracts were separated by SDS-
PAGE and levels of the L16 r-protein variants (indicated by asterisks) were determined by western blot analysis
using anti-L16 antibodies.

expression of only one of the two r-protein paralogues normally rescues the growth and
ribosome biogenesis defects of the strain lacking both paralogues (discussed in [205]). Thus,
to check whether multiple copies of rpl16b-N180 suppressed the absence of L16, we

constructed a strain containing a single rpl16b-N180 allele at its natural chromosomal locus.
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As shown in Fig. 8A, this strain grew as well as a wild-type strain when present in an
RPL16A background and similarly as an rpll6a null mutant when present in an rp/16aA
background. Western blot analysis showed that the truncated L16B-N168 protein was fairly
well expressed (Fig. 8B). Moreover, polysome profile analysis showed that the rp/16aA
rpl16b-N180 strain displayed a mild reduction in the amount of free 60S r-subunits as well as
an accumulation of half-mer polysomes (Fig. 8C). This profile was identical to that obtained
for an isogenic rpl/16aA single mutant (data not shown), indicating that when expressed from
a plasmid, the rpl16b-N180 construct was in fact suppressing the defects of both rpll6a and
rpll6b null alleles. Thus, we conclude that, at least, the last 18 amino acids of yeast L16

protein are fully dispensable for growth and ribosome production under laboratory conditions.

Importance of the C-terminal extensién of L16 in 60S r-subunit biogénesis

We next wanted to examine in more detail the consequences of assembly of the
truncated L16 proteins. First, we studied whether the truncated mutants lead to defects in
pre-rRNA processing. To do so, the GAL::HA-RPL16 strain harbouring an empty YCplac111
vector, or YCplaclll-borne copy of either wild-type or the truncated versions of L16B were
grown in selective SGal medium, and shifted to selective SD medium for different times. RNA
was extracted at the different time points and the levels of pre-rRNA intermediates assayed
by northern blotting. As shown in Fig. 9, and in agreement with the absence of apparent
defects in growth and ribosome production, expression of L16B-N180 led to wild-type levels
of pre-rRNAs and mature rRNAs. Therefore, the last 18 amino acids of L16B are also
dispensable for pre-rRNA processing under laboratory conditions. However, expression of
L16B-N168 and L16B-N147 resulted in pre-rRNA processing defects similar to those found in
the L16-depleted strain, including low levels of 27SB and 7S pre-rRNAs and mature 25S
rRNAs. Strikingly, the levels of these pre-rRNAs were reduced to a lesser extent in the
truncation mutants than in the L16-depleted strain (Fig. 9). Residual levels of full-length L16
in the truncated mutants might have not accounted for the slight increase in these pre-rRNAs
since a similar increase did not occur in the GAL-HA-RPL16 strain transformed with a empty
vector, which also presented substantial levels of full-length L16 even 24 h after the shift to

selective SD medium (see Fig. 7C).
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Fig. 8. The genomically integrated rpl16b-N180 allele confers a wild-type phenotype. (A) Growth analysis of
the indicated strains compared to their isogenic wild-type control. Cells of strains FEY206 (rp/16aA), FEY209
(rpl16bA), JFYO1 (rpll6b-N180), JFYO02 (rpl16aA rpl16b-N180) and W303-1A (Wild type) were serially diluted 5-
fold and spotted on YPD plates, which were incubated at 30 °C for 3 days. (B) The indicated strains were grown
in liguid YPD medium and harvested at an ODegoo of 0.8, whole cell extracts were prepared and equivalent
amounts of the cell extracts subjected to western blot analysis with antibodies against the r-proteins L16 and L1.
(C) Polysome profile of the double rp/16aA rp/16b-N180 mutant. Ten Azeo Of the whole cell extract from the JFY02
strain were resolved in a 7-50% sucrose gradient. The Azss was continuously measured. Sedimentation is from
left to right. The peaks of free 40S and 60S r-subunits, 80S free couples/monosomes and polysomes are

indicated. Half-mers are labelled by arrows.
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Fig. 9. Role of the C-terminal extension of L16 in pre-rRNA processing. The strain FEY251 [pAS25-RPL16B]
harbouring the empty YCplacl1l plasmid (Vector), or YCplaclll-borne wild-type RPL16B or the indicated
truncated rpl16b alleles were grown in liquid SGal-Leu and shifted to liquid SD-Leu for the indicated times. Cells
were harvested and total RNA extracted. Equal amount (5 pg) of total RNA was separated on an agarose gel (first
three upper panels) or on a polyacrylamide gel (lower panels), transferred onto nylon membranes, and hybridized

with the indicated probes (between parentheses; probes are described in the Experimental Procedures section).

Together, these results strongly suggest that assembly of the non-viable truncated
versions of L16B minimally but significantly stabilize early and medium pre-60S r-particles,

hence, decreasing their rate of turnover.

To determine whether assembly of the truncated L16B variant proteins, similarly as
L16 depletion does, impairs nuclear export of pre-60S r-particles, we analyzed the location of
the 60S reporter L25-eGFP in the different strains expressing the truncated L16B proteins
used in this study. In selective SGal medium, L25-eGFP was found predominantly in the

cytoplasm.

However, following a shift to selective SD medium for 6 h, L25-eGFP accumulated in
the nucle(ol)us in about 90 % of the ca. 200 examined cells expressing L16B-N168 or L16B-
N147, this percentage is similar to that obtained upon depletion of L16. In contrast, no
nuclear accumulation of L25-eGFP was observed in cells expressing either full-length or

L16B-N180 protein (data not shown). We conclude that assembly of the truncated L16B-
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Fig. 10. Analysis of the incorporation of C-terminally truncated L16 variant proteins into pre-60S/60S r-
subunits and translating ribosomes. The strain FEY251 [pAS25-RPL16B] harbouring YCplacl11-borne wild-
type RPL16B or the indicated truncated rpl16b alleles were grown in liquid SGal-Leu and shifted to liquid SD-Leu
for 24 h. Cell extracts were prepared under polysome-preserving conditions and ten Azeo units of each extract
were resolved in 7-50% sucrose gradients and fractionated. Proteins were concentrated by TCA precipitation and
subjected to western analysis using anti-L16 and anti-L5 antibodies. The position of free 40S and 60S r-subunits,
80S free couples/monosomes and polysomes have been obtained from the recorded Azss profile. The
corresponding inputs of the fractionated cell extract samples are shown in Fig. 7C. Note that a substantial residual
full-length HA-L16 protein is still detected in cells expressing the L16B-N168 and L16B-N147 variants (indicated
by asterisks).

N168 or L16B-N147 does not ameliorate the impairment of nuclear export of pre-60S r-
particles caused by the depletion of L16, while assembly of L16B-N180 fully complements

this failure.

Finally, to directly examine whether the truncated L16B variant proteins get
incorporated into mature ribosomes, we obtained extracts from cells expressing wild-type or
the truncated L16B proteins, subjected them to sucrose gradient fractionation, and the

fractions analysed by SDS-PAGE and western blotting using polyclonal anti-L16 antibodies.
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As shown in Fig. 10 and as expected, the full-length L16B and L16B-N180 proteins got
efficiently incorporated into mature 60S r-subunits and engaged in active translation.
Moreover, both L16B-N168 and L16B-N147 proteins, which inefficiently accumulated as
previously shown (see Fig. 7C), were found associated with high-molecular-mass complexes
sedimenting at positions equivalent to 80S monosomes and light polysomes (Fig. 10). We
conclude that the truncated L16B-N168 or L16B-N147 could also get incorporated into pre-
60S/60S r-subunits, which are likely not as translationally competent as those derived from

wild-type or rpl16-N180 cells.
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EXPERIMENTAL PROCEDURES
Strains and microbiological methods

The yeast strains used in this study (Table 1) are derivatives of the diploid strain
W303 [206]. Heterozygous diploid strains disrupted for one RPL16A ORF copy or one
RPL16B ORF copy, respectively, with the HIS3MX6 marker were obtained by following a
standard procedure [207]. FEY206 (rpll6a::HIS3MX6) and FEY206 (rpl16b::HIS3MX6) are
meiotic segregants the corresponding diploid strains. To construct the GAL::RPL16 strain,
FEY206 and FEY206 were crossed and the resulting diploid transformed with a YCplac33-
RPL16B plasmid. After sporulation and tetrad dissection, we selected the FEY251 strain,
which is a representative double rp/16aA rpl16bA mutant that contains YCplac33-RPL16B.
FEY251 was transformed with the pGAL1-RPL16B plasmid [175], and subsequently,
YCplac33-RPL16B was counter-selected on 5-FOA plates containing galactose. We also
refer to this strain as GAL::RPL16. C-terminal truncations of RPL16B were performed in the
genomic RPL16B locus by a standard replacement procedure [207]. Details about the
construction of the different strains are available upon request.

Strains were grown at selected temperatures either in rich YP medium (1% yeast
extract, 2% peptone) supplemented with 0.2% adenine and containing either 2% glucose
(YPD) or 2% galactose (YPGal) as carbon source or in synthetic minimal medium (0.15%
yeast nitrogen base, 0.5% ammonium sulphate) supplemented with the appropriate amino
acids and bases as nutritional requirements, and containing either 2% glucose (SD) or 2%
galactose (SGal) as carbon source. Yeast was transformed by the lithium acetate method
[208]. Tetrad dissections were performed using a Singer MS micromanipulator. All
recombinant DNA techniques were done according to established procedures using E. coli

DH5a for cloning and propagation of plasmids.
Plasmids

To construct YCplac33-RPL16B and YCplacl11-RPL16B, a PCR was performed
using yeast genomic DNA as a template and oligonucleotides placed plus-minus 1 kbp
upstream and downstream from the start-stop codon of the RPL16B ORF, respectively; after
the appropriate restriction digestion, the PCR product was cloned into the respective vectors.
Different C-terminal truncations of L16B were also cloned into YCplaclll. To construct
pAS25-RPL16B, which allows expression of N-terminally HA-tagged L16B under the control
of a GAL promoter, a PCR product containing the RPL16B ORF plus 500 bp downstream the
stop codon was cloned into the empty pAS25 vector [209]. The correctness of all resulting

plasmids was confirmed by DNA sequencing. Detailed information on the plasmids is
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available upon request. Other plasmids used in this study were: pRS316-RPL25-eGFP-
NOP1-mRFP and pRS316-RPS3-eGFP-NOP1-mRFP (gifts from J. Bassler and E. Hurt)
[210] and pGAL1-RPL16B (TK810) (gift from JP. Milkereit) [175].

Polysome profile analyses

Polysome preparations were performed as exactly described in [211]. Sucrose
gradients were analysed using an ISCO UA-6 system with continuous monitoring at Asss.
When required, fractions of 0.5 ml were collected from the gradients and proteins were

extracted and analysed by western blotting as described [212].

Western blotting analyses

Total cell extracts were obtained by disrupting cells by vigorous shaking with glass
beads in a Fastprep-24TM 5G (MP Biomedicals) at 4 °C, in a standard lysis buffer (50 mM
Tris-HCI, pH7.5; 1.5 mM MgCl;; 150 mM NaCl; 1 mM DTT) containing a protease inhibitor
cocktail (Complete, Roche); extracts were clarified by centrifugation in a microcentrifuge at
the maximum speed (ca. 16100 x g) for 15 min at 4 °C. Total cell extracts were analysed by
western blotting according to a standard procedure using the following primary antibodies:
mouse monoclonal anti-Nopl (MCA28F2, EnCor Biotechnology) and rabbit polyclonal anti-
L16 (gift from S. Rospert) [213], anti-L1 (gift from F. Lacroute) [214], anti-Has1 (gift from P.
Linder) [215], anti-Mrt4 (gift from J.P.G. Ballesta) [115], anti-L5 (gift from S.R. Valentini) [216]
and anti-L10 (gift from B. Trumpower) [217]. Goat anti-mouse or anti-rabbit horseradish
peroxidase-conjugated antibodies (Bio-Rad) were used as secondary antibodies. Proteins
were detected using a chemiluminescence detection kit (Super-Signal West Pico, Pierce)
and a ChemiDocTM MP system (Bio-Rad).

