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ATP Adenosina 5'-trifosfato

CFP Proteina azul fluorescente (Cyan Fluorescent Protein)

Csp Caspofungina (Cancidas)

DAPI 4’, 6-diamidino-2-fenilindol

DH Dominio de proteinas con homologia a Dbl (Dbl Homology)

DNA Acido desoxirribonucleico

GAP Proteina activadora de la actividad GTPasica (GTPase Acivating Protein)
GDI Inhibidor de la disociacién de GDP (GDP Dissociation Inhibitor)

GDP Guanina 5'-difosfato

GEF Factor intercambiador de nucledtidos de guanina (Guanine Exchange Factor)
GFP Proteina verde fluorescente (Green Fluorescent Protein)

GS Glucéan sintasa

GTP Guanina 5'-trifosfato

HA Epitopo procedente de la hemaglutinina del virus humano de la gripe
MAP Proteina activada por mitégeno

MAPK Quinasa activada por mitégeno

MM Medio minimo para S. pombe

MTs Microtubulos

NETO Comienzo del crecimiento por el polo celular nuevo (New End Take Off)
OETO Comienzo del crecimiento por el polo celular antiguo (Old End Take Off)
ORF Fase de lectura abierta

PCR Reaccion en cadena de la polimerasa

PKC Proteina Quinasa C

T Tiamina

wt Estirpe silvestre

YES Medio rico para S. pombe

YFP Proteina amarilla fluorescente (Yellow Fluorescent Protein)
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El organismo elegido para realizar este trabajo
ha sido la levadura de fision Schizosaccharomyces
pombe. Esta levadura fue descrita por primera vez por
P. Lindner en 1893 y su nombre proviene de la palabra
Swahili “pombe” que significa cerveza, de donde fue
aislada.

En las Gltimas décadas S. pombe se ha
convertido en un organismo de referencia para el
analisis genético por su facilidad de crecimiento, su
estilo de vida haploide y su accesibilidad para el
analisis molecular. Ademas, posee una caracteristica
que hace a esta levadura ideal para el estudio del
control de la polaridad, y es que su forma, tamafio y
modo de division son extremadamente reproducibles
(Chang, 2001).

Desde el afio 2002 el genoma de esta levadura
estd totalmente secuenciado (Wood et al., 2002) y el
acceso publico a esta informacion ha facilitado
enormemente el trabajo con este organismo (http:/
www.genedb.org/genedb/pombe/index.jsp).

S. pombe pertenece a los ascomicetos al igual
gue Saccharomyces cerevisiag, sin embargo las
diferencias entre estas dos levaduras son importantes.
S. pombe tiene una forma cilindrica (Figura 1) y se
divide por fision transversal, frente a S. cerevisiae que
presenta forma eliptica y se reproduce por gemacion.
La frecuencia de genes por unidad de longitud de DNA
es mayor en S. pombe y también lo son las regiones
que preceden a los genes, lo que podria indicar una
mayor region de control (Yanagida, 2002).

Si comparamos su secuencia genémica, las dos
levaduras parecen haberse separado hace unos 330-420
millones de afios, y de los metazoos y plantas hace
unos 1000-2000 millones de afios. Como la
divergencia parece ser mas rapida en los hongos, estas
levaduras son probablemente tan divergentes entre si,
como lo pueden ser cada una de ellas con respecto a
los eucariotas superiores (Yanagida, 2002).

1. Ciclo de vida de S. pombe

1.1. Ciclo vegetativo

En el ciclo biol6gico de S. pombe la fase
haploide es la que predomina. Las células de S. pombe
presentan una forma cilindrica con extremos
redondeados, que al nacer tienen un tamafio
aproximado de 3-4 um de diametro y 7-8 um de
longitud. Durante el crecimiento, las células mantienen
un didmetro constante y aumentan en longitud hasta
alcanzar 12-15 um, que es el tamafio necesario para
formar el tabique o septo, que divide a la célula madre
en dos células hijas del mismo tamafio.

Las cepas de S. pombe utilizadas en el
laboratorio son heterotalicas, a diferencia de las

INTRODUCCION

Figura 1: Morfologia de S. pombe al microscopio
electrénico de barrido.

aisladas de la naturaleza, que son homotélicas y se
denominan h* porque forman aproximadamente un
90% de esporas en cultivo puro (Leupold, 1950). Las
cepas del laboratorio, por tanto, se pueden mantener de
forma continua en estado haploide.

En la naturaleza, es bastante frecuente que S.
pombe se desarrolle en medios donde los nutrientes
escasean. En este caso, las células pierden su aspecto
levaduriforme y pasan a formar pseudohifas en las que
las diferentes células hijas permanecen unidas unas a
otras. La formacion de pseudohifas permite a las
células buscar nutrientes de una forma mas eficaz.

1.2. Ciclo sexual

Las células haploides de S. pombe presentan
dos tipos sexuales diferentes: h* y h™ (Leupold, 1950).

Cuando células de tipos sexuales diferentes se
encuentran en un medio desfavorable, sobre todo pobre
en nitrogeno, comienzan a secretar feromonas
caracteristicas de su tipo sexual y a producir receptores
para la hormona del tipo sexual complementario. La
unién de las feromonas a sus receptores desencadena el
proceso de conjugacion. Este empieza con la
formacion de una proyeccion denominada “schmoo” en
un extremo de la célula, hacia la fuente de feromonas
del tipo sexual complementario (Figura 2). A
continuacioén, las células se unen por parejas y
finalmente se fusionan formando un zigoto diploide
(Egel, 1994). Los zigotos asi formados pueden ser
mantenidos como células diploides si se reinoculan
inmediatamente en un medio rico. Estas células
diploides presentan un tamafio mayor que las
haploides, siendo de 11-14 um de longitud al formarse
y de 20-25 um antes de la division.

Las células diploides de S. pombe son muy
inestables y en medios pobres suelen sufrir
inmediatamente meiosis, que conduce a la formacién
de cuatro nucleos haploides. Alrededor de los nucleos
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Figura 2:

Ciclo de vida de S. pombe.
Ciclo vegetativo haploide
(sefialado en verde) vy
diploide  (sefialado  en
naranja) de S. pombe. Las
células  vegetativas  se
dividen por fision
transversal dando lugar a
dos células hijas de igual
tamario. Cuando las
condiciones del medio no
son oOptimas S. pombe
cambia a un ciclo sexual en
el que se produce la
formaciéon de un zigoto
diploide que posteriormente
sufrird meiosis y
esporulacion, dando lugar a
4 ascosporas haploides que
quedan incluidas en el
interior de un asca.

se sintetizan unas capas protectoras de naturaleza
similar a las de la pared celular, formando cuatro
estructuras individuales denominadas ascosporas, que
a su vez quedan englobadas dentro de un asca.

Finalmente, la pared del asca se rompe y libera
las esporas haploides que permanecen durmientes hasta
que encuentran condiciones favorables, entonces
germinan formando células vegetativas y reiniciando el
ciclo (Figura 2).

2. Morfogénesis y Control de la Polaridad

2.1. Ciclo celular y ciclo morfogenético en S.
pombe

La levadura de fision S. pombe se ha convertido
en un sistema genético excelente para el estudio de la
morfogeénesis celular. Este organismo presenta células
cilindricas simples, que crecen por los polos y se
dividen mediante fision transversal.

El ciclo celular de S. pombe se caracteriza por
presentar una fase G2 muy amplia que abarca
aproximadamente el 70% del ciclo (Figura 3). Cuando
la célula ha duplicado su material genético y ha
alcanzado un tamafio minimo determinado, sufre
mitosis y sus nucleos se separan. En este momento
comienza a formarse el septo de divisién, mientras las
células, aun unidas, entran en una fase G1 muy corta;
posteriormente vuelven a duplicar su material genético
(fase S) coincidiendo con la septacion, de forma que
las dos células hijas recién separadas emergen en la
fase G2 de su ciclo celular (Chang and Verde, 2004).

Las células de S. pombe sufren tres transiciones
morfoldgicas importantes durante su ciclo de vida

vegetativo (Figura 3):

Crecimiento monopolar: tras la citoquinesis, en
el momento denominado OETO (Old End Take Off),
las dos células hijas idénticas en tamafio inician un
crecimiento polarizado, alargadndose sélo por el polo
gue ya existia en la célula madre (“polo antiguo”). Este
patrén de crecimiento se mantiene durante los primeros
momentos de la fase G2.

Crecimiento bipolar: también llamado NETO
(New End Take Off), en este momento se produce una
transicién desde el crecimiento monopolar a un
crecimiento bipolar, y el polo creado en la division
anterior (“polo nuevo”) también comienza a alargarse
(Mitchison and Nurse, 1985).

Separacion celular: finalmente, cuando la célula
alcanza su tamafio maximo, cesa el alargamiento por
los polos y se produce la formacioén de un septo de
division central y la posterior separacion de las células
hijas.

2.2. Regulacion de la polaridad celular por
microtubulos

Los microtdbulos son cilindros de
aproximadamente 25 nm compuestos por dimeros de o
/B tubulina (Streiblova, 1980). Normalmente se
polimerizan desde un Centro Organizador de
Microttbulos (MTOC) y tienen un extremo positivo y
uno negativo con diferentes caracteristicas.

Los microtdbulos interfasicos estan formando
de 3 a 5 haces que se extienden a lo largo del eje
longitudinal de la célula, formando una cesta alrededor
del ndcleo (Hagan, 1998; Hagan and Hyams, 1988;
Sawin and Tran, 2006). El extremo positivo del
microtUbulo se encuentra situado préximo al polo y el
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Figura 3:

Ciclo morfogenético y ciclo
celular de S. pombe. La fase G1
del ciclo celular de S. pombe es
muy corta y tiene lugar cuando
las células hijas aun no se han
separado, al igual que la fase S,
que coincide aproximadamente
con el momento de la
separacion. A lo largo del ciclo
celular se  produce una
reorganizacion del citoesqueleto
de actina y microttbulos. Los
parches de actina se localizan en
los polos en crecimiento durante
la interfase y en la regién del
septo durante la division celular,
junto con el anillo de
actomiosina. Los MTs forman
haces que se distribuyen a lo

Mitosis

@ Nucleo =~ SPB
s, Parches de Anillo de
actina actomiosina

O Microtubulos

largo de la célula en interfase.
Durante la mitosis se forma el

huso mitético para la
segregacion  cromosémica y
posteriormente el huso se

desensambla para formar el
“post anafase array” durante la
formacion del septo y la
contraccion del anillo.

Septo de
divisiéon

negativo hacia la zona media de la célula.
Normalmente cada haz de microtibulos individual
crece hasta el polo celular y una vez que lo alcanza, se
produce un desensamblaje que lo hace retroceder hacia
la zona media, volviendo a crecer después hacia el polo
de nuevo (Drummond and Cross, 2000; Tran et al.,
2001).

Otra caracteristica de los microtibulos es que
normalmente sélo se retraen después de alcanzar el
polo celular y no lo hacen cuando alcanzan los lados de
la célula (Brunner and Nurse, 2000). Esta dindmica
podria determinar la posicion del nucleo, produciendo
fuerzas de empuje frecuentes y transitorias desde los
polos celulares sobre el nGcleo. Este seria un
mecanismo simple para explicar cémo las células
sienten la posicion de sus polos y centran el nucleo
entre ellos (Tran et al., 2001).

En S. pombe se han encontrado numerosos
mutantes con un eje longitudinal alterado, éstos se
agrupan en dos clases principalmente: mutantes que
forman esferas porque no son capaces de organizar
zonas de crecimiento polarizado y mutantes con forma
de T, porque no pueden mantener las zonas de
crecimiento en los dos polos opuestos de la célula.

El estudio de algunos de estos mutantes ha sido
muy Gtil para la identificacion de proteinas de
polaridad como Tiplp y Tealp, que sirven para
reconocer los polos y para marcar las zonas de
crecimiento activo. En ausencia de Tiplp el retroceso

de los microtibulos no se restringe a los polos de la
célula, sino que ocurre en cualquier region del cortex,
por lo tanto Tiplp es necesaria para regular la
dindmica de microtdbulos y discriminar entre
diferentes regiones del coértex celular (Brunner and
Nurse, 2000).

Tealp es considerado un marcador de la
geometria celular. Esta proteina viaja hacia los polos
celulares en los extremos positivos de los microtibulos
y se localiza en ambos polos, incluso cuando las
células crecen solo por uno de ellos (Figura 4) (Mata
and Nurse, 1997). En los mutantes tealA, los
microtGbulos no retroceden al alcanzar el polo y a
veces se curvan en este punto, por lo que Tealp
también influye en la habilidad de los microtibulos
para reconocer el polo y dejar de crecer (Mata and
Nurse, 1997).

Los microtibulos son importantes como
sefializadores o marcadores de los puntos de
crecimiento. Durante la activacién del crecimiento
bipolar (NETO), los extremos de los microtibulos
contactan con el polo y depositan a Tealp junto con
Teadp, que se unen a la formina For3p y a otras
proteinas, y promueven la nucleacién de los cables y
parches de actina en el polo nuevo (ver Apartado 2.4).
Sin embargo, una vez elegidos estos lugares, los MTs
no son esenciales para el mantenimiento de la
polaridad o para la correcta localizacion de los parches
de actina (Pelham and Chang, 2001; Sawin and Nurse,
1998). Se ha observado, que mutantes que presentan
defectos en la organizacion de los microtibulos
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“polo antiguo”

“polo nuevo”

@ parches de actina

cables de actina

microtubulos

QO Tealp
@ Teadp

© For3p

Figura 4: Modelo molecular de la transicion de crecimiento monopolar a bipolar. Figura adaptada de (Martin and Chang, 2005).

todavia muestran un crecimiento polarizado, aunque
presentan células curvadas o ramificadas, o con
crecimiento monopolar (Sawin and Nurse, 1998).

2.3. Regulacion de la polaridad celular por
actina

La localizacién del citoesqueleto de actina se
correlaciona con los lugares de crecimiento celular
polarizado: septo y polos.

Los filamentos de actina se organizan en tres
estructuras diferentes dentro de la célula: parches de
actina, cables de actina y anillos contractiles de
actomiosina.

Durante la interfase, los parches de actina se
concentran en los sitios de crecimiento celular. Los
cables corren a lo largo del eje longitudinal de la célula
y normalmente acaban en los polos. En mitosis, la
actina se reorganiza en un anillo central de actomiosina
que se contrae durante la citoquinesis. En este
momento, los parches y los cables se concentran en la
zona media y permanecen alli durante la formacidn del
septo de division; revisado en (Chang and Verde,
2004; Pollard, 2008).

Los parches de actina se han usado
habitualmente como marcadores de los sitios de
crecimiento activo de la célula, y se asume que
funcionan en el crecimiento polarizado y en
endocitosis, pero su funcidon real es todavia

desconocida. Los parches de actina contienen proteinas
relacionadas con la organizacion de la actina, como los
componentes del complejo Arp2/3 y parecen ser los
sitios primarios de nucleacion de actina en la célula en
interfase (McCollum et al., 1996; Nolen and Pollard,
2008).

Se cree que los cables de actina que se
proyectan de los polos celulares participan
directamente en el crecimiento polarizado. Una de sus
funciones es dirigir junto con las miosinas de tipo V,
los movimientos de las vesiculas secretoras que
proporcionan membranas y componentes necesarios
para la sintesis de la pared celular en los polos de
crecimiento (Motegi et al.,, 2001; Mulvihill et al.,
2006).

Pero, ;Como se forman los cables de actina? Se
sabe que la formina For3p y la proteina de unién a
actina, tropomiosina (Cdc8p), son necesarias para el
ensamblaje de estos cables (Feierbach and Chang,
2001; Martin and Chang, 2006). La tropomiosina es
una proteina que estabiliza los filamentos de actina e
influye en la interaccion de la actina con las miosinas
(Balasubramanian et al., 1992; Skoumpla et al., 2007).
En un mutante for3A, no existen cables de actina, pero
las células ain mantienen cierto grado de crecimiento
polarizado y son viables, aunque crecen lentamente y
muchas de forma monopolar. Por lo tanto, aunque los
cables de actina no sean esenciales para el crecimiento
polarizado, deben funcionar localizando o reciclando




otros factores de crecimiento en el extremo celular;
revisado en (Chang and Verde, 2004).

Durante la mitosis temprana la actina se
ensambla en el centro de la célula formando un anillo
de actina y miosina. En mitosis tardia, este anillo
marca el sitio de formacién del septo de pared celular,
y se contrae cercano a la membrana y guiando el
proceso de septacion (Chang et al., 1996; Marks and
Hyams, 1985; Wu et al., 2003).

Existe una estrecha relacién funcional entre el
citoesqueleto de actina y el crecimiento polarizado, una
de cuyas ultimas consecuencias es la sintesis de la
pared celular. Por ejemplo, en los experimentos de
regeneracion de protoplastos (células esféricas a las
qgue se ha eliminado la pared) se ha visto que la
formacién de nuevo material de pared depende del
citoesqueleto de actina (Osumi et al., 1989).

Otros factores que acttian en polaridad, son las
GTPasas de la familia Rho. Estas regulan tanto la
polimerizacion de la actina como su organizacion en
todos los organismos estudiados (Jaffe and Hall, 2005).
En S. pombe, al menos tres GTPasas de esta familia se
han relacionado con el control de la polimerizacion y
la localizacion del citoesqueleto de actina, son Cdc42p,
Rholp y Rho3p (este tema se abordara con mayor
profundidad en el Apartado 4.4).

2.4, Establecimiento de NETO

Las células de la levadura de fision después de
la citoquinesis, adquieren un patron de crecimiento
monopolar Gnicamente por el polo preexistente. A
continuacion, estas células muestran un cambio en el
crecimiento polarizado conocido como New End Take
Off (NETO), en el que activan el crecimiento del polo
nuevo e inician un crecimiento bipolar (Mitchison and
Nurse, 1985).

A partir del estudio de mutantes que presentan
crecimiento monopolar se han identificado numerosos
genes con funciones en NETO, estos factores se
pueden englobar en tres grandes categorias:

-Proteinas quinasas: constituye el grupo mas
grande y en él se encuentran Kinlp, Pomlp, Orb2p,
Orb6p y Ssplp (Bahler and Pringle, 1998; Drewes and
Nurse, 2003; Rupes et al., 1999; Sawin, 1999; Verde et
al, 1998).

-Proteinas de unién a actina: Bud6p, Sla2p y
For3p (Castagnetti et al., 2005; Feierbach and Chang,
2001; Feierbach et al., 2004; Glynn et al., 2001).

-Proteinas que contienen maltiples dominios de
interaccion proteina-proteina: Tealp, Tea3p y Teadp,
gue pueden actuar como proteinas de anclaje para la
formacion de complejos multiproteicos (Martin and
Chang, 2005) y el factor de ADP-ribosilacion Arf6
(Fujita, 2008).
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Gran parte del trabajo realizado en NETO se ha
centrado en el estudio de la proteina Tealp (Figura 4).
Esta proteina se localiza en los extremos positivos de
los MTs y va acompafiada de otras proteinas +TIP
como Tiplp y Tea2p, que se encargan de que su
localizacion sea correcta (Browning et al., 2000;
Brunner and Nurse, 2000).

Una vez en el polo, Tealp es depositada alli
cuando el MT comienza a retraerse y se ancla al
extremo celular gracias a su asociacién con Mod5p
(Snaith and Sawin, 2003).

Teadp es otra proteina que se une directamente
a Tealp y que funciona como puente de union entre
esta proteina y la formina For3p, y que ademas podria
funcionar de alguna manera activando a la formina.
Estas tres proteinas se asocian entre si y probablemente
con otras, formando un gran complejo multiproteico
denominado “polarisoma”, que podria coordinar
muchos aspectos necesarios para el crecimiento
polarizado, como el ensamblaje de la actina y la
localizacién de la secreciéon (Martin and Chang, 2005;
Martin et al., 2005).

Parece probable que uno de los pasos clave para
que se desencadene NETO sea el reclutamiento de
For3p en el polo nuevo (Martin et al., 2005). La
funcién de las forminas es nuclear y alargar filamentos
lineales de actina, y su actividad necesita una
regulacion cuidadosa in vivo para generar la estructura
de actina correcta, en el sitio y tiempo adecuados. Se
ha propuesto la autoinhibicién como un mecanismo
para controlar la actividad de la formina en muchos
organismos. Este mecanismo consiste en la interaccion
de un motivo de autorregulacién C-terminal, llamado
DAD, con un dominio de inhibicién en la regiéon N-
terminal, denominado DID (Martin et al., 2007). La
autoinhibicion de muchas forminas es regulada por
pequefias GTPasas, por ejemplo, en S. cerevisiae
Rho3p y Rhodp regulan a la formina Bnilp (Dong,
2003).

En S. pombe, recientemente se ha encontrado un
mecanismo de autoinhibicion de For3p por union
intramolecular. Se ha visto que tanto la GTPasa
Cdc42p como la proteina Bud6p, son necesarias para
eliminar esta autoinhibicion y conseguir que la formina
se localice correctamente en los polos celulares. La
prevencién de la autoinhibicién de For3p, es capaz de
suprimir el defecto en el establecimiento del
crecimiento bipolar de la cepa que carece de Bud6p
(Martin et al., 2007).

Otra proteina relacionada con NETO es Sla2p,
homologa a las huntingtin interacting proteins en
humanos, Hipl y HiplR, y necesaria para reclutar la
actina y la maquinaria de crecimiento en el polo nuevo.
Esta proteina podria representar una unién entre NETO
y los parches de actina, méas relacionados con el
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proceso de secrecién (Castagnetti et al., 2005; Iwaki et
al., 2003).

Durante  las  transiciones  morfoldgicas
comentadas hasta ahora, es esencial el mantenimiento
de la integridad celular. Esto requiere que la secrecion
y el crecimiento polarizados estén perfectamente
coordinados con la biosintesis de la pared celular y que
exista una estricta regulacion de las rutas de biosintesis
y degradacion de los polimeros que la forman;
revisado en (Duran and Pérez, 2004; Fischer et al.,
2008; Latgé, 2007; Lessage and Bussey, 2006; Levin,
2005; Moseley and Goode, 2006; Pruyne and
Bretscher, 2000).

3. Pared Celular

La pared celular es una estructura rigida que
proporciona a la célula una proteccion mecanica y
resistencia ante la presiéon osmdtica interna. Sin
embargo, también es una estructura dinamica que se
adapta a los cambios morfoldgicos que ocurren durante
el ciclo de vida de la levadura. Todos estos cambios
exigen una remodelacion de la pared celular y se
correlacionan con cambios en el citoesqueleto de
actina; revisado en (Duran and Pérez, 2004).

3.1. Composicion y sintesis de la pared de la
espora

La formacion de las ascosporas es un proceso
morfogenético que supone cambios muy drasticos para
la célula. Los ndcleos formados tras la meiosis deben
empaquetarse, junto con algunos organulos y parte del
citosol. La etapa final del empaquetamiento consiste en
la sintesis de una pared celular alrededor de cada
espora. Esta pared celular les proporciona resistencia a
ciertas condiciones ambientales de estrés, a las que las
células vegetativas son sensibles.

El primer paso en el desarrollo de las
ascosporas es la formacién de las proesporas, que son
los precursores de las ascosporas. Al principio, la
membrana de la proespora se localiza en la region
donde se encuentran los cuerpos polares del huso,
formando una estructura en forma de cazo. Después,
esta doble membrana sigue creciendo englobando poco
a poco al nucleo hasta que la proespora esté completa.
En el lumen de esta membrana, es donde se produce la
acumulacién de la pared celular que dara lugar a las
ascosporas maduras (Figura 5) (Shimoda, 2004;
Tanaka and Hirata, 1982).

La membrana que queda en el interior serd la
membrana de la ascospora, pero aln no esta claro el
destino de la membrana externa, que parece perderse.

La composicion de la pared de la ascospora de
S. pombe apenas se conoce, pero debe ser diferente a la
de la pared de las células vegetativas, puesto que esta

Nucleo O G '__' =
Cuerpo

Polar del L L —
Huso

Ensamblaje de
la membrana
de la proespora

Huso mitotico =——

Membrana Cierre de la
dela A membrana
Proespora -~
Acumulacion
Pared Celular O de material de
pared

Figura 5: Proceso de esporulacion en S. pombe. Durante la
meiosis Il comienzan a ensamblarse las membranas de la
proespora, hasta que poco a poco engloban cada uno de los
nicleos. En el espacio luminar de estas membranas se
acumula el material de pared celular, que constituira la pared
de la espora.

disefiada para resistir condiciones ambientales a las
que las células vegetativas son sensibles. Vista al
microscopio electrénico (Figura 6), la pared de las
esporas de S. pombe consta de una capa interna
transparente a los electrones y una capa externa densa
a los electrones (Johnson et al., 1982; Yoo et al.,
1973). Durante la germinacién, la capa externa se
rompe y la interna se expande y se convierte en la
pared celular de la espora germinada. Esto hace pensar
gue la composicién de la capa interna podria ser muy
similar a la de la pared de las células vegetativas (o y
B-glucanos), mientras la externa podria ser especifica
de la espora.

Gracias a estudios realizados en nuestro
laboratorio, sabemos que la pared de las ascosporas de
S. pombe presenta al menos dos tipos de a-glucano,
uno mayoritario formado principalmente por glucosas
unidas por el enlaces o(1,3) y un segundo tipo de

Figura 6: Apariencia de la pared de la espora en S.
pombe. Fotografia al microscopio electrénico de barrido
(izquierda) y de transmision (derecha), de esporas de S.
pombe (Nakamura et al., 2004).
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~ galactomanano J o-glucano
8 B(1,6)-glucano O B(1,3)-glucano

membrana plasmatica

Figura 7:
Estructura de
la pared celular
de S. pombe. La
pared consta de
tres capas. La
capa intermedia,
menos densa a
los electrones,
esta formada por
oy B glucanos.
Las capas mas
externas  estan
formadas  por
galactomanano.

naturaleza amiloidea, formado por enlaces o(1,4)
(Garcia et al., 2006). Ademas, también presenta f3-
glucano, pero no se sabe si se trata de B-glucano
ramificado o lineal (Martin et al., 2000) y muy
probablemente quitosan (Arellano et al., 2000).

Aunque los datos sobre la composicidn quimica
de la pared de las ascosporas de S. pombe son escasos,
si se han encontrado posibles enzimas biosintéticas que
actlian a lo largo de este proceso:

-chs1® (chitin synthase) fue clonado por su
similitud con los genes responsables de la sintesis de
quitina en S. cerevisiae. Chslp se ha identificado como
la quitin sintasa responsable de la sintesis de un
compuesto similar a la quitina durante la esporulacion
(Arellano et al., 2000).

-bgs2” (B-glucan synthase) es la Gnica B-glucan
sintasa esencial durante el proceso de esporulacion y es
responsable de la mayor parte de la actividad glucan
sintasa durante este proceso (Martin et al., 2000) (ver
Apartado 3.3.2.).

-gas4® (glycolipid anchored surface protein)
codifica una B(1,3)-glucanosiltrasferasa necesaria para
la maduracién de la pared de la espora. Esta proteina
transfiere oligosacaridos de 6-7 glucosas desde el
extremo no reductor de una molécula de B-glucano
lineal donadora a otra receptora, promoviendo asi el
alargamiento de las ramificaciones de este polimero
(Medina-Redondo et al., 2008).

-mok12* (morphological and kinase inhibitor
supersensitive) es uno de los genes, junto con mok13*,
responsable de la biosintesis del o(1,3)-glucano de la
pared de las ascosporas. Ademas, es esencial para la
viabilidad de éstas (Garcia et al., 2006).

-mok13* es necesario para el correcto
ensamblaje de la pared de la espora. EI mutante

mok13A presenta unas esporas viables, aunque mucho
mas sensibles a diferentes estreses que las silvestres.
Las esporas de este mutante, al igual que las de mok12
A presentan unos niveles de a-glucano muy bajos
(Garcia et al., 2006).

-mok14" es responsable de la sintesis de un
polimero de naturaleza amiloidea especifico de
esporulacion 'y compuesto mayoritariamente por
enlaces a/(1,4). Este polimero y la proteina Mok14p se
distribuyen entre la envuelta de la ascospora y la del
asca, y es responsable del color pardusco de las esporas
de S. pombe en presencia de vapores de iodo (Garcia et
al., 2006).

Curiosamente, en las células vegetativas el f-
glucano es mas abundante que el a-glucano (55%
frente a 28%), mientras que en las esporas esta relacion
se invierte (38% frente a un 46%) (Garcia et al., 2006).
Este dato se corresponde con el nimero de GS
descritas en ambos procesos, hay 3 BGS que actdan
durante el crecimiento vegetativo y sélo una durante la
esporulacion, mientras que hay 4 a-glucén sintasas en
esporulacion (Mok11p, Mok12p, Mok13p y Mok14p)
y s6lo una en crecimiento vegetativo (Moklp)
(Katayama et al., 1999).

3.2. Composicion de la pared celular en
células vegetativas

Cuando se observa la pared celular de S. pombe
con microscopia electrénica de transmision, se puede
apreciar una estructura trilaminar, formada por dos
capas densas a los electrones separadas por una capa
menos densa (Figura 7). Las capas mas externas estan
compuestas por glicoproteinas (9-14% de
galactomanano) y la capa interna por carbohidratos
(Osumi, 1998).
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Esta capa de carbohidratos est4 formada por
(1,3)-glucanos  (48-54%) interconectados en una
maranfa fibrilar con o(1,3)-glucanos (18-28%), y con
una pequefia proporcion de B(1,6)-glucanos (2-4%).
(Bush et al., 1974; Kopecka et al., 1995; Manners and
Meyer, 1977).

3.3. Biosintesis de B-glucano

El B(1,3)-glucano es un polimero formado por
glucosas unidas por enlaces B(1,3) y es el compuesto
maés abundante de la pared de S. pombe (Manners and
Meyer, 1977). El B-glucano es el primer polisacérido
que se deposita en la nueva pared en formacion durante
la regeneracion de protoplastos y forma una red de
microfibrillas. En este sistema, los protoplastos se
regeneran de forma polarizada y las microfibrillas de
B-glucano aparecen en un polo, extendiéndose hasta
cubrir la superficie del protoplasto y restablecer la
tipica forma cilindrica de S. pombe (Osumi et al.,
1998). En torno a esta red de B-glucano se ensamblan
el a-glucano y el galactomanano.

Mediante experimentos de inmuno-microscopia
electrénica, se ha podido averiguar la localizacién de
tres tipos de B-glucano distintos (Figura 8): B(1,3)-
glucano con ramificaciones en (1,6), B(1,6)-glucano y
B(1,3)-glucano lineal (Humbel et al., 2001).

El B(1,3)-glucano ramificado se localiza por
toda la pared celular, en el septo primario (capa interna
del septo menos densa a los electrones) y en el septo
secundario (capa mas densa a los electrones situada a
ambos lados del septo primario).

El B(1,6)-glucano se distribuye por toda la
pared celular, situdndose més préximo a la capa de
galactomanano externa; en la region del septo se sitda
exclusivamente en el septo secundario.

El  B(1,3)-glucano lineal se localiza
exclusivamente en el septo primario. Por lo que,

aparentemente no existe colocalizacién de estos dos
Gltimos tipos de glucano en la célula (Humbel et al.,
2001).

Aungue acabamos de describir distintos tipos de
B-glucano, solo se conoce una actividad B(1,3)-glucan
sintasa (E.C.2.4.1.34, UDP-glucosa: (1,3)-B-D-
glucano-3-B-gucosiltransferasa). Esta enzima se
encuentra asociada a la cara interna de la membrana
plasmatica y emplea como sustrato UDP-glucosa,
formando cadenas lineales de unos 60-700 residuos de
glucosa. Se ha desarrollado un sistema in vitro para la
sintesis de B-glucano; la reaccion necesita ATP y es
estimulada por GTP. Gracias en parte a este sistema
hoy sabemos que la actividad BGS esta constituida por,
al menos, dos componentes: una fraccion catalitica y
una reguladora; revisado en (Cabib et al., 1998;
Douglas, 2001).

En S. pombe se han identificado cuatro genes
que codifican posibles subunidades cataliticas del
complejo B-glucan sintasa: (bgsl®, bgs2®, bgs3™ y
bgs4™ (de (1,3)-beta-glucan synthesis). Todos ellos son
esenciales en distintos momentos del ciclo de vida de
S. pombe (Cortés et al., 2005; Cortés et al., 2002; Liu
et al., 2000; Liu et al., 1999; Martin et al., 2003;
Martin et al., 2000).

La subunidad reguladora esta codificada por el
gen rhol®, que también es esencial. Rholp es una
GTPasa de bajo peso molecular que en su forma activa
(unida a GTP) y prenilada (asociada a la membrana)
activa a la subunidad catalitica de la glucan sintasa
(Arellano et al., 1996).

3.3.1. bgsl®

La primera posible subunidad catalitica
identificada en S. pombe fue Bgslp/Cpslp, muy
similar a Fkslp y Fks2p, las subunidades cataliticas
responsables de la actividad BGS en S. cerevisiae
(Ishiguro et al., 1997). Fue descrita como una posible

Figura 8:
Inmunolocalizaciéon de
los distintos tipos de B-
glucano de la pared
celular de S. pombe. Se
obtuvieron anticuerpos
especificos para cada
tipo de  B-glucano,
marcados  con  0ro
coloidal, y se usaron en
un  experimento de
inmunolocalizacion.

A B(1,3)-glucano
ramificado en B(1,6), B
B(1,6)-glucano, C B
(1,3)-glucano lineal
(Humbel et al., 2001).
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subunidad catalitica de la (1,3)-glucan sintasa
implicada en el proceso de division celular.

Algunos mutantes de bgs1™ no forman el septo
de divisién y se paran en fase G2 del ciclo celular.
Otros, presentan defectos de polaridad, por lo que
ademds de esencial en el proceso de division, Bgslp
podria ser necesaria para el mantenimiento de la
polaridad (Cortés et al., 2007; Ishiguro et al., 1997; Le
Goff et al., 1999; Liu et al., 2000b; Liu et al., 1999).

Bgslp se localiza en el septo durante la
citoquinesis formando un anillo que aparece en la
region interna de la marca de Calcofltor que delimita
el septo, pero también se encuentra en los polos, en las
proyecciones de conjugaciéon y en las ascosporas
(Cortés et al., 2002). Ademas, se ha visto que las
esporas carentes de bgsl® al germinar forman septos
aberrantes que no se tifien con Calcofldor y no poseen
B(1,3)-glucano lineal, lo que podria ser la prueba
definitiva de que Bgslp es la subunidad responsable de
la sintesis del septo primario (Cortés et al., 2007).

3.3.2. bgs2*

En el genoma de S. pombe se encontraron otros
tres genes similares a bgsl®, denominados bgs2*,
bgs3*y bgs4™.

Bgs2p es una subunidad catalitica de la pB-
glucan sintasa, esencial en el ensamblaje y Ila
maduracién de la pared de las ascosporas. Varios datos
apoyan esta afirmacion: en primer lugar, la expresion
de bgs2® es inducida durante el proceso de
esporulacion. En segundo lugar, las ascas que carecen
de este gen no liberan espontaneamente las esporas, y
ademas, éstas son inmaduras e incapaces de germinar.
Por (ltimo, en células diploides bgs2A/bgs24A, la
actividad PGS medida durante el proceso de
esporulacion es minima comparada con la de las
células diploides silvestres (Liu et al., 2000; Martin et
al., 2000).

Ademas, la proteina Bgs2p se localiza en la
periferia de las ascosporas que ya han completado la
meiosis | y 1, probablemente asociada a la membrana
de la proespora (Martin et al., 2000).

3.3.3. bgs3*

El gen bgs3® fue clonado como supresor del
mutante ehs2-1, hipersensible a Equinocandina, una
droga antifungica que afecta a las sintesis del p-
glucano. bgs3* es un gen esencial y las células con
niveles muy bajos de Bgs3p son redondeadas y mucho
mas cortas que las de la estirpe silvestre. Existen
evidencias que hacen pensar, que bgs3® podria estar
relacionado con la sintesis de la pared celular durante
la elongacion de la célula (Martin et al., 2003).

Su localizacion se corresponde con los sitios de
crecimiento celular en vegetativo: polos y septo, y
también se observa durante la conjugacion y la
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germinacién, situandose en las proyecciones tanto de
los “schmoos™, como de las esporas en germinacion.

3.3.4. bgs4*

El dltimo gen identificado como posible
subunidad de la BGS fue el gen bgs4™. También es un
gen esencial y su eliminacién produce lisis celular en
los polos de crecimiento y en el septo antes de la
citoquinesis. Bgs4p es responsable de la mayor parte
de la actividad BGS medida in vitro (Cortés et al.,
2005).

Esta proteina se localiza en los mismos lugares
que Bgslp y Bgs3p, pero a la zona del septo llega méas
tarde que Bgslp. Es una BGS mayoritaria en cuanto a
su expresién y podria estar involucrada en la sintesis
del septo secundario; (Cortés et al., 2005) y J. C.
Ribas, comunicacién personal.

3.3.5. rhol”

El producto del gen rhol® se identifico como
una subunidad reguladora de la enzima B-glucén
sintasa, clave para su actividad y miembro del
complejo enzimatico (Arellano et al., 1996); de la que
hablaremos en detalle en el Apartado 4.4.5.

La sintesis de los polisacaridos de la pared
celular estd regulada finamente. Para controlar la
sintesis de B(1,3)-glucano las células pueden modular
la actividad catalitica directamente, controlando la
cantidad o localizaciéon en la membrana de Rholp
activo, o indirectamente activando o inhibiendo la
transcripcion de sus subunidades cataliticas; revisado
en (Douglas, 2001).

3.4. Biosintesis de a-glucano

El a-glucano esta presente en la pared celular
de S. pombe y otros hongos dimérficos y filamentosos,
como Histoplasma capsulatum, Paracoccidioides
brasiliensis y Blastomyces dermatitidis, aunque
curiosamente se encuentra ausente en la pared celular
de S. cerevisiae (Bobbit et al., 1977; Bush et al., 1974;
Hogan and Klein, 1994; Klimpel and Goldman, 1988;
San-Blas et al., 1977).

Este polimero tiene un papel esencial en el
mantenimiento de la forma celular y en el control de la
polaridad. Tratamientos combinados de B-glucanasa y
a-glucanasa producen protoplastos redondeados, que
no se consiguen tratando sélo con B-glucanasa (Alfa et
al., 1993). Ademas, algunos organismos patogenos
como Cryptococcus neoformans necesitan el o-
glucano para que se ancle la céapsula, que es un
determinante de la virulencia (Reese and Doering,
2003).

En S. pombe las cadenas de oa-glucano estan
formadas por D-glucosas unidas por enlaces o.(1,3) con
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un 7% de enlaces a(1,4) (Manners and Meyer, 1977) y
se distribuyen por toda la pared celular y en la regién
del septo, sobre todo en las regiones adyacentes a la
membrana plasmatica (Sugawara et al., 2003).

Se han identificado varios genes que codifican
posibles subunidades cataliticas de la aGS,
denominados genes mok (morphological and kinase
inhibitor supersensitive). De ellos, s6lo mok1™ parece
estar relacionado con la sintesis de o-glucano durante
el crecimiento vegetativo, mientras que los otros,
mok11®, mok12*, mok13™ y mok14*, participan en el
proceso de esporulacion (ver Apartado 3.1).

mok1* es esencial para la viabilidad y para el
mantenimiento de la polaridad celular durante el
crecimiento vegetativo (Hochstenbach et al., 1998;
Katayama et al., 1999). Un mutante termosensible en
este gen, presenta una reduccién de a-glucano en la
pared celular y posee una morfologia redondeada. La
sobreexpresion de mokl® también produce un
incremento en la cantidad de a-glucano en la pared
celular (Katayama et al., 1999).

3.5. Biosintesis de galactomanoproteinas

En S. pombe se sabe muy poco del proceso de
sintesis del galactomanano en general.

Las galactomanoproteinas representan del 9 al
14% de los azucares de la pared celular. Son polimeros
de naturaleza glicoproteica que se encuentran formados
por un nucleo central de residuos de manosa unidas por
enlaces a(1,6) y con cadenas laterales de manosa con
enlaces a(1,2), terminadas por un resto de galactosa en
los extremos no reductores (Bush et al., 1974;
Horisberger et al., 1978; Moreno et al., 1985).

