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RESUMEN

El apareamiento en levadura se inicia por la unién de feromonas a un
receptor acoplado a proteina G que se expresa en células haploides. Nosotros
analizamos el papel de los receptores KiSte2 y KISte3 en Kluyveromyces lactis
de la via de respuesta a feromona, asi como los genes que codifican para
cinasas y proteinas cinasas activadas por mitdgenos (MAPK). Las cepas
mutantes de componentes de la via de transduccion de sefiales fueron probadas
por su capacidad para aparearse y responder a estrés osmotico. La expresion
de cada uno de los genes de los receptores es sexo especifico. Mutantes de
ambos genes son estériles y el defecto de cada gen puede revertir con la
expresion mediante un plasmido. La region citoplasmica del extremo carboxilo
terminal de KISte3p interacciona fuertemente con la subunidad (Ga) KlGpalp
gue esta involucrada en la transduccion estimulada por la feromona para inducir
el apareamiento. La MAPK cinasa cinasa KiIStellp (MAPKKK) participa tanto en
apareamiento como en respuesta osmotica, mientras que la proteina de
andamiaje KISte5p y la MAPK KIFus3p son especificos de apareamiento. La
cinasa activada por p21 Kilste20 y la cinasa KISte50 participan en ambas vias.
Experimentos de asociacion de proteinas mostraron que KiSte50p y KISte20p
interaccionan con Ga y Gf, respectivamente. Ademas KliSte50p y KliSte20p
mostraron interaccion con KlStellp. Mutantes de KIHOG1 y KIPBS2 que son
genes de la respuesta canodnica a estrés osmatico, resultaron sensibles a altas
concentraciones de sal y altas concentraciones de sorbitol, pero son
dispensables en apareamiento. La mutante de la MAPKK KISte7p tiene un fuerte
efecto en apareamiento y también muestra sensibilidad a estrés osmdtico.
Finalmente, encontramos evidencia de interaccion fisica entre KlSte7p y
KIHoglp, ademas de disminuir los niveles de fosforilacion de KIHoglp después
de un choque hiperosmatico en células que no expresan KlSte7p. Este estudio
nos revela nuevos papeles para componentes de sistemas de transduccién de

sefales en levaduras.



SUMMARY

Mating in yeast is initiated by binding of pheromone to G-protein-coupled
receptors expressed in haploid cells. We analysed the role of KISte2p and
KISte3p receptors in the Kluyveromyces lactis mating pathway as well as genes
encoding kinases and mitogen-activated protein kinases (MAPKSs). The mutated
strains were assayed by their capacity to mate and to respond to hyperosmotic
stress. The expression of each receptor gene is sex-specific. Disruption mutants
of both genes were found to be sterile, and this defect is reversed by plasmidic
copies of each gene. The cytoplasmic C-terminus of KISte3p interacts strongly
with the KlGpalp (Ga) subunit, which is involved in the transduction of the
pheromone stimulus to induce mating. The Stellp (KIStellp) MAPK kinase
kinase (MAPKKK) was found to act in both mating and osmoresponse pathways
while the scaffold KISte5p and the MAPK KIFus3p appeared to be specific for
mating. The p21-activated kinase KlSte20p and the kinase KISte50p participated
in both pathways. Protein association experiments showed interaction of
KISte50p and KISte20p with Ga and Gp, respectively, the G protein subunits
involved in the mating pathway. Both KlISte50p and KISte20p also showed
interaction with KIStellp. Disruption mutants of the K. lactis PBS2 (KIPBS2) and
KIHOGL1 genes of the canonical osmotic response pathway resulted in mutations
sensitive to high salt and high sorbitol but dispensable for mating. Mutations that
eliminate the MAPKK KISte7p activity had a strong effect on mating and also
showed sensitivity to osmotic stress. Finally, we found evidence of physical
interaction between KISte7p and KlHoglp, in addition to diminished Hoglp
phosphorylation after a hyperosmotic shock in cells lacking KISte7p. This study

reveals novel roles for components of transduction systems in yeast.