RNA extractions, northern hybridization and primer extension analyses

RNA extraction, northern hybridization and primer extension analyses were carried
out as previously described [218, 219]. Total RNA was extracted from samples
corresponding to 10 ODgg units of cells grown to mid-log phase. Equal amounts of total RNA
were loaded on gels or used for primer extension reactions. Specific oligonucleotides, were
5'-end labelled with [y->*P] ATP and used as probes. The following probes were used: Probe
a (5" Ag) 5-GGTCTCTCTGCTGCCGG-3', Probe b (18S) 5'-CATGGCTTAATCTTTGAGAC-3/,
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Probe c¢ (3-D/A;) 5-GACTCTCCATCTCTTGTCTTCTTG-3, Probe d (AJ/A;) 5
TGTTACCTCTGGGCCC-3', Probe e (5.8S) 5-TTTCGCTGCGTTCTTCATC-3, Probe f
(E/C,) 5-GGCCAGCAATTTCAAGTTA-3', Probe g (C,/C,) 5-GAACATTGTTCGCCTAGA-3/,
Probe h (25S) 5'-CTCCGCTTATTGATATGC-3' and Probe 5S 5'-
GGTCACCCACTACACTACTCGG-3'. Signal intensities were gquantified using a FLA-5100

imaging system and Image Gauge (Fuijifilm).
Pulse-chase labelling of pre-rRNA

Pulse-chase labelling of pre-rRNA was performed exactly as previously described
[219], using 100 UCi of [5,6H]-uracil (Perkin Elmer; 45 to 50 Ci/mmol) per 40 ODgo Of yeast
cells. Cells were grown in SGal-Ura medium to mid-log phase at 30 °C or shifted to SD-Ura
medium for 8 h, pulse-labeled for 2 min and chased for different times with SD medium
containing an excess of cold uracil. Total RNA was extracted as above. Radioactive
incorporation was measured by scintillation counting and about 20000 cpm per RNA sample
were loaded and resolved on 1.2% agarose-6% formaldehyde and 7% polyacrylamide-8M
urea gels. RNA was then transferred to nylon membranes and visualized by fluorography
[219].

Fluorescence Microscopy

To test pre-ribosomal particle export, the appropriate GAL::RPL16 strain derivatives
were transformed with plasmids expressing either GFP-tagged L25 or S3 and Nopl-mRFP
(see above). Transformants were grown in selective SGal medium and shifted to selective
SD for 6 h to deplete L16. Cells were washed, resuspended in PBS buffer (140 mM NacCl, 8
mM Na,HPO,4, 1.5 mM KH,PO,4, 2.75 mM KCI, pH 7.3), and examined with a Leica DMR
fluorescence microscope equipped with a DC350F digital camera and its software. Adobe
Photoshop CS2 (Adobe Systems Inc.) was used to process the images.

Affinity Purification of GFP-tagged Proteins

GFP-tagged factors representative of 90S and pre-60S r-particles were purified
following a one-step GFP-Trap_A procedure (Chromotek), as exactly described in [134]. The
proteins from purified particles were extracted by boiling the beads with Laemmli buffer and
analyzed by western blotting. To normalize the amount of purified complexes to be loaded for
comparative studies, aliquots of the samples were first resolved and visualized by silver

staining according to the manufacturer’s instructions (Bio-Rad).
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Table 1. Yeast strains used in this study.

Strain Relevant genotype Reference
W303-1A MATa ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-1 [206]
W303-1B  As W303-1A but MATa [206]
FEY206 As W303-1B but rpl16a::HIS3MX6 This work
FEY209 As W303-1A but rpl16b::HIS3MX6 This work

FEY251® As W303-1B but rpl16a::HIS3MX6 rpl16b::HIS3MX6 [YCplac33-RPL16B] This work

JFYO1 As W303-1B but rpl16b-N180 This work
JFY02 As W303-1B but rpl16a::HIS3MX6 rpl16b-N180 This work
YMD5 ®  As W303-1A but PWP2-GFP(S65T)::kanMX6 [220]
YMD24 ®  As W303-1A but NOP58-GFP(S65T):: TRP1 [220]
JDY850  As W303-1A but SSF1-GFP(S65T)::natNT2 [220]
JDY854 ©  As W303-1A but NSA1-GFP(S65T)::natNT2 This work
JDY851  As W303-1A but NOP7-GFP(S65T)::natNT2 [220]
JDY852  As W303-1A but RIX1-GFP(S65T)::natNT2 [220]
JDY855  As W303-1A but ARX1-GFP(S65T)::natNT2 [220]
JDY853  As W303-1A but LSG1-GFP(S65T)::natNT2 [220]
JDY861 @  As W303-1A but RPPO-GFP(S65T)::natNT2 [220]

@ pepending on the experimental conditions, YCplac33-RPL16B was replaced by other plasmids containing

different alleles of RPL16B.

®) Gift from M. Dosil.

© Strain JDY854 is a segregant of the genetic cross between W303-1B and strain Y4219 (As W303-1A but
rix7::kanMX6 ade3::kanMX4 NSA1-GFP(S65T)::natNT2 pHT4467A-RIX7; gift from D. Kressler) [96].

@ Gift from M. Remacha.
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CAPITULO 2

Ribosomal protein L14 contributes to the early assembly of 60S
ribosomal subunit in Saccharomyces cerevisiae






INTRODUCTION

Ribosomes are ubiquitous ribonucleoprotein particles that are responsible of protein
synthesis (for a review, see [221] and references therein). In all organisms, ribosomes are
composed of two ribosomal subunits (r-subunits), the large one about twice the size of the
small one [222]. The structure of ribosomes from prokaryotes and eukaryotes has been
obtained to atomic resolution [22, 142]. Globally, eukaryotic ribosomes are much larger and
complex than prokaryotic ones due to the presence of additional rRNA sequences, hamed
expansion segments (ESs), and the addition of several eukaryote-specific r-proteins [22,
142] and r-protein extensions ([142]; see also [107] and references therein). In this regard, in
Escherichia coli, the small or 30S r-subunit contains a single 16S rRNA and 21 r-proteins,
while, in Saccharomyces cerevisiae, the small or 40S r-subunit contains a single 18S rRNA,
which is ca. 260 nucleotides (nt) longer than 16S rRNA and 33 r-proteins. In turn, the large or
50S r-subunit from E. coli is made up of two rRNAs, the 23S (2904 nt in lenght) and 5S (120
nt) rRNAs, and 33 r-proteins, while the large or 60S r-subunit from S. cerevisiae contains
three rRNAs, 25S (3396 nt), 5.8S rRNA (158 nt) and 5S rRNA (121 nt), and 46 r-proteins [78,
188]. Despite these generalities, it is remarkable that ribosomes are not unchangeable
entities; indeed in both prokaryotes and eukaryotes, multiples examples of ribosome
heterogeneity including variations in the r-protein complement, alternative rRNA molecules,
differential degree of r-protein and/or rRNA modification, and presence of more than one

copy of selected r-proteins per subunit have been reported [64, 223-228].

Ribosome synthesis is a highly energy-consuming dynamic process [78, 188]. In
eukaryotes, the synthesis of cytoplasmic ribosomes is a compartmentalized pathway that
takes place largely in the nucleolus (for reviews, see [30, 106, 185, 229, 230]), although late
steps occur in the nucleoplasm and in the cytoplasm [78, 184, 231]. Ribosome synthesis
proceeds via the formation of pre-ribosomal intermediates [232, 233] that contain r-proteins
and many non-ribosomal RNA or protein factors, known as ribosome assembly or trans-
acting factors, which provide this pathway with the enough speed, accuracy and directionality
[29, 230, 234]. Within the pre-ribosomal particles and along the maturation path, the
precursors rRNAs (pre-rRNAs) are modified, processed and folded (see Figure 1);
concomitantly, the r-proteins assemble in a hierarchical manner. Thus, distinct r-proteins, the
so-called primary binding proteins, stably bind directly to the nascent pre-rRNAs, while
secondary and ternary binding proteins require the previous binding of one or more r-proteins
(see [78, 188]. Apparently, the initial interactions of r-proteins with nascent pre-rRNAs are
weak but become reinforced as assembly proceeds (e.g. [77, 125, 235]). Different reports
have given rise to the interpretation that assembly of r-proteins occurs via the hierarchical but

not linear formation of discrete folding modules or blocks containing neighbouring r-proteins
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and rRNAs that respectively assemble or fold in an interdependent fashion (e.g. [77, 140,
236, 237]). In S. cerevisiae, the eukaryote where ribosome biogenesis has perhaps been
best studied [30], the course of r-protein assembly has been tackled in vivo by different
approaches. (i) The pioneering work, led primarily by the laboratories of R.J. Planta and J.R.
Warner, undertook the order in which r-proteins are incorporated into early or late nuclear
pre-ribosomal particles. From these studies, it became evident that r-proteins can be
grouped roughly into three classes: most r-proteins early assemble into distinct 66S and 43S
nucleolar pre-ribosomal particles, some r-proteins are added later but still in the nucleus, and
few r-proteins assemble in the cytoplasm ([195, 238], see also [239, 240]). (ii) The timing of r-
protein assembly has tentatively been deduced by the compositional analyses of distinct pre-
ribosomal particles purified using selected tagged trans-acting factors as baits by affinity
purification methods, especially by the TAP procedure (for examples, see [81, 90, 197, 241]).
The fact that r-proteins were found as frequent contaminants of TAP purifications of protein
complexes (e.g. [242, 243]) made less reliable these results until the use of more careful
analyses of affinity purification and/or protein identification methods (e.g. [77, 125, 244]). (iii)
The timing of r-protein assembly has also been studied by the affinity purification of
complexes using specific tagged r-proteins as baits and the determination of the co-purified
pre-rRNA intermediates (e.g. [131, 134, 166]). (iv) The in vivo function of most r-proteins in
ribosome assembly has also been studied by the examination of the defects on pre-rRNA
processing and nucleocytoplasmic export of pre-ribosomal particles upon their depletion (for
few representative examples, see [76, 127-129, 136, 175, 245, 246]). From these studies, r-
proteins were classified as early, intermediate, late or cytoplasmic-acting components
affecting specific steps of ribosome maturation. In some cases, in addition to pre-rRNA
processing and export of pre-ribosomal particles, the changes in the protein composition,
trans-acting factors and r-proteins, of pre-ribosomal particles upon depletion of selected r-
proteins have also been determined [77, 125, 135, 140]. Together, these studies indicate that
the timing of action of r-proteins remarkably correlates with their specific location within
mature r-proteins and provide a scenario of the sequential assembly of r-subunits (see
below). (v) The interaction of each r-protein with the rRNAs and other r-proteins within
mature ribosomes has been resolved at atomic resolution within mature yeast ribosomes [10-
12]. Importantly, the structure of many ribosome assembly intermediates has also been
elucidated by cryo-electron microscopy (cryo-EM) at near-atomic resolution (e.g. [112, 147,
150, 153, 247-250], reviewed in [251, 252]). The comparison of the structure of these
intermediates with that of the respective mature r-subunits and/or the structure that some r-
proteins adopt when bound to their specific chaperones (e.g. [118, 152, 253, 254]) is
providing for the first time molecular clues on how r-proteins undertake different structural