3.6. Regulacion de la biosintesis de la pared
celular

3.6.1. Regulacién de la sintesis de B-glucano

Rholp es la molécula principal en la regulacion
coordinada de la biosintesis del $(1,3)-glucano y otros
procesos que participan en la secrecion polarizada
(Arellano et al., 1999a).

Esta GTPasa regula la biosintesis de pB-glucano
por dos vias, directamente como activador de la BGS
(Arellano et al., 1999a) y a través de su interaccién con
dos proteinas Pcklp y Pck2p (homoblogas a PKC de
mamiferos). Ambas quinasas se unen a Rhol-GTP por
su extremo N-terminal y esta unién las estabiliza y
permite que aumente su concentracion en las zonas de
crecimiento (Sayers et al., 2000). Ademas, Pck2p es un
activador de la enzima B(1,3)-glucan sintasa, por lo
que Rholp podria activar a esta enzima a través de
Pck2p y en menor medida de Pcklp (Arellano et al.,
1999b).

En S. cerevisiae Rholp activa a Pkclp
(homologa a Pcklp y Pck2p de S. pombe) y ésta a su
vez activa la ruta de MAP quinasas implicada en el
mantenimiento de la integridad celular (Kamada et al.,
1995; Levin and Errede, 1995; Nonaka et al., 1995).
Recientemente, también se ha demostrado la
participacion de Pck2p como activador de una ruta de
MAPKs necesaria para el mantenimiento de la
integridad en S. pombe (Barba et al., 2008; Ma et al.,
2006).

3.6.2. Regulacién de la sintesis de a-glucano

Otra GTPasa perteneciente a la familia Rho,
Rho2p, parece ser la responsable de la regulacion de la
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Rho2p. Rholp
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Figura 10: Regulacién de las GTPasas. Las proteinas con
actividad GEF favorecen el intercambio de GDP por GTP y
activan las GTPasas, permitiendo asi la unién de éstas a sus
efectores. Las proteinas con actividad GAP inactivan a las
GTPasas, estimulando la actividad GTPasica intrinseca de
éstas.

biosintesis del «(1,3)-glucano en S. pombe. Existen
una serie de evidencias que relacionan a Rho2p con la
biosintesis de este compuesto. La sobreexpresion de
rho2”, a diferencia de la de rhol®, produce un aumento
en la cantidad de o(1,3)-glucano presente en la pared
(Calonge et al., 2000). Por otro lado, Pck2p es
necesaria para que la a(1,3)-glucén sintasa, Mok1p, se
localice correctamente y desarrolle su actividad
catalitica (Katayama et al., 1999).

Ademas, se sabe que Rho2p y Pck2p estan
intimamente relacionadas, ya que interaccionan
fisicamente y los mutantes en estos dos genes
presentan fenotipos similares (Arellano et al., 1999b;
Calonge et al., 2000).

El modo en que Rho2p interacciona con Mok1p
no estd del todo claro, sin embargo todos los datos
apuntan a que esta interaccion se produce a través de
Pck2p (Arellano et al., 1999b; Calonge et al., 2000;
Katayama et al., 1999) (Figura 9).

4. GTPasas de la familia Rho

Las GTPasas Rho (Ras Homology) constituyen
una familia dentro de la superfamilia de pequefias
GTPasas relacionadas con Ras y se encuentran en
todas las células eucariotas. La familia de GTPasas
Rho incluye tres subfamilias: Rho, Rac y Cdc42;
revisado en (Arellano et al., 1999a; Heasman and
Ridly, 2008; Iden and Collard, 2008; Jaffe and Hall,
2005; Park and Bi, 2007).

Las proteinas Rho comparten con los demas
miembros de la superfamilia Ras un disefio estructural
y un mecanismo molecular por el cual, se activan
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cuando se unen a GTP y se inactivan cuando este
compuesto es hidrolizado a GDP (Figura 10).

En su estado unido a GTP estas GTPasas se
unen a una gran cantidad de moléculas efectoras, que
permiten la activacion de las cascadas de sefializacion,
que a su vez promueven respuestas celulares generales,
como cambios del citoesqueleto, dindmica de
microtubulos, trafico de vesiculas, polaridad celular y
progresion del ciclo celular. La plasticidad de las
proteinas Rho en términos de localizacién subcelular,
regulacion, unién a los efectores y relacion con
proteinas de otras rutas celulares, sitlan a estas
GTPasas en un punto central de la regulacion de una
gran cantidad de procesos celulares; revisado en
(Bustelo et al., 2007; Garcia et al., 2006b; Heasman
and Ridly, 2008; Iden and Collard, 2008; Park and Bi,
2007).

4.1. Moléculas efectoras de Rho-GTPasas

Una vez activadas y translocadas a sus sitios
especificos de localizacion, las proteinas Rho
interaccionan con sus efectores moleculares para
aumentar la sefial especifica de las cascadas de
transduccion de sefales. Estructuralmente, estos
efectores utilizan diferentes residuos para su
interaccion, siendo las regiones switch 1 y Il de la
GTPasa los sitios principales de reconocimiento.

El anclaje a la membrana de los efectores es
parte del mecanismo por el cual empiezan a ser
activados. La mayoria de las interacciones entre las
GTPasas Rho y sus efectores se pueden englobar en los
tres modelos siguientes:

-La interaccion de la GTPasa con su efector
provoca un cambio de conformacion en éste que le
permite salir de una conformacién autoinhibida, dando
lugar a una estructura totalmente activa.

-Otros efectores son activados mediante la
liberacion de factores inhibitorios a los que estaban
asociados, gracias a la unién de la GTPasa.

-En otras ocasiones la GTPasa produce la
inhibicion y no la activacion, de la proteina efectora.

El resultado final de la regulacién de estas
moléculas efectoras es la generacién de sefales
multirramificadas que producen, entre otras respuestas,
cambios en el citoesqueleto, trafico de vesiculas y
progresion del ciclo celular.

Cabe destacar que entre las funciones de los
efectores en muchos casos también se encuentra la de
regular a las propias GTPasas, lo que contribuye a una
sefializacion por GTPasas coordinada y equilibrada.
Esto pone de manifiesto el alto nivel de plasticidad que
tienen lugar en las rutas de transduccion de sefiales de
GTPasas; revisado en (Bustelo et al., 2007; Park and
Bi, 2007).
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4.2. Regulacion de Rho-GTPasas
Las células controlan la actividad de estas
proteinas a través de varios tipos de regulacién.

4.2.1. Regulacion por cambio de nucledtido

Las GTPasas de la familia Rho alternan entre
un estado unido a GTP (activo) y un estado unido a
GDP (inactivo) y su actividad esta regulada por dos
tipos de proteinas: GEFs y GAPs (Figura 10). Los
GEFs (Guanine Exchange Factor) facilitan el cambio
de GDP por GTP, activando a las GTPasas (ver
Apartado 4.3). Las proteinas GAPs (GTPase Acivating
Protein) producen la hidrdlisis del GTP, permitiendo a
la GTPasa volver a su estado inactivo.

La simplicidad de este modelo contrasta con la
complejidad de las rutas reguladas por estas proteinas;
revisado en (Arellano et al., 1999a; Bustelo et al.,
2007). De hecho, el estudio de las proteinas que
controlan el intercambio de nucleétido de las GTPasas
ha sido crucial para entender esta paradoja. Tanto
GEFs como GAPs son proteinas mayores y mas
complejas que las GTPasas en si mismas y contienen
multiples dominios capaces de interaccionar con otras
proteinas y con lipidos, indicando que pueden actuar
como sefiales de localizacion o como adaptadores en
complejos multiproteicos; revisado en (Bos et al.,
2007; Gulli and Peter, 2001; Moon and Zheng, 2003;
Rossman et al., 2005; Schmidt and Hall, 2002).

4.2.2. Regulacién por cambios en su
localizacién subcelular

Muchas proteinas Rho deben anclarse a la
membrana para poder realizar sus funciones biolégicas
y la condicién esencial para ello es la incorporacion de
un grupo de naturaleza isoprenoide.

En primer lugar, se incorpora un grupo geranil-
geranilo, o menos frecuentemente farnesilo a la
secuencia  denominada  “Caja  CAAX”. La
incorporacion de este grupo isoprenoide promueve la
translocacion de la GTPasa al Reticulo Endoplasmico,
donde se elimina el tripéptido “AAX”. Por ultimo, la
cisteina que queda es metilada; revisado en (Bustelo et
al., 2007).

Las proteinas GDIs (Guanine Dissociation
Inhibitors) también juegan un papel importante en la
regulacion del anclaje a la membrana de estas
proteinas. Se unen a los grupos isoprenoides de la
GTPasa lo que impide el intercambio de GDP por GTP
y favorece el secuestro de la GTPasa inactiva en el
citosol.

La funcion de los GDIs también es importante
para la liberacién de estas proteinas de la membrana
cuando termina el proceso de sefializacion. La
disociacion de los GDIs y las GTPasas, €S un requisito
esencial para que se produzca la activacién de éstas por
parte de los GEFs y su subsiguiente asociacion con las

membranas.

4.2.3. Otros tipos de regulacion

En mamiferos, muchas GTPasas de la familia
Rho presentan una expresion especifica dependiente
del tipo celular o de diferentes estimulos. Otras son
reguladas mediante degradacion en sitios especificos
de la célula, por ubiquitinacién, degradacién por
caspasas, etc.

Otra forma de regulacion de ciertas proteinas
Rho se produce a través de un posible dominio de
autoinhibicion en su extremo N-terminal. Dicha
autoinhibicion puede ser desactivada mediante la union
de una proteina adaptadora cuya interaccién no altera
el intercambio GDP/GTP de la GTPasa.

Las GTPasas también pueden estar fosforiladas
en residuos especificos, esta modificacion post-
transcripcional puede influir en su interaccién con los
GDils, su estabilidad en la membrana y sus funciones
efectoras; revisado en (Bustelo et al., 2007).

4.3. GEFs de GTPasas de la familia Rho

Las proteinas Rho ciclan entre una forma
inactiva (unida a GDP) y una forma activa (unida a
GTP). Las células regulan a estas proteinas modulando
la interconversién y accesibilidad de estas dos
isoformas. Los factores GEFs se unen a la GTPasa
unida a GDP y desestabilizan este complejo, mientras
gue estabilizan el intermediario de reaccion libre de
nucleétido (Bos et al., 2007). Gracias a la mayor
concentracion de GTP en la célula, el GDP es

PH domain

<~ DH domain

Figura 11: Estructura secundaria y terciaria de los
dominios DH y PH de Sosl, un GEF de humanos. Dentro
del dominio DH se pueden distinguir las regiones
conservadas CR1, CR2 y CR3. Las regiones CR1 Y CR3
(rosa oscuro) forman el ndcleo catalitico del dominio DH
donde se une la GTPasa. Imagen tomada de (Rossman et al.,
2005).
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reemplazado por GTP, dando lugar a la activacion de
la GTPasa, que es asi capaz de reconocer sus dianas
moleculares o efectores. Los GAPs aceleran la
actividad GTPasa intrinseca de las Rho-GTPasas para
inactivarlas.

En teoria, la activacion de una GTPasa podria
ocurrir por estimulacién de un GEF o por inhibicién de
un GAP, pero en la practica, todo apunta a que las
proteinas GEFs son los mediadores criticos en la
activacion de las GTPasas de la familia Rho; revisado
en (Gulli and Peter, 2001; Rossman et al., 2005;
Schmidt and Hall, 2002).

El nimero de reguladores GEFs supera al de
GTPasas en todos los organismos estudiados. Se ha
propuesto que los Rho-GEFs podrian estar regulando
la especificidad de activacion de unos efectores u
otros, debido a su capacidad de unién a diferentes
proteinas y al reclutamiento o activacion de las
GTPasas en diferentes lugares de la célula. De esta
forma los factores GEFs se comportan como
integradores de sefales para la activacion de respuestas
celulares concretas, y lo hacen mediante la unién a
determinadas proteinas en complejos
macromoleculares (Papadaki et al., 2002; Schmidt and
Hall, 2002).

4.3.1. Caracteristicas estructurales de las
proteinas Rho-GEFs

Los factores Rho-GEFs se caracterizan por la
presencia en su secuencia proteica de un dominio
denominado DH (Dbl homology) descrito por primera
vez en la proteina Dbl (el primer GEF de mamiferos
aislado como un oncogen a partir de DNA de diffuse B
cell lynphome; Eva and Aaronson, 1985). Este dominio
es imprescindible para la actividad GEF.

Los dominios DH de distintos GEFs presentan
un bajo grado de identidad a nivel de secuencia,
incluso entre GEFs de la misma GTPasa. Sin embargo,
la estructura tridimensional de estos dominios esta muy
conservada (Liu et al., 1998; Soisson et al., 1998;
Worthylake et al., 2000) (Figura 11). EI domino DH
presenta tres regiones muy conservadas denominadas
CR1, CR2 y CR3. De ellas, CR1 y CR3 estan
expuestas hacia la superficie y forman el nucleo en el
que se une la GTPasa. Mutaciones en esta region
afectan a la actividad catalitica de las proteinas GEFs
(Garcia et al., 2006b; Liu et al., 1998; Schmidt and
Hall, 2002; Soisson et al., 1998).

Casi todos los factores Rho-GEFs presentan un
dominio PH (Plekstrin homology), adyacente al
dominio DH hacia su extremo carboxilo-terminal. En
muchos casos el médulo DH-PH es suficiente para
promover el intercambio de GDP por GTP in vivo. El
dominio PH es capaz de unirse a fosfolipidos de
membrana y también a otras proteinas y regula de esta
manera la localizacién de los Rho-GEFs, su actividad
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catalitica y la unién a la GTPasa (Rossman et al.,
2005).

Ademas del modulo DH-PH la mayoria de los
GEFs poseen dominios proteicos adicionales que
incluyen dominios SH3, SH2, PDZ, DEP, Ser/Thr
Kinase, PH adicionales, etc. Estos probablemente estan
implicados en interacciones con otras proteinas de
cascadas de sefializacion, proteinas quinasas, entre
otras; revisado en (Rossman et al., 2005; Schmidt and
Hall, 2002).

4.3.2. Regulacién de los factores Rho-GEFs

Las proteinas GEFs por si mimas también son
finamente reguladas y cada miembro de esta familia
parece poseer un mecanismo de activacion vy
desactivacion Unico. Sin embargo, se han podido
describir algunos principios generales que se detallan a
continuacion (Figura 12) (Schmidt and Hall, 2002).

Inhibicion intramolecular:

Algunos GEFs poseen un dominio regulador
que bloquea la actividad de la proteina mediante una
interaccion intramolecular, de forma que se bloquea el
sitio activo en el dominio DH. La liberacion de la
autoinhibicion se puede producir mediante la union a
otras proteinas, por fosforilacion o por otros
mecanismos (Figura 12A) (Bustelo, 2000). Incluso se
ha realizado un estudio en el que el dominio de
autoinhibicion de un determinado GEF se ha sustituido
por otro dominio regulable de forma exdgena, de
manera que se consigue controlar facilmente la
activacion de este nuevo GEF y por tanto cambiar la
regulacion de su GTPasa diana (Yeh et al., 2007).

Interaccion proteina-proteina:

Muchos GEFs son estimulados por la
interaccion con otras proteinas o por fosforilacion, sin
necesidad de  eliminar  ningdn  mecanismo
autoinhibitorio. Otra variacion es la oligomerizacion
mediada por el dominio DH, en la que es necesaria la
secuencia conservada CR2 (Schmidt and Hall, 2002).

Regulacion por localizacion:

Muchas de las funciones asociadas a las
GTPasas dependen del control espacial de su
activacion. La localizacion subcelular de los GEFs es
un aspecto importante de su actividad. Existen Rho-
GEFs que ante determinados estimulos cambian su
localizacién subcelular desde el nucleo, el citosol o el
citoesqueleto, a las membranas para activar a las
GTPasas (Rossman et al., 2005; Schmidt and Hall,
2002).

Desactivacion de los factores GEFs:
Se sabe muy poco acerca de la desactivacion de
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estas proteinas. Se pueden revertir los mecanismos de
activacion, a través de la eliminacion de la
fosforilacion o de la unién a la proteina activadora. Se
ha propuesto también que la unién a determinados
reguladores podria favorecer su poliubiquitinacién y
degradacién (Schmidt and Hall, 2002).

4.4. GTPasas de la familia Rho en S. pombe

Un gran ndmero de estudios en diversos
organismos han desvelado que las GTPasas de bajo
peso molecular funcionan como moléculas de
sefializacion claves en el desarrollo polarizado.
Ademas, estan muy conservadas desde levaduras hasta
humanos, tanto a nivel estructural como funcional
(Bourne et al., 1991; Bourne et al., 1990; Etienne-
Manneville and Hall, 2002; Hall, 1998).

La familia Rho en S. pombe esta compuesta por
seis miembros: Cdc42p, Rholp, Rho2p, Rho3p, Rho4dp
y Rho5p (Arellano et al., 1999a). De los cuales s6lo
dos, Cdc42p y Rholp, son esenciales para la
supervivencia de la célula (Miller and Johnson, 1994;
Nakano et al., 1997).

4.4.1. Cdc42

En S. cerevisiae, una proteina clave en el
establecimiento de la polaridad es Cdc42p, que esta
involucrada en la organizacion de la actina, de las

septinas y en exocitosis (Bi et al., 2000; Park and Bi,
2007).

En S. pombe, Cdc42p participa en el control del
crecimiento celular polarizado y es necesaria para
mantener la morfologia cilindrica tipica de esta
levadura (Miller and Johnson, 1994). Los mutantes de
algunos activadores y efectores de Cdc42p descritos
hasta el momento presentan una morfologia
redondeada y defectos en la polarizacion de los parches
de actina (Hirota et al., 2003; Murray and Johnson,
2001; Ottilie et al., 1995; Sells et al., 1998).

En S. pombe el ensamblaje de los parches de
actina tiene lugar por dos vias diferentes; una depende
de Wsplp y la verprolina Vrplp, y la otra depende de
la miosina Myolp, ambas rutas convergen para activar
al complejo Arp2/3 (Garcia et al., 2006b; Sirotkin et
al., 2005). Cdc42p puede promover el crecimiento
polarizado controlando la fosforilacion de la miosina,
pero no se ha encontrado interaccion entre Cdc42p y
Wsp1p.

Otra funcién importante de Cdc42p esta
relacionada con el ensamblaje de los cables de actina.
Como ya se ha comentado (ver Apartado 2.4) Cdc42p
es necesaria para activar y localizar a la formina For3p
encargada de la formacién de estos cables. Un mutante
puntual en esta GTPasa, cdc42-1625, presenta unos
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cables de actina muy cortos y finos. Ademas, en este
mutante la proteina For3p no se acumula
correctamente en los polos celulares (Martin et al.,
2007).

Los efectores de Cdc42p mejor conocidos son
las proteinas PAK, Shklp/Paklp/Orb2p y Shk2p/
Pak2p. shk1® es un gen esencial necesario para el
crecimiento polarizado, control de la progresion del
ciclo celular, citoquinesis y conjugacion (Marcus et al.,
1995; Ottilie et al., 1995; Verde et al., 1995; Kim et al.,
2003). shk2* no es esencial y sus funciones parecen ser
redundantes con respecto a las de shk1™ (Merla and
Johnson, 2001; Sells et al., 1998; Yang et al., 1998).

Cdc42p es activado al menos por dos GEFs,
Scdlp/Rallp y Geflp (Coll et al., 2003; Murray and
Johnson, 2001).

La disrupcién de scdl® produce células
redondeadas que son incapaces de conjugar. Cdc42p es
un componente del complejo multiproteico que
funciona por debajo de Raslp, regulando la morfologia
celular y la conjugacion. Estas dos proteinas
interaccionan a través de Scdlp (Chang et al., 1994;
Fukui and Yamamoto, 1988).

La delecion del otro GEF de Cdc42p, Geflp, es
viable pero causa defectos en el crecimiento bipolar y
la formacién del septo, donde se localiza
mayoritariamente (Coll et al., 2003). La delecidn de los
dos GEFs de Cdc42p a la vez es letal, generando
células redondas que mimetizan el fenotipo de la
disrupcion de cdc42”.

4.4.2. Rho2

Rho2p, al igual que Rholp, es necesaria para el
mantenimiento de la integridad celular. Esta proteina
interacciona con los homdlogos de la Proteina quinasa
C, Pcklp y Pck2p (Figura 9). Dicha GTPasa
interviene en la regulacién de la sintesis del a-glucano,
mediante la activacion y localizacién de Moklp (aGS)
a través de Pck2p (Calonge et al., 2000) (ver Apartado
3.6.2). De esta forma Rholp y Rho2p regulan a través
de Pck2p la sintesis de los principales polimeros que
componen la pared celular, 8- y a-glucano (Arellano et
al., 1999h; Calonge et al., 2000).

Recientemente, se ha descrito la relacion de
Rho2p y Pck2p con la activacion de la ruta de
integridad (Ma et al., 2006). La sobreexpresiéon de
rho2* y pck2® se traduce en un aumento de la
fosforilacion de Pmklp, la dltima de las quinasas de
esta ruta. Mientras que la disrupcion de estos genes
produce una disminucién de la cantidad de Pmklp
fosforilada. Esto indica que Rho2p activa la ruta de
integridad, a través de Pck2p (Barba et al., 2008; Ma et
al., 2006).
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4.4.3. Rho3y Rho4

Rho3p y Rho4p participan en la regulacion de
la secrecion durante la separacion celular.

En S. cerevisiae, Rho3p esta involucrada en el
transporte de las vesiculas endociticas a través de los
cables de actina y en el anclaje de éstas a la membrana
plasméatica (Adamo et al., 1999). En S. pombe, los
mutantes nulos rho3A presentan células multitabicadas
y acumulan vesiculas a 37°C. Rho3p interacciona con
la formina For3p y modula las funciones del exocisto
(Nakano et al., 2002; Wang et al., 2003).

Rhodp es la Gnica GTPasa de la familia Rho
que se localiza exclusivamente en la region de
division. Esta proteina es necesaria para la degradacion
del septo durante la citoquinesis y regula la secrecion y
localizacion de las glucanasas Agnlp y Englp
(Nakano et al., 2003; Santos et al., 2003; Santos et al.,
2005).

4.4.4. Rho5

Rho5p es una proteina muy parecida a Rholp
(86% de identidad). Se expresa bajo condiciones de
estrés y en ausencia de Rholp, la sobreexpresion de
Rho5p mantiene la actividad BGS y la organizacion del
citoesqueleto de actina, aunque de forma menos
eficiente (Nakano et al., 2005; Rincdn et al., 2005).

4.4.5. Rhol

El crecimiento celular en las levaduras esta
necesariamente relacionado con la sintesis de pared
celular y con la regulacion del citoesqueleto de actina.
La GTPasa Rholp participa en ambos procesos, tanto
en S. cerevisiae como en S. pombe.

En S. cerevisiae Rholp regula la sintesis de B-
glucano al menos por dos vias diferentes, como
subunidad reguladora de las B-glucan sintasas Fkslp y
Fks2p y como activador de la ruta de MAP quinasas
que controlan la integridad celular (Figura 13) (Levin,
2005).

La ruta de integridad estd formada por el
homélogo de la Proteina quinasa C, Pkclp, un médulo
de MAP quinasas y los factores de transcripcion
Rimlp y Swi4/6, que regulan la expresion de genes
necesarios para la transicion G1/S y para la biosintesis
de la pared; revisado por (Levin, 2005; Park and Bi,
2007). En S. pombe Rholp no se ha relacionado con la
cascada de quinasas de la ruta de integridad Mkh1p-
Pek1p-Pmk1p/Spmlp (Toda et al., 1996), aunque si
tenemos en cuenta que Pck2p es un efector de Rholp y
que esta proteina a su vez activa dicha cascada, no se
descarta esta posibilidad (Ma et al., 2006).

En S. cerevisiae, Rholp participa en el proceso
de exocitosis polarizada, regula la formacion de
filamentos de actina y del anillo contractil de
actomiosina, a través de las forminas Bnilp y Bnrlp e
interacciona con Sec3p, un componente del exocisto
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Figura 13: Cascadas de sefializacién controladas por Rholp en S. cerevisiae. Rholp estimula la sintesis de B-glucano directamente
como subunidad reguladora de las B-glucan sintasas Fkslp y Fks2p. Rholp activa a través de Pkclp la cascada de MAP quinasas de la
ruta de integridad que activan, a través del factor de transcripcion RIm1lp, la expresion de genes relacionados con la sintesis de la pared
celular. Rholp regula a través de la forminas Bnilp y Bnrlp la nucleacion de cables de actina durante la citoquinesis y junto a Sec3p la
exocitosis. Los receptores Wsc, Mid2 y Mtl1 sefializan y activan a Rholp a través de sus factores GEFs: Romlp, Rom2p y Tuslp. Tor2p,
un sensor nutricional también sefializa a través de Rholp-Pkclp para controlar la reorganizacion del citoesqueleto de actina.

(Imamura et al., 1997; Kohno et al., 1996; Guo et al.,
2001). (Figura 13)

En S. pombe Rholp también presenta funciones
relacionadas con la polarizacion de la actina y la
biosintesis de la pared celular.

Cuando se elimina la expresion de rhol®
durante el crecimiento vegetativo, las células pierden la
integridad y se lisan, la mayoria como parejas en el
momento de la separacion. Ademas la actividad BGS
también disminuye drasticamente (Arellano et al.,
1999a; Arellano et al., 1997). De acuerdo con esto, los
efectores de Rholp mejor conocidos son enzimas
relacionadas con la sintesis de la pared celular: la
(1,3)-glucén sintasa y las proteinas quinasas C, Pcklp
y Pck2p (Arellano et al., 1999b; Sayers et al., 2000).

Rholp funciona por debajo del marcador de
polaridad Tealp, y se localiza en los lugares de
crecimiento celular, polos y septo. La disminucién
progresiva de Rholp en las células produce la
desaparicion de la actina polimerizada, mientras que un
incremento de su expresién da lugar a puntos de actina
mayores y distribuidos aleatoriamente por toda la

célula.

Parece ser que un equilibrio adecuado en la
activacion de Rholp es importante para la regulacion
del citoesqueleto de actina, sin embargo aln no se ha
descrito ninguna proteina que medie en este proceso.
No esta claro si alguna de las forminas de S. pombe
interacciona con Rholp y tampoco hay ningun estudio
que relacione a Rholp con el complejo Arp2/3;
revisado en (Garcia et al., 2006b).

Hasta ahora se han identificado tres GEFs de
Rholp, denominados Rgflp, Rgf2p y Rgf3p, tres
reguladores negativos, Rgalp, Rga5p y Rga8p y una
proteina GDI, Rdilp (Calonge et al., 2003; Nakano et
al., 2003; Nakano et al., 2001; Yang et al., 2003)

rgf3* fue clonado en nuestro laboratorio por
complementacion de un mutante hipersensible a drogas
que interfieren con la biosintesis de la pared celular. Es
un gen esencial y la disminucion de su expresion causa
lisis celular, con un fenotipo muy similar a la
disrupcion de rhol®. La expresion de rgf3* presenta un
pico durante la septacion de una manera dependiente
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de Ace2p y la proteina se localiza exclusivamente en la
region del septo, como un anillo que se contrae (lwaki
et al., 2003; Morrell-Falvey et al., 2005; Mutoh et al.,
2005; Tajadura et al., 2004).

Se ha visto que Rgf3p activa la BGS y que
controla la cantidad de B-glucano de la pared celular.
Es probable que Rgf3p estimule la activacion, a través
de Rholp, de una GS cuya funcion sea crucial para la
correcta septacion. También, podria ser necesaria para
el reclutamiento de Rholp en esa zona (Tajadura et al.,
2004).

rgfl”™ y rgf2*, como se describird mas adelante
en esta memoria, también son activadores de Rholp
(Garcia et al., 2006a; Mutoh et al., 2005). Rgflp es
necesario para la activacion del crecimiento en el polo
nuevo durante NETO, mientras que Rgf2p es esencial
durante el proceso de esporulacion.

En cuanto a los GAPs conocidos de Rholp, se
ha visto que la eliminacién de rgal® ralentiza el
crecimiento 'y produce alteraciones morfoldgicas
similares a las producidas por la sobreexpresion de
Rholp (Nakano et al., 2001). rga5* participa en la
regulacion de la actividad BGS y en el mantenimiento
de la integridad celular (Calonge et al., 2003). Por su
parte, rga8” se aisl6 a partir de una busqueda de
proteinas que interaccionan con Pak1/Skhlp pero su
funcién apenas se conoce (Yang et al., 2003).

INTRODUCCION
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OBJETIVOS

El objetivo general de esta tesis ha sido la caracterizacién de las proteinas Rgflp y Rgf2p, posibles
reguladores de GTPasas de la familia Rho.

Objetivos especificos:

- Establecer la relacion que pueda existir entre las proteinas codificadas por los genes rgfl* y rgf2*
con la biosintesis de la pared celular en S. pombe.

- Determinar si Rgflp y Rgf2p actiian como reguladores de alguna de las GTPasas de la familia Rho
y averiguar en cuéles de los procesos regulados por dichas GTPasas intervienen y de qué forma.
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En esta seccion de la memoria se desarrolla el trabajo experimental llevado a cabo, incluyendo la
metodologia empleada y la discusion surgida del mismo. Todo ello se ha dividido en cuatro capitulos,
cada uno de los cuales supone una linea de investigacion independiente, aunque todas ellas se encuentran
relacionadas entre si e incluidas dentro del objetivo global de este trabajo, estudiar el papel de los
reguladores de Rho-GTPasas, Rgflp y Rgf2p, en el control de la integridad y la polaridad en
Schizosaccharomyces pombe. Una discusion general, con datos adicionales y que engloba al conjunto de
la investigacion, se abordara con posterioridad en otra seccion independiente de la memoria.

Tres de los capitulos estan constituidos por articulos publicados en prensa y que son el resultado de
cada linea de investigacion. Ademas, cada articulo estd precedido de un pequefio resumen en castellano
de los resultados obtenidos, que facilitard la revision rapida de la informacion contenida en los mismos.
Por otro lado, el Capitulo Il consta de una serie de resultados no publicados en prensa, pero que nos
parecio interesante reflejar en esta memoria para completar el estudio de la proteina Rgflp.

Los capitulos incluidos en la memoria son:

CAPITULO I

La proteina Rgflp es un GEF especifico de Rholp que coordina la polarizacion celular con la
biosintesis de la pared celular en la levadura de fision.
Garcia, P., Tajadura, V., Garcia, I., and Sanchez, Y. (2006). Rgflp is a specific Rhol-GEF that
coordinates cell polarization with cell wall biogenesis in fission yeast. Mol. Biol. Cell 17, 1620-1631.

CAPITULO 11

La proteina Rgflp participa en el establecimiento del crecimiento bipolar en S. pombe.

CAPITULO 111

El GEF de Rholp, Rgflp, sefializa por encima de la cascada de proteinas quinasas activadas por
mitdégeno de Pmk1p en la levadura de fision.
Garcia, P., Tajadura, V. and Sanchez, Y. (2009). The Rholp exchange factor Rgflp signals upstream
from the Pmk1 Mitogen-activated protein kinase pathway in fission yeast. Mol. Biol. Cell 20, 721-731.

CAPITULO IV

En Schizosaccharomyces pombe, la proteina Rgf2p es un factor intercambiador de nucledtidos de
guanina de Rholp, necesario para la maduracién de la pared de la espora y el mantenimiento de la
integridad celular en ausencia de Rgflp.

Garcia, P., Garcia, I., Marcos, F., de Garibay, G. R. and Sanchez, Y. (2009). Fission yeast Rgf2p is a
Rholp guanine nucleotide exchange factor required for spore wall maturation and for the maintenance of
cell integrity in the absence of Rgflp. Genetics 181.
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La proteina Rgflp es un GEF especifico de Rholp que
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Antecedentes

La sintesis de B-glucano debe estar regulada
temporal y espacialmente, para mantener la integridad
celular durante los cambios morfogenéticos que tienen
lugar a lo largo del ciclo de vida de S. pombe.

Con objeto de identificar nuevos genes que
participen en la biosintesis y regulacion del B-glucano,
se obtuvieron una serie de mutantes hipersensibles a
los antifungicos CalcoflGor y Equinocandina (Carnero
et al.,, 2000). Ambos compuestos actlan sobre los
polimeros de la pared de la levadura. EI Calcofltor
interacciona con polimeros lineales de B(1,3) y B(1,4)-
glucano y los desorganiza (Nicholas et al., 1994). Las
Equinocandinas son antibidticos lipopeptidicos de
origen natural que inhiben especificamente la sintesis
de B(1,3)-glucano tanto in vitro (Douglas et al., 1994)
como in vivo (Abruzzo et al., 2000). La base de este
método reside en que aquellas células con una pared
defectuosa, no podran crecer en presencia de
concentraciones del antifingico a las que la cepa
silvestre es perfectamente viable.

Uno de estos mutantes, ehs2-1 (Echinocandin
hypersensitive) es termosensible, cuando crece en
medio liquido a 37°C aproximadamente el 60% de las
células se lisan como dobletes. Este fenotipo es
suprimido por estabilizacion osmética.

Las caracteristicas de este mutante sugieren un
defecto en la sintesis de la pared celular, hipétesis que
se vio confirmada al comprobar que esta cepa
presentaba una disminucion del 50% en la actividad
glucan sintasa, con respecto a un silvestre.

Trabajo Experimental

1. Identificacion de rgfl”

En el proceso de identificacion del gen afectado
en el mutante ehs2-1 se encontraron dos ORFs
consecutivas: rgfl* y rgf3". Ambos genes codifican
dos proteinas con un dominio RhoGEF. Se descubrio
que rgf3* era el gen estructural defectuoso en el
mutante ehs2-1, mientras que rgfl® suprime
parcialmente el defecto de crecimiento en presencia de
Calcofldor y Equinocandina, pero no la lisis a 37°C
(Tajadura et al., 2004).

2. Las células rgflA muestran defectos en
integridad celular y crecimiento bipolar

La aproximacién al estudio de la funcién del
gen rgfl® comenz6 con la eliminacion del gen y la
caracterizacion del mutante rgflA. En un cultivo
liquido, aproximadamente el 30% de las células se
encuentran lisadas y cuando se analiza la viabilidad en
medio s6lido, s6lo forman colonia el 55%. Este
fenotipo de lisis es similar al observado en un mutante

CAPITULO |

condicional de rhol® (Arellano et al., 1997), y es
suprimido en presencia de un estabilizador osmético en
el medio. Esto sugeria que este mutante podria estar
afectado en la organizacién de la pared celular, por lo
que analizamos su crecimiento en presencia de
Caspofungina (Csp). La cepa rgflA resultd ser
extremadamente sensible a este compuesto.

En S. pombe la actina se organiza como cables
longitudinales y como parches situados en los sitios de
crecimiento (Marks and Hyams, 1985). La activacién
de las GTPasas de la familia Rho es necesaria para el
ensamblaje de filamentos contractiles de actomiosina
en muchos organismos (Jaffe and Hall, 2005). Para
determinar si Rgflp participaba en alguno de estos
procesos, analizamos el patrén de crecimiento y la
organizacion del citoesqueleto de actina en el mutante
rgflA. El 80% de estas células muestran un
crecimiento monopolar, comparado con el 20% que
presenta la cepa silvestre. Ademas, esto se correlaciona
con un defecto en la organizacién de los parches de
actina en el polo que no esté creciendo.

Mediante el uso de cultivos sincronizados en
fase G2, pudimos comprobar que las células no
presentan defectos en la dindmica de septacion, pero si
un mayor porcentaje de lisis en los momentos previos a
ésta, es decir cuando las células empiezan a crecer de
forma bipolar. Esto indica que Rgflp participa en la
organizacion del citoesqueleto de actina, durante la
activacion del crecimiento bipolar en S. pombe.

3. Rgflp actda como regulador positivo de
Rholp

Varios datos indican que Rgflp actia como
GEF de Rholp:

-Entre todas las GTPasas de la familia Rho, sdlo
la sobreexpresion de Rholp fue capaz de suprimir la
hipersensibilidad a Csp y la lisis de la cepa rgflA. Por
lo que Rgflp podria actuar en la misma via que Rholp.

-Ademas, la ausencia de rgfl™ suprimioé
parcialmente el defecto de crecimiento del mutante
rgalA, un GAP de Rholp (Nakano et al., 2001), este
resultado podria indicar que Rgflp y Rgalp realizan
funciones opuestas, posiblemente actuando ambas
sobre Rholp. Para comprobarlo, realizamos un ensayo
con rhotequina en el que se precipita la GTPasa Rholp
en su estado activo y en presencia de diferentes niveles
de Rgflp. De esta forma, observamos que la cantidad
de Rholp activo (Rholp-GTP) es directamente
proporcional a los niveles de Rgflp presentes en las
celulas.

-Por otro lado, mediante un ensayo de
coinmunoprecipitacion, observamos que Rgflp
interacciona fisicamente con Rholp. Ademas ambas
presentan el mismo patrén de localizacion, en los polos
de crecimiento activo y en el septo, formando primero
un anillo que se va cerrando hasta convertirse en una
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placa (Arellano et al., 1997). Todos estos resultados
demuestran que Rgflp funciona como GEF de Rholp
en S. pombe.

4, La sobreexpresion de rgfl® causa un
aumento de la actividad B(1,3)-glucén sintasa

La sobreexpresion de rgfl® es letal, las células
presentan una morfologia aberrante, apareciendo
células mas grandes, multiseptadas, y con
engrosamientos de material de pared que se tifien con
Calcofluor. Esto esta probablemente provocado por un
aumento de la actividad B(1,3)-glucén sintasa del orden
de 4 veces con respecto a la de la cepa silvestre. Esta
actividad es alin mayor cuando se sobreexpresan a la
vez rgfl” y rhol’.

5. Rgflp interacciona funcionalmente con
Bgsdp y Pcklp

Tres de los efectores mejor conocidos de Rholp
son la BGS y las proteinas quinasas C, Pcklp y Pck2p
(Arellano et al., 1999b; Sayers et al., 2000). Para
determinar la posible relacion de alguno de los
efectores de Rholp con Rgflp, comprobamos si la
sobreexpresion de éstos era capaz de suprimir la
hipersensibilidad a Caspofungina de la cepa rgflA.
Observamos que la expresion moderada de pckl® era
capaz de suprimir este defecto. Por otro lado, de todas
las posibles subunidades cataliticas de la BGS (Bgs1-4)
slo bgs4® fue capaz de restablecer el crecimiento de
las células rgflA. Ademas, el mutante doble rgflA
cwgl-1 (afectado en el gen bgs4™) presenté un fenotipo
similar al mutante sencillo cwgl-1. Lo cual podria
indicar que ambos genes participan en la misma ruta y
que Rgflp activa especificamente el complejo Rholp-
Bgs4p.
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Rholp regulates cell integrity by controlling the actin cytoskeleton and cell wall synthesis. We have identified a new GEF,
designated Rgflp, which specifically regulates Rholp during polarized growth. The phenotype of rgf1 null cells was very
similar to that seen after depletion of Rholp, 30% of cells being lysed. In addition, rgf1* deletion caused hypersensitivity
to the antifungal drug Caspofungin and defects in the establishment of bipolar growth. rho1*, but none of the other
GTPases of the Rho-family, suppressed the rgf1A phenotypes. Moreover, deletion of rgf1* suppressed the severe growth
defect in rgal* null mutants (a Rhol-GAP, negative regulator). Rgf1p and Rholp coimmunoprecipitated and overexpres-
sion of rgfl* specifically increased the GTP-bound Rholp; it caused changes in cell morphology, and a large increase in
B(1,3)-glucan synthase activity. These effects were similar to those elicited when the hyperactive rho1-G15V allele was
expressed. A genetic relationship was observed between Rgflp, Bgs4p (B[1,3]-glucan synthase), and Pcklp (protein kinase
C [PKC] homologue); Bgs4p and Pcklp suppressed the hypersensitivity to Caspofungin in rgf1A mutants. Rgflp localized
to the growing ends and the septum, where Rho1, Pcklp, and Bgs4p are known to function. Our results suggest that Rgf1p
probably activates the Rho functions necessary for coordinating actin deposition with cell wall biosynthesis during

bipolar growth, allowing the cells to remodel their wall without risk of rupture.