ESTRUCTURA DE LA TESIS

Este trabajo de Tesis se organiza de la siguiente manera:

Dentro de la introduccién se anexa como antecedentes la revision “The
pheromone response pathway of Kluyveromyces lactis”, donde se explican los
antecedentes que teniamos del sistema de respuesta a feromona en K. lactis al
comenzar este trabajo y como complemento de la introduccion anexo el articulo
“Kluyveromyces lactis sexual pheromones. Gene structures and cellular

responses to alpha-factor”, en donde describimos a la feromona a.

Los Materiales y Métodos se describen en detalle en cada uno de los
articulos “The KISTE2 and KISTE3 genes encode MATalpha- and MATa-specific
G-protein-coupled receptors, respectively, which are required for mating of
Kluyveromyces lactis haploid cells” y “Protein kinases involved in mating and
osmotic stress in the yeast Kluyveromyces lactis”, por lo que so6lo se describen

de manera general en este trabajo.

Los Resultados se presentan en los dos articulos mencionados

anteriormente.

En la Discusion se condensan ambos articulos y se tratan de una manera

mas extensa.
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INTRODUCCION

Los organismos estan expuestos a una gran cantidad de estimulos
externos (cambios de temperatura, nutrientes, iones, hormonas, drogas, etc.)
que tienen como consecuencia la activacion de una respuesta especifica.
Muchas veces, estos estimulos causan un estrés que es necesario contener de
manera inmediata para poder sobrevivir. Es importante conocer la manera como
se induce este estimulo y cual es la respuesta de la célula, ya que al ser
esencial para la supervivencia, es necesario entender estos procesos para poder

evitarlos y actuar una vez que se presentan.

Las levaduras son un modelo atractivo para poder estudiar la respuesta a
estrés, ya que al ser un eucarionte unicelular y de vida libre, esta expuesta a
cambios drasticos en su medio y ha desarrollado una serie de mecanismos para
responder a una gran variedad de estimulos. Se sabe que estas respuestas
estdn mediadas generalmente por vias de sefalizacion que dependen de
proteinas que se encuentran en la membrana plasmatica. Estas al ser activadas
transmiten la sefial dentro de la célula por medio de la fosforilacion de proteinas
cinasas, que a su vez fosforilan a otras proteinas y que tienen como
consecuencia la activacion o inhibicion de la transcripcion de grupos especificos
de genes (Chen and Thorner, 2007). Esta forma de responder a los diferentes

estimulos esta conservada en el resto de los eucariontes.

El dltimo elemento de la cascada de fosforilacion, que es el responsable
de la regulacién de genes ya sea directa o indirectamente, se le denomind
proteina cinasa activada por mitégenos (MAPK por sus siglas en inglés) por lo
gue a estas vias de sefalizacion se les conoce como vias de MAP cinasas,
compuestas generalmente de tres elementos. Una vez llegado el estimulo, este
se traduce en la activacion del primer elemento, una MAPK cinasa cinasa
(MKKK) mediante otra cinasa o alguna proteina de unién a GTP de la familia

Ras o Rho. Estas MAPKKK activadas, fosforilan al segundo elemento, una



MAPK cinasa (MKK) para que ésta a su vez active por medio de fosforilacion al
tercer elemento, la MAP cinasa (MAPK). Las MAP cinasas son proteinas que
generalmente al ser fosforilados se translocan al ndcleo para activar la expresion
de genes o fosforilar a otras proteinas que intervienen en el control de la

activacion transcripcional (Widmann et al., 1999).

En la levadura Saccharomyces cerevisiae se han descrito varias vias en
donde intervienen MAP cinasas responden a distintos estimulos como estrés
osmoético, integridad de la pared celular, respuesta a feromona y falta de
nutrientes. A pesar de activarse por estimulos distintos, comparten algunos
elementos que transducen la sefal, aunque las respuestas son distintas; es por
€S0 que es necesario estudiar mas la regulacion de estos sistemas para

entender qué delimita o da la especificidad.

Sistema de Respuesta a Feromona en S. cerevisiae.