rearrangements to acquire their final and stable position within mature r-subunits. These
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rearrangements are best exemplified by the incorporation of the 5S RNP into early pre-60S r-
particles and its rotation to reach its final position in mature 60S r-subunits [130, 153, 255].
Altogether, all these approaches have ended with the following model for the maturation of
the r-subunits (reviewed in [78]). The small r-subunit seems to assemble in a bipartite
manner: first, it occurs the co-transcriptional formation of the body of the r-subunit that
comprise the association of the set of r-proteins that bind the 5' domain of 18S rRNA, later,
the formation of the head of the r-subunit takes place by the assembly of those r-proteins that
bind the 3' domain of the 18S rRNA. The construction of the head structure is necessary for
the proper export of the pre-40S r-particle to the cytoplasm, where the assembly of the last r-
proteins occurs [76, 77]. This outline has largely been preserved in higher eukaryotes [111]
and it is reminiscent of the classical in vitro assembly pathway initially designed by M.
Nomura and co-workers [68, 188]. The development of new purification techniques for
capturing intermediates in the progression of 90S pre-ribosomal particles [87, 88] and the
cryo-EM determination of intermediates during the maturation of small r-subunits [82, 83,
250, 256] will certainly help, among other challenges, in the better understanding of the small
r-subunit assembly. The large r-subunit assembles hierarchically and its construction occurs
parallel to the maturation of the 25S/5.8S rRNAs (see Figure 1). The earliest assembly steps
of large r-subunit likely involve the initial compaction of 27SA, pre-rRNA aided by the binding
of at least primary r-protein L3 (uL3 according to the recently proposed r-protein
nomenclature [79]). Next, and coupled to the removal of ITS1, those r-proteins that bind
mainly domains | and Il in the 25S/5.8S rRNAs get associated to the particles. All these r-
proteins, including L4, L6, L7, L8, L9, L13, L16, L18, L20, L32 and L33 (uL4, eL6, uL30, eL8,
uL6, eL13, uL13, eL18, eL20, eL32 and eL33, respectively), form a belt around the equator
of the solvent-exposed surface of the large r-subunit. Intermediate steps of assembly include
cleavage at the C, site in the ITS2 spacer and association of some r-proteins in the vicinity to
5.8S rRNA and the perimeter of the solvent-exposed part of the peptide exit tunnel, among
them L17, L19, L23, L26, L27, L35 and L37 (uL22, eL19, uL14, uL24, eL27, uL29 and eL37,
respectively). It has been reported that association of L2, L39 and L43 (uL2, eL39 and elL43,
respectively) with pre-60S r-particles is likely specifically stabilised after cleavage at the site
C,, event that might required the previous assembly of the above middle-acting r-proteins.
The next reactions in 60S r-subunit assembly are described as late nuclear steps and include
the maturation of 25.5S and 7S pre-rRNAs and the rotation of the central protuberance,
which contains 5S rRNA and r-proteins L5 and L11 (uL18 and uL5, respectively), that was
rotated 180° from its final conformation in mature r-subunits. At this stage, pre-60S r-particles
are competent for nuclear export. The final steps of assembly occur in the cytoplasm and
include, among other events, the processing of 6S pre-rRNAs to mature 5.8S rRNAs and the
assembly of few r-proteins, among them L10, L24, L29, L40, L42, P1 and P2 (uL16, eL24,
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Fig 1. Pre-rRNA processing pathway in S. cerevisiae. (A) Structure and processing sites of the 35S and pre-
5S pre-rRNAs. Mature 18S, 5.8S and 25S rRNAs are flanked by external transcribed (ETS) and separated by
internal transcribed (ITS) spacer sequences; pre-5S rRNA is separated from 35S pre-rRNA by non-transcribed
sequences (NTS). Processing sites and location of the different probes used in this study are indicated. (B) Pre-
rRNA processing pathway. Endo- and exonucleolytic reactions are indicated. The known nucleases responsible of

the processing reactions are highlighted. For more details on yeast pre-rRNA processing, see [35, 48, 181].
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elL29, eL40, eL42, P1 and P2, respectively), which are located at the r-subunit interface (for
references, see [78, 125, 140, 257]). As for 40S r-subunits, the sequence of r-protein
incorporation into 60S r-subunits has been well conserved in higher eukaryotes [258].

The role of few r-proteins on pre-rRNA processing and ribosome assembly remains
undefined or has only been poorly characterised. Among these orphan proteins is L14
(eL14). L14 is an eukaryote-specific r-protein from the 60S r-subunit, which is conserved in
some but not all archaea [222, 259]. In addition, eukaryotic L14 contains a specific C-
terminal extension, absent in the archaeal orthologues (see [176]), whose role is unknown.
L14 forms a eukaryote-specific structure, close to the r-stalk, on the solvent-exposed surface
of the 60S r-subunits together with the ES7" and ES39" of domain Il and VI of 25S rRNA,
respectively, H41 of domain Il of 25S rRNA, its interacting r-proteins L6, L9, L16, L20, and its
neighbouring r-proteins L7, L32 and L33. (Figure 2). Knockdown of RPL14 expression by

Fig. 2. Molecular environment of L14 in the yeast 60S r-subunit. Position of L14 and its rRNA/protein
neighbourhood in the solvent-exposed surface of the yeast 60S r-subunit. The r-proteins L6 (salmon), L7 (cyan),
L9 (green), L14 (red), L16 (marine blue), L20 (light blue), L32 (brown) and L33 (middle blue) are shown. The
rRNA expansion segments ES7" and ES39" are shown in gold and 5.8S rRNA in red. The remaining 60S r-
proteins are coloured in black and rRNA in pale grey. The representation were rendered with UCSF Chimera
[193], using the atomic model for the crystal structure of the yeast 80S ribosome at 3.0 A (PDB ID: 3U5I and
3U5H; [10]). Note that ES7"ais not resolved in this model.
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SsiRNA in human HelLa or HCT116 cancer cells impairs 28S and 5.8S rRNA synthesis and
formation of 60S r-subunits [139, 258]. In this study, we have examined the precise role of
the otherwise uncharacterised yeast L14 r-protein in ribosome biogenesis. Our data indicate
that yeast L14 assembles in the nucleolus within earliest pre-60S r-intermediates. Depletion
of L14 causes a shortage of 60S r-subunits, which is due to defective production and
accelerated turnover of early and intermediate pre-60S r-particles. Consistently, pulse-chase
analyses demonstrate impaired production of mature 25S and 5.8S rRNAs, northern blot
hybridization shows mild accumulation of 27SA pre-rRNAs and low steady-state of 27SB and
7S pre-rRNAs, and fluorescence microscopy suggests a defect in the nuclear export of pre-
60S r-particles. We have also analysed the impact of the L14 depletion on the protein
composition of early pre-60S r-particles, which were affinity-purified using TAP-tagged Noc2
as a bait. Our results clearly show that L14 is required for the stably assembly of a subset of
r-proteins, mainly located in its immediate neighbourhood, such as L6, L20 and L33 or
surrounding the solvent-exposed part of the peptide exit tunnel such as L17, L26, L37 and
L39. L14 is also particularly required for the association of few late-acting ribosome assembly
factors, most of them essential for cleavage at site C,in ITS2. Finally, we also discuss on the
role of the eukaryote-specific C-terminal extension of yeast L14 in ribosome biogenesis and
function.
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RESULTS

Yeast L14 assembles in the nucle(ol)us within early pre-60S r-particles

Assembly of most r-proteins occurs primarily in the nucle(ol)us, although few ones
appear to load preferentially or exclusively in the cytoplasm (reviewed in [78]). No specific
information was available on the course of the incorporation of yeast L14 into pre-60S r-
particles. We suspect it should occur into the nucleus despite the fact that no nuclear
localisation sequence can apparently be predicted in L14 (cNLS mapper programme, [260];
NucPred tool, [261]). Indeed, one of us has previously shown that L14 is included in the
broad list of r-proteins that are roughly equally enriched in early to late pre-60S r-particles
[125]. Consistently, L14 has been identified at its final location in cryo-EM maps of distinct
nuclear pre-60S r-particles (e.g. [153, 262, 263]).

L) Wild type

Ll RPL14A-yGFP

RPL14A

RPL14A-yGFP RPL14A

80S  polysomes 80S polysomes

— | —

| 60S 60S
| 40S |

Fig 3. Functional analysis of the L14A-yGFP construct. (A) Strains W303-1B (Wild type) and FEY229, which
is a rmpl14AA rpl14BA null strain, expressing either L14A (RPL14A) or L14A-yGFP (RPL14A-yGFP) from a
centromeric YCplac111 plasmid were grown in YPD and diluted to an ODeggo Of 0.05. A 5-fold series of dilutions
were performed and 5 pul drops were spotted onto YPD plates. Plates were incubated at 30 °C for 3 days. (B)
Polysome profiles of the RPL14A and RPL14A-yGFP strains. These strains were grown in YPD at 30 ‘Cto an
ODeoo of 0.8. Cell extracts were prepared, and 10 Ao Of each extract were resolved in 7-50% sucrose gradients.
The Asss was continuously measured. Sedimentation is from left to right. The peaks of free 40S and 60S r-

subunits, 80S vacant ribosomes/monosomes, and polysomes are indicated.
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To explore in further detail the timing of incorporation of L14 into pre-60S r-particles,
we first monitored the localisation of an L14A-yGFP construct upon induction of dominant
negative NMD3-A700 allele, which has been proven to trap nascent pre-60S r-particles in the
nucleus [264]. The L14A-yGFP construct fully complemented the growth and ribosome
biogenesis defects of the null rp/16AA rpl16BA strain (Figure 3). As shown in Figure 4,
L14A-yGFP accumulated in the nucleus of most of the cells examined upon overexpression
of the Nmd3-A100 protein but it was found in the cytoplasm under non-inducible conditions.
No changes in the cytoplasmic distribution of L14A-yGFP was observed upon

overexpression of a wild-type Nmd3 protein (data not shown).

GAL::NMD3A100
RPL14A-yGFP

Gal

L14A-yGFP

Fig. 4. Nuclear assembly of L14A-yGFP. Localization of L14A-yGFP upon induction of the dominant-
negative NMD3A100 allele. Cells of the rpl14 null strain expressing GFP-tagged L14A as the sole source of L14
was transformed with the pRS316-GAL-NMD3A100 plasmid. Transformants were grown in SD-Ura (Glc) or
shifted for 12 h to SGal-Ura (Gal) to induce the Nmd3A100 protein. The GFP signal was inspected by
fluorescence microscopy. Arrows point to nuclei. Approximately 200 cells were examined for the reporter and

practically all cells gave the results shown in the representative pictures.

Next, we tested for the presence of L14 within different GFP-affinity purified pre-
ribosomal particles on the road of maturation of 60S r-subunits. The specificity of the
purification was evaluated by assessing the presence of the selected trans-acting factors
Nopl, Hasl and Mrt4 by western blot using specific antibodies (Figure 5). Western blot
analyses also showed that L14 significantly co-enriched with practically all tested particles
(Figure 5), as did L1, which was used as a control of an early assembling r-protein [125,
166]. In contrast, L10, which has been reported to assemble in the cytoplasm [125, 200], only
co-enriched with late and cytoplasmic pre-60S r-particles and PO-GFP-containing particles

that correspond mainly to mature ribosomes [134]. Interestingly, L14 seemed not to be as
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stably associated with early 90S particles, which were purified using GFP-tagged Pwp2/Utpl
as L16 or L1; similar results to those of L14 were obtained for L6, a r-protein that directly
interacts with L14 [265], which was also found even poorer represented in 90S/66S particles
purified using GFP-tagged Nop58/Nop5 than L14 (Figure 5). Together, these data indicate

that L14 assembles in early nucle(ol)ar pre-60S r-particles.
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Fig. 5. Association of L14 with maturing 60S r-subunits. 90S and pre-60S r-particles from early to late
intermediates were affinity-purified by using the GFP-Trap® immunoprecipitation procedure with the indicated bait
proteins. Equivalent amounts of immunoprecipitates were analyzed by 12% SDS-PAGE and western blot
analysis. Specific antibodies were used to detect the Nopl, Hasl and Mrt4 trans-acting factors and the L1, L6,
L10, L14 and L16 r-proteins. Note that the Rix1-GFP and Lsgl-GFP are slightly underloaded. The affinity-purified
complexes and all protein signals, except those of L14 and L6, have been previously shown in [137].

In agreement with these results, when we affinity purified L14A-yGFP-containing
particles and assayed those pre-rRNA intermediates that co-purified by northern blot
hybridization, we detected 27SB and 7S pre-rRNAs clearly above background levels (Figure
6). As previously shown for other 60S r-proteins [131, 133, 136], L14A-yGFP also co-purified
substantial amounts of mature rRNAs (Figure 6). The 27SA, pre-rRNA was also detected,
albeit slightly above background levels (Figure 6), suggesting that either L14A associates
with pre-60S r-particles once cleavage at site A, has occurred or more likely that the
assembly of L14A is only stabilised after some reorganization of the pre-rRNAs that takes
place concomitantly to the formation of 27SB pre-rRNAs. Taken together, all these results
suggest that L14 assembles into early pre-60S r-particles and appears to become stable only

in those containing the 27SB pre-rRNAs.
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Fig. 6. L14-yGFP stably assembles within pre-60S r-particles containing 27SB pre-rRNAs. Affinity-
purification of ribosomal particles was performed from cells expressing L14A-yGFP via the GFP-Trap®
immunoprecipitation procedure. Wild-type cells (untagged L14) were used as a negative control. Total RNA was
extracted from whole cell extracts (T) and immunoprecipitates (IP) and analysed by northern blotting. (A) Northern
blot analysis of high-molecular-mass or (B) low-molecular-mass pre- and mature rRNAs. The indicated probes,

between parentheses, were used to detect the different pre- and mature rRNA species (see Fig. 1A and Table 3).