INTRODUCTION

Fission yeast cells are rod-shaped and grow in a polarized
manner at the cell ends. Immediately after cell division, the
daughter cells initiate growth in a monopolar manner from
the cell end that preexisted before cell division (the old end).
After a point in G2, cells initiate growth from the new end
(the end created by cell division) in a process known as new
end take off (NETO), so that they grow in a bipolar mode up
to mitosis (Mitchison and Nurse, 1985; Hayles and Nurse,
2001). Fission yeast is a useful model system for studying
cell wall biosynthesis and how this fits in the complex
morphogenetic processes required for the cell shape to be
attained.

The Schizosaccharomyces pombe cell wall consists mainly of
three polysaccharides, B(1,3)-glucan, «(1,3)-glucan, and ga-
lactomannoproteins, all of which form a large complex.
Their coordinated synthesis represents an essential step in
the assembly of a functional cell wall to ensure cell integrity
(for a review, see Duran and Perez, 2004). Among the poly-
saccharides, B(1,3)-glucans are the most prevalent (50-54%
of the wall) and it is generally accepted that they are the
main structural components responsible for cell wall rigidity
(Manners and Meyer, 1977). B(1,3)-glucan is the first poly-
mer to be synthesized in S. pombe regenerating protoplasts
(Osumi et al., 1989) and in the spore wall (Martin et al., 2000)
and hence the regulation of this polysaccharide may be a key
step in the sequential assembly of the other cell wall com-
ponents. The enzymatic system that catalyzes the synthesis
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of this polysaccharide is B(1,3)-glucan synthase (GS). GS is
composed of at least two fractions: the catalytic moiety of the
enzyme and the regulatory component. The catalytic sub-
unit of GS is encoded by at least four genes: cps1* /bgs1* (Le
Goff et al., 1999; Liu et al., 2000b, 2002; Cortes et al., 2002),
bgs2* (Martin et al., 2000; Liu et al., 2000a), bgs3* (Martin
et al., 2003), and bgs4* (Cortes et al., 2005). All of them code
for essential proteins at different stages in the cellular life
cycle. In addition to the catalytic subunit, the small GTP-
binding protein Rholp is an essential regulatory subunit
(Arellano et al., 1996; Nakano et al., 1997). Rhol acts as a
binary switch by cycling between an inactive GDP-bound
and an active GTP-bound conformational state. Rholp stim-
ulates GS in its GTP-bound prenylated form, providing a
rationale for an understanding of the mechanism through
which the cell can switch B(1,3)-glucan synthesis on and off
by interconverting the GDP and GTP forms of Rholp.

To maintain intracellular osmolarity and to produce cell
shapes other than spheres, cell wall expansion must be
focused on particular regions. S. pombe uses both microtu-
bules and the actin cytoskeleton for this purpose (for re-
views, see Yarm ef al., 2001; Chang and Verde, 2004; Gachet
et al., 2004). It has been proposed that microtubules (MTs)
would act to localize key proteins involved in setting up
polarized growth or to localize secretion, or even to localize
actin itself to the cortex. Actin is strictly required for cell
growth and is assembled in three types of structures: acto-
myosin rings, actin cables, and actin patches. Both cables
and patches are reorganized during the cell cycle and are
focused around the areas of cell growth (Marks and Hyams,
1985). The cables serve as trackways along which both actin
patches (Pelham and Chang, 2001) and presumably also
myosin motors with their associated cargos move to the
poles or the equator for cell growth (Win ef al., 2001). Actin
patches are dense membrane-associated structures possibly
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involved in localized cell wall synthesis. In fission yeast
regenerating protoplasts, their localization coincides pre-
cisely with active sites of cell wall deposition (Kobori et al.,
1989).

Rholp provides a link between polarized growth and cell
wall biosynthesis (Arellano et al., 1997; Nakano et al., 1997),
and it belongs to a family of small GTPases that are key
regulators in morphogenesis, polarity, movement, and divi-
sion processes (reviewed in Jaffe and Hall, 2005). The fission
yeast Rho family includes Cdc42p and Rholp through
Rho5p. Rholp localizes to sites of polarized growth, the cell
poles, and the septum (Arellano ef al., 1997; Nakano et al.,
1997) and activates the abovementioned cell wall-synthesiz-
ing enzyme GS (Arellano et al., 1996); Rhol also regulates the
organization of F-actin patches (Arellano ef al., 1997), and it
binds directly to the PKC family of protein kinases, Pcklp
and Pck2p, functioning as a positive regulator of these (Arel-
lano et al., 1999b; Sayers et al., 2000). However, little is
known about the proteins that turn Rholp on and off in the
cell. Rho GTPase regulators such as GEFs (GDP-GTP ex-
change factors) modify the nucleotide-bound state of the
GTPase and contain protein—protein interaction domains
that could be important for GTPase localization, activation,
and stabilization, and thus for interaction with its effectors
(Gulli and Peter, 2001; Rossman et al., 2005). S. pombe con-
tains seven genes bearing a Rho-GEF domain: scd1*, gefl™*,
gef2*, gef3*, rgfl™, rgf2*, and rgf3* (Iwaki et al., 2003). Of
these, scd1™ and gefl™* are Cdc42p-specific GEF(s) and Rgf3p
has been described to function as a GEF for Rholp. rgf3™ is
an essential gene and regulates cell wall B-glucan biosyn-
thesis through the GTPase Rholp, in particular during cy-
tokinesis (Tajadura et al., 2004). Previous studies have shown
that Rholp depletion causes cell death that cannot be pre-
vented by an osmotic stabilizer (Arellano et al., 1997). How-
ever, Rgf3p depletion was prevented by 1.2 M sorbitol (Ta-
jadura et al., 2004). This intriguing phenomenon suggests
that in the absence of Rgf3p, but in the presence of an
osmotic support, Rholp could be activated in some other
way. Accordingly, we hypothesized that this function of
Rholp would be regulated by other GEF(s) (Iwaki et al.,
2003). Here we demonstrate that Rgflp specifically activates
Rholp. Our data support a model in which Rgflp would
coordinate actin deposition at polarized sites with cell wall
biosynthesis, allowing the cells to remodel their wall with-
out risk of rupture.

MATERIALS AND METHODS

Media, Reagents, and Genetics

The genotypes of the S. pombe strains used in this study are listed in Table 1.
The complete yeast growth medium (YES), selective medium (MM) supple-
mented with the appropriate requirements and sporulation medium (MEA)
have been described elsewhere (Moreno et al., 1991). Caspofungin (Csp;
Deresinski and Stevens, 2003) was stored at —20°C in a stock solution (2.5
pg/ml) in H,O and was added to the media at the corresponding final
concentration after autoclaving. Crosses were performed by mixing appro-
priate strains directly on MEA plates. Recombinant strains were obtained by
tetrad analysis. For overexpression experiments using the nmtl promoter,
cells were grown in EMM containing 15 uM thiamine up to the logarithmic
phase. Then, the cells were harvested, washed three times with water, and
inoculated in fresh medium (without thiamine) at an ODg,, = 0.01.

Plasmid and DNA Manipulations

pYS8, containing the rgfI ORF, was obtained by inserting a 7-kb EcoRI
fragment from cosmid C645 into pAU-KS (Tajadura et al., 2004). An Xhol-Notl
fragment from pYS8 (containing the 7-kb EcoRI fragment) was subcloned into
the XhoI-NotI sites of pAL-KS, thus affording pAL-rgfl1*. To tag Rgflp at the
C-terminus with enhanced green fluorescent protein (EGFP) and with the
triple repeat of the influenza virus hemagglutinin (HA) epitope (Craven et al.,
1998), pAL-1gf1* was modified by site-directed mutagenesis. We destroyed

Vol. 17, April 2006

A GEF for Rholp in S. pombe

Table 1. S. pombe strains used in this work

Strains Genotypes

YSM180 h~ 972

PN22 h™ leu1-32

GI1 h™* leul-32, ehs2-1

YS64 h™ leu1-32 ade6M210 ura4D-18 his3D1

HVP54 h™ leu1-32 ade6M210 ura4D-18

YS165 h*/h™ leu1-32/leul-32 ade6M210/ade6M216
ura4D-18/ura4D-18 his3D1/his3D1

VT14 h™ leu1-32 ade6M210 ura4D-18 his3D1rgf1::his3™*

VT18 h* leu1-32 ade6M210 ura4D-18 his3D1rgf1::his3*

PG65 h™ leu1-32 ade6M210 ura4D-18 his3D1rgf1::kanMX6

PG40 h™ rgfl::his3 his3D1 leul-32 ade6M210 ura4D-18
leul*: rgfl*-GFP

PG92 h™ leu1-32 ade6M210 ura4D-18
his3D1rgf1::his3* crn1*-GFP:KanMX6

JCR962 h* leul-32 ura4D-18 ade6 crnl*-GFP:KanMX6

KNG101 h*/h™ rgal:ura4* leul-32 ura4-D18
ade6M216/rgal* leul-32 ura4-D18 ade6M210

PG72 h*/h™ rgal::ura4™ rgfl::kanMX6 leul-32 ura4-D18
ade6M216/rgal™ rgfl* leul-32 ura4-D18 ade6M210

PG73-1c rgal:urad™ rgfl::kanMX6 leul-32 ura4-D18 ade6M216

PG74-2b rgal:ura4™ leul-32 ura4-D18 ade6M216

PG75-4c rgal™ leul-32 ura4-D18 ade6M210

PG76-5a 1gf1:kanMX6 leul-32 ura4-D18 ade6M216

MS168 h™ leu1-32 ura4D-18 cdc10-129

PG88 h* leu1-32 ura4D-18 cdc10-129rgf1::his3*

NG669 h~ leu1-32 ura4D-18 cdc25-22

PG43 h* leu1-32 ura4D-18 cdc25-22rgf1::his3™*

YSM373 h*/h™ leul-32/leul-32 ade6M210/ade6M216,
rgf3:urad™ /rgf3* his3D1/his3D1 ura4D-18/
ura4D-18

VT128 h~ leul-32 ade6M210 ura4D-18, his3DI leul™:
EGFP- rgf3*

PPG217 h™ leu1-32 ade6M210 ura4D-18 his3D1 rhol::ura4™
+pREP41X-rhol

JCR132 h™ leu1-32 cwgl-1

PG76 h™* rgfl:kanMX6

PG82 h™ cwgl-1 rgfl::kanMX6

the Notl site at the multiple cloning site and created a Notl site by site-
directed mutagenesis just before the TAA stop codon of rgfl* (pGR41). The
GFP and HA epitopes were inserted in-frame at the Notl site of pGR41.
pGR45 (pAL-r¢fl1 *-GFP) and pGR46 (pAL-r¢fl *-HA) fully complemented the
r¢fl1A phenotypes. Strain PG40, with the rgfl *-GFP integrated under its own
promoter, was constructed by subcloning the rgfl* tagged with GFP (from
plasmid pAL-rgfI-GFP) into the integrative vector pIJ148, resulting in pIJ148-
rgfl1*-GFP (pGR49). This plasmid was cut with Eco47III and integrated into
the leul locus of strain VT14. The nmt1 promoter-containing vectors pREP3X
and pREP41X (Forsburg and Sherman, 1997) were used to overexpress rhol™
to rho5™", cdc42*, and rgf3*. All GTPases of the Rho family were tagged with
two HA epitopes at the 5" end (Calonge et al., 2003). The rho overexpression
plasmids were kindly provided by P. Perez and P. M. Coll (Instituto de
Microbiologia Bioquimica, Salamanca, Spain). pAL-bgs1*, pAL-bgs2*, pAL-
bgs3™*, and pAL-bgs4* multicopy plasmids were used to overexpress the B-GS
catalytic subunits, each with their own promoter. pAL-bgs1™ was kindly
provided by J. C. Cortes and J. C. Ribas (Cortes et al., 2002). pAL-bgs2™",
pAL-bgs3* and pAL-bgs4* have been described previously (Martin et al.,
2000, 2003; Cortes et al., 2005). To overexpress rgfl*, an Xhol-Smal fragment
containing the rgfl1* gene tagged with the HA epitope from plasmid pGR46
was ligated into the Xhol-Smal sites of plasmid pREP41X (pGR57) and
PREP3X (pGR58). pGR33 is pREP3X with an Xhol-Smal fragment containing
the rgfI* ORF without the HA tag.

Rgf1 Deletion

The rgfl::his3 disruption construct was obtained in a two-step process. The
3'-flanking region (nt 4004-5350) was obtained by PCR, inserting Sall and
Apal sites into the same sites of the SK-his3* vector to yield pVT16. Then, a
PCR fragment of the 5" end of rgfl* (nt —1490 to —62) carrying BamHI and
Notl sites at the ends was digested with BamHI, treated with Klenow, and
then digested with Notl and ligated into the Smal and Notl sites of pVT16 to
yield pVT2. Plasmid pVT2 was digested with Apal and Notl, and the linear
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Figure 1. Comparison of structural features of Rgfl, Rgf2, and
Rgf3 analyzed by the SMART program (Letunic et al., 2002; http://
smart.embl-heidelberg.de/). Domains are indicated: CNH, citron
homology domain; DH, Dbl homology domain conserved among
GEFs for Rho/Rac/Cdc42-like GTPases; PH, pleckstrin homology
domain; DEP, domain of unknown function present in signaling
proteins that contain PH, RasGEF, RhoGEF, RhoGAP, RGS, and
PDZ domains.

.

1 Rgf1p (1334 aa)

I [ Rgf2p (1158 aa)

DNA inserted was used to transform a diploid and a haploid strain (YS165
and YS64, respectively). Correct deletion of the rgfl" ORF was confirmed by
PCR analysis using the following oligonucleotides: M22 (5'-GTGTTCGCT-
AATTGCGC-3') into the his3* gene and R23-e (5'-CAAGGGTATGTG-
GTCTGG-3') downstream from the nt 5350 and therefore external to the
deletion cassette. A diploid strain heterozygous for the rgfl:his3* allele was
subjected to tetrad analysis. his* /his~ segregation in tetrads was regular,
indicating that rgfl* is not essential for vegetative growth. Gene replacement
was also confirmed by genomic Southern blotting of a tetrad (unpublished
data). To make the rgf1::kan disruption construct (pGR59), pVT2 was cut with
Sall and Spel (to eliminate the his3 marker) and replaced it by the kanMX6
gene from pFA6a-kanMX6, (Bahler ef al., 1998). Plasmid pGR59 was digested
with Apal and Notl and the linear DNA containing the cassette was used
transform a haploid strain (YS64). rgfl:kan® disruptants were selected as
Kanamicin-resistant and Caspofungin-hypersensitive. cdc25-2 rgfIA and
cdc10-129 rgflA mutants were obtained by genetic crosses; the offspring were
analyzed for cdc (ts phenotype) and for rgfIA kanamicin resistance and
Caspofungin hypersensitivity. cwg1-1 rgfl A mutants were obtained by genetic
cross of cwgI-1 (JCR132) and rgflA (PG76) strains and selected from tetrads
where NPD (nonparental ditypes) were produced.

Immunoprecipitation

Rhol-GST (in pREP-KZ; a gift from P. Perez and P. M. Coll; Calonge et al.,
2003) and pREP41X-rgflHA (pGR57) were used to cotransform leu1-32
ura4D18 S. pombe cells and protein expression was induced by growing the
cells in the absence of thiamine for 18 h. Extracts from 2 X 108 cells expressing
GST-Rholp/Rgflp-HA, GST/Rgflp-HA, and GST-Rholp/Rgflp were ob-
tained using 200 ul of lysis buffer (50 mM Tris, pH 7.5, 2 mM EDTA, 137 mM
NaCl, 0.5% NP-40, 10% glycerol containing 100 uM p-amino-phenyl meth-
anesulfonyl fluoride, leupeptin, and aprotinin). The beads were washed four
times with lysis buffer and then resuspended in sample buffer and subjected
to 7.5% SDS-PAGE. The separated proteins were transferred electrophoreti-
cally to an Immobilon-P membrane (Millipore, Bedford, MA) and blotted to
detect Rgflp-HA with 1:5000 diluted 12CA5 monoclonal antibody (mAb) as
primary antibody and the enhanced chemiluminescence detection kit (Amer-
sham Biosciences, Piscataway, NJ). Total Rgflp-HA levels were monitored in
whole cell extracts (50 ug of total protein) and used directly for Western blot.

Pulldown Assay for GTP-bound Rho Proteins

The expression vector pGEX-C21RBD (rhotekin-binding domain; Reid ef al.,
1996) was used to transform Escherichia coli cells. The fusion protein was
produced according to the manufacturer’s instructions and immobilized on
glutathione-Sepharose 4B beads (Amersham). After incubation, the beads
were washed several times, and the bound proteins were analyzed by SDS-
PAGE and stained with Coomassie. The amount of GTP-bound Rho proteins
was analyzed using the Rho-GTP pulldown assay modified from Ren et al.
(1999). Briefly, wild-type, rgfl "-overexpressing, and rgfIA mutant cells were
transformed with either pREP3X-HArhol" or pREP3X-HArho4* and grown
for 18 h in minimal medium without thiamine. Extracts from 10° cells were
obtained as described previously (Arellano et al., 1997), using 500 ul of lysis
buffer (50 mM Tris, pH 7.5, 20 mM NaCl, 0.5% NP-40, 10% glycerol, 0.1 uM
dithiothreitol, 1 mM NaF, 2 mM MgCl,, containing 100 uM p-aminophenyl
methanesulfonyl fluoride, leupeptin, and aprotinin). GST-RBD fusion protein,
100 pg, coupled to glutathione-agarose beads was used to immunoprecipitate
1.5 mg of the cell lysates. The extracts were incubated with GST-RBD beads
for 2 h. The beads were washed with lysis buffer four times, and bound
proteins were blotted against 1:2000-diluted 12CA5 mAb as primary antibody
to detect HA-Rholp or HA-Rho4p. The total amounts of HA-Rholp or HA-
Rhodp levels were monitored in whole-cell extracts (10 ug of total protein),
which were used directly for Western blot and were developed with 12CA5
mAb. Immunodetection was accomplished using the ECL detection kit (Am-
ersham Biosciences).

1622

>

120
061 -t 100
£ 0~ rgfia =
S 04 2 %
] Z 60
. 1]
8 02 S 40
20
04 . :
0 5 10 15
wt f1A
Hours g
rgf1A, sorbitol

s 6%

Figure 2. Growth phenotypes of rgfIA null cells. (A) Left, growth
curves of rgfIA cells (VT14) and the corresponding isogenic wild-
type cells (HVP54). Log-phase cells grown at 28°C were diluted to
the same optical density and further grown in YES medium. Right,
percentage of colony forming units (cfu) of the mutant r¢gfIA com-
pared with that of the wild-type isogenic strain. Cells prepared as
above were diluted and counted, and the same number of cells were
plated on YES medium and incubated for 3 d at 28°C. (B) Morphol-
ogy of rgflA mutant. Differential interference contrast (DIC) micro-
graphs of S. pombe wild type (HVP54) and rgfIA (VT14) grown in
YES liquid medium at 28°C; in right panel, rgfIA cells were grown
in the presence of 1.2 M sorbitol for 6 h. (C) r¢gfIA mutant cells are
hypersensitive to Caspofungin (Csp). Equal number of wild-type
and r¢fIA cells were diluted and (4 X 10%,2 X 10% 2 X 102, and 2 X
10" cells, respectively) were spotted onto YES plates with or without
0.1 ug/ml Csp (CANCIDAS). Colony formation was analyzed fol-
lowing 2-3 d of incubation at 28°C.

Cell Wall Analyses

Enzyme preparations and GS assays were performed basically as described
previously (Martin ef al., 2000). Cell extracts were obtained from early log-
phase cells grown in MM as indicated for each case. Standard GS assays
contained 15-25 pg protein of enzyme extract (3-5 mg protein/ml) in a total
volume of 40 ul and the reaction was incubated at 30°C for 60-90 min. All
reactions were carried out in duplicate and the values were calculated from
three independent cell cultures. One unit of activity was measured as the
amount that catalyzes the incorporation of 1 umol of substrate (UDP-p-
glucose) min~1 at 30°C.

Microscopy Techniques

The localization of Rgf1p-GFP, Crn1p-GFP, and Atb2p-GFP was visualized in
living cells. For Calcofluor staining, exponentially growing S. pombe cells were
harvested, washed once, and resuspended in water with Calcofluor (Cfw) at
a final concentration 20 wg/ml for 5 min at room temperature. After washing
with water, cells were observed under a DMRXA microscope (Leica, Wetzlar,
Germany). Actin staining was performed using AlexaFluor 488-phalloidin
(Molecular Probes, Eugene, OR).

Molecular Biology of the Cell
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Figure 3. Rgflp is required for bipolar growth. (A) Actin organization in rgf1A cells. Left, early-log phase cells rgf1*crn1*-GFP (JCR962) and
rgflIA crn1*-GFP (PG92) grown in YES liquid medium at 28°C were collected and visualized for Calcofluor (Cfw) staining and GFP
(actin-associated Crnlp) fluorescence. Cfw was added at 20 ug/ml, followed by immediate examination of the cells. Note that compared with
the wild type, in the rgfIA mutant the actin patches often have a more monopolar distribution. The graphic represents the percentages of
monopolar and bipolar actin growth patterns in r¢f1™ (JCR962, n = 203) and rgfI1A cells (PG92, n = 226) as examined by actin staining. Bottom
right, r¢fIA cells were fixed and stained with AlexaFluor-conjugated phalloidin to stain F-actin structures. Actin cables and patches are
indicated. (B) cdc10-129 (MS168) and cdc10-129 rgfl1A (PG88) grown at 25°C to ODgy, 0.15, shifted to 37°C for 4 h, and then grown at 25°C for
330 min. Aliquots of cells were harvested before and every 30 min after the shift to 25°C. The graphics (on the left) represents the percentage
of bipolar cells ([J) and septa (M) at each time point. On the right the percentage of lysed cells at each time point is represented.
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RESULTS

Identification of rgfl*

We originally isolated rgfI* from the S. pombe cosmid
SPCC645. In the process of cloning the gene affected in the
ehs2-1 mutation (for Echinocandin hypersensitive) we found
two ORFs: 1gf1* (SPCC645.07C) and rgf3* (SPCC645.06¢). Both
genes lay consecutive with divergent promoters and coded for
proteins containing a Rho-GEF domain (the acronym rgf stands
for RhoGEF). r¢f3" is the gene affected in the elis2-1 mutant,
whereas rgfl* partially suppresses hypersensitivity to Cal-
cofluor (Cfw) and Echinocandin (Ech) but does not rescue lysis
at 37°C in the ehs2-1 mutant (Tajadura et al., 2004).

The rgfl* gene encodes a protein of 1334 amino acids,
with a predicted molecular size of ~150.1 kDa. Structural
analysis of Rgflp revealed that it contains the putative Dbl
homology domain (DH; amino acid residues: aa 625-807)
and a pleckstrin homology domain (PH; aa 844-973) adjacent
to the DH domain characteristic of most Rho-GEFs. The
DH-PH tandem is responsible for the activation of Rho-
family GTPases in response to diverse extracellular stimuli
(reviewed in Gulli and Peter, 2001; Rossman et al., 2005). A
DEP (Dishevelled, Egl-10, and Pleckstrin) domain (aa 424-
497) and a CNH (Citron and NIK1-like kinase homology
domain; aa 997-1293) were also found. Their function is not
clear, but in most cases they act as regulatory domains
involved in macromolecular interactions (http://www.
genedb. org/genedb/pombe/index.jsp; Figure 1). There are
seven genes that encode a putative Rho GEF domain in S.
pombe (Coll et al., 2003; Hirota et al., 2003; Iwaki et al., 2003;
Tajadura et al., 2004); among them, the closest homolog to
rgfl* is rgf2*. A computer search of the deduced amino acid
sequence showed that the identity percentage observed be-
tween Rgflp and Rgf2p was ~39.4% and this rose to 63.4%
upon comparing the GEF domains, whereas the identity
between Rgflp and Rgf3p (whole proteins) was 16 and
22.6% in the GEF domain.

rgf1A Null Cells Show Defects in Cell Integrity Similar
to the Depletion of Rholp

To characterize the relationship between Rgfl and Rho pro-
teins, we carried out a series of experiments to determine
whether Rgflp was acting upstream from any of the Rho
proteins. First, we created a strain defective in #¢f1 by replacing
the rgfl ORF with the his3* marker, as detailed in Materials and
Methods. The resulting strain, rgfIA, showed a slow growth
pattern at 28°C (Figure 2A), and the viability of the rgfIA cells
was 55% compared with the wild-type isogenic strain. Curi-
ously, the growth defect was less severe when rgfIA cells were
grown at 37°C (unpublished data). We observed the morphol-
ogy in the 25-28 to 32°C temperature range and found that
regardless of the growth temperature 30-35% of the cells were
lysed, whereas the rest of the cells exhibited the wild-type
morphology (Figure 2B). The lysed cell phenotype of the rgfIA

Figure 3 (cont). Micrographs show Cfw stained cdc10-129 and
cdc10-129 rgflA cells 60 min after the shift to 25°C. (C) cdc25-22
(NG669) and cdc25-22 rgfl1A (PG43) cells grown at 25°C to an ODyg,
0.15, shifted to 37°C for 4 h, and then grown at 25°C for 300 min.
Aliquots of cells were harvested before and every 20 min after the
shift to 25°C. On the left, micrographs showing cdc25-22 and
cdc25-22 rgflIA cells 100 min (top panels) and 200 min (bottom
panels) after the shift to 25°C. The graphic on the right represents
the percentage of lysis of cdc25-22-synchronized cells ((J) or cdc25-22
rgfl1A-synchronized cells (M) at each time point. The septation index
of cdc25-22 rgflA cells is shown by the dashed line (- --).
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cells was similar to that observed in the ehs2-1 mutant (affected
in the r¢f3* gene; Tajadura et al., 2004) and in cells depleted for
Rholp (Arellano et al., 1997). The same phenotype has also
been reported in cells expressing the RholT20N dominant-
negative mutant (Nakano ef al., 1997). Lysis of the r¢gfIA mu-
tants cells was suppressed by the addition of 1.2 M sorbitol
(Figure 2B). These phenotypes prompted us to investigate
whether the mutants had a defect in cell wall architecture. We
examined the sensitivity of rgfIA null mutants to different
concentrations of Csp (CANCIDAS, Merck), a lipopeptide an-
tibiotic that inhibits 5(1,3)-glucan biosynthesis (Deresinski and
Stevens, 2003). As shown in Figure 2C, rgfIA cells were unable
to grow on plates supplemented with Csp (0.1 pg/ml),
whereas the wild-type cells were able to withstand concentra-
tions of up to 5 ug/ml (unpublished data). These results sug-
gest that the rgfl null mutant cells lose their integrity, probably
because of defects in cell wall biosynthesis.

The rgfl Mutation Causes Defect in Bipolar Growth

Activation of Rho-family GTPases leads to the assembly of
contractile actin-myosin filaments (Jaffe and Hall, 2005). In
fission yeast, actin is organized as longitudinal F-actin cables
and cortical F-actin patches at the growing ends of inter-
phase cells, where the cell wall is newly synthesized (Marks
and Hyams, 1985). To determine whether Rgflp plays a role
in any of these events, we used Crnlp-GFP (coronin), a
marker for actin patches (Pelham and Chang, 2001), and
Atb2p-GFP (alpha-tubulin 2) for microtubule observation
(Ding et al., 1998). As shown in Figure 3A, the r¢f] mutants
showed a defect in actin organization in that they organized
actin patches mostly at one end of the cell only (Figure 3A,
photos and graphic). This cell end corresponded to the
growing end in these monopolar cells as also assessed by
Calcofluor staining. Actin organization at the cell division
site and F-actin cable formation was not affected in rgfIA
cells (Figure 3A). We also failed to detect any significant
interphase MTs defects (unpublished data).

We next investigated the behavior of rgfIA cells in the G2
phase of growth and wondered whether the lysed cell phe-
notype of rgfIA null mutants was due to a defect in tip
elongation. To this end, we constructed the double mutant
cdc10-129 rgf1A (see Materials and Methods) and synchronized
cells in G1 by arrest at 37°C. The areas in which new cell wall
deposition, and hence growth, was occurring were visual-
ized using the fluorescent dye Calcofluor white (Cfw).
Eighty minutes after being shifted to the permissive temper-
ature 55% of cdc10-129 cells displayed bipolar growth,
whereas only 4% of cdc10-129 rgfIA cells were bipolar (Fig-
ure 3B). At 150 min after shifting, only 14% cdc10-129 rgf1A
cells were bipolar. However in both strains, septation started
and proceeded almost at the same time (Figure 3B, bipolar
and septa plots). In this situation, the percentage of lysis in
the cdc10-129 rgfIA mutant remained high (45-30%) during
the first part of the time course, when bipolar growth takes
place, and declined slightly in septating cells (25-15%; Fig-
ure 3B). In sum, rgf1A cells showed a defect in the activation
of bipolar growth that coincided with the highest percentage
of lysis.

To examine septation in rgfIA cells, we constructed the
double mutant cdc25-22 rgfIA and synchronized cells in G2
by cdc25-22 arrest at 37°C. Cells were grown at 25°C to log
phase, changed to 37°C for 4 h, and then returned to 25°C.
Aliquots were taken at different times to count cells with
septa and lysed cells. On shifting the cells to the permissive
temperature, septation was initiated at the same time in
cdc25-22 and cdc25-22 rgfIA cells. However, the second
round of septation was slightly ahead in the rgfIA strain

Molecular Biology of the Cell



Figure 4. Rgflp acts as a positive regulator A
of Rholp. (A and B) The Caspofungin-hyper-
sensitive growth phenotype of r¢gflA mutants
is suppressed by overexpression of rhol™.
HVP54 (rgf1*) was transformed with pREP3X

thiamine, MM plus 2 pg/ml Caspofungin rhod
(Csp), and MM plus thiamine and 2 pg/ml

Csp plates as serial dilutions (4 X 10* cells in

the left row and then 2 X 10* cells and 2 X 10?

in each subsequent spot) and incubated at

28°C for 3 d. (B) HVP54 (r¢f1*) was trans- |B
formed with pAL (empty vector) and VT14
(rgflA) was transformed with pAL-rhol
(rhol*) and pAL (empty vector). Serial dilu- wt
tions of the transformant cultures were spot-

ted onto MM and MM plus 2 pg/ml Csp rgfiA
(from left to right4 X 10%,2 X 10%,2 X 10%,2 X rgf1A+
102, 2 X 10) and incubated as above. (C) De- pALrho
letion of 7gf1* suppresses the growth defect in
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cdc42
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rgalA cells. Wild-type (wt) (PG75-4c), rgf1A (PG76-5a), rgalA (PG74-2b), and rgflrgalA (PG73-1c) segregants were streaked onto YES medium
and incubated at 28°C for 3 d. rgflrgalA, but not rgalA, cells grew as wild-type cells. DIC (differential interference contrast) images of (wt)
(PG75-4c¢), rgalA (PG74-2b), rgflrgalA (PG73-1c)—from micromanipulation plates—grown in YES liquid medium at 28°C for 8 h are shown

in the bottom panel.

(unpublished data). The appearance and number of septa
were similar in both strains (Figure 3C, top panels). This
result suggested that septum formation and cell separation
proceeded normally in the absence of Rgflp. However, re-
garding cell lysis we found a peak of broken cells in the
cdc25-22 rgfIA strain just before the second round of septa-
tion, corresponding to cells in the G2 phase (Figure 3C,
lower panels and graph). Thus, rgfIA cells display several
phenotypes that are consistent with a role of Rgflp in actin
reorganization during activation of bipolar growth, one of
the major changes in polarized growth during the S. pombe
morphogenetic cycle.

Rgf1p Acts as a Positive Regulator of Rholp

If rgf1* functions as a regulator of rhol™, it could be ex-
pected that overexpression of rhol* would partially sup-
press the hypersensitivity to Csp as well as the lytic growth
phenotype of the r¢fl null mutant. The VT14 strain (rgf1A,
leu1-32) was transformed with plasmids bearing rhol™,
rho2*, rho3", rho4™, rho5", and cdc42* under the control of
the nmtl promoter or with an empty vector (pREP3X) as a
control. As shown in Figure 4A, the Csp hypersensitivity of
the r¢fIA mutant was suppressed by rhol™ in minimal me-
dium without thiamine (promoter on). In minimal medium
with thiamine (promoter off), no suppression was observed.
None of the other genes was able to suppress the hypersen-
sitivity of rgf1A; this being consistent with the idea that rgf1*
could act in the same pathway as rhol™* (Figure 4A). Over-
expression of rho2* in wild-type cells is lethal (Hirata ef al.,
1998), whereas overexpression of rhol* alone rendered the
wild-type cells more sensitive to Papulacandin B (Arellano
et al., 1996). To avoid problems related to overexpression, we
repeated the complementation experiment with the GTPases
driven by the 41nmt promoter (medium level). In this situ-
ation rhol™ and rho2* constructs produced cells that exhib-
ited wild-type morphology, however, except for rhol™, no
complementation of the hypersensitivity to Csp was found
either (unpublished data). Cells that overexpressed rhol™
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from a multicopy plasmid, under the control of its own
promoter behaved as wild-type cells regarding growth ei-
ther with or without Csp (unpublished data). Interestingly,
this construct, fully suppressed the r¢gfIA mutant hypersen-
sitivity to Csp (Figure 4B) and cell lysis.

To gain further evidence that Rgflp was a GEF for Rholp,
we tested whether an r¢fl null mutation was able to coun-
teract a mutation in Rgalp, a protein with GAP activity
toward Rholp and hence a negative regulator (Nakano et al.,
2001). Lack of Rgalp produces small colonies and the cells
show a swollen, multiseptated or branched shape; a pheno-
type similar to that seen in cells in which Rholp is exces-
sively activated (Figure 4C; Nakano ef al., 2001). We replaced
the rgf1*™ gene with the his3* marker in a diploid strain,
rgalA/rgal™, and the rgflA, rgalA, rgflrgalA segregants
from 16 tetrads were analyzed. We found that the
rgf1ArgalA cells formed regularly sized colonies, like rgfIA
cells (unpublished data). When rgfIA, rgalA, rgflArgalA
strains (respectively) were streaked out on rich medium
(YES) at 28°C, the rgalA cells were severely impaired for
growth, whereas rgfIArgalA exhibited a better growth pat-
tern and resembled rgfIA cells. The rounded and branched
shape seen in the rgalA mutant cells returned to the wild-
type morphology in the double mutant rgfIArgalA cells
(Figure 4C). Thus, rgfl™ and rgal™ indeed appear to antag-
onize each other, presumably acting on the same Rho-like
GTPase.

Rgf1 Associates with Rholp in S. pombe Cells and
Promotes the GDP-GTP Exchange

To examine whether there was a direct interaction between
Rgflp and Rholp in S. pombe cells, we performed coprecipi-
tation experiments. We coexpressed HA-epitope-tagged
Rgfl protein (Rgfl-HA) together with either GST-Rhol or
GST in S. pombe cells. Cells were lysed, and the supernatant
fractions of the lysates were incubated with glutathione-
Sepharose beads to isolate GST complexes, which were an-
alyzed by immunoblotting. As shown in Figure 5A,
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Figure 5. Rgflp is a specific Rhol-GEF. (A) Coprecipitation of
Rgflp and Rholp. Cell extracts from cells expressing, GST and
Rgflp-HA; GST-Rholp and Rgflp, and GST-Rholp and Rgflp-HA
were precipitated with glutathione beads and blotted against 122CA5
monoclonal anti-HA antibody (top). Western blot with anti-HA
antibody was performed on total extracts to visualize total
Rgflp-HA levels (bottom). (B) In vivo, the Rgflp level modulates
the amount of GTP-bound Rholp. Wild-type (YS64) cells expressing
PREP4X or pREP4X-rgf1, and rgflA (VT14) mutant cells were trans-
formed with either pREP3X-HA-rhol or pREP3X-HA-rho4. GTP-
Rholp or GTP-Rho2p were pulled down from the cell extracts with
GST-C21RBD and blotted against 12CA5, anti-HA mAb. Total HA-
Rholp and HA-Rho4p was visualized by Western blot. (C) Align-
ment of predicted amino acid sequence at the CR3 region of Rgflp
with the corresponding region of proteins with a Rho-GEF domain
found in S. pombe. Multiple sequence alignments were performed
using the ClustalW program. The amino acids deleted in the rgfI-
PTTRA mutant are marked with “black caps” over the predicted
amino-acid sequence of Rgflp. The proline (P) mutated in the rgf3
mutant (ehs2-1) is also highlighted and signaled by an arrow. As-
terisks indicate identical amino acids among all identified gene
products. (.) and (:) indicate well- and highly-conserved amino
acids, respectively.
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Rgfl-HA was found to be associated with GST-Rho1, but not
with GST.

To further investigate the possible role of Rgflp as a
Rholp activator, we analyzed the in vivo amount of GTP-
bound Rholp in cells with different amounts of Rgflp. rgfIA
mutant cells carrying the control plasmid pREP4X and wild-
type cells carrying either pREP4X or pREP4X-r¢fl* were
transformed with pREP3X-HA-rhol™". After induction of the
nmt1 promoter for 18 h, the amount of Rholp bound to GTP
was analyzed by precipitation with GST-C21RBD, the rho-
tekin-binding domain (which had previously been obtained
and purified from bacteria) and blotting with anti-HA anti-
body (Figure 5B). Western blots of whole extracts (25 ug
protein) showed that the total amount of Rholp was similar
in all three strains with different amounts of Rgflp (Figure
5B). The amount of active Rholp increased considerably in
the strain overexpressing Rgflp compared with the wild-
type strain. Moreover, only a minor amount of GTP-Rholp
was detected in the strain lacking Rgflp. As a control, we
also analyzed the amount of GTP-bound Rhodp in rgfIA,
wild-type, and cells overexpressing rgf1* (Figure 5B, bottom
panel). These cells were transformed with the plasmid
pREP3X-HA-rho4* and GTP-bound Rho4p was pulled
down from the extract by binding to GST-C12RBD. No
changes in the level of Rho4p bound to GTP were observed
among the three strains (Figure 5B). These results provide
evidence that Rgflp interacts with Rholp and acts as a
specific Rholp activator in S. pombe. To examine whether the
GEF domain was essential for Rgflp function, we created a
deletion mutant in the RhoGEF domain of Rgflp (rgfI-
PTTRA; Figure 5C). The DH domain contains three con-
served blocks of sequences that have previously been re-
ferred to as conserved regions 1-3, or CR1-3. These three
conserved regions form three long helices, Hla, H2b, and
HS, which pack together to form the core of the DH domain.
The four amino acids that were deleted in the rgfI-PTTRA
mutant (proline-threonine-threonine-arginine, PTTR) have
been predicted to be located on helix H8 (CR3), which is the
most highly conserved region of the DH domain and where
many mutations that decrease nucleotide exchange activity
map (Liu ef al., 1998; Soisson et al., 1998). Moreover, a single
change from a proline to a serine in that conserved region of
Rgf3p is responsible for the thermosensitive lytic phenotype
in the ehs2-1 mutant (Tajadura ef al., 2004). We found that the
rgfl-PTTRA mutant integrated in a single copy in rgflIA
strain maintained the lytic and the Csp-hypersensitive phe-
notype of the rgfIA null mutants, thus supporting the hy-
pothesis that Rgflp acts as a GEF.

rgf1* Overexpression Causes Aberrant Morphology and
Increases PB(1,3)-glucan Synthase Activity

It has previously been reported that overexpression of rhol™*
or constitutively active rhol mutants from the strong nmtl
promoter causes an aberrant morphology in S. pombe cells
(Arellano et al., 1996; Nakano et al., 1997). If rgfl* functions
as a positive regulator of Rholp, overexpression of rgfl™
would be expected to produce phenotypes similar to that of
Rhol-overexpressing cells. The rgfl " gene was cloned under
the thiamine-repressible nmt1 promoter in the pREP3X vec-
tor. When thiamine was eliminated to enhance rgfI™* expres-
sion, the cells were unable to grow on plates (unpublished
data). After 18 h of induction, cells were larger than the
wild-type, round, or misshapen, with abnormal septa. These
cells also showed a general increase in Cfw fluorescence,
some containing aberrant depositions of Cfw-stainable ma-
terial (see cells marked with an arrow and enlarged cells in
Figure 6A).
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Figure 6. Phenotypes of Rgflp overexpression (OP). (A) Overex-
pression of rgfl* causes cell growth arrest and an abnormal accu-
mulation of cell wall material. DIC and Calcofluor-stained UV mi-
crographs of wild-type cells transformed with pREP3X (empty
plasmid) or pREP3X-rg¢fl (Rgf1-OP) grown without thiamine for
18 h. (B) In vitro glucan synthase (GS) activity assayed with the
membrane fraction of wild-type cells (HVP54) transformed with
PREP3X (empty plasmid), pREP3X-rgfl (Rgfl-OP), pREP3X-rhol
(Rho1-OP), or both pREP4X-r¢fl and pREP3X-rhol (Rgfl-OP and
Rho1-OP). Extracts were prepared from cells grown in MM without
thiamine at 32°C for 18 h. Specific activity is expressed as milliunits
mg~! protein. Values are means of at least three independent ex-
periments with duplicated samples, and error bars represent SDs.