Durante el ciclo de vida de hongos unicelulares, como S. cerevisiae, las
células son estables tanto en su forma haploide como en su forma diploide.
Existen dos tipos de células haploides, las células de sexo a y las células de
sexo a. Las células de los dos sexos son morfolégicamente idénticas, y solo se
diferencian por la expresién de genes especificos segun el sexo, regulados por
los alelos del locus MAT; y se denominan MATa para las células a y MAT« para
las células o. Tanto las células haploides como las diploides tienen un
crecimiento vegetativo en el cual se reproducen por gemacién. Solo cuando se
encuentran en el medio dos células del sexo contrario se reproducen

sexualmente (Dickinson and Schweizer, 1999).

Cada tipo celular haploide secreta al medio una feromona que se conoce
como factor sexual (Betz and Duntze, 1979; Betz et al., 1977; Duntze et al.,
1970). Estos se unen a receptores de siete dominios transmembranales. Las dos

feromonas son sintetizadas como precursores que sufren cortes proteoliticos



para activarse (Brake et al., 1983; Julius et al., 1983; Michaelis and Herskowitz,
1988). El factor-a, que producen las células MAT ¢, es un péptido de 13 residuos
(Brake et al., 1983; Julius et al., 1983), mientras que el factor-a consta de 12
aminoacidos y una modificacion postraduccional en el extremo carboxilo
terminal, que consiste en la adiciéon de una grupo isoprenoide de 15 carbonos
llamado farnesilo (Anderegg et al., 1988; Becker et al., 1987; Betz et al., 1987;
Michaelis and Herskowitz, 1988).

Al unirse a su receptor, estos factores inducen una serie de cambios
dentro de las células que culminan en la interrupcion del ciclo celular durante la
fase Gj; el reordenamiento de los filamentos de actina que favorece el
crecimiento polarizado de las células (“shmoo”); cambios en la composicién de la
pared celular y la membrana plasmatica para favorecer la fusion celular y la
modificacion de la envoltura nuclear para poder llevar a cabo la fusion de
nacleos (Marsh L. and M.D., 1997; Sprague G.F. Jr and J.W., 1993).

Para poder llevar a cabo esta serie de cambios en las levaduras, el
estimulo es transmitido por una cascada de sefializacidbn. Los primeros
elementos de la via son los receptores de la feromona. Estos receptores,
pertenecen a la familia de receptores de siete dominios transmembranales
acoplados a proteinas G; Ste2p es el receptor del factor-a. y se expresa en las
células a, mientras que Ste3p es el receptor del factor-a y se expresa en el otro
tipo celular. La proteina G heterotrimérica a la que estan acoplados estos
receptores, se compone de Gpalp que es la subunidad o y de Ste4p-Stel8p

gue son el dimero By (Figura 1A).
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Figura 1. Via de respuesta a feromona sexual en S. cerevisiae. A) Cuando el sistema
no esta activo, las tres subunidades que componen la proteina G heterotrimérica se
encuentran unidas. B) Una vez que la feromona activa al receptor, los elementos que
componen la proteina G heterotrimérica se separan, debido al intercambio de GDP por
GTP en la subunidad a y es el dimero By el responsable de transducir la sefial mediante
una cascada de fosforilaciones (flechas negras), que tiene como consecuencia la
activacion de la transcripcibn de genes que contienen elementos de respuesta a
feromona (PRE) en su region promotora, por medio del factor transcripcional Stel2p.

Una vez que la feromona se une al receptor, éste tiene un cambio
conformacional que activa a la proteina G promoviendo el intercambio de GDP
por GTP en la subunidad o, al estar unida a GTP a pierde su afinidad por el
dimero By y asi el dimero activa a sus moléculas efectoras induciendo cambios
conformacionales al interactuar con sus proteinas blanco: Farlp, Ste20p y
StebSp. Farlp es una proteina adaptadora del factor de intercambio de
nucledtidos de guanina (GEF por sus signas en inglés) Cdc24p, que a su vez
activa a la GTPasa monomérica semejante a Ras, Cdc42p; asi, al momento en
que el dimero By es liberado, Farlp recluta a Cdc24p y éste es capaz de activar

a Cdc42p, que a su vez activa a Ste20p. La activacion de estas proteinas es
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necesaria para reorganizar los filamentos de actina y para crecimiento
polarizado, eventos necesarios para la fusion celular (Butty et al., 1998; Nern
and Arkowitz, 1999; Peter et al., 1996; Wiget et al., 2004; Zhao et al., 1995).