L14 is required for normal accumulation of 60S ribosomal subunits

L14, as most r-proteins (e.g. [266]), is essential for cell viability, and is encoded by
two different paralogous genes, RPL14A and RPL14B. Deletion of RPL14A caused a severe
defect on growth, while deletion of RPL14B led to a minor growth defect (Figure 7A, see
also [266]). These defects seemed to be exacerbated at lower temperatures (Figure 7A). As
shown in Figure 7B, both deletions led to polysome profiles alike to those for mutants
showing a deficit on the content of 60S r-subunits. Thus, for the profiles of both deletion
strains, we observed a decrease in the amount of free 60S r-subunits relative to free 40S r-
subunits and the appearance of half-mer polysomes. The overall defects were apparently
more pronounced for the rpl14AA than for the rpl14BA null strain. These data are in

agreement with those previously described by [176].
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Fig 7. Deletion of either RPL14A or RPL14B leads to a deficit in 60S r-subunits. (A) Growth phenotypes of
the rpl14A and rpl14B null mutants. Strains W303-1B (Wild type), FEY204 (rpl14AA), FEY203 (rpl14BA) were
grown in YPD and diluted to an ODggo of 0.05. A 5-fold series of dilutions were performed and 5 ul drops were
spotted onto YPD plates. Plates were incubated at 22 °C, 30 °C and 37 °C for 3 days. (B) Polysome profiles of the
above strains. These strains were grown in YPD at 30 °C to an ODgqgo of 0.8. Cell extracts were prepared, and 10
Axso Of each extract were resolved in 7-50% sucrose gradients. The Azss was continuously measured.
Sedimentation is from left to right. The peaks of free 40S and 60S r-subunits, 80S vacant ribosomes/monosomes,
and polysomes are indicated. Half-mers are labeled by arrows.

For the phenotypic analysis of the complete loss-of-function of L14, we constructed a
conditional strain, named GAL::RPL14 strain, that expressed a double HA-tagged variant of

L14A as the sole source of L14 under the control of a GAL promoter. This strain grew as the

79



isogenic wild-type strain or a isogenic GAL::RPL16 control strain (see [137]) on YPGal plates
but was unable to grow on YPD plates (Figure 8A). After shifting a culture of the

Wild type
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Fig. 8. Depletion of L14 results in a deficit in 60S r-subunits. (A) Growth comparison of the strains W303-1B
(Wild type), FEY251 [pAS24-RPL16B] (GAL:RPL16) and FEY229 [pAS24-RPL14A] (GAL:RPL14). The cells
were grown in YPGal and diluted to an ODggo Of 0.05. A 5-fold series of dilutions were performed and 5 pl drops
were spotted onto YPGal (Gal) and YPD (Glc) plates. Plates were incubated at 30 °C for 3 days. Note that the
growth of wild-type and GAL::RPL16 strains has been previously shown in [137]. (B) Polysomes profile analysis
of GAL::RPL14 cells grown in YPGal (Gal) or shifted to YPD (Glc) for 3 h. Cells were harvested at an ODggo Of
around 0.8, whole cell extracts were prepared and 10 Azeo Units of each extract were resolved in 7-50% sucrose
gradients. The Azs4 was continuously measured. Sedimentation is from left to right. The peaks of free 40S and
60S r-subunits, 80S vacant ribosomes or monosomes and polysomes are indicated. Half-mers are labelled by

arrows.

GAL::RPL14 strain from liquid YPGal to YPD medium, the rate of cell division slowed down
significantly in few hours and practically stopped after 8-10 h in YPD (data not shown).

When we analysed polysome profiles from cell extracts of the GAL::RPL14 strain grown in
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YPGal, normal wild-type profiles were obtained (Figure 8B). However, when shifted for
about 3 h to YPD, extracts showed abnormal polysome profiles, consisting of a clear
decrease in the levels of free 60S versus free 40S r-subunits, a decrease in the 80S peak
and polysomes and the appareance of half-mer polysomes (Figure 8B). Taken together,
these results indicate that L14 is essential for growth and for normal accumulation of 60S r-

subunits.

L14 is required for 27S pre-rRNA processing and normal production of 25S and 5.8S
rRNAs

To study whether the deficit of 60S r-subunits caused by the depletion of L14 is
attributed to a defective production or/and an excessive degradation of 60S r-subunits, we
analysed the effects of L14 depletion on the synthesis and processing of pre-rRNAs by
[*H]uracil pulse-chase labelling experiments. For this purpose, the GAL::RPL14 and an
isogenic wild-type control strain were grown in YPGal and shifted to SD-Ura for 6 h. In wild-
type cells, the 35S pre-rRNA was processed rapidly into 32S pre-rRNA, and then into 27S
and 20S pre-rRNAs, which were subsequently converted into mature 25S and 5.8S, and 18S
rRNAs, respectively (Figure 9). In contrast, in the GAL::RPL14 strain, processing of the 35S
pre-rRNA was delayed; as a consequence, less 27SA and 20S pre-rRNAs were formed and
traces of 23S pre-rRNA were detected, but while enough mature 18S rRNA was still made,
some 27SB pre-rRNAs persisted even after the 60 min of chase and practically no labelled
mature 25S and 5.8S rRNAs were detected (Figure 9). These defects were apparently
specific since no changes in the kinetics of production of mature 5S rRNA or tRNAs or their
levels were observed upon the depletion of L14 (Figure 9). These results indicate that the
deficit in 60S r-subunits following depletion of L14 was due to impaired processing and
increased turnover of 27SB pre-rRNAs. As a consequence, reduced levels of both mature
25S and 5.8S rRNAs were synthesized. Most likely as a side effect (for further discussion,
see [137] and references therein), earlier processing reactions at sites Ao, A; and A, were
also delayed upon depletion of L14; however, this delay impacted only slightly 18S rRNA

production.

81



A Wild type GAL::RPL14 )
0 5 15 30 60 0 5 15 30 60 <€ chase

D em e e — 35S

H MW e —32s
v' 2y b “

7SA

e n = 2753

9 - g R

a8 | — 235

. — 208

— 188

B Wild type GAL::RPL14

5 15 30 60 5 15 30 60 <€ omn.
& ‘ ‘ _ 58S
" 5.8Sg

(.,....““A

I

“ . o
p i i - péﬁ‘ARNAS/
v . ! . t S

Fig. 9. Depletion of L14 impairs 27S pre-rRNA processing. (A) Wild-type strain W303-1B (Wild type) and
FEY229 [pAS24-RPL14A] (GAL::RPL14) were transformed with YCplac33 (CEN URAS3), grown at 30 °C in SGal-
Ura to mid log phase and shifted to SD-Ura for 6 h. Cells were pulse-labelled with [5,6-3H]uracil for 2 min followed
by a chase with a large excess of unlabelled uracil for the times indicated. Total RNA was extracted from each
sample and 20,000 cpm was loaded and separated on (A) a 1.2% agarose-6% formaldehyde gel or (B) a 7%
polyacrylamide-8M urea gel, transferred to nylon membranes and visualized by fluorography. The positions of the

different pre- and mature rRNAs are indicated.

Depletion of L14 affects negatively 27S pre-rRNA processing

To define the exact pre-rRNA processing steps that are affected upon depletion of
L14, we evaluated changes in the steady-state levels of mature rRNA and pre-rRNA
intermediates. For this purpose, total RNA was isolated from the GAL::RPL14 and an
isogenic wild-type control strain grown in YPGal or at various time points after a shift to YPD

and analysed by northern blotting and primer extension.
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As shown in Figure 10A, and consistently with the pulse-chase data, depletion of L14
resulted in a minor decrease in 18S rRNA and in a more drastic decrease in 25S rRNA.
Slight changes in the levels of different pre-rRNAs were observed for the wild-type strain
grown in YPGal or shifted to YPD, which are most likely due to the effects of the nutritional
up-shift from the galactose- to the glucose-containing medium [267]. More significant
differences were observed for the GAL::RPL14 strain, thus, 35S and aberrant 23S pre-

rRNAs progressively accumulated with ongoing depletion of L14. However, while levels of
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Fig. 10. Depletion of L14 affects the steady-state levels of pre-rRNA and mature rRNA species. Strains
W303-1B (Wild type) and FEY229 [pAS24-RPL14A] (GAL::RPL14) were grown at 30 °C in liquid YPGal medium
and shifted to YPD. Total RNA was extracted from the cultures at the indicated times after the shift and equal
amounts (5 pg) were subjected to northern hybridization or primer extension analysis. (A) Northern blot analysis
of high-molecular-mass or (B) low-molecular-mass pre- and mature rRNAs. Probes, between parentheses, are
described in the Fig. 1A and Table 3. (C) Primer extension analysis with probe g, which is complementary to
sequences in ITS2 (Fig. 1A). This probe allows detection of 27SA,, 27SA3, and both 27SB pre-rRNAs.

20S pre-rRNA mildly decreased, those of 27SA, pre-rRNA initially accumulated but, then,
remained apparently unaffected 6 h after transfer to YPD. In contrast, the levels of 27SB pre-
rRNAs clear decreased. Analysis of low-molecular-weight rRNAs revealed a significant
decrease in the steady-state levels of 7S pre-rRNAs, a slight reduction in those of mature
5.8S rRNAs, but no alteration in the levels of 5S rRNA in the L14-depleted strain (Figure
10B). Importantly, the ratio of 5.8S, versus 5.8Ss rRNA was not affected by the depletion of
L14.

83



We also performed primer extension assays to identify 27SA; pre-rRNA and to
distinguish between 27SB, and 27SBs pre-rRNAs. As shown in Figure 10C, primer
extension did not shown any differences in the levels of 27SA, pre-rRNA, fully consistent with
the results obtained by northern hybridisation. However, a clear but mild accumulation of
27SA; pre-rRNA was observed upon depletion of L14. Moreover, we could also observe a
slight accumulation of 27SB, pre-rRNA and a significant reduction in 27SBs pre-rRNA levels
with ongoing depletion of L14. Altogether, these results indicate that L14 is required for
processing of 27SA, and 27SA; pre-rRNAs to 27SB pre-rRNA species. In addition, the
presence of L14 in pre-60S r-particles is needed for the stability of 27SB precursors. Thus,
although 27SB, pre-rRNA is still made in L14-depleted cells, it fails to be converted to 7S,
pre-rRNA and consequently degraded. In these circumstances, the 27SBs pre-rRNA is even
less stable than the 27SB, pre-rRNA and, therefore, it could neither be converted into its

subsequent 7Ss pre-rRNA.

Depletion of L14 leads to nuclear retention of pre-60S ribosomal particles

Among the distinct phenotypes of most loss-of-function mutants in 60S r-subunit
assembly factors and/or 60S r-proteins that lead to an impairment of pre-rRNA processing
are the failure in nuclear export of pre-60S r-particles (e.g. [131, 175, 268]). Thus, to test
whether depletion of L14 impairs 60S r-subunit export, we studied the localisation of a GFP-
tagged L25 r-protein upon depletion of L14. It has been well established the use of the L25-
eGFP reporter to trace the nucleo-cytoplasmic transport of 60S r-subunits by fluorescence
microscopy [136, 220, 269]. As shown in Figure 11, and as expected for an r-protein, a
predominantly cytoplasmic distribution of L25-eGFP with vacuolar and nuclear exclusion was
observed in GAL::RPL14 cells grown to early log phase in selective SGal medium. However,
GAL::RPL14 cells shifted to selective SD medium exhibited an accumulation of the reporter
in the nucleus, as denoted by its colocalisation with the red fluorescently tagged Nopl
marker. In many cells, the GFP-decorated region mostly coincided with the RFP-decorated
one, thus, indicating that L25-eGFP was mainly accumulated in the nucleolus. We did not
observe nuclear accumulation of L25-eGFP when the isogenic wild-type control strain was
grown in selective SD medium (data not shown). Taken together, these results indicate that
upon depletion of L14, both intranuclear transport from the nucleolus to the nucleoplasm and

nucleocytoplasmic export of pre-60S r-particles are blocked.
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Fig. 11. Depletion of L14 results in retention of pre-60S r-subunits in the nucle(ol)us. FEY229 [pAS24-
RPL14A] (GAL::RPL14) cells co-expressing the nucleolar Nopl-mRFP and the 60S r-subunit reporters were
grown in SGal-Trp (Gal) or shifted to SD-Trp up to 6 h. The subcellular localization of the GFP-tagged r-protein
and the NOP1-mRFP marker was analysed by fluorescence microscopy. Arrows point to nucleolar fluorescence.
Approximately 200 cells were examined for each reporter, and practically all cells gave the results shown in the

pictures.