As expected, GS activity increased during rgfl™ overex-
pression. This activity was fourfold higher than that ob-
served in the wild-type strain (Figure 6B). To corroborate
these results, we also studied the activity in cells that over-
expressed rhol* and rgfl* at the same time (transformed
with pREP3X-rhol and pREP4X-r¢f1 plasmid). As described
previously, cells overexpressing rhol* showed an increase
in GS activity (Figure 6B; Arellano ef al., 1996). This increase
was considerably (10-fold) higher in cells that overexpressed
rgfl* at the same time (Figure 6B). These results clearly
indicate that Rgflp is involved in the regulation of B(1,3)-
glucan biosynthesis.

Genetic Evidence that Rgflp Interacts Functionally

with Bgs4p and Pck1p

It is known that Rholp functions by activating B-glucan
biosynthesis, but the issues of which of the GS catalytic
subunits it activates, remain unclear. In a previous work, we
reported that a mutation in 7gf3* (ehs2-1 mutation) was
suppressed by bgs3*, one of the putative (1,3)-GS subunits.
Multiple copies of bgs3* complemented the hypersensitivity
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to Ech and Cfw but not the temperature-sensitive phenotype
(Martin et al., 2003). To define a possible relationship be-
tween Rgflp and known Rholp effectors, we first tested
whether overexpression of any of the B-GS subunits could
suppress the hypersensitive phenotype of the r¢fIA mutants.
The rgfl strain VT14 was transformed with the high-copy
number plasmids pAL-bgs1*, pAL-bgs2*, pAL-bgs3*, and
pAL-bgs4*, and transformants were monitored for growth
in Csp. As shown in Figure 7A, only a moderate expres-
sion of bgs4* restored growth of an rgfIA mutant in the
presence of the antifungal agent. We also examined the
consequences of overexpressing r¢f1* in cwgl-1 cells, which
hold a nonlethal thermosensitive mutation in the essential
bgs4™ gene (Cortes et al., 2005). When the cwg1-1 strain was
transformed with the rgfI* gene driven by the nmtl pro-
moter, neither the pREP3X-rgfl with thiamine (promoter off)
nor the same without thiamine (promoter on) suppressed
lysis at 37°C of cwgl-1 cells (unpublished data). In addition,
rgfIA cwgl-1 cells were phenotypically similar to cwgl-1
(bgs4) cells at 37°C (Figure 7B). This finding, combined with
the above observations, suggests that Rgflp specifically ac-
tivates the Rholp-Bgs4p GS complex.

Another target of Rholp in S. pombe are the PKC homo-
logues Pcklp and Pck2p; Both genes—pckl™ and pck2*—
share overlapping roles in cell viability and partially com-
plement each other (Toda et al., 1993); Pck2p also plays a role
in the regulation of the B(1,3)-GS membrane component
(Arellano et al., 1999b). Because overexpression of Rholp
suppresses hypersensitivity to Csp in rgfIA mutants, we
asked ourselves whether the overexpression of either Pcklp
or Pck2p might function in a similar way. The r¢fIA strain
VT14 was transformed with the high-copy number plasmids
pDB248-pckl*and pDB248-pck2* (Toda et al., 1993), and
transformants were monitored for growth on Csp. As shown
in Figure 7C, only a moderate expression of pckl™ restored
growth of an r¢fIA mutant in the presence of the antifungal
agent.

Rgflp Localizes to One or Both Poles during Cell

Growth and to the Contractile Ring and Septum

during Cytokinesis

To determine the subcellular localization of Rgflp, the cod-
ing sequence of the green fluorescence protein (GFP) was
fused in-frame before the rgfl* stop codon. The GFP-rgf1*
rgfIA strain (GFP at amino acid 1334, integrated in single
copy, with its own promoter and in the absence of original
rgfl* gene) completely restored the wild-type phenotype to
rgfIA mutant cells. The cells were visualized using GFP
fluorescence in order to detect Rgflp and by Cfw staining.
Rgflp was found to localize to the growing ends and septum
along the mitotic cycle, overlapping with Cfw staining (Fig-
ure 8A). When cell growth began, Rgflp accumulated at the
old growing end. During bipolar growth, Rgflp also local-
ized to the opposite pole. Finally, the GFP disappeared from
both poles and localized only to the middle of the cell,
concentrating as two faint dots on either side of the emerg-
ing septum. The GFP then moved to the inner border of the
growing septum, forming a ring that moved centripetally
with the edge of the growing septum (Figure 8B). After the
septum wall had been completed, the GFP appeared in two
separate bands (unpublished data). During cell division,
Rgflp remained on both sides of the septum until the two
daughter cells were ready to separate or had already done
so. To confirm these observations, confocal microscopy was
used. The results of the 3-D reconstruction of the green
fluorescence indicated that during septum formation Rgflp-
GFP was localized to a platelike structure; fluorescence was
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Figure 7. The Caspofungin-hypersensitive growth phenotype of
rgflA mutants is suppressed by overexpression of bgs4" and pckl*.
(A) HVP54 (rgf1*) was transformed with pAL (empty vector) and
VT14 (r¢f1A) was transformed with pAL (empty vector), pAL-bgs4
(bgs4™), pAL-bgs3 (bgs3™), pAL-bgs2 (bgs2™), and pAL-bgs1 (bgs1™).
Transformants were spotted onto MM and MM plus 2 ug/ml Csp
plates as serial dilutions (8 X 10* cells in the left row and then 4 X
104, 2 X 10% 2 X 103, 2 X 10% and 2 X 10! in each subsequent spot)
and incubated at 28°C for 3 d. (B) PG76 (rgf1A), JCR132 (cwg1-1), and
PG82 (rgf1A cwgl-1) cells derived from a cross between strains PG76
(rgf1A) and JCR132 (cwgl-1) were grown to log phase in rich me-
dium at 28°C, shifted for 4 h to 37°C, and then visualized under
differential interference contrast (DIC) microscopy. The relevant
genotype of each strain is indicated at top of each panel. (C) HVP54
(rgf1*) was transformed with pDB248 (empty vector) and VT14
(rgf1A) was transformed with pDB248 (empty vector), pDB248-pck1
(pck1™), and pDB248-pck2 (pck2*). Transformants were spotted onto
MM and MM plus 2 ug/ml Casp plates and processed as in A.

ring-shaped in the first stages, and as the ring was closing
the fluorescence remained behind the edge and ended up
distributed as a division plate (Figure 8C).

Rgflp localized to growing areas (septum and poles) and
played an important function during bipolar growth; Rgf3p
localizes and functions specifically during cytokinesis (Taja-
dura et al., 2004). We therefore investigated whether the role
of Rgflp in the regulation of Rholp was overlapping that of
Rgf3p. Previous work had shown that moderate expression
of rgfl* did not suppress lysis at 37°C of the rgf3 mutant
(ehs2-1; Tajadura et al., 2004). We wondered if the opposite
was also true; whether overexpression of rgf3"* was able to
suppress the hypersensitive phenotype or the lysis of the
rgflA strain. rgf3™*, driven either by its own promoter or by
the nmtl promoter, was not able to suppress the hypersen-
sitivity in the presence of Csp nor the lysis of rgfIA cells.
Moreover, disruption of rgfl* in an rgf3 mutant (ehs2-1)
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produced viable cells at 28°C but not at 37°C, the tempera-
ture at which both mutants were able to grow on plates
(unpublished data). These result support the hypothesis that
Rgflp and Rgf3p are not functionally interchangeable. Pre-
vious studies (Iwaki et al., 2003; Tajadura et al., 2004) and our
own results suggest that both Rgf3p and Rgflp are GEFs of
Rholp. The experiments reported here indicate that Rgflp
activates a Rholp pathway (Rholp-Bgs4p) other than that
activated by Rgf3p.

DISCUSSION

Guanine nucleotide exchange factors (GEFs) are directly
responsible for the activation of Rho-family GTPases in re-
sponse to diverse stimuli and ultimately regulate many cel-
lular responses such as proliferation, differentiation, and
movement (Rossman et al., 2005). Seven Rho-GEFs belong-
ing to the Dbl family of proteins have been identified in S.
pombe (Iwaki et al., 2003). Here we studied the Rho-GEF,
designated Rgfl, which like other Rho-GEFs contains the
DH-PH tandem motifs required to activate Rho proteins
(Schmidt and Hall, 2002).

Here we have shown that Rgflp is likely to be a GEF for
Rholp. rgfIA cells are defective in cell integrity and lyse with
a phenotype similar to cells devoid of Rhol or Pckl/2 ac-
tivity. Moreover, mutants lacking rgfl display a defect in
actin organization and in B-glucan biosynthesis. The fact
that both processes are controlled by Rholp suggests that
the main function of Rgflp would be to regulate this GT-
Pase. Consistent with this idea, the hypersensitivity to Csp
and the lytic phenotype were suppressed by overexpression
of rhol* but not other rho genes. Additionally, we provide
genetic and biochemical evidence to support the view that
Rgflp interacts functionally with and acts as a positive reg-
ulator of Rholp: 1) Deletion of rgfl* suppresses the slow
growth defect of a null mutant in the rgal* gene, encoding
a GTPase-activating protein for Rhol (Nakano et al., 2001).
This finding suggests that Rgfl may play a role antagonistic
to that of Rgalp GAP. 2) Rgflp specifically coprecipitated
with Rholp, and the level of Rgflp modulated the level of
GTP-Rholp in vivo. 3) Overexpression of rgfl* was lethal
and caused a phenotype similar to that of the constitutively
active allele Rho1G15V in wild-type S. pombe cells, whereas it
was not deleterious when overexpressed in a GTPase-defi-
cient Rholp strain (RholF85]; S. Rincén and P. Pérez, un-
published data). Furthermore, we found that the GEF do-
main of Rgflp was essential for its function; a deletion
mutation in a highly conserved region of the Rgflp-DH-
domain produced a lack of function phenotype. We also
found that a functional GEF domain was not necessary for
its localization, because the mutated protein tagged with
GFP localized correctly (unpublished data).

In S. pombe, Rholp signaling is required to maintain cell
integrity, regulating the biosynthesis of B(1,3)-glucan and
the cell wall in general, and it is also required for actin
polymerization. The experiments reported in this study in-
dicate that rgfl* is involved in the regulation of cell wall
biosynthesis. rgfIA mutant cells were unable to grow at
50-fold lower concentrations of the antifungal drug Csp than
wild-type cells and showed a lytic phenotype that could be
rescued by the presence of 1.2 M sorbitol. Cells that overex-
pressed rgfl* showed aberrant depositions of Cfw-stainable
material, accompanied by a GS activity that was 5-fold that
of wild-type cells. Furthermore, cells overexpressing rgfl™"
together with rhol™ showed a huge increase in GS activity
(approximately 7- to 10-fold) compared with the wild-type
level. Even without GTP added to the reaction, the GS
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Figure 8. Rgflp localizes to the growing re-
gions: one or both poles, the medial ring, and
the septum. (A) Rgflp-GFP localization at dif-
ferent stages of the cell cycle. Early log phase
cells containing the rgf1"-GFP fusion allele
were visualized for GFP fluorescence and Cfw
staining. Cfw was added at 20 ug/ml, fol-
lowed by immediate examination of the cells
(bottom panel). (B) Magmﬁcauon of Rgflp-
GFP localization to the medial ring and along
the plasma membrane during septum forma-
tion. The cells shown were chosen from
among a population of >50 dividing cells. (C)
Three-dimensional reconstruction of Rgflp lo-
calization. Cells containing the rgf1*-GFP fu-
sion allele observed under a confocal micro-
scope and z-sections of 0.3 mm were taken.
The image was reconstructed using LMS510
software.

activity of cells that overproduced rgfl* was 20 times higher
than in the wild type, indicating that an excess of Rgflp had
raised the intracellular pool of GTP-bound Rholp (already
activated). Furthermore, our results suggest that Rgflp
would activate the B-GS complex containing the catalytic
subunit Bgs4p. Rgflp, Rholp, and Bgs4p localize to growth
areas, the septum and the poles (Arellano et al., 1997; Cortes
et al., 2005). Individual mutants (in r¢fI* and bgs4*) showed
similar cell wall-related phenotypes (lysis and hypersensi-
tivity to antifungal drugs), and the double mutant rgfIA
cwgl-1 was very similar to bgs4 (cwgl-1) single mutant.
Moreover, overexpression of bgs4* suppressed the rgflA
hypersensitive phenotype.

The interaction observed between Rgflp and Pcklp is
more intriguing because the role of Pcklp in cell wall integ-
rity remains to be established. The patterns of cell wall
regulation by Pcklp and Pck2p seem to be different. pck14,
but not pck2A, cells are hypersensitive to Ech and additional
copies of Pck2p cannot suppress this phenotype (Arellano
et al., 1999b), suggesting that in the absence of Pcklp the
genes specifically involved in protection against antifungal
drugs cannot be turned on. The fact that multiple copies of
pckl™ (with its own promoter) are able to suppress Csp
hypersensitivity in rgfIA mutants is in agreement with the
notion of Pcklp kinase being an effector of Rholp and sug-
gests that Pcklp would be necessary for the activation of
genes (probably bgs4* or other GS) in response to signaling
after cell wall damage. In fact, mild overexpression of either
bgs4™ (our unpublished observations), bgs1™* or bgs2* (Arel-
lano et al., 1999b) was able to suppress the hypersensitive
phenotype of pck1A mutants.

Activation of Rho family GTPases leads to the assembly of
contractile actin:myosin filaments (Jaffe and Hall, 2005). In S.
pombe, actin patch disassembly is one of the effects of Rholp
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depletion. Interestingly, rgfIA cells showed a defect in the
actin reorganization required for the transition from mo-
nopolar to bipolar growth. Among the genes required for
NETO, teal™ plays a critical function; the most penetrant
phenotype of tealA mutants is their failure to initiate growth
at the new cell tip, such that these cells only grow in a
monopolar manner (Verde et al., 1995, Mata and Nurse,
1997). Tealp has been found to form a large protein com-
plex; during NETO, the tealp-complex at the cortex interacts
with formins (and probably other polarity factors), trigger-
ing actin cable assembly and polarized cell growth (Martin
et al., 2005). In a tealA mutant, Rgflp was not maintained at
one of the new cell ends, and the cells did not grow at that
end (unpublished data). Rgflp may function downstream
from Tealp, because Tealp is required to recruit Rgflp to a
new end. The identification of proteins that directly interact
with Rgflp will be necessary to understand how Rholp
participates in the transition in which monopolar cells initi-
ate bipolar growth.

Mutants defective in monopolar growth, tealA, tea4A, and
bud6A, grew at wild-type rates. However, a novel aspect of
the rgfIA mutants is that their failure to initiate bipolar
growth was accompanied by cell lysis. In a cdc10-129 rgfIA
mutant, which at the restrictive temperature arrested in G1,
before the activation of bipolar growth, 45% of the cells
lysed 30 min after release from the restrictive temperature,
whereas in a cdc25-22 rgfIA mutant, which at high temper-
ature arrested in G2 with both ends growing, the highest
percentage of lysis (55%) after release was seen after the first
round of septation, coinciding in time with bipolar growth
activation. Our current model is that activation of Rholp,
and in consequence B-GS activation, during bipolar growth
is not achieved properly in rgfIA mutants, producing cell
wall weakness. To our knowledge, r¢f1* is the first gene that
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has been implicated in cell wall biogenesis and NETO and
might well provide a link between these two processes.

Rgflp is the second exchange factor identified for Rholp.
Why does Rholp have multiple GEFs? A similar situation
has been described for mammalian cells, where the number
of Rho-GEFs (~69 members) exceeds the number of Rho-
type GTPases (so far 22 members; Rossman et al., 2005). An
attractive hypothesis is that the GEF could determine the
downstream signaling specificity of Rho GTPases. This has
been suggested for Ras signaling in fission yeast, where two
GEFs, Ste6p and Efc25p, differentially regulate two Ras path-
ways (Papadaki ef al., 2002). In agreement with such a hy-
pothesis, we propose that Rgflp would specifically activate
the Rho1-GS complex during the transition from monopolar
to bipolar growth, whereas Rgf3p, the former Rhol-GEF,
would accumulate at the contractile ring, probably activat-
ing the Rho functions that coordinate cell-wall biosynthesis
to maintain cell integrity during septation (Tajadura ef al.,
2004). Moreover, our results suggest that Rho1-GEFs, Rgflp
and Rgf3p, are not functionally interchangeable; each single
rgflA and ehs2-1 mutant was able to grow on plates at 37°C,
whereas the double rgfIA ehs2-1 mutant was not.

In conclusion, here we provide evidence that Rgflp is a
new Rhol-GEF that participates in the regulation of bipolar
growth and we propose that Rgf1p may coordinate a growth
polarity transition with cell wall biosynthesis to prevent
losses of cell integrity and allow cell expansion.
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CAPITULO IT

La proteina Rgflp participa en el establecimiento del

crecimiento bipolar en S. pombe







En el capitulo anterior de esta memoria
describimos la funcion de Rgflp en el establecimiento
del crecimiento bipolar durante NETO. Nuestros
resultados sugieren que Rgflp participa en la
coordinacion entre el crecimiento polarizado y la
sintesis de la pared celular. Cuando falta Rgflp no se
produce crecimiento bipolar en un gran porcentaje de
células, por lo que en esas condiciones las células
podrian ser mas susceptibles a la lisis y perder la
integridad.

Para estudiar con mas detalle la participacion de
Rgflp en este proceso, realizamos una serie de
experimentos que se recogen en este segundo capitulo.

2.1. Patrén de crecimiento de las células rgflA

El Calcofluor-white se une preferentemente a
los lugares de crecimiento activo de la célula, por lo
que lo utilizamos normalmente para saber por donde
crecen las células en un momento determinado del
ciclo. En el caso del mutante rgflA la tincién con
Calcoflior muestra un 80% de células monopolares,
pero no nos permite saber cual de los dos polos de la
célula esté inactivo, si es el antiguo que ya estaba en la
célula madre, o es el nuevo que acaba de formarse en
el momento de la division. Para conocer el patron de
crecimiento de las células rgflA, realizamos un ensayo
de “time lapse”, que consiste en fotografiar las células
secuencialmente con un microscopio Optico cada cierto
tiempo, de forma que se puedan superponer las
imagenes obtenidas y ver el crecimiento. Hicimos
fotos cada 5 min. durante 2-4 horas y observamos que
en la cepa silvestre el 85% de las células crecen
primero sélo por el polo viejo y después activan el
polo nuevo (crecimiento bipolar). El otro 15% no
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activa el polo nuevo en ningin momento (Figura 14).

En la cepa rgflA, las dos células hijas
resultantes después de la division solo crecen por el
polo viejo y nunca activan el crecimiento del polo
nuevo (66% en n=50 células). Este resulto ser el patron
mayoritario, sin embargo, en otro grupo de células
(23%), una de ellas crecia por el polo antiguo, mientras
que la otra lo hacia por el nuevo (Figura 14). Este tipo
de crecimiento aberrante también se ha observado en
otros mutantes afectados en NETO, como tealA, bud6
Ay for3A (Chang and Verde, 2004). En el caso de
bud6A la mayoria de las células muestran un patron de
crecimiento similar al de rgflA, ya que crecen s6lo por
el polo antiguo. Sin embargo, en los mutantes tealA de
las dos células hijas una crece por el polo viejo y la
otra por el nuevo. Ademds, existe un tercer patron
aberrante observado en el mutante nulo for3A, en el
que una de las células resultantes después de la
division crece sélo por el polo viejo, mientras que la
otra presenta un crecimiento bipolar desde el principio
(Chang and Verde, 2004).

2.2. La localizacion de Rgflp en los polos
depende de la actina

Como ya vimos en el Capitulo I, Rgflp se
localiza en el septo y en los polos celulares. Su
localizacién en los polos parece coincidir con la
existencia de crecimiento en esos lugares. Para
comprobarlo, utilizamos dos mutantes termosensibles
(cdc10-129 y cdc25-22) que a 37°C detienen su
crecimiento en G1 y G2, respectivamente.
Construimos cepas con cada una de estas mutaciones y
el gen rgfl® marcado con GFP (integrado en el
genoma) y observamos la localizacién de la proteina

bud6A

Figura 14:
foraa Patron de crecimiento de las
células rgflA. En la parte

G:) superior se muestran los

G .

esquemas de los patrones de
X_ _D crecimiento de la cepa silvestre

(wt) y de tres mutantes nulos

Cr> >
X i
2 X

&

D afectados en NETO, bud6A,

wt  85% 15% 0%
rgflA 0% 66% 23%

tealA y for3A La flecha roja
indica el crecimiento que se da
0% en primer lugar y la azul
secundariamente. En la parte
inferior se  detallan los
porcentajes de células que
presentan cada uno de los
patrones de crecimiento, en las
cepas wt y rgflA. También se
muestran dos imagenes
resultantes de la superposicion
de varias fotografias
secuenciales de células rgflA,
en las que se puede observar
los dos patrones de crecimiento
mayoritarios en este mutante.
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CAPITULO I

Latrunculina A

= | 25°C =

cdc10-129, Rgf1pGFP

cdc10-129, Rgf1pGFP + Lat A

Figura 15: La localizacion de Rgflp depende del
citoesqueleto de actina. Arriba, esquema del experimento.
Las células cdc10-129 con el gen rgf1* marcado con GFP, se
incubaron a 37°C durante 3 horas para detener su crecimiento
en G1, después se les afiadié Latrunculina A y se pasaron a
25°C. Abajo, fotografias de células sin tratar con
Latrunculina (izquierda) y después de 45 min del tratamiento
con la droga (derecha). En esta Gltima se puede apreciar que
la localizacién de Rgflp se ha perdido completamente.

Rgflp. En células cdcl10-129 a 37°C (crecimiento
parado en G1), vimos que Rgflp se localiza
exclusivamente en un polo, el que presenta
crecimiento. Sin embargo, en las células cdc25-22
detenidas en G2, Rgflp se observa en ambos polos, ya
gue ambos estan creciendo (datos no mostrados).

Nos preguntamos si la localizacion de Rgflp
depende del citoesqueleto de actina, y si éste es
necesario para que Rgflp se trasladase al polo nuevo.
Para ello, tratamos las células del mutante cdc10-129
(con Rgflp marcada con GFP) con Latrunculina A.
Esta droga secuestra los monémeros de actina, de
forma que podemos ver si existe alguna diferencia en
la localizacion de Rgflp, en presencia o ausencia de un
citoesqueleto de actina correctamente polimerizado.
Sincronizamos las células, incubandolas a 37°C
durante 3 horas (parada en G1), después afiadimos
Latrunculina A (50uM) y las incubamos a 25°C para
permitir que continuaran su ciclo de vida. En las
células sin tratar, Rgflp-GFP es bipolar después de 45
min. a 25°C. Sin embargo, en las células tratadas no
hay fluorescencia en el polo nuevo, y curiosamente la
localizacion de Rgflp en el polo antiguo desaparece
(Figura 15). También hemos visto que la localizacién
de Rgflp en el septo no depende tanto del
citoesqueleto de actina. En las células tratadas con
Latrunculina A (45 min.), la proteina Rgflp aln
permanece en el septo, aunque la fluorescencia que se
observa es menos intensa que en células sin tratar
(datos no mostrados). Estos resultados indican que la
localizacion de Rgflp en los polos depende del

citoesqueleto de actina, mientras que en la zona del
septo podria anclarse de forma diferente.

2.3. El crecimiento bipolar depende de la
actividad GEF de Rgflp

Como ya se ha descrito en el Capitulo | y se
demostrara con nuevas evidencias en el Capitulo I, la
actividad intercambiadora de nucledtidos de guanina
de Rgflp reside en su dominio DH (RhoGEF) y de ella
depende también el mantenimiento de la integridad
celular y la resistencia a antifingicos.

Nos preguntamos si la actividad GEF de Rgflp
también era necesaria para la activacion del
crecimiento bipolar. Para comprobar esto, utilizamos el
mutante en el dominio DH descrito anteriormente
(Capitulo 1), rgfl-PTTRA y analizamos el patrén de
crecimiento en una poblacidn asincrénica, mediante
tincion con Calcofltor (Figura 16). Las células rgfl-
PTTRA presentan un defecto en el crecimiento bipolar,
de manera que s6lo el 27% de las células crece por los
dos polos, frente a un 80% de las células silvestres.
Este resultado indica que Rgflp promueve el
crecimiento de la célula por los dos polos a través de
su actividad GEF.

La mutacion en el dominio RhoGEF podria
estar afectando a la estabilidad o la localizacion de la
proteina y ésta podria ser la causa de su pérdida de
actividad. Para comprobarlo, obtuvimos una proteina
Rgflp mutante (RgfIPTTRA) marcada con GFP en su
extremo carboxilo-terminal. Tanto la proteina mutante
como la silvestre marcadas con GFP presentan una
movilidad similar en Western blot (datos no
mostrados), sin embargo aunque la proteina mutada se
localiza correctamente en el septo, s6lo aparece en uno
de los polos (datos no mostrados).

rgf1PTTRA
[ |
-

Figura 16: El crecimiento
bipolar depende de Ia
actividad GEF de Rgflp.
Fotografias de  células
silvestres  (wt), rgflA vy
rgfIPTTRA  tefiidas  con
Calcofltor, en las que se
pueden observar los polos de
crecimiento activo por su
mayor tincion con este
compuesto.
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El crecimiento monopolar de las células con la
proteina mutada (Rgf1PTTRA) podria ser debido a la
ausencia de la proteina en el segundo polo, o
justamente al contrario, que la ausencia de Rgflp en
ese polo fuera consecuencia del crecimiento monopolar
de las células. Para distinguir entre estas dos
posibilidades, analizamos la localizacion de la proteina
RgfIPTTRA-GFP en una cepa silvestre (rgfl*). En este
caso la proteina mutada se localiza en los dos polos en
la mayoria de las células (datos no mostrados). Este
resultado indica que la ausencia de la proteina mutante
en el segundo polo, podria ser una consecuencia de la
falta de actividad de Rgflp y no al contrario.

2.4. Rgflp no funciona como marcador de
polaridad

Por lo expuesto hasta el momento, parece claro
que la actividad de la proteina Rgflp es esencial para
el funcionamiento de NETO. Sin embargo, solo
algunas de las proteinas implicadas en NETO actlan
como marcadores de polaridad, entre ellas esta Tealp
que funciona sefialando los sitios por donde debe
crecer la célula (Mata and Nurse, 1997) y Sla2p que
también es necesaria para establecer zonas nuevas de
crecimiento y que actia por debajo de Tealp
(Castagnetti et al., 2005).

Rgflp podria actuar bien como identificador del
polo nuevo o como desencadenante o regulador de la
remodelacion de la actina durante NETO. Para
comprobarlo nos preguntamos si es posible
desencadenar NETO en células del mutante rgflA
provocando la despolimerizacion de la actina y
surtiendo asi de monoméros de actina a las células.

Se sabe, que una despolimerizacion
momentanea del citoesqueleto de actina, es capaz de
desencadenar NETO incluso en células paradas en G1
(Rupes et al., 1999), como por ejemplo en el mutante
cdc10-129 a 37°C. El experimento que realizamos
consistio en mantener las células cdcl0-129
blogueadas en G1 a 37°C (con la actina monopolar),
tratarlas durante 5 min con Latrunculina A y a
continuacidn eliminar la droga, de forma que la actina
pueda volver a repolimerizarse.

Cuando se realiza este experimento con el
mutante tealA, la actina se mantiene monopolar
después del pulso con Latrunculina A y de lavar la
droga (Rupes et al., 1999). En nuestro caso,
observamos que después del pulso de Latrunculina, la
actina se distribuyé de forma bipolar tanto en el
mutante cdc10-129, como en la cepa cdc10-129 rgfiA
(Figura 17), lo cual indica que Rgflp no es necesario
para marcar una nueva zona de crecimiento.

Otra manera de probar si Rgflp actia como
marcador de polaridad es observar el comportamiento
de un mutante cdc11-123 rgflA. Los mutantes cdcl11-
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Latrunculina A

= 5 min y se elimina o
G1 H j ﬂ G2
~— =
37°C 3r°c
cdc10-129

Figura 17: Rgflp no funciona como marcador de
polaridad. Arriba, esquema del experimento. Las células
€dc10-129 y cdc10-129 rgflA se mantuvieron a 37°C para
detener su crecimiento en G1, se les afiadié Latrunculina A
durante 5 minutos y se eliminé mediante lavados, tras lo que
las células silvestres comienzan a crecer de forma bipolar
(G2). Abajo, fotografias de células de ambas cepas antes
(paneles de la izquierda) y después de dos horas de haber
afiadido y eliminado la droga (paneles de la derecha).

123 son termosensibles y acumulan células alargadas
con muchos ndcleos, esto quiere decir que hacen
multiples ciclos de division y en cada ciclo tienen que
pasar por NETO. Si la mutacion cdc11-123 se combina
con la mutacién en una proteina marcadora de la
polaridad, se producen células altamente ramificadas,
que tienen dificultad al elegir el nuevo sitio de
crecimiento polarizado. Nosotros no observamos
células ramificadas en el mutante doble cdc11-123 rgfl
A, lo que indica de nuevo que Rgflp no es necesario
para determinar los sitios de crecimiento.

2.5. Localizacion de factores de polaridad en
el mutante rgflA

El desencadenamiento y mantenimiento del
crecimiento bipolar en S. pombe es un proceso
complejo en el que intervienen un gran ndmero de
proteinas. Algunas de ellas, como Tealp y Pomlp,
actlian como marcadores de polaridad indicandole a la
célula donde se encuentran sus polos de crecimiento.
Estas dos proteinas se localizan en ambos polos,
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A Tealp-GFP, wt

Tealp-GFP, rgf1A

Figura 18: Localizacién de Tealp-GFP y Pom1p-GFP en rgfl
A. A Localizacion de Tealp-GFP en las cepas silvestre (wt) y
rgflA. En ambas se localiza en los dos polos celulares. B
Localizacion de Pom1p-GFP en las cepas silvestre y rgflA. En
ambas se localiza en los dos polos celulares.

incluso cuando las células estan creciendo sélo por uno
(Béhler and Pringle, 1998; Mata and Nurse, 1997).
Tealp y Teadp son transportadas a los polos por
los extremos de los microtlbulos. Teadp recluta a
Bud6p y a For3p, formando un complejo Ilamado
polarisoma, que es necesario y suficiente para el
establecimiento de la polaridad y el ensamblaje de la
actina en el polo de crecimiento (Martin et al., 2005).
Otras proteinas, como las miosinas y los
componentes del complejo Arp2/3 (relacionados con la
formaciéon de los parches de actina) se localizan
siempre en el polo que estd creciendo activamente
(Arai et al., 1998; Sirotkin et al., 2005; Win et al.,

2001). Finalmente, algunos de los Gltimos responsables
del crecimiento del polo nuevo, como las distintas
subunidades de la B- y a-glucan sintasa, también se
localizan de manera polarizada (Cortés et al., 2005;
Cortés et al., 2002; Liu et al., 2002; Martin et al.,
2003).

Cuando intentamos definir en qué paso del
proceso de activacién de NETO estaba interviniendo
Rgflp, nos preguntamos si la localizacion correcta de
Tealp, Pomlp y For3p dependia de la presencia o
ausencia de Rgflp y viceversa, es decir como se
localizaba Rgflp en estos mutantes.

Comenzamos estudiando la localizacién de las
proteinas Tealp-GFP y Pomlp-GFP en el mutante rgfl
A. Observamos que tanto Tealp como Pomlp se
localizan en ambos polos en los mutantes rgflA, igual
gue en la cepa silvestre (Figura 18). La ausencia de
Rgflp no parece afectar a la localizacion de estas dos
proteinas. Por el contrario, Rgflp se localiza de forma
monopolar en los mutantes tealA y pomlA (datos no
mostrados).

A continuacion, quisimos ver qué ocurria con la
formina For3p marcada con la proteina fluorescente
amarilla (YFP). For3p-YFP se localiza normalmente
con una distribucion punteada en la zona del septo y
los polos que estan creciendo. En el mutante rgflA, se
observa un aumento en la distribucién monopolar de
For3p, presentandose de forma bipolar en menos del
20% de las células, mientras que en una cepa silvestre
este porcentaje es del 75% (Figura 19A). Esto nos
indic6 que Rgflp es importante para el desplazamiento
de la formina al polo nuevo, lo cual estd de acuerdo
con la ausencia de nucleacion de actina en ese polo.
Cuando analizamos la localizacion de Rgflp-GFP en la
cepa for3A, observamos que Rgflp se localiza en los
polos de crecimiento activo en ese mutante (datos no
mostrados).

A For3-YFP, wt

B Myo52-GFP, wt Myo52-GFP, rgf1A

Figura 19:

Localizacion de For3p-
% de células YFP y Myo52p-GFP en
8 bipolares rgflA. A Localizacién de
6 For3p-YFP en las cepas
silvestre (wt) y rgflA. En la
grafica se representa el

2 porcentaje de células con
0 | localizacion  bipolar  en
wt rgf1A ambas cepas. En el mutante

rgflA este porcentaje es
mucho menor que en las

70 células  silvestres. B
60 % decelulas | ocalizacion de Myo52p-
50 bipolares GFP en las cepas silvestre y
40 rgflA. En la gréafica se
30 representa lo mismo que en
fg A. En este caso también hay

una disminucion de la
0 — localizacion bipolar en las

wt rgf1A

células rgflA.

50



CAPITULO Il

A Wsp1-YFP, wt

Wsp1-YFP, rgfia

B ArpC5-CFP, wt

Figura 20:

Localizacion de Wsplp-
10 %decélulas ;| YFP y ArpC5-CFP en
80 bipolares rgflA. A Localizacion de
60 Wsplp-YFP en las cepas
silvestre (wt) y rgflA. En
la gréafica se representa el
porcentaje de células con
localizacién  bipolar en
ambas cepas. En el
mutante rgflA este
porcentaje es  mucho
menor que en las células
silvestres. B Localizacion
de ArpC5p-CFP en las
cepas silvestre y rgflA. En
la gréfica se representa lo
mismo que en A. En este
caso también hay una
disminucion de la
0" localizacion bipolar en las

wt rgria células rgflA.

40
4L
[

wt rgf1A

8 % de células
bipolares

@

s

[

Exactamente lo mismo ocurre con la miosina de
tipo V, Myo52p. Este tipo de miosinas son importantes
para el transporte de las vesiculas secretoras a lo largo
de los cables de actina. Al igual que las proteinas
anteriores, se puede detectar en el septo y los polos en
crecimiento. Se sabe, que en el mutante for3A esta
miosina se deslocaliza completamente (Feierbach and
Chang, 2001). Curiosamente, en el mutante rgflA esto
no ocurre, aunque su localizacién es claramente
monopolar (Figura 19B), s6lo se distribuye de forma
bipolar en el 10% de las células, frente a un 60% en el
silvestre.

Las proteinas del complejo Arp2/3, Wsplp y
ArpC5p (marcadas con YFP y CFP, respectivamente)
se comportan de una manera muy similar a For3p y
Myo52p: en el silvestre muestran una distribucién
bipolar generalizada, mientras que en el mutante rgf1A
son monopolares (Figura 20).

Finalmente, observamos la localizacién de uno
de los ultimos factores responsables del crecimiento

del polo, la subunidad catalitica de la BGS, Bgs4p.
Como en los casos anteriores, esta proteina se localiza
en el septo y los polos en células silvestres, sin
embargo en ausencia de Rgflp presenta una
localizacién monopolar en la gran mayoria de las
células observadas (Figura 21).

Todos estos datos sugieren que una vez
determinado el polo nuevo como lugar de crecimiento,
Rgflp podria ser un elemento clave en la ruta de
sefializacion desencadenante del crecimiento en ese
polo. Cuando Rgflp no esta presente, las células no
recibirian esta sefial y las proteinas encargadas de que
se lleve a cabo el crecimiento efectivo en ese punto, no
se desplazarian hasta él o si se desplazaran no llegarian
a formar una masa estable y por consiguiente no habria
crecimiento.

Bgs4-GFP, wt

Bgsd-GFP, rgf1A

Figura 21:

Localizacion de Bgsdp-
% % de celulas GFP en rgflA.
= bipolares Localizacion de Bgs4p-
40 GFP en las cepas silvestre
30 (wt) y rgflA. En la gréafica
20

se representa el porcentaje
de células con localizacion
bipolar en ambas cepas. En
wt rgf1A el mutante rgflA este
porcentaje es mucho menor
que en las células silvestres.
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El GEF de Rholp, Rgflp, sefaliza por encima de la

cascada de proteinas quinasas activadas por mitogeno de

Pmk1p en la levadura de fision







Antecedentes

Las rutas de MAPKSs (mitogen-activated protein
kinase) son mecanismos de transduccidn de sefiales
gue regulan muchos procesos importantes en los
organismos eucariotas.

El mecanismo bésico de funcionamiento de
estas cascadas consiste en la activacion secuencial de
tres proteinas quinasas en respuesta a determinados
estimulos. En primer lugar, una MAPKKK (MAPK
kinase kinase) fosforila y activa a una MAPKK
(MAPK kinase), que a su vez fosforila a una MAPK
(Marshall, 1995; Waskiewicz and Cooper 1995).

Mientras que en la levadura de gemacién hay
seis 0 mas cascadas de MAPKs (Hohmann, 2002), en
S. pombe sélo se conocen tres: una de respuesta a
feromonas, otra de respuesta a estrés, cuyos elementos
centrales son las MAPKs Spklp y Stylp/Spclp
respectivamente (Shiozaki and Russell, 1995b; Toda et
al, 1991) vy finalmente, la encargada del
mantenimiento de la integridad celular.

La ruta de integridad estd compuesta por un
moédulo de quinasas formado por una MAPKKK
denominada Mkh1p, una MAPKK Pek1p/Shk1p y una
MAPK Pmk1p/Spmlp (Loewith et al., 2000; Sengar et
al., 1997; Sugiura et al., 1999; Toda et al., 1996b;
Zaitsevskaya-Carter and Cooper, 1997). Se ha descrito
al menos una fosfatasa capaz de desfosforilar a la
MAPK Pmplp y que regula negativamente esta ruta de
sefializacion (Sugiura et al., 1998).

La disrupcion de cualquiera de los tres genes
que forman el mddulo de MAPKs causa
hipersensibilidad a B(1,3)-glucanasas y sensibilidad a
estrés hiperosmdtico con células ramificadas y
multiseptadas. Estos datos fueron los primeros que
relacionaron esta ruta con los procesos de construccion
de la pared celular, citoquinesis y homeostasis i6nica
en S. pombe. Més tarde, se descubriéd que la ruta de
integridad es capaz de responder a una gran variedad
de estreses, incluyendo estrés hiper e hipotonico,
ausencia de glucosa, presencia de compuestos que
dafian la pared celular, altas temperaturas y estrés
oxidativo, entre otros (Madrid et al., 2006).

Una caracteristica que presentan los mutantes
de los genes implicados en esta ruta, es su capacidad
de contrarrestar los efectos de la eliminacion de la
calcineurina. En S. pombe se sabe que la eliminacién
del gen de la calcineurina, ppb1®, o la inhibicion de su
actividad mediante inmunosupresores (como FK506),
produce hipersensibilidad al CI, mientras que una
mutacion adicional en los miembros de la ruta de
MAPKSs suprime este fenotipo.

Basandose en esta interaccion se ha descrito el
denominado fenotipo vic (viable in the presence of
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immunosuppressant and choride ion), y se ha visto que
todos los mutantes nulos de los componentes
conocidos de la cascada de integridad presentan este
fenotipo, es decir, son viables en presencia del
inmunosupresor FK506 y altas concentraciones de
MgCl, (Sugiura et al., 1999; Sugiura et al., 1998).