La otra molécula que se une al dimero By es Ste20p, que pertenece a la
familia de proteinas cinasas activadas por p21 (PAK) y es una cinasa de serinas
y treoninas que cumple el papel de una MAPKKK cinasa al activar a Stellp
(MAPKK cinasa) (Drogen et al., 2000; Leberer et al., 1992). Stellp utiliza a su
proteina accesoria Ste50p para realizar esta interaccion, ya que Ste50p cuenta
con dominios de union a Ste20p y ademas a Cdc42p (Ramezani-Rad, 2003; Xu
et al., 1996).

Por dltimo Stebp, tercer efector de By, es una proteina de andamiaje que
se une al resto de los componentes de la via: Stellp, Ste7p (MAPK cinasa) y
Fus3p (MAP cinasa), de esta manera se recluta el complejo de MAP cinasas
necesarias para poder transducir la sefial (Choi et al., 1994; Marcus et al., 1994;
Printen and Sprague, 1994). Finalmente, una vez que Fus3p estd activada,
fosforila al factor transcripcional Stel2p que se une a los elementos de
respuesta a feromona (PRE por sus siglas en inlgés) (Figura 1B), lo cual
promueve la transcripcion de los genes necesarios para la conjugacion de
células (Elion et al., 1993; Errede and Ammerer, 1989; Hagen et al., 1991). De
esta forma, al unirse la feromona a su receptor activa el sistema y por medio de
los tres efectores del dimero Py, se asegura que se recluten los complejos
necesarios, se propague la sefal y se transcriban los genes de respuesta a

feromona.

Receptores de feromonas en S. cerevisiae.

El receptor de feromonas es el primer elemento de la via y es el

responsable de transmitir la sefial. Deben de tener la especificidad para
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activarse solo por la union de su ligando y no por otras feromonas de especies
distintas que podrian estar en el medio.

Estos receptores pertenecen a la gran familia de receptores de siete
dominios transmembranales acoplados a proteinas G. A pesar de que la
secuencias de aminoacidos de Ste2p y Ste3p no son similares, estructuralmente
son semejantes, tienen siete dominios transmembranales, tres asas
extracelulares y tres intracelulares, con el extremo amino extracelular y el
extremo carboxilo intracelular (Burkholder and Hartwell, 1985; Hagen et al.,
1986).

El receptor mas estudiado es Ste2p, debido a que su ligando el factor-a
no requiere de la adicion de lipidos, como en el caso del factor-a, motivo por el
cual se ha utilizado desde hace mucho afios como un modelo de estudio de
receptor de hormonas. Se ha propuesto que para la union del factor-o. a Ste2p,
las asas extracelulares forman un hueco donde se une el ligando, siendo
esenciales la serina 47 y treonina 48 que corresponden a la interfase entre el
primer dominio transmembranal y la parte extracelular y la fenilalanina 204 vy
tirosina 266 que se encuentran también en la interfase de los dominios
transmembranales 5 y 6 respectivamente (Lee et al., 2001; Lee et al., 2002; Lin
et al., 2003; Naider and Becker, 2004). Por medio de la primera y tercera asas
intracelulares y el extremo carboxilo terminal, el receptor, es capaz de
interactuar directamente con las subunidades o y B de la proteina G
heterotrimérica y esta interaccion es necesaria para que se pueda transmitir la
sefal (Blumer and Thorner, 1990; Coria et al., 1996; Chinault et al., 2004; Duran-
Avelar et al.,, 2001; Ongay-Larios et al., 2000). Para que el receptor pueda
funcionar de una manera adecuada, es necesaria la formacion de oligobmeros
gue se ensamblan desde el reticulo endoplasmico por medio del motivo GXXXG
del primer cruce transmembranal, siendo también importantes el segundo cruce
transmembranal y el extremo amino, aunque recientemente se ha propuesto que