L14 is required for the stable assembly of 60S r-proteins located at its immediate
neighbourhood and surrounding the polypeptide exit tunnel

To further study the role of L14 in 60S r-subunit biogenesis, we determine how the
depletion of L14 affected the assembly of other 60S r-proteins to pre-60S r-particles. For this
purpose, we chromosomally TAP-tagged Noc2 in the GAL::RPL16 strain, affinity purified
TAP-tagged Noc2-containing pre-ribosomal particles in the presence of L14 or upon its
depletion, and compared the rRNA and protein composition in both conditions. Noc2 is an
early 60S r-subunit assembly factor present in early to intermediate pre-60S r-particles that
apparently weakly associates with 90S pre-ribosomal particles and dissociated from particles
before or concomitantly with 27SB pre-rRNA processing at site C, [92, 125, 270]. In both
conditions, before or after depletion of L14, Noc2-TAP co-purified early to intermediates pre-
60S r-particles with similar efficiency; pre-rRNA content of these particles was in consistence
to the relative abundance of the same pre-rRNAs in the total cell extracts of the undepleted
or L14-depleted cells; thus, enlarged co-purification of 35S pre-rRNA and reduced co-

purification of 27SB pre-rRNA with Noc2-TAP was observed upon depletion of L14 (see
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Figure 10; data not shown). We also compared changes in protein composition of TAP-
tagged Noc2-containing particles purified from L14-depleted versus L14-undepleted cells
focusing first in the category of r-proteins. As shown in Figure 12A, and as expected, L14
itself was the r-protein whose levels most severely diminished. Levels of about a dozen of
other different r-proteins were also mild but significantly reduced upon depletion of L14.
These proteins can be classified into different groups: (i) L6, L16, L20 and L33 r-proteins,
which all belong to the neighbourhood area of L14. L14 direct interacts with L6, L9, L16 and
L20 r-proteins [10, 265], but while L6 and L20 appeared substantially underrepresented, L9
could not be detected in our analysis, and strikingly, L16 was very minor affected upon
depletion of L14 (see Discussion). All these r-proteins are involved in early steps of 60S r-
subunit assembly and their respective depletion led to practically identical pre-rRNA
processing defects to those we have described for the depletion of L14 [140, 175, 192]. (ii)
L17, L19, L26, L37 and L39, which all located around the polypeptide exit tunnel or its nearby
region [10]. All these proteins are middle-acting r-proteins required for 27SB pre-rRNA
processing ([131, 133, 136, 175] and our unpublished results). (ii) A miscellaneous group
composed by L1 (uLl), L2, L28 (uL15), L34 (eL34) and L36 (eL36). Remarkably, L28 and
L36 interact each other directly in the mature 60S r-subunit [10, 265], and L34 and L36 form
part of the same functional network of the trans-acting factor Ebp2 [271]. Depletion of L36
leads to practically identical pre-rRNA processing defects than depletion of L14 [271]. In turn,
L34 is required for 27SB pre-rRNA processing [175]. (iv) L10 and L24, which, as mentioned
above, assembles in the cytoplasm [78]. Decreased representation of these two r-proteins
upon depletion of L14 could likely be the artefactual result of some minor mature 60S r-

subunit contamination after Noc2-TAP purification from L14-undepleted extracts.

In turn, levels of several other r-proteins significantly increased with Noc2-TAP
purified complexes upon depletion of L14. These include many early-acting r-proteins such
as L3, L7, L8, L13, L15, L18 or L32, the r-proteins components of the 5S rRNP (L5 and L11),
and the r-stalk protein PO (uL10) and its base L12 (uL11). Likely, these proteins either
assemble earlier than L14 into pre-60S r-particles (i.e. L3), thus, not being affected by the
depletion of L14 or belong to ribosomal modules whose assembly occur regardless of the

presence or the absence of L14 in pre-ribosomal particles.

Together, these results indicate that L14 contributes to the optimal formation of an
early pre-ribosomal structure that comprises mostly those r-proteins located at the central
solvent interface of 60S r-subunits and the adjacent region surrounding the polypeptide exit
(see Figure 13). All these r-proteins are either involved in 27SA, and 27SA; pre-rRNA
processing reactions as L14 or in the immediately downstream step of 27SB pre-rRNA

processing.
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Fig. 12. Changes in composition of pre-ribosomal particles upon depletion of L14. FEY320 strain, which
expresses a genomic NOC2-TAP allele from its cognate promoter and harbour a plasmid-borne HA-RPL14A
allele driven by the GAL1-10 promoter was cultivated at 30 °C in YPGal and shifted to YPD for 6 h to shut down
the expression of L14. Whole cell extracts were done for each condition, complexes associated to Noc2-TAP
affinity purified and the co-purifying proteins processed for comparative protein analysis by semiquantitative mass
spectrometry using iTRAQ (see Experimental Procedures). Average iTRAQ ratios of all respective proteins
identified by more than one peptide are indicated. Numbers in parentheses indicate the number of peptides by
which the respective protein was identified. (A) Relative enrichment/deprivation of r-proteins purified before or

after depletion of L14. (B) Relative enrichment/deprivation of trans-acting factors purified before or after depletion

of L14.
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Fig 13. Ribosomal proteins that significantly diminish from Noc2-TAP containing pre-ribosomal particles
upon depletion of L14. Different subset of r-proteins are shown: (i) L14 (red), (ii) L6, L16, L20, L33 (different blue
tones), which are r-proteins nearby L14 that fail to associate upon depletion of L14. (jii) L17, L19, L26, L37 and
L39 (different green tones), which are r-protein that surround the polypeptide exit tunnel. (iv) L28, L36, L34 and L2
(different pink tones). 5.8S rRNA was coloured in red and 5S in gold. Note that a structure for any early pre-60S r-
particles has still not been determined. Thus, r-proteins were represented using the atomic model for the crystal
structure of the yeast 80S ribosome at 3.0 A (PDB ID: 3U5I and 3U5H; [10]).

L14 is required for the stable association of a set of 60S r-subunit biogenesis factors

required for processing of 27SB pre-rRNA

We also determine how the depletion of L14 affected the association of trans-acting
factors to Noc2-TAP affinity-purified pre-ribosomal particles. As shown in Figure 12B, very
few factors diminished to a different extent. Most of these factors (also known as B-factors),
Spb4, Dbpl0, Spbl, Nsa2, Tif6, Nip7, Nop2 and Rlp24, are required for 27SB pre-rRNA
processing, thus for cleavage at site C, within ITS2 [146, 160, 212, 272-277]. Dbp10, Tif6,
Rlp24 are among the subset of factors required to recruit Nsa2 to pre-60S r-particles [272].
Nip7 and Nop2 form a heterodimer [272]. Nugl, which is apparently not a B-factor,
genetically interacts with and is required for the stable association of Dbpl0O with pre-
ribosomal particles [278, 279].
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Few other factors required for 27SB pre-rRNA processing are enriched upon
depletion of L14, among them, Nogl and the physical and functional related pair of factors
Rpf2 and Rrs1 [130], which guides assembly of the 5S rRNP (see [255], and references
therein). The significance of the enrichment of Rrp14, Nop4, Nopl16, Rsa3, Puf6 and Noc3 is
still unclear, although it has been described that Rrpl4 delays 27SB pre-rRNA processing
and interacts with Epb2 in a two-hybrid assay [280]. Remarkably, practically all As-factors so
far described were found among the proteins that enriched upon depletion of L14: Has1,
Drsl, Rrpl, Nopl2, Brx2, Epb2, Nop7, Ytm1, Erbl, Nsa3/Cicl, Nopl5 and RIp7 (for details,
see [30]). Depletion of any of these factors leads to defect in 27SA; pre-rRNA processing
(e.g. [132]), phenotype that it is the most significant feature of the L14 depletion (see Figure
10C). It has been shown that factors Nop7, Ytm1l and Erbl form a stable sub-complex to
which Drsl associates [281, 282]. This sub-complex together with Nsa3, Nopl5 and RIp7
has been described to be mutually interdependent for association with pre-60S r-particles
[132]. Hasl interacts with Nopl15 in a two-hybrid assay [283].

In conclusion, depletion of L14 prevents stable association of a set of factors required
for 27SB pre-rRNA processing with early pre-60S r-particles. Consequently, these particles
are unable to progress in their maturation at ITS2 of the pre-rRNAs. In contrast, these
particles still associate with most factors required for 27SA; pre-rRNA processing, but
strikingly, they are also unable to support this pre-rRNA processing reaction, as evidenced
for the pre-rRNA processing defects observed for a L14-depleted strain. Likely as the direct
consequence of these impairments, early pre-60S r-particles are subjected to nuclear

retention and efficient turnover following depletion of L14.

Disruption of the interaction between the eukaryote-specific C-terminal extensions of
L14 and L16 r-proteins causes paromomycin hypersensitivity

In both late pre-60S r-particles and mature 60S r-subunits, an interaction between the
most distal a-helices of the eukaryote-specific C-terminal extensions of L14 and L16 is
produced. This interaction is maintained by apolar contacts between amino acids of both
helices and two salt bridges, one between the carboxylic group of L14[A138] and the e-amino
group of L16[K177] and another between the guanidinium group of L14[R109] and the
carboxylic group of L16[Y199] (Figure 2). To study the relevance of this interaction in cell
growth and ribosome biogenesis, we tested the genetic interaction between two distinct and
previously reported truncated alleles: rpl14A-L123*, which expressed a truncated L14A
variant lacking the last 16 amino acids [176] and rpl16B-N180, which expressed a truncated

L16B variant lacking the last 18 amino acids [137]. These two alleles confer a practically
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wild-type phenotype at 30 °C but a 60S r-subunit deficit when expressed as the sole copy of
each respective r-protein in yeast cells [137, 176] (see also Figure 14A). Moreover,
combination of these two alleles as the sole sources of L14 and L16 in double mutant cells
did not cause any synergistic growth defect phenotype in either rich or synthetic media at
either 30 °C, 37 °C or 22 °C (Figure 14A and data not shown), and both protein variants
were expressed to wild-type levels (Figure 14B). Interestingly, the double mutant but neither
of the single ones displayed increased sensitivity to paramomycin (Figure 14A). This
observation suggest that, despite, its practically wild-type growth rate at 30 °C, cells lacking
the most distal parts of the C-terminal extensions of L14 and L16 produce 60S r-subunits that
might be enough structurally abnormal to manifest slight dysfunctions when subjected to

certain stresses, such as the presence of distinct antibiotics that inhibit translation.

RPL16B RPL14A

RPL16B rpl14A-N123

rpl16B-N180 RPL14A

rpl16B-N180 rpl14A-N123

__L16B
— L16B-N180

N e .

ot ) — L14A
S, P ___ | 14A-N123

Fig. 14. The rpl14A-N123 rpl16B-N180 mutant is hypersensitive to paromomycin. (A) Growth phenotypes of
the indicated strains on YPD plates without antibiotics or containing 5 mg/ml neomycin or 1 mg/ml paromomycin.
A triple rpl14AA rpl14BA rpl16AA null mutant containing the indicated combinations of plasmid-borne RPL14A and
rpl14A-N123 allele and genomic RPL16B and rpl16B-N180 alleles as sole sources of L14 and L16 respectively,
were grown in YPD medium and spotted in 10-fold serial dilution steps onto YPD plates with or without the
indicated antibiotics. Plates were incubated at 30 °C for 3 days. (B) Expression levels of the plasmid-borne wild-
type and indicated mutant alleles of both RPL14A and RPL16B genes as sole sources of L14 and L16. Equivalent
amounts of cell extracts of the above strains were separated by SDS-PAGE and levels of the L14 and L16 r-

proteins variants were determined by western blot analysis using specific anti-L14 and anti-L16 antibodies.
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EXPERIMENTAL PROCEDURES
Strains and microbiological methods

The S. cerevisiae strains used are listed in Table 1 and are derived from W303 [206].
The deletion disruption of the RPL14A and RPL14B genes and the C-terminal TAP-tagging
of NOC2 at the genomic locus were performed as previously described [125, 207, 284].
FEY204 (rpl14A::HIS3MX6) and FEY203 (rpl14B::HIS3MX6) are meiotic segregants of the
corresponding diploid strains. To construct the GAL::RPL14 strain, FEY203 and FEY204
were crossed and the resulting diploid transformed with the YCplac33-RPL14A plasmid. After
sporulation and tetrad dissection, we selected the FEY229 strain, which is a representative
double rpl14AA rpl14BA mutant that contains YCplac33-RPL14A. Then, FEY229 was
transformed with the pAS24-RPL14A plasmid, and subsequently, YCplac33-RPL14A was
counter-selected on 5-FOA plates containing galactose. The correct genomic integration of
the TAP-URAS3 cassette in the FEY320 strain was verified by PCR and the expression of the
Noc2-TAP fusion protein by western blot analysis. Strains JFY136 and JFY137 are also
meiotic segregants; YKL516 and JFY01 were crossed, the resulting diploid was sporulated,
and tetrads were dissected. In spore clones with the appropriate markers, the presence of
the wild-type or mutant variant alleles of RPL14A/B and RPL16A/B genes were analysed by
PCR. The expression of the wild-type L14A and L16B or the truncated variants L14A-N123

and L16B-N180 proteins was tested by western blot analysis.