El gen cppl® se identifico a partir de un
mutante con fenotipo vic y codifica una
farnesiltransferasa cuya funcion es favorecer la
localizacion en la membrana de la GTPasa Rho2p (Ma
et al., 2006). A partir de ahi, se han descrito otras dos
proteinas que actan por encima de este médulo de
MAPKSs. Una de ellas es Pck2p que actGa por encima
de la MAPKKK Mkh1p e interacciona fisicamente con
ella y la otra es Rho2p que también interacciona con
Pck2p (Calonge et al., 2000; Ma et al., 2006). La
sobreexpresion de rho2* es viable en el mutante pck2
A, y la sobreexpresion de ambos genes, pck2” y rho2*
por separado, es letal en células silvestres, pero no lo
es en los mutantes mkhlA, peklA y pmk1A. Ademas,
se ha visto que la sobreexpresién y la disrupcion de
estos dos genes, pck2™ y rho2", hace que aumente o
disminuya sustancialmente el grado de fosforilacién de
Pmk1p (Barba et al., 2008; Ma et al., 2006).

No todos los estreses parecen activar la cascada
de la misma manera, ni a través de los mismos
activadores, Rho2p y Pck2p, sino que existe una
compleja red de sefializacion que modula la activacion
de Pmklp en respuesta a diferentes tipos de estrés
(Barba et al., 2008).

Trabajo Experimental

1. Pck2p y Pmklp actdan por debajo de
Rgflp

Como ya se ha descrito en el Capitulo I, Rgflp
actla como GEF de la GTPasa Rholp y dos de los
principales efectores de Rholp son las proteinas
quinasas Pcklp y Pck2p. Estas dos proteinas
comparten funciones esenciales en la viabilidad celular
y se complementan mutuamente de forma parcial
(Toda et al., 1993). Ya habiamos visto que la expresion
moderada de pckl® (multicopia y con su propio
promotor) suprime la hipersensibilidad a Caspofungina
(Csp) del mutante nulo rgflA, pero posteriormente
descubrimos que también la sobreexpresion de pck2”
era capaz de suprimir este fenotipo.

Pck2p forma parte de la cascada de MAPKs de
Pmklp (Ma et al., 2006) por lo que nos propusimos
comprobar si  Rgflp podria interaccionar
funcionalmente con la MAPK de la ruta. El resultado
fue positivo, ya que la sobreexpresion de pmkl*
también suprimi6 la hipersensibilidad a Csp de la cepa
rgflA.

Estos fueron los primeros datos que nos
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indicaron que Rgflp podria estar participando en la
ruta de MAPKSs encargada del mantenimiento de la
integridad de S. pombe.

2. Las células rgflA presentan el fenotipo vic

Los mutantes rgflA y los mutantes de la
cascada de integridad muestran el denominado
fenotipo vic, es decir, son viables en presencia de
FK506 y altas concentraciones de MgCl, (Sugiura et
al., 1999; Sugiura et al., 1998). Ademas, también
vimos que la cepa rgflA y los mutantes en los genes de
la cascada (mkhlA, peklA/mkhlA y pmklA)
compartian otros defectos. Todos ellos son sensibles a
B-glucanasas, incapaces de crecer en medio con alta
concentracion de sal y en presencia de Caspofungina.

Estos datos podrian indicar que estas proteinas
participan en la misma via de sefializacién, pero
ademéas comprobamos que los mutantes dobles rgflA
mkh1A, rgflAskh1A y rgflApmk1A, son viables y que
no muestran sinergia en cuanto a la hipersensibilidad a
Csp.

3. Rgflp participa en la activacion de Pmkl1p

Para confirmar si Rgflp activa y transmite la
sefial a través de Pmklp, examinamos los niveles de
fosforilacion de esta MAPK en respuesta a diferentes
tipos de estrés, en un mutante rgflA. El resultado fue
muy claro, en ausencia de rgfl® apenas se produjo
fosforilacion de Pmk1p en respuesta a cambios en la
osmolaridad y dafios en la pared celular. Sin embargo,
Rgflp no parece ser importante en la respuesta a otros
estreses que también activan a Pmklp, como estrés
oxidativo, ausencia de glucosa o calor.

Rgflp es pues un componente de la cascada de
integridad, esencial para transmitir la sefial sélo bajo
determinadas circunstancias. Ademds activa
especificamente esta cascada de MAPKSs, puesto que
no observamos diferencias entre el mutante rgflA y la
cepa silvestres en la fosforilacion de la MAPK de la
ruta de estrés Spclp, en respuesta a estrés oxidativo u
osmatico.

4. Rholp participa en la activacion de
Pmklp

Nos preguntamos si la actividad GEF
(intercambiador de nucleédtidos de guanina) de Rgflp,
era importante para llevar a cabo la transmision de la
sefial hacia el moédulo de MAPKSs de esta cascada. Para
ello, utilizamos un mutante puntual en una regién muy
conservada del dominio RhoGEF de Rgflp. La
proteina mutada en el dominio Rho-GEF es estable y
presenta unos niveles muy bajos de Rholp-GTP
(activo). En cuanto a la fosforilacion de la MAPK
Pmklp en respuesta a estrés osmdtico, el mutante
puntual se comporté igual que la cepa delecionada,

indicando que la actividad GEF de Rgflp es
imprescindible para llevar a cabo su funcién dentro de
la ruta de integridad.

Rgflp es un regulador positivo de Rholp, por lo
que también analizamos si esta GTPasa podria estar
involucrada en la activacién de Pmklp, en respuesta a
determinados tipos de estrés. La respuesta es
afirmativa, tanto la sobreexpresion de rhol* como de
rholG15V (alelo constitutivamente activo) aumentan
los niveles de Pmklp fosforilado, y lo hacen de una
forma dependiente de Pck2p y de Mkh1p.

Todos estos datos puestos en conjunto, sugieren
que la cascada Rgflp-Rholp-Pck2p regula la
activacion de Pmklp en S. pombe, y que lo hace a
través del modulo de MAPKS.

5 Rgf2p y Rgf3p no participan en la
activacion de Pmkl1p

Por ultimo, examinamos la posible contribucion
de otros GEFs conocidos de Rholp (Rgf2p y Rgf3p)
en la activacion de la cascada de integridad.

Tanto la sobreexpresion de rgf2* como la de
rgf3* produjeron un aumento de la fosforilacion de
Pmk1p. Esto podria ser consecuencia del aumento en
la cantidad de Rholp activo en la célula (que ya
sabemos que activa la cascada) o debido a un papel
maés especifico de estas proteinas dentro de la cascada
de integridad. Para diferenciar entre estas dos
posibilidades, comprobamos si los mutantes rgf2A y
ehs2-1 (afectado en el gen rgf3*) presentaban algln
defecto en la activacién de Pmkl1p en respuesta a una
amplia variedad de estreses. Los resultados fueron
negativos en todos los casos, por lo que podemos
concluir, que Rgflp es el Gnico GEF conocido de
Rholp que participa en la transmisién de la sefial por
la cascada de MAPKs de Pmk1p en S. pombe.
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The Schizosaccharomyces pombe exchange factor Rgflp specifically regulates Rholp during polarized growth. Rgflp
activates the f-glucan synthase (GS) complex containing the catalytic subunit Bgs4p and is involved in the activation of
growth at the second end, a transition that requires actin reorganization. In this work, we investigated Rgflp signaling
and observed that Rgflp acted upstream from the Pck2p-Pmklp MAPK signaling pathway. We noted that Rgflp and
calcineurin play antagonistic roles in Cl1~ homeostasis; rgf1A cells showed the vic phenotype (viable in the presence of
immunosuppressant and chlorine ion) and were unable to grow in the presence of high salt concentrations, both
phenotypes being characteristic of knockouts of the MAPK components. In addition, mutations that perturb signaling
through the MAPK pathway resulted in defective cell integrity (hypersensitivity to caspofungin and B-glucanase). Rgflp
acts by positively regulating a subset of stimuli toward the Pmkl1p-cell integrity pathway. After osmotic shock and cell
wall damage HA-tagged Pmk1p was phosphorylated in wild-type cells but not in rgf1A cells. Finally, we provide evidence
to show that Rgflp regulates Pmklp activation in a process that involves the activation of Rholp and Pck2p, and we
demonstrate that Rgflp is unique in this signaling process, because Pmklp activation was largely independent of the

other two Rholp-specific GEFs, Rgf2p and Rgf3p.

INTRODUCTION

Fission yeast cells display a simple rod shape; after cytoki-
nesis, growth is initiated monopolarly and occurs exclu-
sively at the old end. After a point in G2, cells initiate growth
from the new end in a process known as new end take-off
(NETO), such that they grow in bipolar mode up to mitosis
(Mitchison and Nurse, 1985). The spatial control of cell
growth in the fission yeast Schizosaccharomyces pombe in-
volves organization of the microtubule and actin cytoskel-
etons as well as that of the cell wall synthesis (Chang, 2001;
Hayles and Nurse, 2001). A polarized actin cytoskeleton
targets secretion to the growth sites, where probably spe-
cialized multienzyme complexes, consisting of both syn-
thases and hydrolases, assemble the cell wall during the cell
cycle (Motegi et al., 2001; Win et al., 2001; Mulvihill ef al.,
2006). Both the cytoskeleton and the cell wall are dynamic
structures that are constantly remodelled and reorganized in
response to growth signals and environmental stresses in
order to ensure the integrity of the yeast cell (Levin, 2005;
Madrid et al., 2006).

In mammals, the polarized assembly of the actin and
microtubule cytoskeletons is regulated by site-specific acti-
vation of Rho-type GTPases (Jaffe and Hall, 2005; Ridley,
2006). In fission yeast cells, Rholp is involved in cell wall
synthesis (Arellano et al., 1996), actin organization (Arellano
et al., 1997; Nakano et al., 1997), stress responses, and exo-
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cytosis. In both systems, one of the challenges is to figure out
how the activity of Rholp is regulated to control these
different processes. Guanine nucleotide exchange factors
(GEFs) activate signaling by promoting the exchange of GDP
by GTP, and GTPase-activating proteins (GAPs) arrest sig-
naling by stimulating GTP hydrolysis to GDP. This network
(Rho GTPases, GEFs, and GAPs) relays a surprisingly large
number of diverse extracellular signals to many morpholog-
ical and functional responses. The regulation of Rholp in
fission yeast involves at least three GEFs (Rgflp, Rgf2p, and
Rgf3p) and several putative GAPs (Rgalp, Rga5p, and
Rga8p). rgf3™" is an essential gene and the protein specifically
activates Rholp during cytokinesis (Tajadura et al., 2004;
Morrell-Falvey et al., 2005; Mutoh et al., 2005). Rgflp and
Rgf2p are the closest relatives, and they provide a redundant
function for the activation of Rholp (Mutoh et al., 2005). Loss
of Rgflp function produces cell lysis, whereas loss of both
Rgflp and Rgf2p is lethal. In addition, Rgf2p may perform
an essential function during the sporulation process (Garcia
et al., 2006b). Among the negative regulators, none of them
is essential for cell viability, although deletion of rgal™
causes a slow-growth defect and severe morphological
abnormalities. Rga5p is involved in the regulation of GS
activity and cell integrity, and Rga8p is a Shklp (Cdc42/
p2l-activated kinase) substrate that negatively regulates
Shk1p-dependent growth control pathways (Calonge et al.,
2003; Yang et al., 2003).

In this study we focused on Rgflp. Like most Rho-GEFs,
Rgflp contains a domain with strong similarity to the Dbl-
family of exchange factors (residues aa 625-807, Dbl-homol-
ogy domain[DH]) and a nearby pleckstrin-homology (PH)
domain (residues 844-973). The DH-PH tandem is respon-
sible for the activation of Rho-family GTPases in response to
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diverse extracellular stimuli (reviewed in Rossman ef al.,
2005; Rossman and Sondek, 2005). Rgflp also contains a
Dishevelled, Egl-10, and pleckstrin (DEP) domain at its ami-
no-terminus (residues 424-497), which in some G-protein
receptors has been implicated in mediating the nature and
sustainability of the response (Chen and Hamm, 2006). Fi-
nally, Rgflp has a Citron and NIK1-like kinase homology-
domain (CNH) at its carboxy-terminus (residues 997-1293).
Its function is not clear, but in most cases it acts as a regu-
latory domain involved in macromolecular interactions
(http:/ /www.genedb.org/genedb/pombe/index jsp).

We previously demonstrated that Rgflp plays an impor-
tant role in regulating the growth pattern of fission yeast
cells. After cell division, cells initially grow in a monopolar
manner, after which they initiate polarized growth at the
second end in the G2 phase of the cell cycle. This transition
to bipolar growth, termed NETO, relies on the localization of
Rgflp to the new end (Garcia ef al., 2006a). In this process,
the position of Rgflp depends on Tealp, which is necessary
for NETO. Interestingly, although other mutants defective in
bipolar growth, tealA, tea4A, and bud6A, grow at wild-type
rates, a novel aspect of the rgfIA is that its growth rate and
viability are compromised. In rgfIA cells, failure to initiate
bipolar growth coincides with cell lysis, thus coupling a
growth polarity transition with cell wall biosynthesis. Our
current model is that activation of Rholp during bipolar
growth is not achieved properly in r¢fIA mutants, produc-
ing cell wall weakness. Rholp localizes to sites of polarized
growth and participates directly in the production of new
cell wall by functioning as the regulatory subunit of the
B-1,3-glucan synthase (GS) that synthesizes glucan, the main
component of the cell wall (Arellano ef al., 1996, 1997; Na-
kano ef al., 1997). However, it has not been tested whether
Rholp also regulates the expression of cell integrity-related
genes or actin genes via the Pmklp mitogen-activated pro-
tein kinase (MAPK) cell integrity signaling pathway.

The Pmklp MAPK from fission yeast is very similar to the
budding yeast Mpklp/Slt2p, which plays a central role in
cell integrity signaling (Levin, 2005), and to the extracellular
signal-regulated kinases, ERK1/2 (p42/p44), from animal
cells that are activated by phorbol esters, cytokines, or os-
motic stress (Roux and Blenis, 2004). In fission yeast, the
Pmklp MAPK pathway also regulates morphogenesis and
ion homeostasis and becomes activated under multiple
stresses, including hyper- or hypotonic conditions, the pres-
ence of cell wall-damaging compounds, glucose depriva-
tion, and oxidative stress (Madrid ef al., 2006). The MAPK
module is composed of MAPKKK Mkhlp (Sengar ef al.,
1997), MAPKK Peklp/Shklp (Sugiura et al., 1999; Loewith et
al., 2000), and MAPK Pmklp/Spmlp (Toda et al., 1996b;
Zaitsevskaya-Carter and Cooper, 1997). Although this mod-
ule was identified several years ago, little is known about its
upstream components or the phosphorylation substrates ac-
tivated by the cell integrity signaling pathway (Ma et al.,
2006; Takada et al., 2007). The MAPKKKSs at the head of the
module are often activated through phosphorylation and/or
as a result of their interaction with a small GTP-binding
protein of the Ras/Rho family in response to extracellular
stimuli (Roux and Blenis, 2004). In fission yeast, Rholp binds
directly to the Pcklp and Pck2p protein kinases of the PKC
family, and it functions as a positive regulator for these
kinases (Arellano ef al., 1999b; Sayers et al., 2000). Recently it
has been shown that Pck2p interacts with Mkhlp (MAP-
KKK) and activates the Pmkl1p signaling pathway (Ma et al.,
2006). Here, we show that Rgflp, a Rholp-specific GEF, acts
upstream from the Pck2-Pmk1p MAPK cell integrity signal-
ing pathway. More importantly, our results suggest that
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Rgflp is necessary for the signal transduction of a subset of
stimuli, in particular those related to changes in osmolarity
and cell wall damage.

MATERIALS AND METHODS

Media, Reagents, and Genetics

The genotypes of the S. pombe strains used in this study are listed in Table 1.
The complete yeast growth medium (YES), selective medium (MM) supple-
mented with the appropriate requirements, and sporulation medium (MEA)
have been described elsewhere (Moreno et al., 1991). Caspofungin (Csp;
Vicente et al., 2003) was stored at [minusS]20°C in a stock solution (2.5
mg/ml) in H,O and was added to the media at the corresponding final
concentration after autoclaving. Crosses were performed by mixing appro-
priate strains directly on MEA plates. Recombinant strains were obtained by
tetrad analysis or the “random spore” method. For overexpression experi-
ments using the nmt1 promoter, cells were grown in EMM containing 15 uM
thiamine up to logarithmic phase. Then, the cells were harvested, washed
three times with water, and inoculated in fresh medium (without thiamine) at
an ODyy, = 0.01 for 14, 16, or 18 h, depending on the experiment.

Plasmid and DNA Manipulations

PREP3X contains a thiamine-repressible nmt1 promoter (full-strength, induc-
tion ratio, 300X), Saccharomyces cerevisine LEU2, and ars1™ (Forsburg, 1993); to
overexpress 1gfl*, an Xholl-Smal fragment containing the rgfl™ gene was
ligated into the Xhol-Smal sites of plasmid pREP3X (Garcia et al., 2006a).
PREP3X-pck2* (nmtl-pck2*) was made by inserting the entire ORF of pck2*
cloned by PCR into pREP3X. pREP3X-pckl (nmtl-pckl™) was made by insert-
ing the entire ORF of pck1* cloned by PCR into pREP3X. pREP41X-pck2
(nmt41x-pck2) was made by inserting the entire ORF of pck2* cloned by PCR
into pREP41X (induction ratio, 25X; Arellano et al., 1999b). For pREP3X-rho1,
the ORF of Rholp was amplified by PCR from a cDNA library and cloned into
PREP3X; for pREP3X-rho1-G15V, the rhol ORF was mutagenized by site-
directed mutagenesis and subcloned as a Sall-BamHI fragment into the same
sites of pREP3X (Arellano ef al., 1997). pck2* and rhol* overexpression plas-
mids were kindly provided by P. Pérez (IMB, Salamanca, Spain). To make
PART-spm1™, the Spm1lp ORF was cloned by PCR behind the adh promoter in
PART1. pART-spm1* was kindly provided by J. Cooper (Washington Uni-
versity, St. Louis; Zaitsevskaya-Carter and Cooper, 1997).

Glucanase Sensitivity

The glucanase sensitivities of several mutant strains were determined as
indicated in Carnero ef al. (2000). Cells were grown in MM to an optical
density at 600 nm (ODy) of 1.0, washed in 10 mM Tris-HCI buffer, pH 7.5,
1 mM EDTA, and 1 mM B-mercaptoethanol, and incubated in the same buffer
containing 20 pg/ml B-glucanase (Zymolyase 100T; Seikagaku, Tokyo, Japan)
per ml at 28°C with vigorous shaking. The ODy,, was monitored at the
indicated times and was normalized relative to the absorbance of a control
sample of each strain without enzyme at each time point.

Stress Treatments

Experiments designed to investigate Pmklp activation under stress were
performed using log-phase cell cultures (ODg, of 0.5) grown at 28°C in YES
medium and the appropriate stress treatment. In overexpression experiments,
cells were first grown in MM medium plus thiamine, washed three times, and
reinoculated into fresh medium (with or without thiamine) for 14, 16, or 18 h
at 28°C, depending on the protein to be overexpressed. In glucose-deprivation
experiments, cells were grown in YES medium with 7% glucose to an ODy
of 0.5, recovered by filtration, and resuspended in the same medium without
glucose but equilibrated osmotically with 3% glycerol. Hypotonic treatment
was achieved by growing cells in YES medium plus 0.8 M sorbitol and then
transferring them to the same medium without polyol. In all cases, 30 ml of
culture was harvested by filtration and immediately frozen in liquid nitrogen
for analysis.

Purification and Detection of Activated Pmk1lp-HA6H and
Stylp-HA6H after Different Stresses

Cell homogenates were prepared under native conditions employing chilled
acid-washed glass beads and lysis buffer (10% glycerol, 50 mM Tris-HCI, pH
7.5, 150 mM NaCl, and 0.1% Nonidet P-40, plus a specific protease inhibitor
cocktail: 100 uM p-aminophenyl methanesulfonyl fluoride, leupeptin, and
aprotinin). The lysates were cleared by centrifugation at 13,000 X g for 10 min
and Pmk-HA6H was purified with Ni?*-NTA-agarose beads (Novagen, Mad-
ison, WI). The purified proteins were loaded on 10% SDS-PAGE gels, trans-
ferred to an Immobilon-P membrane (Millipore, Bedford, MA), and blotted to
detect Pmk1-HA with 1:5000 diluted 12CA5 mAb as primary antibody
(Roche, Indianapolis, IN), with polyclonal rabbit anti-phospho-p42/44 anti-
bodies (1:2500; Cell Signaling, Beverly, MA), or with polyclonal rabbit anti-
phospho-p38 antibodies (1:8000; Cell Signaling). The immunoreactive bands
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Table 1.  S. pombe strains used in this work

Strains Genotypes

YSM180 h™ 972

YS64 h™ leul-32 ade6M210 ura4D-18 his3D1

HVP542 h™ leul-32 ade6M210 ura4D-18

VT14 h™ leul-32 ade6M210 ura4D-18 his3D1rgf1::his3*

VT18 h™* leul-32 ade6M210 ura4D-18 his3D1rgf1::his3*

PG65 h™ leul-32 ade6M210 ura4D-18 his3D1rgfl::kanMX6

MI200° h* pmkl1-HAG6his: ura4* ade6M216 leul-32 ura4d18

PG285 h™ rgfl:kan pmkl-HA6his:ura™ ura4D18 leul-32 ade6M210
PG318 h™ mkhl:urad”™ pmkl-HA6his:ura* ura4D18 leul-32 ade6M210
PG332 h™ pck2::kan pmk1-HA6his:ura™ ura4D18 leul-32

MS192¢ h™ spm1:LEU2 leul-32 ura4D18

MS189¢ h* skhl:ura4* ura4D18 leul-32 ade6M210

MS1964 h* mkhl:urad™ ura4D18 ade6M210

YKOBO1¢ h™ spml:ura4* ura4D18 leul-32

PG335 h™ spml:ura4* rgfl::kan ura4d18

PG337 h™ mkhl:urad™ rgfl:kan ura4d18

PG339 h~ skhl:ura4* rgfl::kan ura4d18

PG347 h™ pmkl:urad™ ura4d18

PG348 h™ mkhl:ura4™ uradd18

PG349 h™ skhl:ura4* ura4d18

PG77 h* rgfl:kan ade6M210

PG272f h~ pck2::kan leul-32 ura4D18

VT20¢ h™ rho2::ura4™ ura4D18 leul-32 ade6M210

PG1 h™ rgf2::urad™ ura4D18 leul-32 ade6M210 his3D1

MS190" h~ wisl::his3* his3D1

MS194h h~ spkl:ura4™ ura4D18 leul-32

YS1295¢ h* pmpl:kan leul-32 ade6M210 ura4D-18

PG351 h™ pmpl::kan rgfl:kan leul-32 ade6M210 ura4D-18

KS1489 & h* spcl-HA6his:ura4 ™" leul-32 ura4D-18

PG362 h™ spcl-HA6his:urad ™ rgfl:kan leul-32 ura4D-18

PG40 h™~ rgfl::his3 his3DI leul-32 ade6M210 ura4D-18 leul: rgfl*-GFP
PG52 h™ rgfl:his3 his3DI leul-32 ade6M210 ura4D-18 leul: rgfl* (PTTRA)
PG199 h™ rgfl:his3 his3DI leul-32 ade6M210 ura4D-18 leul: rgfl* (PTTRA)-GFP
PPG160f h™ rhol:HA leul-32

PG378 h™ rhol:HA leul-32rgfl::kanMX6

PG380 h™ rhol:HA leul-32rgfl::kanMX6 leul: rgfl* (PTTRA)

PG287 h~ pmkl1-HAG6his: ura4* ade6M216 leul-32 ura4d18 rgf2::urad ™"
PG359 h™ ehs2-1 pmk1-HA®6his: ura4* leul-32 ura4d18

PG331 h~ pmk1-HAG6his: ura4* leul-32 ura4d18 his3D1rgfl::his3" leul: rgfl* (PTTRA)

All strains were generated in this study except for the following strains: @ from H. Valdivieso (IMB, University of Salamanca), ® from J.
Cansado (University of Murcia), € from J. Cooper (Washington University, St. Louis), ¢ from D. Young (University of Calgary, Canada), © from
C. R. Vazquez de Aldana (IMB, University of Salamanca), f from P. Perez (IMB, University of Salamanca), & from M. A. Rodriguez-Gabriel
(UCM, University Complutense Madrid), and " from S. Moreno (CIC, University of Salamanca).

were revealed with anti-mouse or anti-rabbit HRP secondary antibodies
(Bio-Rad, Hercules, CA) and the enhanced chemiluminescence detection kit
(Amersham Biosciences, Piscataway, NJ).

Pulldown Assays for GTP-bound Rho Proteins

The expression vector pGEX-C21RBD (rhotekin-binding domain; Reid ef al.,
1996) was used to transform Escherichia coli cells. The fusion protein was
produced according to the manufacturer’s instructions and immobilized on
glutathione-Sepharose 4B beads (Amersham). After incubation, the beads
were washed several times, and the bound proteins were analyzed by SDS-
PAGE and stained with Coomassie brilliant blue. The amount of GTP-bound
Rho proteins was analyzed using the Rho-GTP pulldown assay modified
from Ren et al. (1999). Briefly, extracts from 50-ml cultures of wild-type, rgfIA,
and rgfI-PTTRA cells containing HA-rhol™* expressed from its own promoter
were obtained using 200 ul of lysis buffer (50 mM Tris, pH 7.5, 20 mM NaCl,
0.5% NP-40, 10% glycerol, 0.1 mM dithiothreitol, 1 mM NaCl, 2 mM MgCl,,
containing 100 uM p-aminophenyl methanesulfonyl fluoride, leupeptin, and
aprotinin). GST-RBD fusion protein, 100 ug, coupled to glutathione-agarose
beads was used to immunoprecipitate 1.5 mg of the cell lysates. The extracts
were incubated with GST-RBD beads for 2 h. The beads were washed with
lysis buffer four times, and bound proteins were blotted against 1:5000-
diluted 12CA5 mAb as primary antibody to detect HA-Rholp. The total
amount of HA-Rholp was monitored in whole-cell extracts (25 ug of total
protein), which were used directly for Western blotting and were developed
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with the 12CA5 mAb. Immunodetection was accomplished using the ECL
detection kit (Amersham Biosciences).

Microscopy Techniques

The localization of Rgflp-green fluorescent protein (GFP) was visualized in
living cells under a DMRXA microscope (Leica, Wetzlar, Germany).

RESULTS

Pck2p Acts Downstream from Rgflp

Previous studies have shown that Rgflp is a Rholp GEF
(Garcia et al., 2006a). The Rgflp deletion causes cell lysis,
hypersensitivity to the antifungal drug Csp, and defects in
the establishment of bipolar growth (Garcia et al., 2006a).
Regarding the downstream targets of Rgflp, we wondered
whether the overexpression of either Pcklp or Pck2p might
suppress hypersensitivity to Csp in the rgflA mutant. In
fission yeast, the protein kinase C homologues Pcklp and
Pck2p are targets for Rholp; both genes—pck1™ and pck2*—
share overlapping roles in cell viability and partially com-
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Figure 1. Pck2p acts downstream from Rgflp. The Csp-hypersen-
sitive growth phenotype of rgflA mutants is suppressed by overex-
pression of pck2*. HVP54 (rgf1") was transformed with pREP3X
(empty vector) and VT14 (rgflA) was transformed with pREP3X
(empty vector), pREP3X-pck1 (3Xpckl™), pREP3X-pck2 (3Xpck2™),
and pREP41x-pck2 (41Xpck2*). Transformants were spotted onto
MM and MM plus 2 ug/ml caspofungin (Csp) plates as serial
dilutions (8 X 10* cells in the left row and then 4 X 104, 2 X 10%, 2 X
103, and 2 X 102 in each subsequent spot) and incubated at 28°C
for 3 d.

plement each other (Toda et al., 1993). Pck2p plays a role in
the regulation of the two main polymers of the cell wall, -
and a-glucans, whereas the function of Pcklp in cell integ-
rity is not so well known (Arellano et al., 1999b; Calonge et
al., 2000). To this end, the rgfIA strain (VT14) was trans-
formed with the overexpression plasmids pREP3X-pck1™
and pREP3X-pck2* (Arellano et al., 1999b), and the transfor-
mants were monitored for growth on Csp. Figure 1 shows
that pck2*, but not pck1™*, expressed from the plasmid con-
taining the high-strength nmt1 promoter (pREP3X) partially
rescued the lysis and Csp hypersensitivity of the rgfIA cells.
We realized that the strong overexpression of pck2* in rgf1A
mutant cells could be deleterious (Mazzei ef al., 1993), so to
avoid this problem we used pck2* driven by the P4Inmt
promoter (medium level); we found a much better comple-
mentation of the hypersensitivity to Csp (Figure 1).

+FK506+

Cells Lacking rgfl Show the vic Phenotype

It has recently been shown that Rho2p and Pck2p act up-
stream from the Pmklp MAPK signaling pathway, thereby
resulting in the vic (viable in the presence of immunosup-
pressant FK506 and chloride ion) phenotype upon mutation
(Ma et al., 2006). Because Rgflp was linked to Pck2p, which
in turn has been linked to the MAPK pathway, we decided
to examine the functional relationship between Rgflp and
Pmklp signaling by analyzing whether the rgfIA mutants
showed the vic phenotype. The results clearly showed that
rgfl1A, as well as pmkIA, and pek1A, cells grew in the presence
of FK506 and 0.2 M MgCl,, whereas the wild-type cells were
unable to grow in the same conditions (Figure 2A). It is
known that calcineurin mutants (ppb1A) cannot grow in the
presence of MgCl,, whereas an additional mutation in a
member of the MAPK pathway suppresses that phenotype.
The addition of FK506 (a calcineurin-specific inhibitor) to
wild-type cells mimics the calcineurin deletion and prevents
growth in the presence of MgCl,. The fact that the rgfIA
mutants were able to grow in these conditions indicates that
Rgflp could play an antagonistic role for calcineurin mu-
tants and is thus a strong candidate component of the
Pmk1p-MAPK signaling pathway.

We further investigated the relationship between Rgflp
and the MAPK integrity pathway and we found that rgfIA
cells shared other phenotypes with pmkIA mutants. rgf1A
cells, like pmkIA cells, were hypersensitive to B-glucanase
treatment (Figure 2B; Toda et al., 1996b; Sengar et al., 1997),
and their growth was inhibited by high salt concentrations,
a phenotype characteristic of the knockouts of the pmkl™*,
mkh1*, and pekl* genes (Figure 2C). Moreover, we found
that rgf1A cells required a significantly longer period of time
to reenter the cell cycle upon reinoculation into fresh me-
dium after prolonged stationary phase arrest compared with

0.2M MgCl,
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Figure 2. Knockout of r¢fl* and the components of
the Pmkl MAPK pathway exhibits the vic phenotype,
sensitivity to high osmolarity, and caspofungin (Csp)
hypersensitivity. (A) rgf1A cells show the vic phenotype.
Wild-type (YS64), rgflA (VT14), pmk1A (MS192), and
pek1A (MS189) cells were streaked onto YES or YES plus
0.5 pg/ml FK506 and 0.2 M MgCl, and incubated at
32°C for 3 d. (B) Sensitivity of rgfIA and pmkIA to
B-glucanase. Cell lysis was measured at different times
during treatment with B-glucanase by determining the
ODy (see Materials and Methods). The strains examined
were wt (YS64), rgf1A (VT14), and pmkIA (MS192). (C)
Growth inhibition of rgf1A, pmk1A, and mkh1A mutants
by KCI. Wild-type (YS64), rgf1A (VT14), pmk1A (MS192),
and mkh1A (MS196) strains were grown in MM or in
MM plus 1.4 M KCl for 5 d at 32°C. (D) Knockout of the
components of the Pmkl MAPK pathway (pmkl*,
mkh1*, pek1*, pck2*, and rho2*) elicited Csp hypersen-
sitivity.  Wild-type (YS64), wisIA (MS190), spklA
(MS194), pmkIA (MS192), peklA (MS189), mkhiA
(MS196), pck2A (PG272), rho2A (VT20), rgflA (VT14),
and rgf2A (PG1) were streaked onto YES or YES plus 1
png/ml Csp (CANCIDAS) and incubated at 32°C for 3 d.
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Figure 3. The Csp-hypersensitive growth phenotype of rgfIA mu-
tants is suppressed by overexpression of pmk1™. (A) VT14 (rgfl1A)
was transformed with pART1 (empty vector), p41Xpck2 (pck2*), and
PARTspm1 (pmkl1™"; Zaitsevskaya-Carter and Cooper, 1997). Trans-
formants were spotted onto MM and MM plus 1 pug/ml Csp plates
as serial dilutions (8 X 10* cells in the left row and then 4 X 10?%, 2 X
10%, 2 X 103, and 2 X 102 in each subsequent spot) and incubated at
28°C for 3 d. (B) rgflAmkh1A, rgflApek1A, or rgflApmkIA did not
show synergism in sensitivity to Csp. Equal numbers of wild-type
(YSM180) and rgfIA (PG77), mkh1A (PG348), refl Amkh1A (PG337),
pek1A (PG349), rgflApek1A (PG339), pmkl (PG347), and rgfl1Apmk1A
(PG335) mutant strains were diluted (2 X 10* cells in the left row
and then 2 X 103, 2 X 10? and 2 X 10! in each subsequent spot) and
were spotted onto YES plates with 0, 0.04, and 1 ug/ml Csp. Colony
formation was analyzed after 4 d at 28°C.

the wild-type cells (not shown). This phenotype, also seen in
pmk1A and mkh1A mutants, might represent a change in the
response to stress conditions rather than a defect in cell
integrity per se. Stationary-phase rgfIA cells spotted onto
plates were protected osmotically (without lysis); however,
they became visible 1 d after the wild-type colonies, and
once this had occurred, they displayed a smaller colony size
than the wild-type cells in the same conditions (not shown).
We then examined whether knockout of the components of
the protein kinase C-Pmklp MAPK signaling pathway dis-
played hypersensitivity to Csp, an inhibitor of 8-(1,3)-glucan
synthase (Vicente et al., 2003). As shown in Figure 2D (+1
png/ml Csp), all knockouts of the components of the MAPK
pathway were hypersensitive to Csp, whereas the growth of
the wild type, r¢gf2A (deleted for another Rholp GEF), wis1A
(deleted for the stress-activated MAPKK), and spkIA (de-
leted for the MAPK involved in meiosis) was not inhibited.
We also noticed that r102A cells were not as sensitive to the
antifungal agent as the other knockouts.

Overproduction of MAPK Pmklp Suppresses the
Hypersensitivity of rgf1A Cells to Caspofungin

We found that Pck2p overexpression suppressed the hyper-
sensitive phenotype of Csp in rgflA mutants. Accordingly,
we examined whether up-regulation of the Pck2p effector,
Pmklp, might suppress the growth defect of the rgfIA cells
in the presence of the antimycotic agent. As shown in Figure
3A, overexpression of Pmk1p under the control of the strong
and constitutively active ADH promoter (Zaitsevskaya-
Carter and Cooper, 1997) partially suppressed the growth
defect of rgfIA cells in the presence of Csp.

We also examined the effect of an 7¢fIA mutation in com-
bination with mutations affecting components of the MAPK
integrity pathway, such as Mkhlp, Peklp, and Pmklp. The
double mutants grew as well as the single mutants at 28°C
(Figure 3B). We also compared the sensitivity to Csp of the
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single and double mutants. The knockout of mkh1™*, pek1™,
and pmkl™* elicited a weaker sensitivity to Csp than rgfIA,
because the mkh1A, pekIA, and pmkIA cells grew on YES
plates supplemented with 0.3 ug/ml Csp, whereas the rgf1A
cells failed to grow in the presence of 0.1, 0.08, and even 0.04
pg/ml Csp (Figure 3B). However, the rgflAmkhlA,
rgflApek1A, and rgflApmk1A double knockout mutants
failed to grow in the presence of 0.04 ug/ml Csp and did not
show synergism in their sensitivity to Csp compared with
the parental r¢fIA single knockout (Figure 3B).

Rgf1p Is Involved in Pmklp Activation Due to Hypertonic
and Hypotonic Stress and Cell Wall Damage

To confirm that Rgflp activates and transmits signaling
through Pmklp, we examined the level of Pmklp phosphory-
lation upon different stresses in rgfIA mutants. It has been
reported that MAP kinase Pmklp activation is induced by
multiple stressing situations, including hyper- and hypotonic
conditions, the presence of cell wall damaging compounds,
heat shock, glucose deprivation, and oxidative stress (Madrid
et al., 2006). The catalytic activity of this family of kinases
depends on the phosphorylation of both the Thr-186 and the
Tyr-188 residues, and can be detected by Western blotting with
polyclonal anti-phospho-p42/44 antibody (see Materials and
Methods; Zaitsevskaya-Carter and Cooper, 1997; Loewith et al.,
2000). First, we looked at Pmk1p activation after osmotic stress
caused by KCl or sorbitol. To this end, cells from wild-type
(MI200) and mutant rgfIA (PG285) strains with the genomic
copy of pmk1* tagged with HA6H (Madrid et al., 2006) were
grown at 28°C to the early log-phase. Extracts were obtained
from samples taken before and after the addition of 0.6 M KCl
or 1 M sorbitol for the times indicated. As shown in Figure 4A
(KCI), whereas extracts from the wild-type showed a strong
increase in Pmklp signal intensity after treatment, this band
was almost absent in the rgfIA mutant. Similarly, the Pmk1p
phosphorylation seen after sorbitol treatment in rgf1™* cells was
severely impaired in the rgfIA mutant (Figure 4A). In both
situations, the induction of Pmk1 activity was not the result of
an increase or decrease in Pmklp protein levels, as observed
after probing the same extracts with anti-hemagglutinin (HA)
monoclonal antibodies (Figure 4A). We performed quantitative
analysis by calculating the value termed induction-fold as the
ratio between quantitative levels of Pmklp phosphorylation at
15 min (treated cells) and Pmklp phosphorylation at time 0
(untreated cells). All the single quantified values were also
normalized with respect to their respective loading controls,
and the results are shown below each panel (Figure 4). We also
analyzed Pmklp activation in control and rgfIA cells subjected
to hypotonic stress, which induces a very rapid and transient
phosphorylation of the MAPK in control cells (Madrid et al.,
2006; Figure 4B). As under osmostress, the Rgflp deletion
strongly decreased Pmklp activation under hypotonic condi-
tions (Figure 4B). These results therefore indicate a role for
Rgflp in osmotic stress sensing.

Hyper- and hypotonic stress initiates a variety of compen-
satory and adaptive responses, which serve to restore near-
normal cell volumes and to reinforce the cell membrane and
cell wall structure to withstand the physical challenge. The
above results prompted us to test whether Rgflp was also
involved in the MAPK response to cell wall damage. As
expected, we found that the phosphorylation of Pmklp was
markedly induced upon Csp treatment in wild-type cells,
whereas in the absence of Rgflp this activation had de-
creased considerably (Figure 4C).