la union de su ligando puede favorecer la formacion de oligémeros (Overton and
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Blumer, 2000; Overton and Blumer, 2002; Overton et al., 2003; Shi et al., 2009).
El receptor no solo es el encargado de detectar la sefal del medio, sino que
también juega un papel importante durante la fusion celular, ya que mutantes
gue carecen del extremo amino terminal, tanto en Ste2p como en Ste3p, tienen

defectos en la fusion de membranas (Shi et al., 2007).

Respuesta a estrés osmaotico en S. cerevisiae.

Las levaduras, por las caracteristicas de su vida libre, estan expuestas a
cambios constantes en su medio, por este motivo necesitan la capacidad de
responder a estos estimulos adaptandose al medio para poder sobrevivir. Esta
respuesta se va a traducir en el cambio de expresion de genes, en la vida media
de proteinas y en la sintesis de moléculas que le ayuden a sobrevivir. Uno de los
cambios mas frecuentes en el medio es la concentracion de solutos, cuando
ésta sobrepasa la osmolaridad interna de la célula, la presion de turgencia
disminuye. Para restablecer el balance osmoético S. cerevisiae incrementa la
sintesis de glicerol, un soluto intracelular inerte que es soluble en agua. La via
de transduccion de sefiales que es activada después de un choque osmdtico se
le conoce como la cascada de glicerol por alta osmolaridad (HOG por sus siglas

en ingles).

La via de HOG es una cascada de MAP cinasas que tiene como
consecuencia la fosforilacion y activacion de Hoglp. Esta proteina es el
homologo en levaduras de p38, una MAP cinasa de mamiferos activada por
estrés, conocidas como SAPK por sus siglas en inglés (Han et al., 1994).
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Via de HOG en S. cerevisiae.

La via de HOG es activada a través de dos diferentes ramas, SHO1 y
SLN1; la primera es mediada por las proteinas transmembranales semejantes a
mucina Hkrlp y Msb2p (Figura 2), posibles osmosensores de esta rama
(Tatebayashi et al., 2007). Estas dos proteinas activan a Sholp, que a su vez
junto con Msb2p activan a la GTPasa Cdc42p, que estimula a Ste20p (Raitt et
al., 2000). Una vez fosforilada, Ste20p activa a Stellp (como ocurre en
respuesta a feromona) que a su vez activa por fosforilaciéon a la MAPK cinasa
Pbs2p. Estos eventos ocurren en la membrana plasmatica, donde Sholp, Hkrly
Msb2 tienen interaccion fisica (Tatebayashi et al., 2007). Ademas, Sholp usa su
dominio SH3 citosodlico para formar un complejo que se compone de Stellp, su
proteina adaptadora Ste50p y Pbs2p. Por otra parte, Cdc42p activado se une al
dominio citosolico de Msb2p y a Ste50p (Cullen et al., 2004; Maeda et al., 1995;
Tatebayashi et al., 2006). De esta manera, se forman complejos que favorecen
la interaccion y promueven la especificidad de las proteinas que conforman las
ramas, a pesar de que se compartan con otras vias de diferentes respuestas. Al
estar ensamblados los complejos antes de que se produzca el estimulo se

favorece que la sefial se pueda transmitir mas rapido.