Strains were grown at selected temperatures either in rich YP medium (1% yeast
extract, 2% peptone) supplemented with 0.2% adenine and containing either 2% glucose
(YPD) or 2% galactose (YPGal) as carbon source or in synthetic minimal medium (0.15%
yeast nitrogen base, 0.5% ammonium sulphate) supplemented with the appropriate amino
acids and bases as nutritional requirements, and containing either 2% glucose (SD) or 2%
galactose (SGal) as carbon source. Preparation of media and genetic manipulations were
done according to established procedures. Antibiotic-containing plates were prepared by
adding the drugs from stocks solution into 2% YPD-agar medium before pouring the plates
[133]. Yeast cells were transformed by the lithium acetate method [208]. Tetrad dissections

were performed using a Singer MS micromanipulator.

Plasmids

All recombinant DNA techniques were done according to established procedures
using E. coli DH5a for cloning and propagation of plasmids. Plasmids used in this study are
listed in Table 2. To construct YCplac33-RPL14A, YCplac111-RPL14A, pAS24-RPL14A and
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YCplacl11-RPL14A-yGFP, specific DNA fragments were PCR-amplified using yeast
genomic DNA as a template and the appropriate oligonucleotides. The oligonucleotides used
in this study are listed in Table 3. After restriction digestion, the PCR products were cloned
into the respective vectors. All cloned DNA fragments generated by PCR were verified by
sequencing. Detailed information on the plasmids is available upon request. YCplac22-
RPL14A and YCplac22-rpl14A-N123, a generous gift from D. Kressler, have been previously
reported [176]. Other plasmids used in this study were: pRS314-RPL25-eGFP-NOP1-mRFP
and pRS314-RPS3-eGFP-NOP1-mRFP, gifts from J. Bassler and E. Hurt, [210] and
pRS316-GAL-NMD3A100, gift from A. Jacobson [285].

Polysome profile analyses

Cell extracts for polysome proflle analyses were performed as described previously
[211]. 7-50% sucrose gradients were centrifuged at 39,000 rpm in a Beckman Coulter rotor
SW41 Ti at 4 °C for 2 h 45 min and fractionated using a Teledyne-ISCO UA-6 system with

continuous monitoring at Agsg.
Pulse-chase labeling of pre-rRNA

Pulse-chase labelling of pre-rRNA was performed exactly as previously described
[219], using 100 pCi of [5,6->H] uracil (Perkin Elmer; 45 to 50 Ci/mmol) per 40 ODgo Of yeast
cells. Cells were grown in SGal-Ura medium at 30 °C to mid-log phase or shifted to SD-Ura
medium for 6 h, pulse-labeled for 2 min and chased for different times with SD medium
containing an excess of cold uracil. Total RNA was extracted by the hot acidic phenol-
chloroform procedure [286]. Radioactive incorporation was measured by scintillation counting
and about 20,000 cpm per RNA sample were loaded and resolved on 1.2% agarose-6%
formaldehyde and 7% polyacrylamide-8M urea gels. RNA was then transferred to nylon

membranes and visualized by fluorography [219].
Steady-state analysis of pre-rRNA

Northern hybridization and primer extension analyses were carried out as previously
described [218, 219]. Total RNA was extracted from samples corresponding to 10 ODggo
units of cells grown to mid-log phase. Equal amounts of total RNA were loaded on gels or
used for primer extension reactions. Specific oligonucleotides (see Table 3), were 5'-end
labelled with [y-**P] ATP and used as probes. Hybridization signals were detected using a
Typhoon™ FLA9400 imaging system (GE Healthcare) and quantified using the

GelQuant.NET software (biochemlabsolutions.com).
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Affinity Purification of GFP-tagged Proteins

GFP-tagged factors representative of 90S and pre-60S r-particles were purified
following a one-step GFP-Trap_A procedure (Chromotek), as described previously [220].
The proteins from purified particles were extracted by boiling the beads with Laemmli buffer
and analyzed by western blotting. To normalize the amount of purified complexes to be
loaded for comparative studies, aliquots of the samples were first resolved by SDS-PAGE

and visualized by silver staining.

Affinity purification of particles containing L14A-yGFP was also performed by the one-
step GFP-Trap_A procedure. The pre- and mature rRNAs associated with the particles were
recovered by the hot phenol-chloroform method and analysed by northern blotting as
described above.

Fluorescence Microscopy

To test pre-ribosomal particle export, the GAL::RPL14 strain was transformed with
plasmids expressing either GFP-tagged L25 or S3 and Nopl-mRFP (see above).
Transformants were grown in selective SGal medium and shifted to selective SD for 6 h to
deplete L14. Cells were washed, resuspended in PBS buffer (140 mM NaCl, 8 mM Na,HPO,,
1.5 mM KH,PO,, 2.75 mM KCI, pH 7.3), and examined with an Olympus BX61 fluorescence
microscope equipped with a digital camera. Images were analysed using the Olympus

cellSens software and processed with Adobe Photoshop CS2 (Adobe Systems Inc.).

Protein extracts and western blotting analyses

Total yeast protein extracts were prepared as described previously [137]. Total
protein extracts and samples from purified particles were analysed by western blotting
according to standard procedures. The following primary antibodies were used in this study:
mouse monoclonal anti-GFP (clones 7.1 and 13.1, Roche) and anti-Nopl (MCA28F2, EnCor
Biotechnology); rabbit polyclonal anti-L1 (gift from F. Lacroute) [214], anti-L6 (gift form G,
Dieci) [287], anti-L10 (gift from B. Trumpower) [217], anti-L14 (gift from G. Dieci) [287], anti-
L16 (gift from S. Rospert) [213], anti-Hasl (gift from P. Linder) [215], anti-Mrt4 (gift from
J.P.G. Ballesta) [115]. Secondary goat anti-mouse or anti-rabbit horseradish peroxidase-
conjugated antibodies (Bio-Rad Laboratories, Inc.) were used as secondary antibodies.
Proteins were visualized using a chemiluminescence detection kit (Super-Signal West Pico,
Pierce) and a ChemiDoc™ MP imaging system (Bio-Rad Laboratories, Inc.). Images were

processed with Adobe Photoshop CS2 (Adobe Systems Inc.).
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Affinity-purification of Noc2-TAP containing pre-ribosomal particles

The FEY320 strain, which expresses a chromosomally-encoded Noc2-TAP fusion
protein and harbours a GAL::HA-RPL14A allele as the sole source of L14 r-protein, was
grown in YPGal to an ODgg Of ca. 0.8 and shifted to YPD for 6-8 h to shut down RPL14A
expression. Noc2-TAP and associated pre-ribosomal particles were then affinity purified from
total cell extracts using a matrix of rabbit IgG covalently coupled to magnetic beads (Sigma-
Aldrich) as described previously [125] with some minor modifications. The cell pellet
corresponding to one litre of yeast culture was resuspended in 1.5 ml of cold MB buffer (20
mM Tris HCI pH 8,0, 200 mM KCI, 5 mM (CH;COO),Mg, 2 mM benzamidine, 1 mM PMSF,
and 0.02 U/ml RNasin®) per g of cell pellet. Cells were broken by vigorous shaking with
glass beads (1.4 g beads of 0.75-1 mm diameter per 0.8 ml of cell suspension) in a Vibrax
VXR shaker (IKA) for 10 min at 4°C, followed by 2 min on ice. This procedure was repeated
twice. Total cell extracts were clarified by two consecutive centrifugation steps in a microfuge
at the maximum speed (ca. 16000 x g) for 5 min and 10 min, respectively. The protein
concentration of the cleared lysated was determined using the Bradford protein assay (Bio-
Rad). To each of the resulting supernatant (typically 1 ml with ca. 50 mg of total protein),
Triton X-100 (0.5% final), Tween 20 (0.1% final) and 200 ml of IgG-coupled magnetic beads
slurry, equilibrated with MB buffer containing 0.5% Triton X-100 and 0.1% Tween, were
added, and the mixture was incubated for 2 h 30 min at 4 °C with end-over-end tube rotation.
After incubation, the beads were washed four times with 700 pl cold MB buffer with 0.5%
Triton X-100 and 0.1% Tween 20. RNA was extracted from the 20% of the mixture to perform
northern blot analyses. The remaining 80% mixture was washed two times with 1 ml AC
buffer (100 mM CH3;COONH,, pH 7.4, 0.1 mM MgCl,) to remove excess of salt from the
samples and bound proteins eluted two times with 500 pl of freshly prepared 500 mM
NH4OH solution for 20 min at room temperature, pooled and lyophilised overnight.

Semiquantitative mass spectrometric analyses

Lyophilised eluates were further processed for iTRAQ (isobaric tags for relative and
absolute quantitation) and mass spectrometric protein analyses, as previously described
[288]. Proteins identified by only one peptide were discarded. iTRAQ ratios (depleted versus

non-depleted sample) were determined and normalized to the ratio of the Noc2 bait protein.
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Table 1. Yeast strains used in this study.

Strain Relevant genotype Source
W303-1A MATa ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-1 [206]
W303-1B As W303-1A but MATa. [206]
FEY204 As W303-1A but rpl14A::HIS3MX6 This study
FEY203 As W303-1B but rpl14B::HIS3MX6 This study

FEY229 @  AsW303-1B but rpl14A::HIS3MX6 rpl14B::HIS3MX6 [YCplac33-RPL14A]  This study

YKL516 ®  As W303-1A but rpl14A:natNT2 rpl14B::HIS3MX6 [YCplac33-RPL14A] [176]

FEY320 As FEY229 but noc2::NOC2-TAP-URA3 [pAS24-RPL14A] This study

JFYO01 As W303-1B but rpl16A::HIS3MX6 rpl16B-N180::HIS3MX6 [137]

JFY137 ® As W303-1B but rpl14A:natNT2 rpl14B::HIS3MX6 rpl16A::HIS3MX6 This study
[YCplac22-RPL14A]

JFY136 @ As W303-1B but rpl14A:natNT2 rpl14B::HIS3MX6 rpll6A::HIS3MX6 This study
rpl16B-N180::HIS3MX6 [YCplac22-RPL14A]

YMDS5 © As W303-1A but PWP2-GFP(S65T)::kanMX6 [220]
YMD24 © As W303-1A but NOP58-GFP(S65T)::TRP1 [220]
JDY850 As W303-1A but SSF1-GFP(S65T)::natNT2 [220]
JDY854 As W303-1A but NSA1-GFP(S65T)::natNT2 [137]
JDY851 As W303-1A but NOP7-GFP(S65T)::natNT2 [220]
JDY852 As W303-1A but RIX1-GFP(S65T)::natNT2 [220]
JDY855 As W303-1A but ARX1-GFP(S65T)::natNT2 [220]
JDY853 As W303-1A but LSG1-GFP(S65T)::natNT2 [220]
Jpysel @ As W303-1A but RPPO-GFP(S65T)::natNT2 [220]

@ Depending on the experimental conditions, the corresponding plasmid was replaced by other plasmids
containing different alleles of RPL14A. ®) Gift from D. Kressler. © Gift from M. Dosil. @ Gift from M.

Remacha.
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Table 2. Plasmids used in this study.

Name Relevant information Source
YCplac33 CEN, URA3 [289]
YCplac111 CEN, LEU2 [289]
YCplac33-RPL14A RPL14A, CEN, URA3 This study
YCplac111-RPL14A RPL14A, CEN, LEU2 This study
YCplac22-RPL14A ® RPL14A, CEN, TRP1 [176]
YCplac22-rpl14A-N123 @ rpl14A-N123, CEN, TRP1 [176]
pAS24 promoter GAL1-10, N-terminal 2xHA tag, CEN, LEU2 [209]
pAS24-RPL14A GAL::2xHA-RPL14A, CEN, LEU2 This study
YCplacl111l-yGFP/TCYC1 C-terminal yGFP tag, TCYC1, CEN, LEU2 D. Kressler
YCplac111-RPL14A-yGFP  RPL14A-yGFP, TCYC1, CEN, LEU2 This study
pFA6a-HIS3MX6 HIS3MX6 cassette [207]
pRS314-RPL25-eGFP- RPL25-eGFP, NOP1-mRFP, CEN, TRP1 [210]
NOP1-mRFP ©

pRS314-RPS3-eGFP- RPS3-eGFP, NOP1-mRFP, CEN, TRP1 [210]
NOP1-mRFP ©

pRS316-GAL-NMD3A100 Y GAL::NMD3A100, CEN, URA3 [285]

@ Gift from D. Kressler. ® Gift from M. N. Hall. © Gift from J. Bassler and E. Hurt. @ Gift from A. Jacobson.
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Table 3. Oligonucleotides used in this study.