We next wondered whether the role of Rgflp was specific
for stress conditions related to changes in the cellular vol-
ume that could involve the reorganization of the actin cy-
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Figure 4. Rgflp regulates Pmklp activation induced by hyper- and hypotonic stress and by cell wall stress. The wild-type strain (rgf1™,
MI200) or a mutant (rgf1A, PG285), both carrying a HA6H-tagged chromosomal version of pmkl™, were grown in YES medium to mid-log
phase and subjected to different treatments for the indicated times. Pmk1-HA6H was purified by affinity chromatography under native
conditions. Activated and total Pmklp were detected by immunoblotting with anti-phospho-p42/44 or anti-HA antibodies, respectively. (A)
For hypertonic stress, cells were subjected to 0.6 M KCI or 1 M sorbitol for 15 min. (B) For hypotonic stress, cells growing in YES medium
supplemented with 0.8 M sorbitol were transferred to YES medium without sorbitol and collected at 0, 5, and 15 min. (C) For cell wall stress,
cultures were supplemented with 1 ug/ml Csp and grown for 60 min. (D) For thermal shock, cultures growing at 28°C were split and
incubated at either 28 or 40°C for 40 min. (E) For oxidative stress, cultures were treated for 15 min with 6 mM H,O,. (F) For glucose starvation,
cells growing in YES medium with 7% of glucose were shifted to the same medium without glucose but containing an equivalent osmotic
concentration of glycerol. Each treatment was repeated at least three times. Relative units comparing the induction-fold of wild-type and
mutant rgfIA cells in each individual experiment are shown below.

toskeleton or whether it was also involved in repairing other
types of cell damage, such as oxidative stress or heat shock.
As shown in Figure 4D, the intensity of Pmklp phosphory-
lation after transferring the cultures from 28 to 40°C was not
affected very much by deletion of the 7gf1* gene. Similarly,
the MAPK activation achieved with hydrogen peroxide in
control cells was still evident in rgfIA cells (Figure 4E), and
the induction-fold value upon comparing the stressed rgf1A
cells with their controls (2/0.3) was higher than the induc-
tion seen in wild-type cells (4/1; Figure 4E). Thus, the heat-
shock- and the oxidative stress—induced activations of
Pmklp in the fission yeast were largely independent of the
presence or absence of Rgflp. Next, we wondered whether
Rgflp was also involved in sensing nutrient limitation, a
process that in the long-term also enhances the turnover of
excess mass. Yeast cells starved for glucose dramatically
down-regulate general protein synthesis and activate stress
responses (Ashe et al., 2000). In fission yeast cells, previous
work has shown that stress caused by glucose depletion
elicits a clearly delayed Pmklp activation (Madrid et al.,
2006). We found that cells responded to glucose starvation
by activating Pmklp in a way totally independent of the
presence or absence of Rgflp (Figure 4F). Taken together,
these data indicate that Rgflp plays a substantial role in the
osmotic and cell wall stress response by positively regulat-
ing the Pmklp-cell integrity pathway.

Rgf1p Is Not Involved in Spclp Activation Due to
Hypertonic or Oxidative Stress

The above results led us to the hypothesis that Rgflp could
also be regulating the osmotic stress response through acti-
vation of the Spclp/Stylp MAPK signaling pathway
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(Shiozaki and Russell, 1995b). The Spclp kinase is activated
by increases in osmolarity and by a wide range of environ-
mental stresses. This activation involves the relocalization of
Spclp to the nucleus and phosphorylation of the transcrip-
tion factor Atflp, which results in changes in the expression
of genes associated with the stress response (Takeda et al.,
1995). We investigated the effect of loss of the r¢fl* gene on
Spclp activation after osmotic stress (KCI). We used cells
from wild-type (KS1489) and mutant rgfIA (PG362) strains
with the genomic copy of spcl* tagged with HA6H, allow-
ing Spclp purification with Ni**-NTA and detection with
anti-HA antibody (Shiozaki and Russell, 1995b). As previ-
ously reported (Degols et al., 1996), exposure of the cells to
high-osmolarity conditions, in this case YES medium con-
taining 0.6 M KCl, led to a rapid increase in the tyrosine-
phosphorylation of Spclp (Figure 5). In rgf1A cells, the same
treatment produced a similar increase in the Spclp signal,
indicating that Spclp induction upon KCI application was
completely independent of Rgflp (Figure 5). We also exam-
ined whether the activation of the MAPK after oxidative
stress was dependent on the presence of Rgflp. As shown in
Figure 5, bottom panel, the intensity of Spclp phosphoryla-
tion after 0.3 mM H,O, treatment was not affected very
much by deletion of the rgfI* gene.

Rholp Participates in the Activation of Pmklp

GEFs are multidomain proteins, and previous studies have
suggested that many of these domains are protein- or lipid-
interaction domains, indicating that they serve as localiza-
tion signals and/or as scaffolds for the formation of protein
complexes (Yeh et al.,, 2007). To determine whether Rgflp
function in Pmklp signaling requires GEF activity, we used
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Figure 5. Rgflp-independent tyrosine phosphorylation of Spclp
by osmotic- and oxidative-stress signals. Cells expressing epitope-
tagged Spclp, wild-type (KS1489) and rgf1A (PG362) were grown to
log phase in YES medium and then exposed to osmotic stress (15
min of exposure to YES plus 0.6 M KCl, top panel, or oxidative
stress (15 min of growth in YES plus 0.3 mM H,0,, bottom panel).
Spclp was isolated by Ni*>*-NTA-agarose affinity precipitation and
then analyzed by immunoblotting with anti-phospho-p38 and an-
ti-HA antibodies. Spclp tyrosine phosphorylation increased in both
strains after the two different types of stress.

a deletion mutant in the RhoGEF domain of Rgflp (rgfI-
PTTRA; Garcia et al., 2006a). The four amino acids deleted in
the rgfl-PTTRA mutant (proline-threonine-threonine-argi-
nine) have been predicted to be located on helix H8 (CR3),
which is the most highly conserved region of the DH do-
main and is where many mutations that decrease nucleotide
exchange activity map (Liu et al., 1998; Soisson et al., 1998).
As expected, the rgfI-PTTRA mutant integrated in a single
copy in rgfIA strain displayed a significantly reduced GEF
activity toward Rholp. In a pulldown binding assay, only a
minor amount of GTP-Rholp (active-Rholp) was detected in
the mutant strain rgfI-PTTRA (PG52) as compared with the
levels of GTP-Rholp in the wild-type strain (Fig. 6A). We
then tagged the full-length wild-type and the mutant rgfI-
PTTRA gene with GFP at the carboxy-end. These proteins
were expressed at comparable levels and the mutated rgf1-
PTTRA-GFP localized to the cell ends in the wild-type strain
(Figure 6B). However, the rgfI-PTTRA mutant was com-
pletely nonfunctional in terms of Pmklp activation after
osmotic stress (Figure 6C). Thus, the role of Rgflp in Pmklp
MAPK activation must depend on its GEF activity.

This result raised the possibility that either low or high
GTP-Rholp levels could be regulating MAPK activation in
response to stress. To examine this option, we first tested
whether overexpression of Rholp or a dominant-active
Rholp mutant (RholG15V) might result in an increased
phospho-Pmklp signal in the absence of environmental
stress. To this end, we transformed the Pmk1-HA6H-tagged
strain MI200 with plasmids pREP3X, pREP3X-rhol™, and
PREP3X-rho1G15V. These plasmids expressed the wild-type
rhol™ and the hyperactive allele of 01" under the control
of the high-strength thiamine-repressible promoter nmtl
(Arellano et al., 1996; Forsburg and Sherman, 1997). As
shown in Figure 6D (left), the overexpression of both Rholp
and RholG15Vp (constitutively active) increased the
phophorylation levels of Pmkl1p, similar to the increase ob-
tained with the overexpression of Pck2p. As expected, cells
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overexpressing the constitutively active allele of Rholp ac-
tivated the cascade earlier on in derepression than cells
bearing the wild-type allele of Rholp. We also found that a
high level of Rgflp, expressed from pREP3X-rgfl™, elicited
the activation of Pmklp (Figure 6D).

We next examined whether ectopic expression of Rholp
and Rgflp caused direct activation of Pmklp or whether it
was being funnelled through the Mkh1p-Peklp module. We
constructed strains that expressed the Pmk1-HA6H fusion in
an mkh1A background and transformed them with plasmids
PREP3X-rho1G15V and pREP3X-rgfl*. Deletion of mkhl*
completely abolished the Pmklp activation observed after
overexpression of RholG15Vp or Rgflp (Figure 6D). More-
over, we tested whether the overexpression of RholG15Vp
and Rgflp caused Pmklp activation in a pck2A background
and found that the lack of pck2* completely abolished
Pmklp activation (Figure 6D, right). Taken together, these
results strongly suggest that the Rgflp-Rholp-Pck2p cas-
cade does regulate the activation of Pmklp in S. pombe.

Involvement of Rgf2p and Rgf3p in Pmklp Activation

Finally, we investigated what the contribution of the other
Rholp GEFs to Pmklp activation might be. We have previ-
ously shown that overexpression of rgfl™, rgf2* or rgf3*,
driven by the nmt1 promoter, produces a strong induction of
the amount of GTP-bound Rholp (active Rholp; Tajadura et
al., 2004; Garcia et al., 2006a), and our unpublished results).
However, in vivo the contribution of each GEF to the acti-
vation or Rholp must be very different. The level of Rholp-
GTP is very diminished in rgfIA cells (Figure 6A (Garcia et al.,
2006a), whereas in the rgf3 mutant the amount of Rholp-
GTP (activated) is almost the same as that of the wild type
(Tajadura et al., 2004).

We found that overexpression of either Rgf2p or Rgf3p,
expressed from pREP3X-rgf2* or pREP3X-rgf3*, respec-
tively, elicited the activation of Pmklp (Figure 7A). This
result led us to wonder whether this was due to a real
contribution of each GEF or whether it was merely a conse-
quence of a high level of active Rholp. To this end, we
examined the effect of the loss of Rgf2p or the Rgf3p alone on
the Pmklp activation induced by different types of stress.
Rgf3p is essential, so we used a strain with a TS mutation in
1gf3 (the ehs2-1 mutant stands for echinocandin-hypersensi-
tive). The ehs2-1 cells showed a lytic thermosensitive pheno-
type at 37°C, which was suppressed when an osmotic sta-
bilizer (1.2 M sorbitol) was added to the medium (Tajadura
et al., 2004). We first tested whether the ehs2-1 mutant was
impaired for the Pmklp activation induced by osmotic stress
or cell wall damage. As shown in Figure 7B, Pmklp phos-
phorylation levels were similar in ehs2-1 cells and in wild-
type cells grown for 2 h at 37°C and then exposed to KCI (15
min.) or Csp (1 h) at the same temperature. Moreover, the
ehs2-1 mutant was not involved in repairing other types of
cell damage, such as oxidative or heat shock. As shown in
Figure 7B, the intensity of Pmklp phosphorylation after
treatment with H,O, (6 mM) or heat shock at 40°C was not
significantly affected in the ehs2-1 mutant. We also tested
Pmklp activation in the presence of sorbitol (1 M) and under
glucose starvation. The ehs2-1 cells did not behave differ-
ently from the wild-type cells in either situation (not shown).

Our investigations with the rgf2A null mutant revealed
that the intensity of Pmklp phosphorylation after exposure
to osmotic shock (1M sorbitol), cell wall damage (1 ug/ml
Csp), oxidative stress (6 mM H,0,), or heat shock (40°C),
and glucose starvation was not affected very much by dele-
tion of the r¢gf2* gene (Figure 7C).
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Figure 6. Rholp is involved in Pmkl1p activation. (A) The r¢fI-PTTRA mutant displayed significantly reduced GEF activity toward Rholp.
Wild-type (PPG160), rgfIA (PG378), and rgfI-PTTRA (PG380) cells expressing HA-rhol* from its own promoter were precipitated with
GST-RBD and blotted with anti-HA antibodies (12CA5). Total HA-Rholp in cell lysates was visualized by Western blotting. Data are
quantified and presented as percentages relative to the wild-type extracts run in the same experiment. (B) Early log-phase cells containing
the rgf1-PTTRA allele fused to GFP (PG52) were visualized for GFP fluorescence and Nomarsky optics. The Rgf1-PTTR protein (mutated in
the RhoGEF domain) localizes to the growing regions: one or both poles and the medial zone. (C) Rgflp function in Pmk1p signaling requires
GEF activity. The rgfl* wild-type strain (MI200) or the rgfI-PTTRA mutant (PG331), both carrying an HA6H-tagged chromosomal version of
pmk1*, were grown in YES medium to mid-log phase and treated with 0.6 M KCl, for 15 min. Pmk1-HA6H was purified by affinity
chromatography under native conditions. Activated and total Pmk1p was detected by immunoblotting with anti-phospho-p42/44 or anti-HA
antibodies, respectively. (D) High levels of Rholp resulted in an increased phospho-Pmklp signal. Left panels, the wild-type strain (rgf1™,
MI200) carrying a HA6H-tagged chromosomal version of pmkl* was transformed with plasmids for rhol™ (pREP3X-rhol*, pREP3X-
rho1G15V), pck2* (pREP-pck2™), rgfl* (pREP3X-rgf1*), and with the empty plasmid (pREP3X). Transformants were grown in MM without
thiamine for the indicated times. Purification and detection of active or total Pmk1 was performed as described above. Right panels, basal
activation of Pmk1p produced by Rholp and Rgflp is channelled exclusively through Mkh1p and Pck2p. The wild-type, mkh1A (PG318) and
pck2A (PG332) strains carrying a HA6H-tagged chromosomal version of pmkl1™* were transformed with plasmids pREP3X, pREP3X-rho1G15V
and pREP3X-rgf1*. For promoter derepression, transformants were grown in MM without thiamine for 16 h. Lines are labeled (—) for the
empty plasmid pREP3X and (+) for the OP-plasmid, either pREP3X-r101G15V or pREP3X-rgf1 *. Purification and detection of active and total

Pmklp were performed as described above.

Thus, together these results indicate that among the
Rholp GEFs, Rgflp contributes the greatest part by modu-
lating the activity of the pathway after physical destabiliza-
tion of the cell surface.

DISCUSSION

The main conclusion that can be drawn from the present
work is that Rgflp, a Rholp-specific GEF, is a new member
of the Pmklp MAPK pathway in fission yeast. We provide
genetic and biochemical evidence to support this view. First,
mutants lacking r¢f1* exhibited the vic phenotype, which is
strong indication of the involvement of the components of
the Pmklp signaling pathway (Ma et al., 2006). Moreover,
rgfIA cells were hypersensitive to B-glucanase treatment,
and their growth was inhibited by high salt concentrations,
both phenotypes being characteristic of knockouts in the
pmk1*, mkh1*, and pek1* genes. Second, knockout mutants
of the components of the Pmklp MAPK signaling pathway
displayed hypersensitivity to Csp, a cell wall-damaging
agent that specifically inhibits B-glucan biosynthesis. As
expected, deletion of the components of the Pmk1p pathway
did not exacerbate the hypersensitivity to Csp of strains
lacking rgf1*. This observation supports the view that Rgflp
plays a role in the Pmklp pathway. Third, Pmklp MAPK
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phosphorylation/activation in response to osmotic stress or
cell wall damage depends on the Rgfl protein. Our data
provide new evidence to clarify the complex regulatory
network modulating the level of activation of the Pmklp.
Although it seems likely that hypertonic and hypotonic
stress and cell wall damage would be transduced by
Rgflp via Rholp and Pck2p, other stimuli such as treat-
ment with H,O, and heat shock are largely independent
of Rgflp function.

MAP kinase cascades serve to amplify a small signal
initiated at the cell surface and to convert a graded input
into a highly sensitive, switch-like response (Ferrel, 1996). In
budding yeast, the Rholp effector pathway most studied is
the Pkclp-activated MAPK cascade. This is principally be-
cause mutants in this pathway display conditional cell lysis
defects that render them genetically tractable. In this path-
way, a linear series of protein kinases, known as an MAPK
cascade, is responsible for amplification of the cell wall
integrity (CWI) signal from Rholp (Levin, 2005). In fission
yeast, the cell integrity pathway contains a module of three
kinases (Mkhlp, Skhlp/Peklp, and Pmklp/Spmlp) that
regulate cell integrity and that, with calcineurin phospha-
tase, antagonize chlorine homeostasis. However, the in-
volvement of this pathway in the gene expression related to
cell wall remodelling or to the organization of the actin
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Figure 7. Rgf2p and Rgf3p involvement in Pmk1p activation. (A) High levels of Rgf2p and Rgf3p resulted in an increased phospho-Pmkl1p
signal. The wild-type strain (rgf1™, MI200) carrying a HA6H-tagged chromosomal version of pmk1* was transformed with plasmids for rgf1™,
rgf2*, or rgf3* overexpression (pREP3X-rgf1*, pREP3X-1¢f2", and pREP3X-rgf3*, respectively) and with the empty plasmid (pREP3X). For
promoter derepression, transformants were grown in MM without thiamine for 16 h. (B) Rgf3p is not required for induction of Pmklp
phosphorylation in response to hypertonic stress or cell wall stress. Strains (rgf3", MI200) and (ehs2-1, PG359) were grown to mid-log phase
in YES medium and then incubated for 2 h at 37°C. For osmotic stress treatment, the cells were incubated for an additional 15 min in YES
plus 0.6 M KCl. For cell wall stress, the cells were incubated for an additional hour in YES plus 1 ug/ml Csp, in both cases at 37°C. For
oxidative stress, cultures were treated for 15 min with 6 mM H,O,. For thermal shock, after 2 h at 37°C the cells were incubated at 40°C for
30 min. (C) Rgf2p is not required for induction of Pmklp phosphorylation in response to hypertonic stress or cell wall stress. The wild-type
strain (rgf2", MI200) or a mutant (rgf2A, PG287), both carrying a HA6H-tagged chromosomal version of pmkl™, were grown in YES medium
to mid-log phase and then exposed to osmotic stress (15 min in YES plus 1 M sorbitol), cell wall damage (1 h of growth in YES plus 1 ug/ml
Csp), oxidative stress (15 min growth plus 6 mM H,0,), heat shock (40°C for 40 min), or glucose starvation. Pmk1-HA6H was purified by
affinity chromatography under native conditions. Activated and total Pmklp were detected by immunoblotting with anti-phospho-p42/44

or anti-HA antibodies, respectively.

cytoskeleton is not very well understood. Deletion of mkh1,
pekl, or pmk1 did not significantly affect cell growth under
standard conditions. However, the mutants are sensitive to
B-glucanase treatment and to antifungal agents that interfere
with cell wall biosynthesis (Toda et al., 1996b; Sengar et al.,
1997). In the presence of hyperosmotic medium, high tem-
peratures or nutrient starvation, a number of cells (30%)
exhibit filamentous, multiseptated growth, and the cells are
swollen (Sengar et al., 1997; Zaitsevskaya-Carter and Coo-
per, 1997; Sugiura et al., 1999). This phenotype is accompa-
nied by thickened cell walls and prominent septa, and this
might indicate that these cells are defective in cell wall
biosynthesis or degradation under stressful conditions.

The finding that Rho2p and Pck2p are upstream compo-
nents of the Pmklp MAPK pathway supports the notion of
the participation of this module of kinases in the cell remod-
elling necessary to reinforce the cell wall structure or to
reorganize the cytoskeleton in order to withstand osmotic
stress or other physical challenges (Ma et al., 2006). Rho2p is
involved in the control of cell morphogenesis (Hirata et al.,
1998) and regulates cell wall a-glucan biosynthesis through
the protein kinase Pck2p (Calonge ef al., 2000). Pck2p is also
related to cell wall B-glucan; although pck2A mutants have
less cell wall, the mutants that overexpress Pck2p show an
increase in the B-glucan content and a higher p-glucan syn-
thase activity (Arellano et al., 1999b).

Rho2p acts upstream from Pck2p, regulating the Pmklp
MAPK pathway (Ma et al., 2006). Moreover, it has been
recently shown that Rho2p is critical for Pmk1p activation in
the presence of KCl, sorbitol and hypotonic stress, whereas
it is dispensable for heat shock, H,O,, or glucose starvation
(Barba et al., 2008). It is possible that one or more elements
could contribute to Pmklp activation through Pck2p, alter-
natively to Rho2p (Barba et al., 2008). A good candidate for
Pmklp activation via Pck2p is the essential GTPase Rholp.

Vol. 20, January 15, 2009

Rholp interacts with Pcklp and with Pck2p, and this inter-
action stabilizes these kinases, raising their concentrations
precisely in the areas of growth (Arellano et al., 1999b; Sayers
et al., 2000). Our results indicate that Rgflp contributes to
Pmklp signaling only when Rholp is working properly. In
this sense, we found that both low and high levels of GTP-
bound-Rholp had an impact on the proper functioning of
the cascade.

We observed that a deletion mutation in a highly con-
served region of the Rgflp-DH-domain produced a lack of
function phenotype in terms of the induction of Pmklp in
response to osmotic stress. The amount of GTP-Rholp in the
rgfl-PTTRA mutant was minute compared with the wild-
type rgfl*, suggesting that wild-type levels of activated
Rholp are important for Pmklp activation. Although it
seems evident that Rgflp could act as a GEF for Rholp, we
cannot rule out the possibility of its acting as a GEF for
Rho2p.

However, our results do not favor this hypothesis because
no changes in the levels of Rho2p bound to GTP were
observed in strains with different levels of Rgflp, either with
or without osmotic stress (not shown). In addition, Rho2p
overexpression did not suppress the hypersensitivity to Csp
or sensitivity to KCI in the rgfIA mutant cells (Garcia et al.,
2006a and data not shown, respectively). We also found that
high levels of Rholp increased the phosphorylation level of
Pmklp, similarly to that obtained by overexpression of
Pck2p. As expected, overexpression of the constitutively
active allele of Rholp activated the cascade earlier on in
derepression than cells that carried the wild-type allele of
Rholp. In both situations, Pck2p and Mkhlp activity was
necessary for MAPK activation, suggesting that the stimulus
was being funnelled through Pck2p and the three kinases.

We have previously shown that overexpression of both
Rgflp and Rgf3p raises the amount of GTP-bound Rholp
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and B-glucan synthase activity (Tajadura et al., 2004; Garcia
et al., 2006a). We reasoned that if Rholp was activating
Pmklp, then it would be expected that ectopic activation of
Rholp by any of its GEFs would also activate Pmk1p. This is
in fact the case, because the overproduction of Rgf2p or
Rgf3p activated Pmklp to a similar extent to Rgflp. Rgf2p is
required for spore wall maturation, and the protein shows a
low expression profile in vegetatively growing cells (our
unpublished observation). The rgf3" gene is essential, and
the protein has been proposed to specifically activate Rholp
function during cytokinesis (Tajadura et al., 2004). Neverthe-
less, there exists the possibility that these GEFs could be
activating the pathway by themselves. It seems very un-
likely that Rgf2p would be involved in the signal transduc-
tion of the Pmklp cascade. The knockout of Rgf2p did not
elicit the characteristic vic phenotype and was not hypersen-
sitive to Csp treatment or sensitive to high-salt concentra-
tions either (not shown); even more conclusively, Pmklp
activation after osmotic stress, oxidative stress, heat shock,
or Csp treatment was not impaired in the rgf2A mutant.
Regarding Rgf3p, we observed that the activation of Pmk1p
in response to a number of different stresses was not affected
in the ehs2-1 (mutated in rgf3") at the restrictive tempera-
ture. In sum, the Pmk1p activation seen after overexpression
of Rgf2p and Rgf3p is probably due to a large increase in
activated Rholp levels. Our data also show that Rgflp, but
not Rgf2p or Rgf3p, activity is involved in Pmklp activation
during osmotic or cell wall stress, strongly suggesting that
the expression, localization, and/or activity of different
GEFs are regulated in vivo to mediate the function of Rholp
in different cellular processes.

In S. pombe, Rholp signaling is required to maintain cell
integrity. Here we show that the Rgflp-Rholp duo is in-
volved in osmotic and cell wall stress signaling through the
Pmklp cell integrity cascade. The finding that the up-regu-
lation of Pck2p and Pmkl1p suppressed, at least partially, the
Csp defect of rgfIA mutants suggests that Pck2p signals to
the cell wall integrity pathway via the MAPK cascade. It has
been shown that Atflp is phosphorylated by Pmklp under
cell wall stress, but the consequences of such activation are
unknown (Takada et al., 2007). Besides its role in the cell
integrity pathway, Rholp acts by regulating the biosynthesis
of B(1,3)-glucan and the cell wall in general, and it is also
required for actin polymerization. Its role as a GS activator
seems to be at least partially independent of its role in the
MAPK cascade. The cells that overexpressed either Rgflp or
Rho1G15V (dominant-active allele of Rholp) showed aber-
rant depositions of Cfw-stainable material and a huge in-
crease in GS activity, and finally the cells” death. We found
that deletion of Pmkl1p did not release the lethal phenotype
seen after the overproduction of Rgflp or RholG115V;
moreover, the GS level was not diminished in the pmkl™*
deletion mutants. It is likely that Rholp would regulate GS
at two levels: direct regulation of the enzyme itself and,
through the MAPK cascade, regulation of the expression of
the enzyme.

Our work demonstrates that a specific GEF regulates a
subset of Rholp functions, specifically linking the stimulus-
induced signaling to cell wall and/or cytoskeletal remodel-
ling. This supports the hypothesis that GEFs play special-
ized roles and is consistent with the hypothesis that the
excess of regulators for GTPases would have evolved to
exert spatiotemporal regulation or adaptive responses that
enable GTPases to accomplish diverse cellular roles.
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En Schizosaccharomyces pombe, la proteina Rgf2p es un

GEF de Rholp, necesaria para la maduracion de la pared

de la espora y el mantenimiento de la integridad celular en

ausencia de Rgfip







Antecedentes

Las células de S. pombe en condiciones de
escasez de nutrientes, especialmente nitrégeno,
detienen su crecimiento en G1. Posteriormente
conjugan y llevan a cabo dos divisiones mei6ticas para
dar lugar a cuatro esporas haploides. En cada uno de
estos pasos es necesaria la sintesis de nueva membrana
y pared celular, para preservar la forma e integridad de
las células.

Muchas de las proteinas que intervienen en la
formacion de la pared de la espora, son necesarias para
gue la esporogénesis se produzca de forma correcta.
Una de ellas es la proteina Bgs2p, que es la Unica f3-
glucan sintasa esencial para la sintesis y maduracion de
la pared de la espora. En su ausencia las esporas
presentan un aspecto inmaduro y carecen de la
refringencia que se aprecia en las esporas silvestres.
Ademas, las ascas bgs2A/bgs2A no liberan las esporas
al medio espontaneamente y éstas son incapaces de
germinar en medio rico (Liu et al., 2000; Martin et al.,
2000).

Cuando realizamos una comparacion de las
secuencias de los genes rgf3* y rgfl* con la base de
datos (http://www.genedb.org/genedb/pombe/
index.jsp), encontramos otra ORF (SPAC1006.06) con
un porcentaje de identidad significativo, a la que
denominamos rgf2*. La expresion de este gen aumenta
en esporulacion (Mata et al., 2002) y la proteina Rgf2p
posee un dominio RhoGEF, por lo que podria ser un
regulador de alguna de las GTPasas de la familia Rho.
Al igual que rgf3" y rgfl®, la caracterizacion del gen
rgf2*, nos parecié interesante para estudiar el modo de
regulacion de las GTPasas de la familia Rho en S.
pombe.

Trabajo Experimental

1. Rgf2p es esencial para el desarrollo de la
pared de la espora

Rgf2p pertenece a la familia de factores GEFs
de S. pombe y presenta cuatro posibles dominios
funcionales (DEP, DH, PH y CNH), con una
distribucién casi idéntica a la de Rgflp. Ademas el
porcentaje de identidad al comparar los dominios
RhoGEF de Rgflp y Rgf2p es mucho mayor, que el
obtenido al comparar los mismos dominios de Rgflp y
Rgf3p, que son GEFs con la misma especificidad de
sustrato.

Para determinar la funcion de Rgf2p
examinamos los fenotipos de las células rgf2A. No
observamos ninguna diferencia entre la cepa silvestre y
el mutante rgf2A durante el crecimiento vegetativo,
pero si durante el proceso de esporulacién. En ascas

CAPITULO IV

homozigoticas rgf2A la meiosis tiene lugar de manera
normal, asi como el desarrollo de la membrana de la
proespora. Sin embargo, estas ascas presentan aspecto
inmaduro y dan lugar a cuatro ascosporas que carecen
de la refringencia caracteristica de las esporas
silvestres. La morfologia de las ascas mutantes es muy
parecida a la observada en las ascas bgs2A, (mutante
nulo para la B-glucan sintasa esencial en esporulacidn)
(Liu et al., 2000; Martin et al., 2000). Ademas, la gran
mayoria de las ascas mutantes (rgf2A) no liberan
espontaneamente las esporas al medio y cuando éstas
se liberan mediante tratamiento enzimatico, son
incapaces de germinar.

Todos estos datos indican que Rgf2p esta
participando en el proceso de sintesis de la pared de las
ascosporas y que en su ausencia éstas presentan una
pared inmadura que les impide sobrevivir, incluso en
condiciones ambientales favorables.

2. La actividad GS esta disminuida en
diploides rgf2A

Nos propusimos entonces, comprobar si Rgf2p
podria ser un regulador de la actividad BGS durante la
esporulacion. Para conseguir una meiosis sincrénica
del cultivo utilizamos un mutante patl-114. En estas
células, después de 6 horas de incubacion a 34°C, se
inactiva la quinasa Patlp que es un inhibidor de la
meiosis, por lo que los diploides empiezan a esporular
de manea sincrénica. En la cepa silvestre se produce un
gran aumento de la actividad BGS, coincidiendo con la
formacidn de la pared de las esporas, mientras que en
las células rgf2A este pico de actividad es mucho
menor. Estos datos demuestran que Rgf2p contribuye
en gran medida a la actividad BGS durante la
esporulacion y por consiguiente, también a la sintesis
de la pared de la ascospora.

Ademas, Rgf2p-GFP se observa solamente en la
periferia de las ascosporas una vez que éstas estan
claramente delineadas y coincidiendo con la sintesis de
la pared.

3. La sobreexpresion de rgf2* produce un
aumento de Rholp activo durante el crecimiento
vegetativo

Dada la similitud que presentan Rgf2p y Rgflp,
nos preguntamos si Rgf2p podria actuar también como
activador de Rholp durante el crecimiento vegetativo.

La sobreexpresion de rgf2* es letal para las
células, dando lugar a células mas largas de lo normal,
multiseptadas y con septos mas engrosados. Ademas,
pudimos comprobar que el nivel de Rholp activo en
estas células era muy superior al de la cepa silvestre y
que también presentaban una actividad PGS
incrementada.
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4. Rgf2p es necesaria para el mantenimiento
de la integridad en ausencia de Rgflp

Con el prop6sito de investigar si Rgf2p tenia
alguna funcion redundante con otros GEFs de Rholp,
decidimos construir todas las combinaciones posibles
de mutantes dobles entre estas tres proteinas: Rgfilp,
Rgf2p y Rgf3p. Sélo los genes rgfl™ y rgf2* resultaron
ser sintéticos letales. Ademas, al igual que les ocurre a
las células con niveles de Rholp muy bajos (Arellano
et al., 1997), la letalidad de la cepa rgflArgf2A no
pudo ser suprimida afiadiendo un estabilizador
osmatico al medio.

Estos resultados sugieren que Rgflp y Rgf2p
comparten un papel esencial como activadores de
Rholp durante el crecimiento vegetativo.

A continuacidén, nos preguntamos si Rgflp y
Rgf2p poseian funciones intercambiables. Para ello,
aumentamos los niveles de rgf2* en una cepa rgflA y
observamos que todos los defectos propios de estas
células fueron suprimidos en mayor o menor medida.

Por otro lado, quisimos comprobar si lo
contrario también era cierto, es decir, si Rgflp podia
realizar las funciones de Rgf2p en esporulacion. Para
lo cual, expresamos rgfl* bajo el control del promotor
de rgf2*, de forma que hubiera una expresion
suficiente de este gen durante la esporulacion. En estas
condiciones Rgflp pudo también suprimir, aunque sélo
parcialmente, los defectos de germinacién de las
ascosporas rgf2A.

Podemos concluir por tanto, que Rgflp y Rgf2p
son parcialmente intercambiables, aunque sélo cuando
se expresan a unos niveles adecuados en la célula.
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ABSTRACT

Schizosaccharomyces pombe Rholp is essential, directly activates B-(1,3)-glucan synthase, and
participates in the regulation of morphogenesis. In S. pombe, Rholp is activated by at least three GEFs
(guanine nucleotide exchange factors): Rgflp, Rgf2p and Rgf3p. In this study we show that Rgf2p is a
Rholp GEF required for sporulation. The rgf2" deletion did not affect forespore membrane formation and
the nuclei were encapsulated properly. However, the mutant ascospores appeared dark and immature. The
rgf2A zygotes were not able to release the ascospores spontaneously, and the germination efficiency was
greatly reduced compared to wild-type spores. This phenotype resembles that of the mutants in bgs2*, which
encodes a sporulation-specific glucan synthase subunit. In fact, glucan synthase activity was diminished in
sporulating rgf2A diploids. Rgf2p also plays a role in B-glucan biosynthesis during vegetative growth.
Overexpression of rgf2” specifically increased GTP-bound Rholp, caused changes in cell morphology, and
elicited an increase in B-1,3-glucan synthase activity. Moreover, the simultaneous disruption of rgfl* and
rgf2" was lethal and both proteins (Rgflp and Rgf2p) were able to partially substitute for each other. Our
results suggest that Rgflp and Rgf2p are alternative GEFs with an essential overlapping function in Rholp

activation during vegetative growth.

SCHIZOSACCHAROMYCES pombe cells are rod

shaped, grow mainly by elongation of their ends, and
divide by binary fission after forming a centrally
placed division septum (HAYLES and NURSE 2001).
Upon nutrient starvation, especially that of nitrogen, S.
pombe cells exit the mitotic cycle at G1 and proceed
through mating and two meiotic divisions to generate
four haploid spores (EGEL 2004; SHIMODA and
NAKAMURA 2004; YAMAMOTO 2004). In each of these
polarization states, a new membrane and cell wall are
necessary to preserve cellular shape and integrity.

The cell wall is a rigid structure that protects yeast
cells, controlling all communication with the
extracellular world. However, the cell wall must be
loosened to allow expansion during periods of
polarized growth, while it needs to be constrained
when cells are growing in poor substrate conditions
(LATGE 2007; LEVIN 2005). The S. pombe cell wall
mainly consists of an outer layer rich in
galactomannoproteins and an inner layer of -1,3-, 3-
1,6- and o-1,3-glucans (DURAN and PEREZ 2004;
MANNERS and MEYER 1977). Among the
polysaccharides, we focused on the f-1,3-glucan
fibrillar network. B-1,3-glucan is the major structural
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component and is also the first polymer to be
synthesized in regenerating protoplasts (OsuMI et al.
1989) and in the S. pombe spore wall (GARCIA et al.
2006; MARTIN et al. 2000). B-1,3-glucan biosynthesis
is carried out by the [-1,3-glucan synthase complex
(GS), a multimeric enzyme composed of both catalytic
and regulatory subunits. The catalytic component is
encoded by the bgs family of genes (bgsl', bgs2",
bgs3" and bgs4”) (CORTES et al. 2005; CORTES et al.
2007; LE GOFF et al. 1999; Liu et al. 2002; Liu et al.
2000b; MARTIN et al. 2003; MARTIN et al. 2000),
while the regulatory component is the GTPase Rholp
(ARELLANO et al. 1996). The biochemistry of the GS
complex has been characterized, but the assembly
process and the activation mechanisms that polarize
cell wall extension only to certain areas of the cell wall
remain largely unknown. There is accumulating
evidence that Bgs (B-GS) might be controlled by local/
temporal activation of Rholp. Rholp acts as a binary
switch, cycling between an inactive GDP-bound and
an active GTP-bound conformational state, stimulating
GS in its GTP-bound prenylated form (ARELLANO et
al. 1997; ARELLANO et al. 1996; NAKANO et al. 1997).
During vegetative growth, Rholp travels to the growth
sites, poles, and septum to meet Bgslp, Bgs3p and
Bgsdp. The three GS catalytic subunits localize to the
poles during tip elongation and to the septum during
cytokinesis; all of them are large integral membrane
proteins whose levels do not fluctuate along the cell
cycle (LU et al. 2002; MARTIN et al. 2003). Bgslp is
required for primary septum formation (CORTES et al.
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2007), while Bgs3p and Bgs4p are good candidates for
the synthesis of the B-1,3-glucan of the surrounding
cell wall and the secondary septum, both with a similar
composition (CORTES et al. 2005; HUMBEL et al.
2001). B-1,3-glucan also accounts for 38% of the
polysaccharides present in the spore wall (GARCIA et
al. 2006). In spores, B-1,3-glucan synthesis is carried
out by Bgs2p, the GS catalytic subunit specific for
sporulation (LIUu et al. 2000; MARTIN et al. 2000).
Bgs2p is required for proper spore wall maturation and
in its absence the spores are not released from the ascal
sac and are unable to germinate (MARTIN et al. 2000).

For GS activation, as well as for other functions,
Rholp must be precisely regulated in response to
temporally preceding upstream signals. This regulation
mainly involves two types of proteins: GEFs (guanine
nucleotide exchange factors) and GAPs (GTPase
activating proteins) (Bos et al. 2007; ROSSMAN et al.
2005a). GEFs turn on signalling by catalyzing the
exchange from G-protein-bound GDP to GTP, whereas
GAPs terminate signalling by inducing GTP
hydrolysis. All these proteins are multidomain proteins
and play important roles in the specificity of Rho
functions. In S. pombe there are at least three GEFs
(Regflp, Rgf2p and Rgf3p) (GARCiA et al. 2006b), and
several putative GAPs (Rgalp, Rga5p and Rga8p)
(CALONGE et al. 2003; NAKANO et al. 2001; YANG et
al. 2003), all of them specific for Rholp.

Among the activators, rgf3” was first cloned in our
laboratory by complementation of a mutant (ehs2-1)
hypersensitive to drugs that interfere with cell wall
biosynthesis (TAJADURA et al. 2004). rgf3" is essential
for cell viability and the protein localizes exclusively
to the middle region of the cell (MORRELL-FALVEY et
al. 2005; MUTOH et al. 2005; TAJADURA et al. 2004).
Rgf3p activates GS and increases the amount of cell
wall B-1,3-glucan. Thus, it is probable that Rgf3p
stimulates Rholp-mediated activation of a type of GS
activity that is crucial for proper septum function
(TAJADURA et al. 2004). Rgflp is not essential for
viability, but it does play an important role in
regulating the growth pattern of fission yeast cells and
signals upstream from the Pmkl mitogen-activated
protein kinase pathway (GARCIA et al. 2006a; GARCIA
et al. 2009). Rgflp localizes to the cell tips in
interphase cells and to the division septum in mitotic
cells, and it activates the -GS complex containing the
catalytic subunit Bgsdp (GARCIiA et al. 2006a;
MORRELL-FALVEY et al. 2005; MUTOH et al. 2005).
Moreover, Rgflp is required for actin reorganization
necessary for cells to change from monopolar to
bipolar growth during NETO (New End Take Off),
thus coupling a cell polarity transition to cell wall
biogenesis (GARCIA et al. 2006a). Based on two-hybrid
analysis and its protein sequence (MUTOH et al. 2005),
Rgf2p has been proposed to be a Rholp GEF. Rgflp
and Rgf2p are the closest relatives -63.4% identity
within the DH domains- but while rgflA cells are
hypersensitive to cell wall-damaging agents and other
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types of stress, rgf2A cells are similar to wild-type
cells and Rgf2p is not required for cell elongation or
assembly of the division septum.

Here we report that simultaneous depletion of Rgflp
and Rgf2p is lethal in vegetative cells and that mild
overexpression of rgf2" fully rescues the lysis and
hypersensitivity to caspofungin, which interferes with
cell wall integrity, of rgflA cells. Our data strongly
suggest that Rgflp and Rgf2p share an essential
function as Rholp activators during vegetative growth.
In addition, Rgf2p appears to play an essential function
as a GS activator during the sporulation process.
Following meiosis, rgf2-null mutants failed to properly
assemble the spore wall, resulting in the formation of
immature spores. The subcellular localization of Rgf2p
supports its role in spore wall assembly.

MATERIALS AND METHODS

Media, reagents and genetics: The genotypes of the S. pombe
strains used in this study are listed in Table 1. The complete yeast
growth medium (YES), selective medium (MM) supplemented with
the appropriate requirements and sporulation medium (MEA) have
been described elsewhere (MORENO et al. 1991). Caspofungin (Csp)
was stored at -20° in a stock solution (2.5 mg/ml) in H,O and was
added to the media after autoclaving at the corresponding final
concentration. Crosses were performed by mixing appropriate strains
directly on MEA plates and diploids allowed to sporulate at 28°.
Recombinant strains were obtained by tetrad analysis. For
synchronous meiosis, diploid strains homozygous for patl-114"
were cultured in MM-N at 24° for 18h, after which the temperature
was shifted to 34° to induce meiosis (IINO et al. 1995). For
overexpression experiments using the nmtl promoter, cells were
grown to logarithmic phase in EMM containing 15uM thiamine.
Cells were harvested, washed three times with water, and inoculated
in fresh medium (without thiamine) at an ODgyp=0.01.