La rama SLN1 es activada por la cinasa de histidinas transmembranal
Sinlp, que ademas funciona como osmosensor y es parte del sistema de
fosforrelevo que incluye a las proteinas SInlp-Ypdlp-Ssklp, homologo a los
sistemas de dos componentes descritos en procariontes (Maeda et al., 1994;
Posas et al., 1996). Cuando las células estan en condiciones iso-osmoticas,
Sinlp se auto-fosforila y transfiere un fosfato a Ypdlp, que subsecuentemente
transfiere el fosfato a la proteina reguladora Ssklp (Figura 2). Cuando Ssklp
esta fosforilada se evita su interaccion con las MAPKK cinasas Ssk2p y Ssk22p.
Cuando la presién de turgencia cambia, la auto-fosforilacion de Sinlp se inhibe,
teniendo como consecuencia que Ssklp se desfosforile y asi puede unirse a

Ssk2p y Ssk22p para activarlas (Posas and Saito, 1998).
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Figura 2. Via de respuesta estrés osmaético (HOG) en S. cerevisiae. Se compone de las
ramas SHO y SLN. Cuando el sistema no esta activo la rama de SHO se encuentra
como un complejo en la membrana plasméatica sin que haya fosforilacion de sus
elementos. La rama de SLN cuando no esta activa Sinlp se autofosforila y ésta
transfiere el fosfato a Ypdl que a su vez fosforila a Ssk1, de ésta manera se impide que
Sskl se una a Ssk2 o Ssk22 manteniendo el sistema apagado.

Las dos ramas, SHO1 y SLN1, convergen cuando las MAPKK cinasas
Stellp, Ssk2p y Ssk22p activan y fosforilan a Pbs2p, que a su vez activa a
Hoglp (Figura 3) por medio de la fosforilacion en la Treonina 174 y la Tirosina
176 (Maeda et al., 1995). Una vez fosforilado Hogl, se transloca al nucleo y
afecta la expresion de un gran numero de genes (O'Rourke and Herskowitz,
2004; Posas et al., 2000; Rep et al.,, 2000), gracias a su interaccién con
activadores transcripcionales como Hotlp, Msnlp, Msn2p/Msn4p y Smplp, asi
como con el represor transcripcional Skol. Adicionalmente, interactua con la
maquinaria remodeladota de la cromatina y la RNA Polimerasa Il (de Nadal et
al., 2003; De Nadal et al., 2004; Martinez-Pastor et al., 1996; Proft and Serrano,
1999; Rep et al., 2000; Rep et al., 2001; Rep et al., 1999).
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Figura 3. Via de respuesta estrés osmoético (HOG) activada en S. cerevisiae. Una vez
que se altera la presion osmotica de la célula, la rama de SHO induce un cambio
conformacional en Cdc42p activando su dominio de cinasa que tiene como
consecuencia la transduccién de la sefial por medio de fosforilacion de proteinas
(indicadas con flechas). La rama de SLN al ser activada se inhibe la fosforilacion en el
sistema de fosforrelevo que al no fosforilar a Ssklp, ésta pierde afinidad por Ypdlp,
activa su dominio de cinasa y se vuelve afin a Ssk2p y Ssk22p fosforilandolas para
activarlas. Ambas vias convergen con la activacién de Pbs2p y la fosforilacion de Hoglp
que se importa al nicleo y es capas de alterar la expresion de varios genes.

Aunque las dos vias convergen en el mismo punto, la rama de SLN1
responde a cambios en la presion de turgencia, ademas de tener un bajo umbral
de activacion por KCI (.0625 mM a .25 mM), mientras que la rama de SHO1 es
activada en condiciones de hiperosmolaridad (por ejemplo, NaCl 0.5a 1 M) y no
responde a cambios en la presién de turgencia (Maeda et al., 1995; O'Rourke
and Herskowitz, 2004; Reiser et al., 2003; Van Wuytswinkel et al., 2000). Esta
activacion diferencial es esencial para la supervivencia de las levaduras en su

cambiante entorno. Si una de las ramas es inactivada, la otra puede rescatar a la
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célula en alta osmolaridad, pero si se eliminan las dos ramas las células se

hacen sensibles a estos cambios y mueren.

Kluyveromyces lactis como modelo de transduccién de sefiales.