Name

5'-3' Sequence

Use

Probe a (5' Ao)
Probe b (18S)

Probe c (3-D/A2)
Probe d (A2/Az)
Probe e (5.8S)
Probe f (E/Cy)

Probe g (C1/Cy)
Probe h (25S)

Probe 5S

RPL14A +/- 1kb up
RPL14A +/- 1kb
dwn

RPL14B+/- 1kb up
RPL14B +/- 1kb
dwn

RPL16A +/- 1kb up
RPL16A +/- 1kb
dwn

RPL16B +/- 1kb up
RPL16B +/- 1kb
dwn

L14A up DEL

L14A dwn DEL

L14B up DEL

L14B dwn DEL

GGTCTCTCTGCTGCCGG
CATGGCTTAATCTTTGAGAC
GACTCTCCATCTCTTGTCTTCTTG
TGTTACCTCTGGGCCC
TTTCGCTGCGTTCTTCATC
GGCCAGCAATTTCAAGTTA
GAACATTGTTCGCCTAGA
CTCCGCTTATTGATATGC
GGTCACCCACTACACTACTCGG
GGAATTCTCTCCCATATACAAGGAAGG
CGGATCCCCTACAACCACTGCTGCTGC

CGGATCCGGTGGAAGGGAGCTCTTCG
CACATCCCTTCTTTGTTGACG

GTACCGCCAACCCTTCCAG
CGAACGAACTGTATCGCGG

AGATAGCGGAGGCAACAAGAG
ACTAGTTCCCTCTTATCTCTC

GTTTGTCTTAGTGAACAAAGAGAGTCGTGAAAAATAAAAT

AAACACGTACGCTGCAGGTCGAC

AAATTACATACGAAATATATCAGAATTAAAGATCATGTAC

ATATTATCGATGAATTCGAGCTCG

GCATTTAAAGTAACTTCAGGAAATAAACGCGCAAATAAAC

CAAAACGTACGCTGCAGGTCGAC

TGCTTTCAGTACTTACCTATGGATTTTAGAATTATTCTTC

TTTTTATCGATGAATTCGAGCTCG

pre-rRNA hybridization
18S rRNA hybridization
pre-rRNA hybridization
pre-rRNA hybridization
5.8S rRNA hybridization
pre-rRNA hybridization
pre-rRNA hybridization
25S rRNA hybridization
5S rRNA hybridization
PCR cloning RPL14A
PCR cloning RPL14A

PCR verification RPL14B
PCR verification RPL14B

PCR verification RPL16A
PCR verification RPL16A

PCR verification RPL16B
PCR verification RPL16B

Genomic deletion
rpl14A::HIS3MX6
Genomic deletion
rpl14A::HIS3MX6
Genomic deletion
rpl14B::HIS3MX6
Genomic deletion
rpl14A::HIS3MX6

GCGTCGACATGTCCACCGATTCTATTGTC
GGCGTGTACTTTCACGAC
CGGATCCAGCCTTAGCCAAAGCCTTC
CGTGAAGTTAAGGAAGAAAAGGCC

pGAL-L14A up
pGAL-L14A dwn
GFP-L14A dwn
NOC2 up100

PCR cloning GAL::RPL14A
PCR cloning GAL::RPL14A
PCR cloning RPL14A-yGFP
Genomic tagging
NOC2-TAP-URA3
Genomic tagging
NOG2-TAP-URA3

NOC2 dwn100 GCTTGGAGTGCTCACATGTTAGC
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DISCUSION






En estos ultimos afios se ha profundizado bastante en el conocimiento que se tiene
de la contribucién de las proteinas ribosémicas de la subunidad 60S a la biogénesis del
ribosoma [144]. Solo unas pocas proteinas ribosémicas de la subunidad 60S, especialmente

algunos no esenciales para el crecimiento, quedan aun por estudiar.

En esta Tesis, hemos abordado la caracterizacién funcional de dos proteinas
ribosGmicas que componen la subunidad grande del ribosoma de S. cerevisiae, la proteina
L16 (Capitulo 1) y la proteina L14 (Capitulo I1).

Ambas proteinas ribosémicas son esenciales y estan evolutivamente conservadas.
L16 (uL13) presenta una gran similitud estructural a su homodloga procariota L13 en lo
referente a su parte globular central y su regiébn amino-terminal; sin embargo, L16 contiene
una extension carboxilo-terminal especifica de organismos eucariotas que forma dos a-
hélices consecutivas, las cuales estan estabilizadas en el ribosoma por la interaccion que
presentan con el extremo carboxilo-terminal especifico de eucariotas de la proteina
ribosémica L14 y el segmento de expansion del rRNA ES39" [10, 11]. L14 (eL14) se
encuentra conservada so6lo en eucariotas y algunas argueas, pero no esta presente en el
ribosoma bacteriano. En eucariotas, L14 presenta una extensiéon C-terminal que esta
ausente en los ortlogos de arqueas [176]. Como anteriormente se ha demostrado para la
proteina L13a de mamiferos (ortéloga de la proteina L16 de levadura) [190], nuestros
resultados indican que la proteina L16 se ensambla establemente en particulas pre-
ribosGmicas tempranas. En el caso de L14 hemos demostrado, como se esperaba
inicialmente [125, 147], que L14 igualmente se ensambla en el nucle(ol)o en las particulas

ribosémicas pre-60S.

En esta Tesis, hemos estudiado las consecuencias de la represién transcripcional de
L16 y L14, los efectos de la truncacién seriada de la extension C-terminal de L16 y la
relacion funcional existente entre la extension C-terminal especifica de eucariotas de L14 y
L16 en el procesamiento de los pre-rRNAs y el transporte nucleo-citoplasmético de
particulas ribosémicas pre-60S. Los perfiles de polirribosomas tras la represion
transcripcional de ambas proteinas indican que tanto L14 como L16 son necesarias para la
optima produccion de subunidades 60S maduras. Los experimentos de northern blot, primer
extension y pulso y caza indican que, tras la represién transcripcional de las proteinas L16 y
L14, hay una drastica disminucion en los niveles de los precursores pre-rRNAs 27SBs pero
no en los del pre-rRNA 27SB, asi como una bajada en la formacién de ambas formas del
pre-rRNA 7S y los rRNAs 5.8S maduros. Estos resultados indican que tras la represion

transcripcional de estas proteinas, la maduracion en ITS2 se encuentra bloqueada. Ademas,
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la represion transcripcional de L14 y L16 provoca una inhibicion en el procesamiento del pre-
rRNA 27SA3. Estos resultados complementan los datos previamente publicados por el
grupo del Prof. Milkereit para la proteina L16, pero son novedosos en el campo para la
proteina L14 [175]. Como consecuencia de estos fenotipos la supresion transcripcional de
estas proteinas puede ocasionar un ensamblaje defectuoso de particulas pre-60S
tempranas e intermedias. Estas particulas defectuosas no serian transportadas de manera
correcta al citoplasma, como sugiere la retencion del marcador L25-eGFP en el nlcleo con
cierto enriquecimiento en el nucléolo. Por otro lado, nuestros ensayos de northern blot y
pulso-caza también indican que la represion transcripcional de L16 y L14 causa un leve
retraso en los eventos del procesamiento de los pre-rRNAs en los sitios Ag, A; Yy A, como
revela la acumulacion del pre-rRNA 35S y el hecho de que el corte en el sitio A; preceda al
corte en esos sitios conllevando a una reduccién en la formacién del pre-rRNA 20S y la
aparicion del pre-rRNA aberrante 23S. Este ultimo fenotipo es general para casi todos los
mutantes que causan una deficiencia en la produccion de subunidades 60S y parece ser
debido al secuestro de factores tempranos de ensamblaje de intermediarios pre-60S y/o la
perdida especifica del corte co-transcripcional del pre-rRNA naciente en el sitio Ay-A; [92,
124, 129, 131, 135, 137, 268, 290, 291].

Los defectos en el procesamiento de los pre-rRNAs 27SA;, 27SBs y 7Ss,., Si parecen
estar mas especificamente relacionados con la represién transcripcional de estas proteinas
ribosémicas L16 o L14. Estos defectos en el procesamiento de los pre-rRNAs se parecen
bastante a los descritos en las mutaciones de pérdida de funciébn o en la represion
transcripcional de diferentes conjuntos de factores de biogénesis de la subunidad 60S,
muchos de ellos pertenecientes a la categoria llamada “factores A", los cuales son
necesarios para el procesamiento del pre-rRNA 27SA; [30, 137], y que incluye al menos
aquellos factores del sub-complejo Pwpl (Pwpl, Nopl2, Ebp2 y Brxl), el sub-complejo
Erb1-Nop7-Ytm1, Nopl5, Nsa3, RIp7, Rrpl y las helicasas de RNA Drsl y Hasl [114, 215,
283, 292-295] [132, 138, 271, 282, 296-302]. De todos estos factores, solo la represion
transcripcional de Ebp2, Pwpl, Erbl, Nop7, Ytm1l, Nopl5, Nsa3 y RIp7 provoca una baja
acumulacién del pre-rRNA 27SBs sin afectar significativamente a los niveles del pre-rRNA
27SB,.. También se ha observado fenotipos similares tras la mutacion o la represion
transcripcional de distintas proteinas ribosémicas tales como L8 y L36, las cuales, junto con
L15, son vecinas cercanas en una region del dominio | del rRNA 25S/5.8S donde el extremo
5" del rRNA 25S se aparea con el extremo 3’ del rRNA 5.8S [135, 271], L4 [175, 202], L6
[140], L7 [135, 175], L8 [135, 175], L16 [137, 175, 192], L18 [140, 175, 192], L20 [175, 192] y
L33 [128, 175, 192], las cuales, junto con L14 se localizan alrededor del dominio Il de los

rRNAs 25S/5.8S. Fenotipos similares pero no idénticos se han observado tras la mutacion o
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la represion transcripcional de las proteinas ribosomicas L3 [129, 140, 175], L9 [140], L13
[140], L23 [140], y L32 [175]. En el caso de L3, su represion transcripcional provoca la
degradacion de los pre-rRNAs 27SA; y 27SBs y de este modo, se ha descrito como la
proteina ribosomica mas temprana en intervenir en la ruta de procesamiento del pre-rRNA.
Aungue no hay un simple escenario que pueda explicar el papel de todos estos factores y
proteinas ribosémicas de manera unificada en el procesamiento del pre-rRNA 27S y la
maduracién de la particula pre-60S, parece claro que estos defectos son consecuencia del
mal plegamiento de las estructuras del pre-rRNA en las particulas pre-60S y/o a la
asociacion deficiente de factores especificos de ensamblaje o de distintas proteinas
ribosGmicas a estas particulas. En este sentido, se ha demostrado que tras la represion
transcripcional de L8, el conjunto de factores As, el factor Hasl y las proteinas ribosbmicas
L15 y L36 no se unen a las particulas intermedias pre-60S [135]. Como consecuencia de la
ausencia de factores As, las proteinas ribosémicas L17, L26, L35 y L37, las cuales se unen
al dominio | de los rRNAs 25S/5.8S y alrededor del tunel de salida del polipéptido naciente,
no se reclutan a particulas pre-60S [135]. De modo similar, la represion transcripcional de la
proteina ribosémica L7 da lugar a una considerable disminucién en el ensamblaje de sus
proteinas ribosémicas vecinas, tales como L6, L14, L20 y L33, y de las proteinas
ribosémicas que se localizan alrededor del tunel de salida a particulas intermedias pre-60S;
sin embargo, los niveles de factores A; solo disminuyen medianamente; el factor Hasl y las
proteinas ribosémicas vecinas de L8 permanecen practicamente inalteradas [135]. En
ambos casos, tras la represion transcripcional de L7 6 L8, las particulas pre-60S se
degradan rapidamente [135]. Finalmente, la represion transcripcional de algunas de las
proteinas ribosdmicas que se ensamblan alrededor del dominio Il, incluyendo a L16,
perjudican minimamente a la asociacion de los factores A; y Hasl [192]. Cabe destacar que
la asociacién de Rrpl7 con las particulas tempranas pre-60S se ve negativamente afectada
tras la represion transcripcional de muchas de las proteinas ribosémicas mencionadas

anteriormente [192].