Disruption of the rgf2* gene: The rgf2::ura4” disruption
construct was obtained in a two-step process. The 5" non-coding
region of the rgf2" ORF [nucleotides (nt) -1475 to -23] was
amplified by PCR, inserting the Apal and Sall sites (one at each
end), and was ligated into the same sites of the SK-ura4” vector. The
3’ flanking region of the rgf2" ORF (nt +3604-5241) was amplified
by PCR, inserting the BamHI and Notl sites as above, and was
cloned into the same sites of pSK-ura” with the 5" end, to yield
pGR2. rgf2” gene disruption was accomplished using the 4.7 Kb
fragment from pGR2 cut with Apal and Notl and transforming the
YS165 diploid strain. Transformants were replica-plated five times
consecutively on YES medium to eliminate cells that had not
integrated the construct. Integration was analysed by PCR using the
following oligonucleotides: IPCR-b (5'-
CACCATGCCAAAAATTACACAAGATAG AAT-3") in the ura4”
gene; Rom3-ext-3" (5'-GAGACGGTAAAATCACG-3")
downstream from nucleotide +5311, and therefore external to the
disruption cassette; Rom3-int-3" (5'-TCCAGCAAATGCAGCAG-
3") in the rgf2" gene. A diploid strain heterozygous for the
rgf2::ura4” allele was subjected to tetrad analysis. 2ura4:2ura4”
segregation indicating that rgf2" is not essential for vegetative
growth. To make the rgf2::his disruption construct (pRZ38), the
upstream Apal-Sall fragment and the downstream 1.6 Kb BamHI-
Notl fragment were ligated into the same sites of pSK-his3". Plasmid
pRZ38 was digested with Apal and Notl and the linear DNA
containing the cassette was used transform a haploid strain (YS64).
rgf2::his3 disruptants (GRGS55) were tested for stability and analysed
by PCR.

Construction of plasmids and strains: rgf2* was obtained from
cosmid SPA1006. First, upstream (1.4 Kb) and downstream (1.6 Kb)
flanking sequences from rgf2* obtained by PCR amplification were
subcloned into Apal-Sall and BamHI-Notl from pAL-KS (S. pombe
arsl” and S. cerevisiae LEU?2 selection) to make plasmid pGR3.
Then, we cloned a 3.7 Kb Xhol-Sphl fragment from cosmid
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TABLE 1

S. pombe strains used in this work

Strains Genotype Source
YSM180 h™ 972 Our collection
PG242 h'rgf2::uras4” This work
YS64 h™ leul-32 ade6M210 ura4D-18 his3D1 Our collection
YS71 h* leu1-32 ade6M210 ura4D-18 his3D1 Our collection
PG1 h™leul-32 ade6M210 his3D1 ura4D-18 rgf2::ura4" This work
PG5 h" leu1-32 ade6M210 his3D1 ura4D-18 rgf2::urad” This work
PG9 h?° leu1-32 ade6M210 his3D1 ura4D-18 rgf2::urad* This work
YS260 h* leu1-32 ade6M210 his3D1 ura4D-18 Our collection
YS527 h”leul-32 ade6M210 his3D1 H. Valdivieso lab
YS165 h'/h leu1-32/ leul-32 ade6M210/ade6M216 ura4D-18/ura4D-18
his3D1/his3D1 Our collection

PG3 h'/h” leu1-32/ leul-32 ade6M210/ade6M216 rgf2::ura4‘/rgf2*

ura4D-18/ura4D-18 his3D1/his3D1 This work
PG107 h/h” patl-114/patl-114 leul-32/leul-32 ade6M-210/ade6M-216 S. Moreno lab
PG110 h/h” rgf2::urad’/rgf2::urad” patl-114/pat1-114 leul-32/leul-32

ade6M-210/ade6M-216 This work
PG115 h- leu1-32 his3D1 ura4D-18 ade6M210 P81Xnmt-rgfl” This work
VT88 h™ leul-32 ade6M210 ura4D-18 his3DI 81 nmt-rgf3'-ura4* Our collection
PGY%4 h™ leul-32 ade6M210 ura4D-18 his3DI rgfl::his3* P8LXnmt-rgf3'-ura4" This work
PG395 h™ leul-32 ade6M210 ura4D-18 his3DI rgf2::his3* P81Xnmt-rgf3'-ura4* This work
GRG33 h™leu1-32 ade6M210 his3D1 ura4D-18 rgf2::ura4 " P81Xnmt-rgfl* This work
GRG55 h leu1-32 ade6M210 his3D1 ura4D-18 rgf2::his3" This work
GII h ehs2-1 leul-32 Our collection
PG105 h ehs2-1 leul-32 ura4D-18 rgf2::ura4” This work
MS228 h*°leu1-32 his3D1 bgs2::his3" Our collection
NG188 h*" leu1-32 ade6M210 his3D1 ura4D-18 rgf2::ura4* bgs2::his3"* This work
PG280 h*° leu1-32 ade6M210 his3D1 ura4D-18 rgf2::urad*chsl::his3* This work
PG222 h*° leu1-32 ade6M210 his3D1 ura4D-18 mok12::ura4” rgf2::his3" This work
PPG1.60 h” HA:rho1l leul-32 P. Pérez lab
PPG2.17 h' leu1-32 ura4D-18 rhol::ura4’ p41X-rhol* P. Pérez lab
PG260 h?° leu1-32 ura4D18 rgf2-GFP::kan® This work
VT4 h™ leu1-32 ade6M210 ura4D-18 his3D1 rgfl::his3" Our collection
PG88 h" leu1-32 ura4D-18 cdc10-129 rgfl::his3” Our collection
MS168 h™ leul-32 ura4D-18 cdc10-129 Our collection

SPA1006 (containing the rgf2" ORF) into pGR3 (cut with Xhol-
Sphl) to obtain pGR13, bearing the entire rgf2* ORF and flanking
sequences. To tag Rgf2p at the C-terminus with enhanced green
fluorescent protein (engineered with 8 alanines at the N-terminus)
and with the triple repeat of the influenza virus haemagglutinin
epitope (HA) (CRAVEN et al. 1998), pAL-rgf2* (pGR13) was
modified by site-directed mutagenesis. We destroyed the NotI site at
the multiple cloning site and created a Notl site by site-directed
mutagenesis three nt before the TAG stop codon of rgf2* (pGR39).
The 8ala-GFP and HA epitopes were inserted in-frame at the Notl
site of pGR39. pGR76 (pAL-rgf2*-8ala-GFP) and pGR51 (pAL-
rgf2"-HA) fully complemented the rgf2A phenotypes. Strain
(PG260), containing a chromosomal copy of rgf2” tagged with 8ala-
GFP, was obtained using a PCR-based approach, as described by
(BAHLER et al. 1998). The primers 5 -CAATTCCATTTT
CATCTGGAGAAAATCCTATAGTTCATTCTTTAATACTTCCT
CCAGCAAATGCAGCAGGTCCTGCACTTGGTGGTGGTGGTG
GGATCCCCGGGTTAATTAA3” and 57 -
GGTCATAGATTCTTGAAGCTTAGATTGTAATAGCATATATA
TAATCAATTGATGTGGCATGCAAAAGATGTCCGGAGTAGG
AATTCGAGCTCGTTTAAAC-3" were used to amplify GFP-kan
from pFA6a-GFP(S65T)-kanMX6. The same approach was used to
construct the strain (PG115) with the endogenous rgfl” gene driven
by the 81Xnmt promoter. The primers 5'-
GTAACCAATGCGAACGCAATTAAAATAAAATAAGTCAATA

GCATAGTCATAGAAATCGATCAATTGTTATCCGGAGAATT
CGAGCTCGTTTAAA-3" and 57 -
CTTGGAGCACCAAAAATTTCCTCATAAGCACGCGAGCTCT
CATTCACACCGAGTGCATTTGGATGCCGTAATCCATTGCCA
TGATTTAACAAAGCGACTATA-3" were used to amplify kan-
P81xnmt from pFA6a-kanMX6-P81nmt. To make strain GRG33,
P8inmt-rgfl rgf2A, the rgf2::ura4" disruption cassette from pGR2
was used to transform PG115 cells carrying the endogenous rgfl*
promoter replaced by the P81nmt promoter. To make strain PG94,
P81nmt-rgf3 rgflA, the rgfl::his3" disruption cassette (GARCIA et al.
2006a) was used to transform VT88 cells carrying the rgf3" gene
driven by the P81lnmt promoter (TAJADURA et al. 2004). Strain
PG395, P81nmt-rgf3 rgflA, was obtained from VT88 cells carrying
the rgf3" gene driven by the P81nmt promoter, transformed with the
rgf2::his3" disruption cassette and analyzed by PCR.

For rgf2" overexpression, pGR13 (pAL-rgf2") was modified by
site-directed mutagenesis, introducing Xhol and Smal sites flanking
the rgf2” ORF and thus creating pGR69. The rgf2” ORF from pGR69
was cloned into the same sites of pREP3X, pREP41X and
pREP81X, thus making pGR70, pGR71 and pGR72 respectively. For
pREP3X-rgf2-PTTRA  (pGR93), the rgf2" ORF from pGR69 was
mutagenized by site-directed mutagenesis to eliminate the sequence
“cctacgactcge”. The mutated ORF was subcloned as a XhoI-Smal
fragment into the same sites of pREP3X. To overexpress rgf2"
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tagged with HA or GFP, the rgf2" ORF was obtained from pGR51
(pAL-rgf2°-HA) or pGR76 (pAL-rgf2*-8ala-GFP) respectively.
pGR83 is pREP41X-rgf2"-HA; pGR84 is pREP41X-rgf2"-8ala-GFP;
pGR85 is pREP3X-rgf2°-HA, and pGR86 is pREP3X-rgf2"-8ala-
GFP. Plasmid pNG45, bearing the rgfI" ORF under the control of the
rgf2" promoter, was obtained by eliminating the nmt1 promoter from
pGR33 (pREP3X-rgfl") by digestion with PstI-Ncol and replacing it
with the rgf2" promoter obtained by PCR with PsfI-Ncol tails.
pREP3X-rhol” was kindly provided by P. Pérez and is described in
(ARELLANO et al. 1996).

Cell wall analyses: Enzyme preparations and GS assays were
essentially performed as described previously (MARTIN et al. 2000).
1 x 10° cells were harvested, washed twice with buffer A (50 mM
Tris-HC1, pH7.5, 1 mM EDTA, 1 mM f-mercaptoethanol) and
resuspended in 100 pl of the same buffer. Lysis was achieved in a
Fast-Prep device, using 0.4 g of glass beads and spinning three times
for 15s at a speed setting of 5. The resulting homogenates were
collected by adding 3 ml of buffer A. The cell walls were removed
by low-speed centrifugation (50009 for S min at 4°C). The
supernatant was centrifuged for 30 min at 480009, and the
membrane pellet was resuspended in 0.3 ml of buffer A containing
33% glycerol and stored at —70°C. Standard GS assays contained 15-
25 pg protein of enzyme extract (3-5 mg protein/ml) in a total
volume of 40 pl, and the reaction mixture was incubated at 30° for
60-90 min. All reactions were carried out in duplicate and values
were calculated from two independent cell cultures. One unit of
activity was measured as the amount that catalyses the uptake of 1 p
mol of substrate (UDP-D-glucose) min™' at 30°.

Pull-down assay for GTP-bound Rho proteins: The expression
vector pGEX-C21RBD (rhotekin-binding domain)(REID et al. 1996)
was used to transform Escherichia coli cells. The fusion protein was
produced according to the manufacturer’s instructions and
immobilized on glutathione-Sepharose 4B beads (Amersham). After
incubation, the beads were washed several times and the bound
proteins were analyzed by SDS-PAGE and stained with Coomassie
brilliant blue. The amount of GTP-bound Rho proteins was analysed
using the Rho-GTP pull-down assay modified after (REN et al.
1999). Briefly, extracts from 50-ml cultures of wild-type cells
transformed with pREP3X, pREP3X-rgf2" (pGR70) or pREP3X-
rgf2-PTTRA (pGR93), containing HA-rhol" expressed from its own
promoter, were obtained using 200 pl of lysis buffer (50 mM Tris,
pH 7.5, 20 mM NaCl, 0.5% NP-40, 10% glycerol, 0.1 mM
dithiothreitol, 1 mM NaCl, 2 mM MgCl,, containing 100 pM p-
aminophenyl methanesulfonyl fluoride, leupeptin, and aprotinin).
100 pg of GST-RBD fusion protein coupled to glutathione-agarose
beads was used to immunoprecipitate 1.5 mg of cell lysates. The
extracts were incubated with GST-RBD beads for 2 h. The beads
were then washed with lysis buffer four times, and bound proteins
were blotted against 1:5000-diluted 12CAS5 mAb as primary
antibody to detect HA-Rholp. The total amount of HA-Rholp was
monitored in whole-cell extracts (25 pg of total protein), which were
used directly for Western blot and were developed with 12CAS
mAb. Immunodetection was accomplished using the ECL detection
kit (Amersham Biosciences).

Microscopy techniques: The localization of Rgf2p-GFP was
visualized in living cells. For Calcofluor staining, exponentially
growing S. pombe cells were harvested, washed once, and
resuspended in water with Calcofluor white (Cfw) at a final
concentration of 20ug/ml for 5 min at room temperature. After
washing with water, the cells were observed under a DMRXA
microscope (Leica, Wetzlar, Germany).

RESULTS

Rgf2p is required for ascospore development:
Rgf2p belongs to a family of guanine nucleotide
exchange factors (GEFs) in S. pombe (GARcia et al.
2006b) (http://www.genedb.org/genedb/pombe/
index.jsp). Rgf2p contains a putative Dbl homology
domain (DH) (amino acid residues -aa- 461-633) found
in proteins responsible for the activation of Rho-family
GTPases). Adjacent and C-terminal to the DH domain
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is a pleckstrin homology domain (PH) (aa 670-805),
which has been proposed to localize GEFs proteins to
the plasma membrane and to regulate their GEF
activity through allosteric mechanisms (ROSSMAN and
SONDEK 2005b). Apart from the DH-PH module,
Rgf2p contains at least two additional predicted
functional domains: a DEP (Dishevelled, Egl-10, and
Pleckstrin) domain (aa 212-287) and a CNH (Citron
and NIK1-like kinase homology domain) (aa, 827-
1120) (Figure 1A). Within the GEF family, the closest
relative to Rgf2p is Rgflp (GARCIA et al. 2006b). The
percent identity between the deduced amino acid
sequence of the DH domain of Rgf2p and Rgflp is
63.4%, while the identity is less than 20% between the
DH domain of Rgf2p and Rgf3p, Scdlp and Geflp.
Moreover, the distribution of the DEP, DH-PH and
CNH domains is similar in both proteins, suggesting
that the N-terminus is shorter in Rgf2p, although this
has yet to be proved.

To investigate the function of rgf2” in greater depth,
we constructed and examined the phenotypes of S.
pombe strains in which rgf2" had been deleted (see
MATERIALS AND METHODS) (Figure 1). Haploid
rgf2A transformants were obtained as readily as diploid
transformants, indicating that rgf2" was not required
for cell growth. rgf2A cells did not exhibit any evident
morphological changes, as judged by light microscopy,
and the rgf2A strain grew well under standard growth
conditions at either 28° or 37° and entered stationary
phase at the same time as the wild-type cultures. We
noticed that rgf2A cells even grew slightly faster than
wild-type cells (not shown). We also examined cell
viability of stationary phase rgf2A and rgf2" cultures
incubated for 4 days at 28°; both strains were found to
be >90% viable during this period.

Next, we looked at the effect of the mutation on
mating and sporulation. The mating rate was not
affected in rgf2Ah™ x rgf2Ah” crosses (data not shown),
but we did observe a sporulation defect. In wild-type,
70% of the culture showed refringent ascospores after
24 hours. By contrast, no examples of mature asci were
observed in the rgf2A mutant. The rgf2A zygotes
appeared dark, although it was possible to differentiate
the outline of the four ascospores inside the asci
(Figure 1B). The sporulation defect seen in rgf2A
homozygous zygotes was rescued by the plasmid
carrying the rgf2” gene (pGR13), but not by the vector
alone (pAL). Moreover, heterozygous zygotes (rgf2A/
rgf2") generated phenotypically wild-type asci, with
four viable and refringent ascospores. This result
indicates that the rgf2A allele is recessive and suggests
that rgf2" expression takes place before the time of
prospore enclosure. To pinpoint the exact time at
which rgf2" begins to play its role in sporulation, we
examined the meiotic time-course of rgf2A gene
expression by Northern analysis. Synchronous meiosis
was induced using the patl-114 mutation (see
MATERIALS AND METHODS). As shown in Figure
1C, rgf2" mRNA was detectable in vegetative cells (at
0 h) and rgf2" mRNA peaked at 5 h when cells were in
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meiosis II, although a certain level of rgf2" mRNA was
maintained during spore wall maturation. The rgf2"
induction profile was similar to that described by
(MATA et al. 2002), available on the S. pombe gene
database (http://www.genedb.org/genedb/pombe/
index.jsp). Taken together, these observations indicate
that rgf2” is required for spore development and that its
induction profile is that of a late gene whose
expression is induced just before the bulk of refringent
ascospores appear.

Rgf2p is required for the assembly of functional
spore walls: The induction profile of rgf2" and the fact
that RhoGTPases play important roles in the regulation
of protein transport and membrane recycling, prompted
us to test the possibility that the rgf2A mutation might
be affecting forespore membrane (FSM) expansion
during the early stages of sporulation. To this end, the
envelopes of the developing spores were monitored
using a GFP-tagged marker protein (MdelO fused to
GFP in plasmid A799) and nuclei stained with the
Hoechst DNA-specific fluorophore. We constructed an
rgf2A h* (PG9) and the isogenic h” wild-type parental
strain  (YS260). Both homothallic strains were
transformed with plasmid A799 (kindly provided by
Dr Hiraoka, Kobe, Japan, (DING et al. 2000;
NAKAMURA et al. 2004)), cultured in MM (-N) for
10h, and stained with Hoechst reagent. Both the first
and the second meiotic divisions in the mutants
proceeded with similar kinetics to those of wild-type
cells (not shown). Moreover, 86% of the rgf2A asci
showed four spore-like structures outlined by GFP
signals (n=40 asci labeled with GFP) (Figure 2A). Our
results clearly indicate that the rgf2A mutation does not
impair meiosis or the normal development of the FSM.

In wild-type cells, refringent spore walls were first
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FIGURE 1.—Rgf2p 1is required for ascospore
development. (A) Schematic representation of the
structural features of the Rgf2 protein analysed by the
SMART program (http://smart.embl-heidelberg.de/).
Domains are indicated: DEP, is present in signalling
molecules and is responsible for mediating intracellular
protein targeting (CHEN and HAMM 2006); RhoGEF/DH
domain (Dbl homology domain), conserved among GEFs
for Rho/Rac/Cdc42-like GTPases; PH, pleckstrin
homology domain (ROSSMAN and SONDEK 2005b);
CNH, citron homology domain, required for protein-
protein interaction (TAIRA et al. 2004). (B) Sporulation
phenotype of wild-type (YS64 x YS71) and rgf2A (PG1
x PGS5) cells incubated for 24h on MEA. Phase contrast
micrographs are shown on the left and Nomarsky
micrographs are shown on the right. (C) rgf2" mRNA is
highly induced during meiosis. Synchronous meiosis was
induced in diploid cells carrying the patl-114°
temperature-sensitive allele by a temperature upshift
(34°) after overnight incubation in nitrogen-free medium
at the permissive temperature (25°). The kinetics of
meiosis in the patl-114® mutant was followed by
staining a portion of the culture every 2 h with Hoechst
stain and is shown in the graphic. Total RNA samples
were prepared at the indicated times and subjected to
Northern blot analysis. Ethidium bromide staining of
rRNA is presented as a loading control.

seen after 12 h in sporulation medium. In contrast,
microscopic examination of rgf2A cells revealed dark
cells, suggesting that the mutants were blocked during
the assembly of the spore wall: the structure that
confers the spore refringence and a high degree of
resistance to stressful conditions. This phenotype
suggests a delay in ascospore maturation. Even after
prolonged incubation in sporulation medium no
increase in the number of refringent spores was
observed.

We then examined whether the rgf2A mutant diploid
was able to give rise to viable ascospores capable of
germinating in rich medium. We noted that the rgf2A
asci were not dehiscent, which meant that we could not
release single ascospores by simple
micromanipulation. To ascertain spore survival, we
isolated and individually micromanipulated 200
zygotes of each strain onto rich solid medium (YES or
YES plus sorbitol). Most of the wild-type zygotes were
viable and formed colonies (82%), whereas the rgf2A
zygotes largely failed to germinate (18% viability)
(Figure 2B). The percent germination was similar,
regardless of the presence or absence of sorbitol. To
test the possibility that the rgf2A spores were impaired
in germination because they failed to break the ascal
sac, we treated the sporulating cultures with helicase,
an enzyme that destroys vegetative cells and releases
single ascospores from the ascus. The rgf2A
ascospores released after treatment (0.2% helicase, o/n
at room temperature) were grey and showed an
aberrant morphology, different from that of the wild-
type ascospores, which were round and refringent. The
plating efficiency of rgf2A spores was less than 1% as
compared to 81% for the wild-type spores (Figure 2B),
and it was independent of the presence of sorbitol in
the medium. We then examined spore integrity by
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FIGURE 2.—Characterization of the phenotype of the rgf2
disruptants in sporulation. (A) Encapsulation of nuclei in rgf2A
spores. The homothallic haploid strains YS260 (h”° rgf2") and PG9
(h*° rgf2A) harbouring the A799 plasmid were incubated in MM-N
and samples were taken after 12 h. FSM (fore-spore membranes)
were visualized by fluorescence (MdelO-GFP) and nuclei by
Hoechst staining. In rgf2A cells, >80% of the spore envelope
encapsulated a single nucleus (n=40 sporulated cells). (B) Efficiency
of zygotes and ascospore germination in rgf2A homothallic strains.
In the left panel, strains YS260 (h*”° rgf2) and PG9 (h”° rgf2A) were
incubated on MEA plates and the zygotes from 2-day sporulation
plates were micromanipulated individually (n= 200 of each strain),
spotted onto YES plates, and incubated at 28°. For spore survival,
cells from 3-day sporulation cultures were resuspended in 1 ml of
water to an ODggo 20, treated with helicase (0.2%) for 12 h, and
diluted with water. The same dilutions of each strain were spread
onto YES plates and incubated for 3 days. In the right panel, the
spores treated with helicase as above were stained with Methylene
Blue (0.01% in 0.2M acetate buffer, pH 5). Lysed cells appear dark
blue due to staining with the vital dye.

staining spores with the vital dye Methylene Blue
(0.01%, w/v), a dye that only enters dead cells. Figure
2B shows that while most of the wild-type spores were
impermeable to the Methylene Blue stain, more than
95% of the rgf2A spores were stained. These results
suggest that ascospore maturation does not proceed
properly in the rgf2A/rgf2A homozygous zygotes and
that these spores probably lacked one or more of the
wall layers responsible for spore resistance and
refringency.

Glucan synthase activity is diminished in
sporulating rgf2A diploids: We next analyzed
whether Rgf2p might be acting as a glucan synthase
(GS) regulator during sporulation. First, we examined
the effects of rgf2A disruption on GS activity during
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ascospore development. To synchronize the cells, we
obtained diploid rgf2" and rgf2A strains harboring a
patl-114 mutation (PG107 and PG110 respectively).
Cells grown in MM without nitrogen were incubated at
the restrictive temperature (34°) and portions of the
culture were sampled every 2 h. Between 4 and 8 h
after the induction of sporulation, and coinciding with
the appearance of the rgf2" transcript, GS activity
increased; this reached a maximum at 6h. After 10 h,
GS activity declined, with the widespread appearance
of mature asci. This activity peak was strongly
diminished in the rgf2A diploid strain (Figure 3A, left).
This result indicates that Rgf2p is involved in f—glucan
biosynthesis during sporulation.

We also observed that the rgf2A phenotype,
characterized by dark, immature spores, resembled that
previously seen in the bgs2A mutants, which are
defective for the glucan synthase catalytic subunit (GS)
(Ltu et al. 2000; MARTIN et al. 2000). We therefore
reasoned that if Rgf2p was acting as a Rholp-GEF,
and was thus activating f—glucan synthesis, the double
mutant rgf2Abgs2A would be blocked at the same
stage as each individual mutant. This can be seen in
Figure 3A (right): the rgf2Abgs2A homozygous asci
are apparently very similar to the individual rgf2A and
bgs2A homozygous asci. We have previously shown
that the bgs2A phenotype is epistatic to the chslA
phenotype (chitin synthase mutant) (ARELLANO et al.
2000), and to the mok12A phenotype (o-glucan
synthase mutant) in homozygous diploids, suggesting
that B-glucan synthesis occurs within the prospore
membrane before the deposition of other layers on the
spore surface (GARCIA et al. 2006; MARTIN et al.
2000). In a similar approach, we observed that the
morphology of the spores from homothallic strains
rgf2Achs1A (PG280) and rgf2Amok12A (PG222) was
dark and uniform, very similar to that of the rgf2A
spores (data not shown).

To determine the intracellular localization of Rgf2p,
the coding sequence of GFP was fused in-frame before
the stop codon of rgf2” using a PCR-based approach
(BAHLER et al. 1998). The resulting strain (PG260)
contained the fusion under the control of the native
rgf2" promoter and the fusion protein was fully
functional. As shown in Figure 3B, the fluorescence
signal appeared to be localized uniformly at the
periphery of the spore, probably associated with the
forespore inner membrane. Consistent with the timing
of expression of its mRNA, Rgf2-GFP fluorescence
appeared in the fraction of cells that had already
undergone meiosis I and II, where the spore outline
was perfectly defined (see Nomarsky photos). The
fluorescence signal was completely absent in
vegetative cells grown in rich medium. To ascertain
whether the lack of signal might be a consequence of
the low expression of Rgf2p-GFP during vegetative
growth, we expressed the Rgf2p-GFP on a multicopy
plasmid  (pAL-rgf2"-8ala-GFP).  Under  these
conditions, Rgf2p fluorescence localized to the
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growing ends, the septum, and also slightly spread out
along the cell surface (Figure 3B, right panel).

rgf2*  overexpression elicits an aberrant
morphology, promotes the GDP-GTP exchange,
and increases f(1,3)-glucan synthase during
vegetative growth: The above results prompted us to
investigate whether Rgf2p might play a role as a
Rholp activator during vegetative growth. For these
experiments, the rgf2” gene was cloned under the
thiamine-repressible nmtl promoter in the pREP3X
vector. Plasmid pREP3X (empty) or pREP3X-rgf2"
(overexpressor) were transformed into wild-type cells
expressing HA-rhol” from its own promoter. It has
been reported that overexpression of 70l is not lethal
but produces swollen and multiseptated cells, with
thick walls and thick septa (ARELLANO et al. 1996;
NAKANO et al. 1997). Surprisingly, when thiamine was
eliminated to enhance rgf2" expression, the cells were
unable to produce visible colonies on plates. After 18
hours of induction in liquid culture, the cells were
larger than wild-type cells and displayed multiple
abnormal septa. These cells also showed a general
increase in Calcofluor white (Cfw) fluorescence, most
of them containing aberrant depositions of Cfw-
stainable material (see cells marked with an arrow in
Figure 4A).

Next, we analysed the in vivo amount of GTP-bound
Rholp in cells overexpressing Rgf2p. After induction
of the nmtl promoter for 20 h, the amount of Rholp
bound to GTP was precipitated with GST-C21RBD,
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Rgf2p-GFP, vegetative cells

FIGURE 3.—Glucan synthase activity is
diminished in sporulating rgf2A diploids. (A)
In vitro B-GS activity in wt and rgf2A
sporulating strains (left). The diploid strains
rgf2" and rgf2A harboring a patl-114
mutation (PG107 and PG110 respectively)
were grown in MM-N and incubated at the
restrictive temperature (34°). Then, 100 ml
portions of the culture were sampled every 2
h and assayed for GS activity, starting 4
hours after the temperature shift (see
MATERIALS AND METHODS). The values
shown are from one experiment, but similar
results were obtained in 2 additional
independent experiments. Specific activity is
expressed as mU/mg protein. The final GTP
concentration in the assay was 150 puM.
Sporulation phenotype of wild-type (YS260),
bgs2A (MS228), rgf2A (PGY9) and rgf2Abgs2
A (NG188) homothallic haploid strains
(right). (B) Localization of Rgf2p during
sporulation. Left panel: Rgf2p was detected
in cells of strain PG260 carrying the
chromosomal copy of Rgf2p tagged with
GFP and incubated in sporulation medium for
14 h. The Rgf2p-GFP signal was observed
when the spore outline was defined. Right
panel: Localization of Rgf2p in vegetative
cells. Early log-phase cells containing the
rgf2*-GFP fusion allele on a plasmid
(pGR76) were visualized for GFP
fluorescence. Rgf2p localizes to the growing
regions: one or both poles and the septum.
The scale bar represents 10 pm.

bgs2A

the rhotekin-binding domain (which had previously
been obtained and purified from bacteria), and blotted
with anti-HA antibody (Figure 4B). Western blots of
whole extracts (25 pg protein) showed that the total
amount of Rholp was similar in all strains. However,
the amount of active Rholp increased considerably in
the strain overexpressing Rgf2p as compared with the
wild-type strain (Figure 4B). As a control we examined
whether the GEF domain was required for the Rgf2p-
related overexpression phenotypes. We created a
deletion mutant in the RhoGEF domain of Rgf2p
(rgf2-PTTRA). The four amino acids deleted in the
rgf2-PTTRA  mutant  (proline-threonine-threonine-
arginine, PTTR) have been predicted to be located on
helix H8 (CR3), which is the most highly conserved
region of the DH domain and is where many mutations
that decrease nucleotide exchange activity map (LIU et
al. 1998; SoissoN et al. 1998). We have previously
shown that a similar mutation in Rgflp (rgfl-PTTRA
mutant) produces a loss-of-function phenotype
(GArcia et al. 2006a; GARcia et al. 2009). As
expected, overexpression of the rgf2-PTTRA mutant in
a pREP3X vector produced viable cells and no
multiseptated phenotype was seen, even at very long
times of derepresion in the absence of thiamine (Figure
4A). Moreover, overexpression of the mutated version
(rgf2-PTTRA) did not increase the amount of GTP-
Rholp (active-Rholp) in a “pull down” binding assay
(Figure 4B).

Finally, we analysed glucan synthase (GS) activity
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during rgf2" overexpression. GS activity was threefold
higher than that observed in the wild-type strain
(Figure 4C). To corroborate these results, we also
studied the activity in cells overexpressing rhol" and
rgf2” at the same time (transformed with pREP4X-
rhol and pREP3X-rgf2 plasmid). As described
previously, cells overexpressing rhol” showed an
increase in GS activity (Figure 4C) (ARELLANO et al.
1996). This increase was considerably higher (9-fold)
in cells that overexpressed rgf2” at the same time
(Figure 4C). These results clearly indicate that Rgf2p
is involved in the regulation of p(1,3)-glucan
biosynthesis.

Synthetic lethality of rgf2::ura4” and rgfl::his3":
We used genetic approaches to ascertain whether
Rgf2p showed any functions overlapping with the
other Rholp GEFs, Rgflp and Rgf3p. First, we
investigated whether rgfl” and rgf2" interacted
genetically. After analysing tetrads of a rgfl::his3" h™ x
rgf2::ura” h' cross, we failed to find any double mutant
spore (rgflArgf2A). Of 18 asci dissected: 11 yielded
one his™ ura” spore, one his" ura” spore, one his™ ura’,
and one unviable spore predicted to be his* ura’. Three
asci yielded 4 viable parental-type spores, and 2 asci
yielded 3 viable parental-type spores. None of the 11
spores predicted to be rgfl:his3” rgf2::ura” was
viable, strongly supporting the idea that simultaneous
disruption of rgfl” and rgf2" is lethal. To eliminate the
possibility that these mutations might be affecting only
sporulation or germination, we also tested for synthetic
lethality during vegetative growth. We created a strain,
P81nmt-rgfl rgf2A (GRG33), deleted for the rgf2”
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FIGURE 4.—rgf2" overproduction (OP)
produces aberrant cells and increases B-GS
activity.  (A) Phenotype of Rgf2p OP.

Overexpression of rgf2” causes cell growth arrest
and an abnormal accumulation of cell wall
material. Nomarsky and Calcofluor-stained UV
micrographs of wild-type cells transformed with
PREP3X (empty plasmid), pREP3X-rgf2" (Rgf2-
OP) or pREP3X-rgf2RTTPA (Rgf2RTTPA-OP)
grown without thiamine for 20 h. Overexpression
of the Rgf2-PTTR protein (mutated in the RhoGEF
domain) gave rise to wild-type morphology. (B)
The level of Rgf2p modulates the amount of GTP-
bound Rholp in vivo. Wild-type cells expressing
HA-rhol" from its own promoter (PPG1.60) were
transformed with plasmid pREP3X, pREP3X-rgf2*
or pREP3X-rgf2RTTPA as above. GTP-Rholp was
pulled down from the cell extracts with GST-
C21RBD and blotted against 12CAS, an anti-HA
mAb. (C) In vitro glucan synthase (GS) activity
assayed with the membrane fraction of wild-type
cells (YS64) transformed with pREP3X (empty
plasmid), pREP3X-rgf2 (Rgf2-OP), pREP4X-rhol
(Rho1-OP), or both pREP3X-rgf2 and pREP4X-
rhol (Rgf2-OP and Rhol-OP). Extracts were
prepared from cells grown in MM without
thiamine at 32° for 18 hours. Specific activity is
expressed as milliunits/mg protein. Values are

_0? ,090? means of at least three independent experiments
99'{;0'\' with duplicate samples, and error bars represent
« standard deviations (SDs).

gene and with the endogenous rgfl” promoter replaced
by the P8lnmt promoter (P8lnmt is a thiamine-
regulatable and reduced expression-rate promoter
derived from the nmtl promoter, (FORSBURG 1993). As
shown in Figure 5A, the cells displayed normal
morphology when rgfl” was expressed in the absence
of thiamine (promoter on). Six hours after the addition
of thiamine to repress rgfl’ expression, 68% of the
cells had shrunk, and after 9 hours the whole culture
had lysed (Figure 5A). The lysis phenotype seen in the
P81nmt-rgflrgf2A double mutant was similar to that
observed in the rgf1A mutant, and in cells depleted for
Rgf3p or Rholp. However, while Rholp depletion
causes cell death mainly after cytokinesis, in this case
most of the cells lysed as single and long cells, a
phenotype characteristic of the rgfl” null mutants and
probably related to their NETO defect (ARELLANO et
al. 1997; GARCcia et al. 2006a). The cell death due to
Rholp depletion cannot be prevented by an osmotic
stabilizer (ARELLANO et al. 1997) and (Figure 5B),
while the same phenotype produced by Rgf3p
depletion is prevented by 1.2 M sorbitol (TAJADURA et
al. 2004). We therefore examined whether the double
mutant P81nmt-rgflrgf2A shut-off phenotype could be
rescued by osmotic support. As shown in Figure 5B,
both Rgflp Rgf2p-depleted, and Rholp-depleted cells
were unable to grow in YES medium (promoter off)
regardless of the presence or absence of 1.2M sorbitol.

We also tested whether any other combination
between mutations of Rholp activators might cause
cell death. Rgf3p is essential, so we used a strain with
a TS mutation in rgf3”, the ehs2-1 mutation that stands
for “echinocandin-hypersensitive”. At 37° in liquid
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Rgf1p shut-off rgf2A Rho1p
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FIGURE 5.—Double disruption of Rgflp and Rgf2p is essential
for cell viability. (A) Depletion of Rgflp in an rgf2A background
leads to a lysis phenotype similar to depletion of Rholp. Lethal
phenotype of the P81 nmt-rgflrgf2A (GRG33) and P41 nmt-rhol
(PPG2.17) shut-off mutants. Cells grown at 28° in MM were
supplemented with thiamine to repress the nmt promoter. For Rgflp
shut-off, Nomarsky micrographs were taken before and after the
addition of thiamine (6 h and 9 h). For Rholp shut-off, the
micrographs were taken after 11 h in MM with thiamine. (B) Strains
nmtl-rgfl* rgf2A (GRG33), nmtl-rgf3" (VT88), nmtl-rgf3‘rgflA
(PGY94), ehs2-1 rgf2A (PG105), nmtl-rgf3‘rgi2A (PG395), nmtl-
rhol” (PPG2.17), nmtl-rgfl® (PG115), rgf2A (GRGS55) were
streaked onto MM (w/o thiamine), YES and YES plus Sorbitol 1.2M

medium the ehs2-1 cells showed a lytic
thermosensitive phenotype (TAJADURA et al. 2004).
We first created a strain lacking rgf2* with a TS
mutation in rgf3* (rgf2A, ehs2-1). This strain, PG105,
was viable and phenotypically indistinguishable from
the ehs2-1 mutant (Figure 5B). In addition, we
constructed a strain deleted for rgf2” with the rgf3"
gene under the control of the P8lnmt promoter
P81nmt-rgf3rgf2A  (PG395) (MATERIALS AND
METHODS). As expected for the rgf3” shut-off, the
cells died in the presence of thiamine (promoter off).
However, their growth was rescued in the presence of
sorbitol (Figure 5B). Finally, we searched for an
interaction between Rgflp and Rgf3p. To this end, we
constructed a strain, P81lnmt-rgf3rgflA (PG94), in
which the rgf3” gene was under the control of the
P81nmt promoter and the rgfl’ gene was deleted (see
MATERIALS AND METHODS). As above, growth

of the P81nmt-rgf3rgflA strain in rich medium
(promoter off) was dependent on the presence of 1.2 M
sorbitol (Figure 5B).

Our results indicate that Rgflp and Rgf2p share an
essential role as Rholp activators, and they suggest
that in the absence of Rgflp, Rgf2p takes over the
essential functions for Rholp during vegetative
growth.

Rgf2p behaves as a functional homologue of
Rgflp when expressed during vegetative growth:
We next examined whether the functions of Rgflp and
Rgf2p were interchangeable. Previous studies had
shown that the rgfl” deletion causes cell lysis,
hypersensitivity to the antifungal drug Caspofungin
(Csp), and defects in the establishment of bipolar
growth (GARCIA et al. 2006a). We overexpressed rgf2”
in an rgflA background. Figure 6A (upper panels)
shows that rgf2” expressed from plasmids, containing
the rgf2" genomic promoter (pGR13) or the strongest
nmtl promoter (pGR70), fully rescued the lysis and the
Csp hypersensitivity of rgflA cells in medium
containing thiamine. We had previously observed that
the overexpression of rgf2" (under the high-strength
nmtl promoter) was lethal by itself in a wild-type
background; this is shown in Figure 6A (MM upper
panel). To avoid this problem, we made use of the
rgf2" driven by the P8lnmt promoter (low level,
pGR72) and the P41Xnmt promoter (medium level,
pGR71). Both constructs produced viable cells (in the
absence of thiamine: promoter on), and
complementation of the hypersensitivity to Csp was
found even in the presence of thiamine (promoter off)
(Figure 6A, lower panels). We therefore wondered
whether rgf2” would be able to rescue the monopolar-
to-bipolar switch defect in the rgflA mutants. To
address this, we transformed rgf2” expressed from its
own promoter (pGR13) or the empty plasmid (pAL) in
the double mutant cdc10-129 rgflA and synchronized
cells in G1 by arrest at 37°. Strain cdc10-129 rgfl” was
used as a wild-type control of proper bipolar growth
and it was also transformed with plasmid pGR13. The
areas in which new cell wall deposition, and hence
growth, was occurring were visualized using the
fluorescent dye Calcofluor white (Cfw). Ninety
minutes after being shifted to the permissive
temperature of 25° 47% of cdcl10-129rgflA cells
overexpressing rgf2” were bipolar, whereas only 10%
was observed in the cdc10-129 rgflA cells bearing the
empty plasmid (Figure 6B). Thus, mild overexpression
of rgf2” was able to suppress the bipolar growth defect
of rgf1A mutants.