En el caso concreto de la proteina L14, en esta Tesis hemos comparado la
composicion de particulas pre-ribosomicas tempranas purificadas usando el factor de
actuacion en trans Noc2 antes y después de reprimir transcripcionalmente la proteina L14.
Las particulas purificadas tras la represion transcripcional de L14 pueden corresponder a
esos precursores intermediarios que han sido capaces de incorporar a todas las proteinas
ribosémicas y factores de actuacion en trans que no dependen estrictamente del ensamblaje
de L14. Como la represion transcripcional de L14 conlleva al reciclaje de los pre-rRNAs 27S
y la acumulacién de particulas pre-60S en el nucleo, es probable que estos intermediarios

sean de hecho esas particulas que hemos observado que se retienen en el nucle(ol)o y que
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aun no han sido enviadas a degradacion. Estas particulas deben acumularse como
consecuencia de un punto de control estructural en el estado conformacional errobneo del
pre-rRNA 27S como resultado de la ausencia de L14 que impide la asociacion de diferentes
factores de actuacion en trans, especialmente la del factor de exportacion Nmd3 [161, 184].
La composicién proteica de estas particulas indican que la represién transcripcional de L14
previene el ensamblaje estable de diferentes proteinas ribosémicas, entre ellas se pueden
destacar dos grupos de proteinas, primero, aquel formado por las proteinas ribosémicas
L17,L39, L26, L37 y L19, todas ellas localizadas alrededor del tinel de salida del polipéptido
naciente y predominantemente unidas al dominios | de los rRNAs 25S/5.8S; segundo, el
grupo formado por las proteinas ribosémicas L33, L6 y L20, las cuales interaccionan con
L14 y se unen al dominio Il del rRNA 25S. Interesantemente, L16, que interacciona
directamente con L14, L20 y L33 [265], no se ve afectada significativamente por la represion
transcripcional de L14. Este resultado sugiere que, a pesar de su intima interaccion, el
ensamblaje de L14 y L16 no es interdependiente y que el ensamblaje de L16 es mas
temprano que el de L14 en las particulas pre-60S.

La asociacién estable de la mayoria de los factores de actuacion en trans
perteneciente a la categoria denominada “factores B”, los cuales son importantes para el
corte del pre-rRNA 27SB en el sitio C, se ve afectada negativamente [30, 272]. Este
resultado concuerda con el requerimiento de L14 para la maduracion del pre-rRNA 27SB.
Paradojicamente, el reclutamiento de la mayoria de los factores conocidos como factores Ag,
los cuales se asocian a las particulas pre-60S de manera interdependiente y estan
involucrados en el procesamiento del pre-rRNA 27SA; como también lo esta L14 [132],
permanecen inalterados o tienen un leve incremento en las particulas pre-60S purificadas
tras la represion transcripcional de L14. Este resultado claramente indica que, a diferencia a
otras proteinas ribosémicas como L8, cuyo ensamblaje es necesario para la asociaciéon de
los factores Az con las particulas pre-ribosomicas [125, 135], L14 no se requiere para la
asociacion de estos factores con las particulas pre-60S. De este modo, los defectos en el
procesamiento del pre-rRNA 27SA; observados tras la represion transcripcional de L14 no
se deben directamente a la ausencia en la asociacion de factores Az con las particulas pre-
60S. Sin embargo, la represion transcripcional de L14 debe afectar claramente a la funcion
de este conjunto de factores durante la reorganizacion de la region ITS1/5.8S/ITS2 del pre-
rRNA 27S y el ensamblaje de las proteinas ribosomicas alrededor del tinel de salida que
permiten la digestion exonucleolitica 5°-3’ del pre-rRNA 27SA; al pre-rRNA 27SBs. Nuestros
resultados también indican que el defecto en el ensamblaje de las proteinas ribosémicas
alrededor del tinel de salida tras la represion transcripcional de L14 no es la consecuencia

de la ausencia de factores Az en las particulas pre-60S, sino el resultado de una formacion
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alterada de sus sitios de union en el pre-rRNA, defectos que se deben propagar desde la
estructura alterada del sitio de union en el rRNA de L14 tras la represion transcripcional de
L14. El procesamiento del pre-rRNA 27SA, al pre-rRNA 27SA; no se ve afectado tras la
represion transcripcional de L14. De forma consistente, nuestros resultados muestran que
L3, la cual es necesaria para este paso [129], estd presente en las particulas pre-60S
purificadas. Se ha descrito que in vitro el corte endonucleolitico en el sitio A; por la RNasa
MRP solo requiere un sustrato minimo de RNA de cadena sencilla ([48, 303, 304]). Asi la
presencia del pre-rRNA 27SA3 en la cepa mutante indica no sélo que el reclutamiento de la
RNasa MRP deser efectivo en las condiciones no permisivas sino que este minimo sustrato
requerido deber estar presente en las particulas pre-60S carentes de L14 para asegurar que

la RNasa MRP se encuentre activa.

De forma general, nuestros resultados concuerdan con resultados previos sobre el
ensamblaje de proteinas ribosémicas y la asociacién de factores de actuacién en trans tras
la represion transcripcional de otras proteinas ribosémicas tales como L7, L16, L18, L20,
L32 y L33 que se unen al dominio Il del rRNA 25S y son vecinas de L14 [125]. La
comparacion de los resultados de esta publicacién con los datos aqui presentados sugiere
gue el ensamblaje de L14 en particulas tempranas pre-60S es interdependiente con al
menos el de L6, L20 y L33. L16 parece que se ensambla mas temprano que L14 y mientras
su ensamblaje parece ser que se requiere para la incorporacion eficiente de L14, lo contrario
parece que no es aplicable. La alteracién local de la falta de ensamblaje de algunas de estas
proteinas en su entorno mas cercano en los dominios Il y VI (ES39) del rRNA 25S debe
afectar negativamente al ensamblaje del segundo conjunto de proteinas (L17, L19, L26 y
L39). Es més, estas alteraciones también deben ser las responsables de afectar
especificamente a la asociaciéon a particulas pre-60S de un sub-grupo de factores de
actuacién en trans. Recientemente, se ha resuelto la estructura de particulas pre-60S
nucleoplasmicas tardias en levadura a alta resolucién por cryo-EM [147, 153, 247] pero
desafortunadamente ninguna estructura esta disponible para particulas pre-60S tempranas
hasta el momento. De este modo, carecemos de recursos moleculares para explicar la
l6gica para estos efectos especificos en la asociacion de estos distintos factores.
Finalmente, el hecho de que la represion transcripcional ciertas proteinas ribosémicas tales
como L14, L6, L20 y L33 cause entre otras cosas la perdida de estas proteinas de manera
conjunta de particulas pre-60S explicando de una manera logica y sencilla por qué los
fenotipos de procesamiento del pre-rRNA detectados tras la represion transcripcional de

todas estas proteinas son practicamente idénticas.

En esta Tesis, también hemos estudiado el efecto de la truncaciéon de la extension C-

terminal de la proteina ribosémica L16 sobre la viabilidad celular, el procesamiento de los
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pre-rRNAs y la maduracién de la subunidad 60S. De las diferentes truncaciones estudiadas,
s6lo aquella que implica los dltimos 18 aminoacidos de L16B (L16B-N180) fue capaz de
permitir el crecimiento, como Unica fuente de L16 in vivo. Nuestros resultados también
muestran que, independientemente de su impacto en el crecimiento celular, todas las
variantes truncadas de L16B se expresan y son capaces de ensamblarse en particulas pre-
60S. Este resultado es compatible con resultados obtenidos para un estudio similar de la
extension C-terminal de la proteina ribosémica L13a de mamiferos, que indican que la
extension C-terminal de L13a no estéd activamente involucrada en la union al rRNA o en el
ensamblaje a los ribosomas [190]. No obstante, las particulas pre-60S que contienen
truncaciones de L16B no viables son claramente defectuosas, ya que en su mayoria fueron
retenidas en el nucléolo. Por el contrario,b no hemos observado defectos en el
procesamiento del pre-rRNA para el mutante viable L16B-N180. Sin embargo, si
encontramos defectos en el procesamiento del pre-rRNA para los mutantes truncados no
viables. Los fenotipos observados fueron menos pronunciados que los observados tras la
represion transcripcional de L16. Por tanto el ensamblaje del dominio globular de L16 debe
ser suficiente para promover algun tipo de plegamiento del pre-rRNA 27SA que resulta en
una mayor estabilidad de las particulas tempranas pre-60S. Estos resultados coinciden con
resultados publicados de manera independiente por el del Prof. Milikereit y colaboradores
donde se evalua el impacto de dos truncaciones de la extensién C-terminal de L16, una
truncacion idéntica a la L16B-N147 y otra similar a L16B-N168 [192].

No se conoce porque la eliminacion de los dltimos 18 aminoacidos de L16B
practicamente no presenta ningun efecto sobre la produccién de subunidades 60S mientras
que truncaciones mas grandes de la proteina dafa fuertemente la biogénesis. Nosotros
especulamos que, mientras que en el mutante rpl16-N180 no afecta a la interaccion entre
L14-L16, por otro lado en los mutantes rpl16-N168 y rpl16-N147 no permite una eficiente
interaccion de ambas proteinas ribosémicas, provocando como consecuencia mal

plegamiento del rRNA durante el ensamblaje de las subunidades 60S.

Por otro lado, en esta Tesis, hemos estudiado la relacion funcional existente entre la
extensién C-terminal especifica de eucariotas de L14 y L16 [10, 11]. Para ello, hemos co-
expresado la proteina L14A-N123 y la proteina L16B-N180 como fuentes de L14 y L16,
respectivamente, en células de levadura. El alelo rpl14A-N123 que carece de los ultimos 16
aminoacidos de L14A confiere un defecto leve en la biogénesis de 60S que afecta
sutilmente al crecimiento a 30 °C cuando es expresado como Unica fuente de L14 desde un

pladsmido centromérico [176].
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Nuestros resultados indican que, aunque esta combinacibn no produce ningun
defecto sinérgico en condiciones normales de crecimiento (medio YPD, 30 °C), no permite el
crecimiento en medio de cultivo que contiene una concentracion sub-letal de paromomicina.
Este resultado sugiere que la interaccion completa de las extensiones C-terminales de L14 y
L16 no es estrictamente necesaria para el ensamblaje de subunidades 60S pero es al

menos necesaria para algunos aspectos funcionales de las subunidades 60S.

En conclusién, en esta Tesis se demuestra que tanto L16 y L14 juegan un papel
esencial en las etapas tempranas del ensamblaje de las subunidades 60S, mas
especificamente, durante el procesamiento del pre-rRNA 27SA; y la formacion de los
precursores del pre-rRNA 27SB. El modo en que L16 lleva a cabo este papel ain no esta
claro. El laboratorio del Prof. Kressler ha demostrado que una variante truncada de la
proteina ribosdmica L14A, la cual carece de gran parte de su a-hélice C-terminal, confiere
defectos en crecimiento y muestra una interaccion sintético letal con distintos alelos de
MAKS5, que codifican para una helicasa de RNA involucrada en la biogénesis de la
subunidad 60S, EBP2 y NOP16 [176, 305]. De este modo se ha sugerido que Mak5 podria
requerirse para el correcto ensamblaje de L14 y sus vecinos en particulas tempranas pre-
60S [176]. De igual modo, en Escherichia coli, se ha demostrado que la helicasa de RNA
SrmB es requerida para el correcto ensamblaje de la proteina ribosémica L13, la cual es la
ortéloga bacteriana de la proteina ribosémica L16 de S. cerevisiae, y posteriormente
ensamblando otras proteinas ribosomicas [187, 306]. La realizaciébn de mas experimentos
deberian permitirnos esclarecer si, de forma similar a L14, el ensamblaje de L16 también es
facilitado por la actividad de Mak5 y/o proteinas con las que interacciona genéticamente y
como, si es el caso, contribuye la extensién c-terminal especifica de eucariotas a este

ensamblaje.

A pesar del hecho de que L14 y L16 interaccionan intimamente por sus extensiones
C-terminales, el ensamblaje de L16 parece ser que precede al de L14 y no es estrictamente
dependiente de estas extensiones. Son necesarios mas estudios para entender a nivel
molecular la conexion entre el ensamblaje de estas proteinas ribosOmicas
interdependientes, la activacion de los factores As; y la asociacion de los factores B.
Recientemente, se ha demostrado que algunas proteinas ribosémicas vecinas tales como
L5 y L11 [152] o S14 (uS11l) y S26 (eS26) [290] son preferencialmente incorporadas a
particulas pre-ribosémicas como sub-complejos asociados a factores de actuacion en trans
especificos. Si esto ocurre en el caso de L14 y alguna de las proteinas cercanas seria un

tema interesante de ser explorado.
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