Consistent with the hypothesis that Rgflp and Rgf2p
are able to substitute for each other during vegetative
growth, we found that the expression of rgfl” driven
by the rgf2" promoter on a multicopy plasmid partially
complemented the sporulation defect of an rgf2A h*
strain (PG9) (22% ascopore survival compared with
the 1% of survival with the empty plasmid) (Figure

81



P. Garcia et al.

MM +T+ Csp
( empty
p3Xnmt-rgf2*
< pALrgf2*
E4
o empty
p81Xnmt-rgf2*
\ p41Xnmt-rgf2*
B Il cdc10 rgfiA +pAL
cdc10 rgf14 +pAL-rgf2*
€dc10-129 rgf1A cfcglf_l-‘i-?fz rgfiA [ cdc10 +pAL-rgf2*
) . 120
=
w» 100 1
T 80+
> 601
% 40 4
2 20+
m

0 30 60 90 120 150
Time (minutes)

C 120

25 1001 ™
3 E
'28 801
£E 6o
® 9
88 40
O = g
52 ¥ [
0 — .
d O g & &
& &8
& £ O &&,V@
& ¥
rngAY

FIGURE 6.—The Caspofungin-hypersensitive growth phenotype of rgflA mutants is suppressed by overexpresion of rgf2*. (A) rgf1A (VT14)
was transformed with pREP3X (empty vector), pREP3X-rgf2" (pGR70), pAL-rgfi2* (pGR13), pREP81X-rgf2" (pGR72), and pREP41X-rgf2*
(pGR71). Transformants were spotted onto MM, MM plus thiamine and MM plus thiamine and 1.5 pg/ml of Caspofungin plates as serial
dilutions (8 x10* cells in the left row, and then 4x 10%, 2 x 10%, 2 x 10°, 2 x 10? and 2x10" in each subsequent spot) and incubated at 28° for 3 days.
(B) cdc10-129 rgflA (PG88) transformed with pAL (control) and pAL-rgf2*, and cdc10-129 (MS168) transformed with plasmid pAL-rgf2” were
grown at 25° to ODggp 0.15, shifted to 37° for 4 h, and then grown at 25° for 150 min. Aliquots of cells were harvested before and every 30 min
after the shift to 25°. The graphic (on the right) represents the percentages of bipolar cells at each time-point. Micrographs show Cfw-stained
¢dc10-129 rgflA plus empty plasmid (pAL) and pAL-rgf2” at 90 min after the shift to 25°. (C) Rgflp partially complemented the sporulation
defect seen in the rgf2A mutants. The homothallic haploid strain PG9 (h° rgf2A) transformed with different plasmids, empty (pAL), pAL-rgf2*,
pALrgfl” and pAL-Prgf2-rgf1”, and the YS260 (h*) strain carrying the empty plasmid pAL were incubated on MEA plates. After 4 days, spores
were resuspended in 1 ml of water to the same ODgqp 20, treated with helicase (0.2%) for 12 h, and diluted in water. The same dilutions of each
strain were spread onto YES plates and incubated for 3 days. In the experiment, the spore survival of each strain was the average of three
platings. The experiment was repeated at least three times.

6C). This complementation was most likely dependent
on the expression of rgfl" during sporulation, since we
failed to observe complementation when rgfl® was
driven by its own promoter (Figure 6C).

DISCUSSION

Guanine nucleotide exchange factors (GEFs) are
directly responsible for the activation of Rho-family
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GTPases in response to diverse stimuli, and ultimately
they regulate many cellular responses, such as
proliferation, differentiation and movement (ROSSMAN
et al. 2005a). In fission yeast there are seven proteins
with a Rho-GEF domain: scdl’, gefl®, gef2", gef3”,
rgfl”, rgf2” and rgf3" (http://www.genedb.org/genedb/
pombe/ index.jsp) (IWAKI et al. 2003). Of these, scdl”
and gefl” are Cdc42p-specific GEFs, and Rgf3p and
Rgflp have been described as GEFs for Rholp, while
gef2” and gef3” have not yet been assigned to any
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known GTPase (GARCiA et al. 2006b). Considering
that there are four additional Rho GTPases and at least
two biochemically uncharacterized GEFs, it will take
considerable effort in the future to sort out the
biochemical specificities, cellular roles, and regulation
of each Rho-GEF. Our data provide new evidence to
show that Rgf2p acts as an exchange factor for Rholp
and that this activity is necessary for the development
of the ascospore wall.

Deletion of rgf2* blocks spore-wall development:
Sexual reproduction proceeds through mating and
meiosis, and it culminates with the formation of
ascospores, which in itself is a process of
differentiation into a specialized cell form. Spores are
metabolically inert and tolerant to severe
environmental stresses. One of the most intriguing
aspects of this process is the de novo synthesis of a
plasma membrane and cell wall. During mitotic cell
division, the plasma membrane of the mother cell is
inherited by the two daughter cells and cell wall
synthesis therefore extends from an old cell-wall
precursor. By contrast, sporulation requires the de novo
establishment of wall-producing plasma membranes
within the mother cell cytoplasm, and the cell wall
materials accumulate -without precursor- in the lumen
of these membranes (EGEL 2004; SHIMODA and
NAKAMURA 2004).

Here we show that Rgf2p is required for proper
spore wall formation and that it is involved in spore
maturation. First, no mature or refractile spores were
formed in rgf2A homozygous asci after incubation in
sporulation medium for several days. The appearance
of the mutant spores was always very similar,
suggesting they arrest at a particular stage of
development. This phenotype was almost identical to
that seen in spores lacking bgs2’, the sporulation-
specific GS catalytic subunit, and this observation
suggests that both proteins function in the same
process. As described previously for bgs2A asci, rgf2A
asci were able to complete meiosis I and meiosis I,
and each of the spores was bounded by a forespore
membrane, thus indicating that early events in spore
morphogenesis were normal. Moreover, the
localization of the a—glucan synthases Mok12-GFPp
and Mok13-GFPp to the four nuclear envelopes was
similar in rgf2A and wild-type cells (not shown).

Second, rgf2A zygotes were not able to release
ascospores spontaneously, and only 18% of the
zygotes gave rise to colonies as compared to the 83%
survival of the wild-type zygotes. When the ascospores
were released from the ascal sac by mild treatment
with helicase (0.2%), only 1% of the rgf2A spores
survived, indicating that they were unable to assemble
a functional spore wall. These results suggest that the
spore wall is not only the cellular structure responsible
for the extreme resistance to stress conditions but that
proper assembly of the spore wall is itself important
for spore survival. Third, rgf2” expression was induced

15-fold (MATA et al. 2002) after the second meiotic
division (at about 5h) and the transcript was
maintained until mature spores appeared between 10-
12 h. Rgf2p tagged with GFP localized to structures
around each of the four nuclear lobes and appeared
when the spore outline was visible under phase
contrast microscopy.

The coincidence of the expression of rgf2" with the
synthesis of the spore wall, the fact that Rgf2p has
been proposed as a GEF for Rholp based on two-
hybrid analysis (MUTOH et al. 2005), together with the
phenotypes described above all suggest that the rgf2"
gene is directly involved in -1,3-glucan synthesis. We
observed that mutation of the rgf2” gene resulted in a
2.5 reduction in B—GS activity that peaked at 6 hours in
synchronous sporulation cultures. Moreover, Rgf2p
overproduction in vegetative cells raised the amount of
Rholp bound to GTP and elicited a phenotype similar
to that of the constitutively active allele Rho1G15V in
wild-type S. pombe cells, providing confirmatory
results for the hypothesis that Rgf2p indeed activates
B-glucan during sporulation. It is likely that B-glucan
synthesis would occur within the prospore membrane
before the deposition of other layers on the spore
surface, such as a-glucans or chitin-like material. In
agreement with this, we observed that the rgf2A
phenotype was epistatic to the mok12A (the -GS
sporulation specific) or the chslA (the chitin-synthase
sporulation-specific) phenotype in rgf2Amok12A or
rgf2AchslA double mutants, respectively. Taken
together, all these results indicate that Rgf2p functions
in sporulation, when the assembly and maturation of
the spore wall occurs.

Role of rgf2" in vegetative growth: Rgflp and
Rgf2p are the closest related members among the GEF
family in S. pombe. Both proteins share the same
domain structure and 63% identity within the DH
domain (Dbl Homology domain). This is very unusual,
since DH domains, also called “Rho GEF domains”,
generally share little sequence identity with each other.
In S. pombe, the percent identity between the deduced
amino acid sequence of the DH domain that belongs to
GEFs with the same substrate specificity was less than
20% between Rgflp and Rgf3p, and Scdlp and Geflp,
respectively. Despite this, crystallographic and NMR
analyses of several DH domains have revealed a highly
related three-dimensional structure (SCHMIDT and
HALL 2002).

Previous studies have shown that Rholp depletion
causes cell death concomitant with a decrease in 3-1,3-
GS activity, and that the lysis in these conditions
cannot be prevented by an osmotic stabilizer
(ARELLANO et al. 1997). Among the Rholp GEFs
described to date, only Rgf3p is essential for cell
survival. However, the Rgf3p shut-off was rescued by
the presence of sorbitol, suggesting that in the presence
of an osmotic support Rholp may be activated by other
GEFs (TAJADURA et al. 2004).
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Mutoh et al. reported that double deletion of rgfl”
and rgf2" is synthetically lethal and our work has
shown that the lysis-and-death-phenotype seen in
Regflp- and Rgf2p-depleted vegetative cells is not
prevented by sorbitol. These results strongly suggest
that both proteins have an essentially overlapping
function, probably as Rholp activators. This genetic
interaction is specific to Rgflp and Rgf2p, since we
observed that other mutant combinations were not
essential for survival. Cells depleted for Rgflp and
Rgf3p, or Rgf3p and Rgf2p at the same time were able
to survive in the presence of sorbitol. Moreover, Rgflp
and Rgf3p were not functionally interchangeable.
Moderate expression of rgfl” did not suppress lysis at
37° of the rgf3 mutant (ehs2-1), and the rgf3" gene
driven either by its own promoter or by the nmtl
promoter was not able to suppress the hypersensitivity
to the presence of Caspofungin or the lysis of rgflA
cells (TAJADURA et al. 2004).

We also found that Rgf2p appears to be fully
competent to substitute for Rgflp, when expressed at a
high enough level. Rgf2p fully suppressed the
Caspofungin-hypersensitive phenotype and, to a lesser
extent, bipolar growth activation in rgflA mutants. On
the other hand, the sporulation defect of rgf2A was not
complemented by extra copies of rgfl’. Rgflp is
probably poorly expressed during sporulation, but the
sporulation defect seen in the rgf2A mutants was
partially suppressed when rgfl” was driven by the
rgf2” promoter. These results imply that, if expressed,
Rgflp can functionally replace Rgf2p in the synthesis
of spore wall glucan. Interestingly, while bgs2A
mutants (affected in the B—GS catalytic subunit) were
completely defective in spore germination (MARTIN et
al. 2000), 5% of rgf2A spores germinated (w/o helicase
treatment), suggesting that the redundancy among
Rgflp and Rgf2p could account for Rholp activation
during sporulation. Together, these results further
suggest that Rgflp and Rgf2p may be alternative GEFs
with overlapping functions.

Biochemical data also support this view. It has been
shown that Rgflp acts as a Rholp GEF; both proteins
coimmunoprecipitate and overexpression of rgfl”
increases the GTP-bound Rholp and causes a large
increase in B-1,3-GS activity (GARCIA et al. 2006a).
We observed that the overexpression of Rgf2p in
vegetative cells behaved in the same way, increasing
the level of GTP-Rholp in vivo and B-1,3-GS activity,
which was 3-fold higher than that of the wild-type
cells. Moreover, the overexpression of rgf2” was lethal
and produced long, multiseptated and highly refringent
cells, with a phenotype similar to that of the
constitutively —active allele RholG15V or the
overexpression of rgfl’.

Differential expression of rgf1* and rgf2*: Since
Rgflp and Rgf2p seem to activate the synthesis of -
glucan at different points of the yeast cycle, it is
interesting to note that their regulation often appears to
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follow opposite trends: when the level of one is high,
that of the other is low. Data from our lab and others
suggest that both genes are differentially expressed
(GARCiA et al. 2006a; MATA et al. 2002; MUTOH et al.
2005). For Rgflp, the mRNA level is constant along
the cell cycle (our unpublished results), but protein
localization has been shown to be regulated in a cell-
cycle-dependent manner, moving from the old end to
the new end and then back to the septum during
cytokinesis (GARCiA et al. 2006a). For Rgf2p, the rgf2”
mRNA was highly induced in sporulation (after
meiosis II), while it showed a low profile in vegetative
cells. Accordingly, the Rgf2 protein tagged with GFP
was hardly seen in vegetative wild-type cells. Only the
mild overexpression of Rgf2p in a multicopy plasmid
with its own promoter revealed weak fluorescence in
the areas of growth and across the whole cell surface.

The differential expression observed may also
account for the fact that the redundancy of Rgflp and
Rgf2p appears to be partial in both directions.
Disruption of rgfl” results in a slow growth pattern at
28° and the viability of the rgflA cells was 55% as
compared to that of that of the wild-type isogenic
strain (GARCIA et al. 2006a). Thus, rgf2” only partially
compensates for the lack of rgfl” during vegetative
growth. In the absence of rgf2*, only 5% of the spores
were able to germinate under laboratory conditions. In
this sense, rgfl” only partially compensated for the
absence of rgf2" in sporulation.

Many questions, however, still remain unanswered.
Are Rgflp or Rgf2p involved in the synthesis of the
same type of B—glucan or in that of a slightly different
type of B—glucan? Are GEFs only important for the
temporal or spatial activation of Rholp, acting
independently of the catalytic subunits? Rgf2p is
specifically involved in f—glucan biosynthesis during
sporulation, probably doing its job in the local
activation of Rholp/Bgs2p. If Rgf2p function during
vegetative growth is exclusively related to Rholp/
Bgs2p activation, then the double mutation in rgfl”
and bgs2" should be synthetically lethal. We observed
that rgflAbgs2A mutant cells behaved like the rgflA
mutants as regards sensitivity to Caspofungin and
lysis. However, they were thermosensitive for growth
while none of the individual mutants were. The results
thus suggest that Rgf2p might be activating Rholp, but
that it does not function exclusively through Bgs2p to
cope with stress situations during polarized growth.

In conclusion, the differences in the phenotypes
caused by the deletion of rgfl” and rgf2” and the
differences in the regulation of these genes suggest that
these two GEFs have different functions within the
cell.
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1. Rgf1p

1.1. Papel de Rgflp como activador de
Rholp

Quizas la conclusiébn méas importante de este
trabajo ha sido atribuir a Rgflp el papel de regulador
positivo 0 GEF de Rholp. Esta GTPasa interviene en
numerosos procesos esenciales para la célula, como la
regulacion de la sintesis de la pared celular, la
polimerizacion del citoesqueleto de actina y el
mantenimiento de la integridad celular. Sin embargo,
con la excepcion de su papel como activador de la -
glucan sintasa, su contribucién especifica en procesos
tales como la polaridad o la integridad celular es
practicamente desconocida. Este desconocimiento se
debe en parte a que Rholp es esencial para la
viabilidad celular y a que carecemos de mutantes
condicionales para estudiar los fenotipos derivados de
su falta de funcion. El estudio de la proteina Rgflp y
sobre todo la caracterizacion de los fenotipos de los
mutantes rgflA, nos ha permitido aventurar posibles
funciones de Rholp, desconocidas hasta ahora, como
la participacion en la transicion del crecimiento
monopolar a bipolar o la regulacion de la cascada de
integridad.

La mayoria de los defectos observados durante
la represion o sobreexpresion del gen rgfl* pueden ser
explicados, de manera mas o menos evidente, por su
accion como regulador de Rholp.

Uno de los fenotipos mas caracteristicos de la
cepa rgflA es la presencia de numerosas células lisadas
en cultivos liquidos. Nuestros datos indican que esta
lisis se produce de manera mayoritaria por la debilidad
en la pared de uno de los polos de la célula. En primer
lugar, las células lisadas son largas y no forman
parejas, como sucede en los mutantes en los que la lisis
se produce por el septo. Otro dato, quizas mas
concluyente, es que cuando tefiimos estas células con
un colorante vital (aztl de metileno) vemos que éste
penetra en las células lisadas sélo por uno de sus polos
(datos no mostrados). Pensamos que esta debilidad en
la pared podria ser consecuencia de la ausencia de
Rholp activo en esas zonas. Hasta hace poco el Unico
GEF de Rholp conocido era Rgf3p, que se localiza
exclusivamente en el septo y es esencial para el
proceso de citoquinesis (Morrell-Falvey et al., 2005;
Tajadura et al., 2004). Sin embargo, Rgflp se localiza
también en los polos y es el mejor candidato para
actuar como GEF de Rholp en esos lugares.

La lisis celular producida por la ausencia de
Rgflp se ve agravada en el momento en el que deberia
producirse la transicion del crecimiento monopolar a
bipolar. Posiblemente esto es debido a que exista una
cierta tension en esa zona de expansion que aumenta
al aumentar la longitud de la célula. La lisis se
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producira por el lugar mas débil, que es el polo en el
que no se esta ensamblando correctamente ni la actina,
ni la pared celular, en ausencia de Rgflp. Otra
explicacion podria ser que aunque en el segundo polo
no haya apenas sintesis de pared en células rgflA,
como se puede observar mediante tincién con
Calcofltor, si podria estar dandose una cierta
elongacion de la membrana en esa zona, que a su vez
ejerceria una cierta tension, sin la suficiente proteccién
de la pared celular.

Por otro lado, las células rgflA son
extremadamente sensibles a Caspofungina (incapaces
de crecer a una concentracion de 0,03 pg/ml, mientras
que la estirpe silvestre puede tolerar hasta 7,5 ug/ml en
medio sélido). Esto podria ser consecuencia de la suma
de dos defectos. Por un lado, su incapacidad de activar
la cascada de integridad en respuesta a dafios en la
pared y por otro, la disminucion de la cantidad de
Rholp activo y el efecto que esta disminucion podria
tener sobre la activacién del componente catalitico de
la BGS. En primer lugar, hay que tener en cuenta que
la Caspofungina es un agente capaz de estimular la ruta
de sefializacion de Pmklp, y que lo hace en gran
medida a través de Rgflp. Por lo tanto, si las células
rgf1A no son capaces de activar la ruta de integridad en
respuesta a este dafio (con el fin de contrarrestarlo),
esto las haria més sensibles a la droga que las células
de la cepa silvestre. Esta explicacidn esta respaldada
por el hecho de que los demés mutantes en genes de
esta ruta son también sensibles a esta droga. Pero
entonces ¢por qué la cepa rgflA es mas sensible que
las otras? La respuesta posiblemente es que la
Caspofungina es un antifungico que inhibe
especificamente la actividad pB(1,3)-glucan sintasa.
Aungue no se ha demostrado experimentalmente en S.
pombe, es logico pensar que las células rgflA tengan
una menor cantidad de B-glucano debido a la
disminucion de la cantidad de Rholp activo. En este
contexto, la adicion de Caspofungina al medio
empeoraria la situacion, al inhibir la parte de BGS que
todavia podria ser activada. Esto explicaria por qué las
células rgf1A son mucho mas vulnerables a esta droga
que otros mutantes de la ruta de integridad, en los que
la sintesis del B-glucano no esta afectada.

En conclusidn, rgfl” es necesario para mantener
la integridad de la célula especialmente durante la fase
de elongacién (crecimiento por los polos) que es un
momento critico del ciclo de vida de S. pombe.

1.2. Rgflp en el establecimiento de NETO

En S. pombe la GTPasa Rholp se ha
relacionado con la regulaciéon del citoesqueleto de
actina, ya que una disminucién de Rholp provoca el
desensamblaje de los parches de actina. Sin embargo,
no se conocen los efectores a través de los cuales
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realiza esta accion (Arellano et al., 1999a; Arellano et
al., 1997).

Nos preguntamos si Rgflp, como activador de
Rholp, también podria ejercer alguna funcion en este
proceso. Curiosamente, observamos que las células
rgflA, ademas de lisarse por uno de los polos,
mostraban defectos en la reorganizacion de la actina
necesaria para la transicion del crecimiento monopolar
a bipolar. Por lo tanto otra de las conclusiones
principales de este trabajo es que Rgflp es
fundamental para que se produzca la transicion
conocida como NETO (New End Take Off), pero ¢Cual
es su funcion en este proceso?. Por desgracia nuestros
resultados no nos proporcionan una respuesta
concluyente de momento, pero si ciertos datos
interesantes.

En primer lugar, podemos decir que Rgflp no
funciona como un marcador de polaridad necesario
para definir los polos de crecimiento. Cuando se tratan
células del mutante cdc10-129 bloqueadas en G1
durante unos minutos con Latrunculina A, se liberan
mondmeros de actina. Una vez eliminada la droga se
produce una repolimerizacion de la actina en el
segundo polo y las células son capaces de crecer de
forma bipolar, saltdndose asi el bloqueo en G1 (Rupes
et al., 1999). Cuando realizamos este experimento en
un mutante rgflA y en una cepa silvestre, observamos
que la activacion del segundo polo se produce
independientemente de la presencia o ausencia de
Rgflp. Esto nos esta indicando que Rgflp no es
estrictamente necesaria para el reconocimiento del
polo nuevo de crecimiento, ni para la polimerizacion
de la actina en ese polo. Por tanto, parece que Rgflp es
necesaria fundamentalmente en el desencadenamiento
de la sefial que da lugar al crecimiento bipolar. Una
pregunta obvia que surge en este momento es ;en qué
consiste esa sefial?. Por el momento no se conoce cudl
es su naturaleza, aunque en el proceso podria intervenir
la despolimerizacion de la actina, ya que ésa es la
forma por la que conseguimos de manera “artificial”
evitar el bloqueo en G1 y que tenga lugar NETO en
células cdc10-129 (Rupes et al., 1999).

En experimentos de localizacion hemos
observado que los marcadores de polaridad Tealp y
Pom1p se localizan de forma normal en la cepa rgflA,
es decir en ambos polos. Sin embargo, otras proteinas
importantes para NETO, como la formina For3p,
algunas de las proteinas del complejo Arp2/3 (Wsplp
y ArcC5p), asi como la subunidad catalitica de la BGS,
Bgs4p, sélo aparecen en un polo cuando no hay Rgflp
en la célula. Las proteinas del complejo Arp2/3 son
necesarias para la polimerizacion de los parches de
actina (revisado en (Moseley and Goode, 2006)), y la B
GS es esencial en la construccion de la pared celular.
La ausencia de ambos tipos de proteinas en el polo
nuevo podria explicar el defecto en la polimerizacién
de la actina en ese polo, asi como la fragilidad de la

pared celular. En cuanto a los cables de actina, si bien
no podemos decir que en el mutante rgflA hayan
desaparecido, si que parecen més finos y escasos en las
zonas en las que los parches estan ausentes,
probablemente como consecuencia de la ausencia de
For3p, la formina encargada de la polimerizacion de
estos cables (Feierbach and Chang, 2001).

El hecho de que sistematicamente todas las
proteinas (For3p, Myo52p, Wsplp, ArpC5p y Bgs4p)
cuya localizacion hemos analizado en el mutante rgflA
presenten una distribucién monopolar, con la
excepcion de los marcadores de polaridad Tealp y
Pomlp, sugiere que Rgflp podria estar actuando en los
primeros estadios de esta transicion del crecimiento.

También hemos observado que la funcién de
Rgflp durante el establecimiento del crecimiento
bipolar depende de su actividad GEF.

Hemos obtenido un mutante puntual en el
dominio DH (dominio catalitico), que es incapaz de
activar a Rholp y que se comporta como el mutante
nulo (rgflA) en cuanto a la activacion del crecimiento
bipolar. Es muy probable pues que Rgflp ejerza su
funcién en NETO activando/localizando a alguna de
las GTPasas de la familia Rho. La mejor candidata es
desde luego Rholp, ya que es la diana conocida de
Rgflp y se sabe que interviene en la organizacién del
citoesqueleto de actina (Arellano et al., 1999a). Sin
embargo, no podemos descartar completamente la
posibilidad de que Rgflp esté actuando sobre alguna
de las otras GTPasas de la familia Rho, como Rho3p o
Cdc42p. Esta Ultima esta estrechamente relacionada
con la polimerizacion del citoesqueleto de actina a
través de sus reguladores y efectores (Geflp y Pak2p/
Orb2p) y es necesaria para activar y localizar a For3p,
encargada de la formacién de los cables de actina y
fundamental para el establecimiento del crecimiento
bipolar (Coll et al., 2003; Feierbach and Chang, 2001;
Kim et al., 2003). Un mutante puntual en esta GTPasa,
cdc42-1625, presenta unos cables de actina muy cortos
y finos (Martin et al.,, 2007). Nosotros hemos
observado que el aumento en la expresion de rgfl*
provoca una mayor cantidad de Cdc42p activo en la
célula (datos no mostrados), aunque ain no podemos
decir si esta relacion es directa 0 una consecuencia de
la activacion de Rholp, por ejemplo. También hemos
visto que el doble mutante rgf1AgeflA es sintético letal
a 37°C (datos no mostrados).

Sorprendentemente, ni el aumento en la
cantidad de Rholp ni el de Cdc42p, produce un
incremento del ndmero de células con crecimiento
bipolar en la cepa rgflA (datos no mostrados). Esto
podria deberse a que se necesita que Rholp o Cdc42p
estén activos en un momento o lugar determinados, y
el simple aumento en la cantidad de estas proteinas no
es suficiente para suprimir el defecto.

Otra GTPasa candidata podria ser Rho3p, ya
que interacciona con la formina For3p y modula las

90



funciones del exocisto (Nakano et al., 2002). Sin
embargo, no creemos que sea el caso, ya que un
aumento de la cantidad de Rgflp en la célula, no
parece influir en la activaciéon de esta GTPasa (datos
no mostrados).

Por otro lado, nuestros datos sugieren que
Rgflp podria realizar su accién en el establecimiento
de NETO, antes de localizarse en el segundo polo. La
proteina Rgflp siempre se localiza en los polos que
estan creciendo activamente, de forma que en un
mutante cdc10-129 bloqueado en G1 sélo aparece en el
polo que esta creciendo y en un mutante cdc25-22
bloqueado en G2, se localiza en los dos. La proteina
RgfIPTTRAp (mutada en el dominio catalitico y
marcada con GFP) no es capaz de promover el
crecimiento bipolar en un mutante rgflA y ademas se
localiza de manera monopolar (en el polo de
crecimiento). Curiosamente, en la cepa silvestre la
proteina mutada Rgf1IPTTRAp se localiza en ambos
polos. Esto sugiere que su ausencia en el segundo polo
no se debe a un defecto en el anclaje de la proteina
mutada, sino que es una consecuencia del defecto de
activacion de NETO. Solamente cuando esta la copia
silvestre de Rgflp, ésta si es capaz de activar el
crecimiento y de esta manera arrastrar a la proteina
mutada al polo nuevo. Finalmente estos datos podrian
indicar que Rgflp activaria NETO desde el polo
antiguo, esta actividad promoveria el crecimiento en el
polo nuevo y como consecuencia de esto, ella misma
se localizaria en este segundo polo, activando la
biosintesis de la pared.

La hipdtesis con la que trabajamos, que adn
necesita ser probada, es que Rgflp podria activar a una
cierta GTPasa, cuya accién daria lugar a una sefial que
a su vez desencadenaria la concentracion de las
proteinas necesarias para NETO en el segundo polo y
la polimerizacion de la actina en éste. A continuacion
Rgflp también apareceria en ese polo, hacia donde se
desplaza toda la maquinaria biosintética, de una forma
dependiente de la actina. Una vez alli, podria realizar
su funcién como GEF de Rholp y activar la sintesis de
la pared celular, necesaria en ultimo término para el
crecimiento del polo y también podria actuar activando
la cascada de integridad en respuesta a ciertos tipos de
estrés.

1.3. Rgflp en la ruta de integridad celular

Otra de las conclusiones de esta memoria es el
papel de Rgflp como nuevo miembro de la cascada de
MAPKSs de Pmki1p. En S. cerevisiae se sabe desde hace
afios que Rom2p es un GEF de Rholp que sefaliza
hacia la cascada de integridad liderada por la MAPK
Slt2p (Bickle et al., 1998). En S. pombe los primeros
trabajos en los que se describieron los tres
componentes de la cascada Mkhlp, Peklp/Shklp y
Pmkl1p/Spmlp (Loewith et al., 2000; Sengar et al.,
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1997; Sugiura et al., 1999; Toda et al., 1996;
Zaitsevskaya-Carter and Cooper, 1997) no hallaron
una relacién directa entre Pck2p (homdlogo en S.
pombe a Pkclp de S. cerevisiae) y la ruta de MAPKSs.
Incluso en algunos trabajos se alude a un posible papel
antagonico entre Pck2p y la cascada de integridad
(Toda et al., 1996; Zaitsevskaya-Carter and Cooper,
1997). Solo recientemente, a partir del trabajo del
grupo de Sugiura y Kuno en Japon (Ma et al., 2006), se
identific6 el gen cppl® que codifica una
farnesiltransferasa cuya funcion es favorecer la
localizacion en la membrana de la GTPasa Rho2p. El
mutante cppl fue identificado por mostrar el fenotipo
vic (viable en presencia de FK506 y MgCl,) que
presentan todos los mutantes nulos de los componentes
de la cascada de integridad, incluidos los mutantes
pck2A y rho2A.

La relacién entre Pck2p y la cascada y el hecho
de que Pck2p sea un efector de Rholp y un supresor de
la hipersensibilidad a Caspofungina del mutante rgflA,
nos animo a seguir por esa via y descubrir la relacién
de Rgflp y la cascada de integridad. Varias lineas de
evidencias indican que Rgflp participa en la
regulacion de la cascada de integridad en S. pombe,
pero s6lo comentaremos algunas de ellas. La cepa rgfl
A presenta una serie de fenotipos comunes a los
mutantes nulos de las quinasas de esta ruta. Todos
ellos son sensibles al estrés osmotico y al estrés
producido por dafios en la pared celular, pero el
fenotipo mas caracteristico y distintivo de los
miembros de la cascada de integridad es el fenotipo vic
(viable in the presence of immunosuppressant and
choride ion) que también presentan las células rgflA.
Ademas, la fosforilacién y por tanto activacién de la
MAPK de esta cascada (Pmk1p), en respuesta a estrés
osmético o dafio en la pared celular, depende de Rgflp
y concretamente de su actividad GEF.

Otro dato importante es la relacion entre la
cascada de integridad y la GTPasa Rholp. En S.
cerevisiae, Rholp es el principal activador de la ruta de
integridad, mientras que en S. pombe no se sabe nada
al respecto. Nuestros datos indican que Rgflp podria
estar activando la ruta a través de su GTPasa diana,
Rholp. Hemos observado que tanto niveles bajos,
como niveles altos de Rholp, producen su efecto en la
sefializacion de la cascada, por ejemplo, un mutante de
Rgflp en el dominio Rho-GEF, que presenta niveles
muy bajos de Rholp activo, es incapaz de fosforilar a
la MAPK Pmk1p en respuesta a estrés osmoético. Por
otro lado, un aumento de los niveles de Rholp
producido, tanto por la sobreexpresion de rhol*, como
por la sobreexpresion de cualquiera de sus activadores
(Rgflp, Rgf2p o Rgf3p) provoca la activaciéon de
Pmk1p de una forma dependiente de Pck2p y Mkh1p.

Rgflp es el tnico GEF de Rholp conocido que
participa en la activacién de la cascada de integridad
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en S. pombe; ni las células rgf2A, ni las del mutante
ehs2-1 (afectado en el gen rgf3"), muestran los
fenotipos caracteristicos de los mutantes en genes de
esta ruta, ni presentan defectos a la hora de activar a
Pmkl1p en respuesta a una gran variedad de estreses.
Este resultado demuestra la especificidad de Rgflp, y
sugiere que un GEF determinado y no otro, es capaz de
activar especificamente alguna de las funciones de
Rholp y no otras. De esta forma, los GEFs podrian
estar regulando en el espacio o en el tiempo, o en
ambos a la vez, a las GTPasas y determinando de esta
manera que actlen sobre unos efectores u otros.

Ademas, Rgflp actlia de forma especifica sobre
la ruta de MAPKSs de Pmk1p y no parece tener ninguna
influencia en la activacion de otra ruta de MAPKs
activada por estrés conocida como SAPK (Stress
Activated Protein Kinase), cuya MAPK es Spclp y que
también responde a estrés osmotico (Shiozaki and
Russell, 1995).

2. Rgfzp

Un capitulo de esta memoria se ha destinado al
estudio del gen rgf2* en S. pombe. Hemos demostrado
que la proteina codificada por este gen, es esencial
durante el proceso de formacién de la pared de la
ascospora. Rgf2p participa en la sintesis del B-glucano
durante la esporulacién y probablemente lo hace a
través de su capacidad para activar a Rholp. En este
sentido sabemos que la actividad PGS medida a lo
largo del proceso de esporulacion es mucho menor en
las ascas del mutante rgf2A que en la cepa silvestre, y
que los defectos observados en las ascosporas rgf2A
son muy similares a los de las ascosporas del mutante
bgs2A, que carecen de la BGS de esporulacion.

En ausencia de rgf2*, las esporas no son
capaces de sintetizar una pared adecuada y pierden la
integridad, incluso en condiciones favorables para la
célula. Estos resultados sugieren que la pared de la
espora no so6lo es la estructura responsable de la
resistencia extrema a las condiciones de estrés de las
esporas, sino que también es esencial para su
supervivencia.

Ademas, la mayoria de las ascas rgf2A no son
capaces de romper su envuelta para liberar las esporas
al medio. La funcién de Rgf2p en este proceso no esta
clara, es posible que Rgf2p esté actuando en la
degradacion de esta envuelta. Sin embargo, es mucho
méas probable que la célula tenga algin tipo de
mecanismo de control, por el cual bloquee o retrase la
rotura de la envuelta del asca, hasta que no detecte que
la maduracién de las esporas se ha completado
correctamente (Liu et al., 2000; Martin et al., 2000).

Hemos visto la relacién de Rgf2p con la

biosintesis de B-glucano en esporulacion, pero ademas
existen otros datos que sugieren que Rgf2p es un GEF
de Rholp. Por un lado, un ensayo de dos hibridos
realizado por Mutoh y colaboradores en 2005 (Mutoh
et al., 2005) mostré una interaccién entre el dominio
DH de Rgf2p y el alelo rholT20N, que da lugar a una
proteina Rholp constitutivamente unida a GDP; como
corresponderia para un factor GEF. En segundo lugar,
hemos demostrado que el aumento en los niveles de
Rgf2p tiene como consecuencia una subida de los
niveles de Rhol-GTP, al menos durante el crecimiento
vegetativo, y que esto depende de la actividad de su
dominio DH y no de alguno de sus otros dominios.
Durante el proceso de esporulacion es probable que
Rgf2p también esté activando a Rholp para llevar a
cabo su funcion sobre la sintesis de la pared de la
espora, pero por desgracia esto no se ha podido
demostrar experimentalmente debido a problemas
técnicos.

3. GEFs de Rho1p

Ademas de Rgflp y Rgf2p, existe otra proteina
identificada anteriormente como GEF de Rholp,
denominada Rgf3p (Morrell-Falvey et al., 2005;
Mutoh et al.,, 2005; Tajadura et al., 2004). La
existencia de tres factores GEFs diferentes para una
misma GTPasa puede parecer sorprendente, pero es un
fenémeno frecuente. En humanos se han identificado
22 GTPasas pertenecientes a la familia Rho y 69
proteinas con un dominio DH (Rossman et al., 2005a).
Una posible explicacion para esto es que los distintos
RhoGEFs podrian estar determinando la especificidad
de la GTPasa para activar unos efectores u otros. Esto
lo realizarian gracias a su capacidad de union a
diferentes proteinas y de reclutamiento de la GTPasa
en distintos lugares de la célula, o en diferentes
momentos de su ciclo de vida (Schmidt and Hall,
2002). En S. pombe ya existen ejemplos de este
mecanismo de accion, como en el caso de los GEFs
Ste6p y Efc25p, que actlan regulando diferencialmente
dos rutas de sefializacion, modulando a Raslp para que
se una a determinados efectores (Papadaki et al.,
2002).

A lo largo de esta memoria, hemos descrito en
varias ocasiones una forma de actuacién similar a esta
para los activadores de Rholp. Hemos demostrado que
Rgflp y Rgf2p son capaces de activar a Rholp, al
igual que se habia visto anteriormente con Rgf3p
(Tajadura et al., 2004). Sin embargo, las funciones de
estas tres proteinas son muy distintas. S6lo Rgflp y
Rgf2p son parcialmente intercambiables, pero su
patrén de expresion es muy diferente. Rgflp se expresa
mayoritariamente durante el crecimiento vegetativo, de
forma constante, mientras que Rgf2p, se induce
durante el proceso de esporulacion y en vegetativo
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tiene una expresion basal. Esto en la practica, hace que
la presencia de una de ellas en ausencia de la otra, sea
capaz de evitar la muerte de las células, pero no evita
que presenten graves defectos.

Aunque estas tres proteinas, Rgflp, Rgf2p y
Rgf3p actien como GEFs de Rholp, cada una de ellas
es importante para un proceso distinto. Rgf3p es
esencial para la viabilidad celular porque participa en
un momento critico, la division. Cuando se reprime la
expresion de rgf3* las células se lisan en parejas,
probablemente a nivel del septo (Morrell-Falvey et al.,
2005; Tajadura et al., 2004). Rgf3p se expresa justo
antes de la separacion celular y se localiza
exclusivamente en el septo, mientras que Rholp y
Rgflp también se pueden observar en los polos de
crecimiento (Arellano et al., 1997; Tajadura et al.,
2004). Las diferencias en la localizacion y expresién
de Rgf3p y Rgflp podrian ser las responsables de que
cada una de ellas active a Rholp en momentos y
procesos diferentes. Rgflp parece ser mas importante
en los polos celulares, especialmente en el
mantenimiento de la integridad y en la transicion del
crecimiento monopolar a bipolar. rgf3* es un gen
esencial mientras que rgfl* no lo es, sin embargo es
muy posible que la proteina Rgflp sea la encargada de
la activacion de la mayor parte del Rholp presente en
la célula. En un mutante de rgf3* (ehs2-1) apenas hay
disminucion en la cantidad de Rholp activo con
respecto a una cepa silvestre, por el contrario en un
mutante rgflA los niveles de Rholp activo son
minimos; (Tajadura et al., 2004) y esta memoria.

La proteina Rgf2p por su parte, parece estar
activando a Rholp durante la formacion de la pared de
la espora. Es logico que sea ésta la proteina encargada
de activar a Rholp durante este momento del ciclo de
vida de S. pombe, ya que es la Unica de las tres cuya
expresion aumenta de forma muy significativa durante
la esporulacién. Rgf2p ademas podria estar activando a
Rholp de forma basal suplantando en parte las
funciones de Rgflp, de esta forma se explicaria por
qué las células presentan una viabilidad del 50%
cuando carecen de rgfl* y son inviables en ausencia de
ambos genes. Ademads, la letalidad de este doble
mutante no se corrige en presencia de un estabilizador
osmotico, al igual que le ocurre a la cepa con una
expresion disminuida de rhol®, lo cual podria indicar
que en ausencia de Rgflp y Rgf2p los niveles de
Rholp activo son tan bajos que no permiten a la célula
sobrevivir (Arellano et al., 1997).

En resumen, existen tres GEFs que activan a
Rholp en S. pombe, los tres presentan una estructura y
distribuciéon de dominios similar, pero cada uno de
ellos participa en un proceso diferente. Estas
diferencias podrian explicarse como consecuencia de
su distinto patron de expresién y/o localizacion en la
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célula, que condicionaria a su vez la activacion
espacio-temporal de Rholp.
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CONCLUSIONES

. La proteina Rgflp es un activador positivo de la GTPasa Rholp.

. Esta proteina es necesaria para el mantenimiento de la integridad celular y para el establecimiento
del crecimiento bipolar.

. La localizacion de varios factores de polaridad en el polo nuevo, depende de la presencia de Rgflp
en las células.

o Rgflp es una proteina perteneciente a la cascada de sefializacion de MAPK de Pmklp y es
necesaria para trasmitir la sefial en respuesta a cambios en la osmolaridad y a dafio en la pared
celular.

. La proteina Rgf2p es un GEF de Rholp esencial para la maduracion de la pared de la espora en S.
pombe.

. Durante el crecimiento vegetativo, Rgflp y Rgf2p comparten una funcion esencial en el
mantenimiento de la integridad celular.
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