K. lactis es una levadura petite negativa, es incapaz de crecer en
ausencia de oxigeno con sustratos fermentables; ademas de ser negativa para
el efecto Crabtree, es decir, en condiciones de aerobiosis y grandes
concentraciones de glucosa, produce biomasa a diferencia de S. cerevisiae que
produce etanol, sin embargo puede utilizar una amplia gama de fuentes de
carbono como lactosa (Gonzalez-Siso et al., 2000). A pesar de ser un
ascomiceto cercano a S. cerevisiae, se estima que estas dos especies
divergieron hace aproximadamente 80 millones de afios, poco antes de que el
ancestro de S. cerevisiae duplicara su genoma (Thomson et al., 2005). Todas
estas caracteristicas hacen a K. lactis un modelo atractivo por sus diferencias

metabdlicas y fisioldgicas.

El proceso de conjugacion sexual de estas dos levaduras se lleva a cabo
de manera semejante. Como S. cerevisiae, K. lactis también presenta dos tipos

celulares denominados a y a.

En nuestro laboratorio nos hemos interesado en estudiar los sistemas de
transduccion de sefiales en K. lactis encontrando diferencias importantes con las

descritas en S. cerevisiae (Coria et al., 2006).

Sistema de respuesta a feromona en K. lactis.

El primer sistema en el que nos interesamos fue el de respuesta a

feromonas. En este sistema describimos que la subunidad o de la proteina G
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heterotrimérica (KIGpalp), actia como una proteina activadora de la sefal, ya
gue la cepa AKlgpal es viable y cuando hacemos ensayos de apareamiento, es
incapaz de formar células diploides con la misma eficiencia que la cepa silvestre.
Estos resultados son distintos a lo que ocurre en S. cerevisiae, donde Gpalp
juega un papel negativo uniéndose al dimero By para evitar que active a sus
efectores y la mutaciéon de GPA1 es letal, ya que las células al tener activada la
respuesta de manera constitutiva se quedan en fase G; indefinidamente (Jahng
et al.,, 1988; Savinon-Tejeda et al., 2001). También tenemos indicios de que
KIGPA1 regula la expresion de genes blanco de la via como KIFUS1, ya que
utilizando un reportero con el promotor de éste gen fusionado al gen LacZ de E.
coli tenemos actividad de la enzima B-galactosidasa cuando expresamos una
KIGpalp constitutivamente activa, incluso mayor que la obtenida induciendo sélo
con feromona y la activacién es dependiente del factor de transcripcién de la via
KIStel2p (Lloret et al., 2003). La subunidad B de la proteina G heterotrimérica
esta codificada por el gen KISTE4, cuya mutante es completamente estéril y la
activacion de la via también depende de KiStel2p (Kawasaki et al., 2005).

Figura 4.

Figura 4. Via de respuesta a feromona en K. lactis. Tanto la subunidad a (KIGpalp)
como la subunidad B (KISte4p) tienen un papel positivo en la transduccion de la sefial y
activan mediante el fector transcripcional KIStel2p al reportero de respuesta a feromona
KIFus3.
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Hasta el momento no se han descrito los receptores para K. lactis, ni se
sabe con que proteinas podrian interactuar para llevar a cabo la activacion de la
via. El conocimiento que tenemos de la via de respuesta a feromona sexual esta
descrito en la siguiente revisién, donde ya habiamos comenzado a trabajar con
algunas de las mutantes de este trabajo. También anexo un trabajo sobre las

feromonas sexuales en K. lactis que recientemente publicamos.
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Abstract

The mating pheromone response pathway in Saccharsmyees corevizae is oo of the
best understood signallimg pathways in cukaryotes. Comparison of this system
with pathways in other fungal species has geverated surprises and insights. Cloning
and targetted disruption of genes encoding components of the pheromone
response pathway has allowed the anribution of specific functions o these signal
trapsduction components, In this review we describe current knowledge aof the
Klupveromyees lactes mating system, and compare it with the well-understood 5,
cerevisiae pathway, emphasizing the similarities and differences in the heteroari-
meric G protein activity, This mating pathway is controlled positively by both the
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Introduction

Sigmal rransduction pathways allow cells 1o respond 1o envir-
onmental stimuli and 1o adagd their gene expression program,
Fungal cells con sense many different chemscal and phvacal
mgnals, such o3 puinents, osmaolanty, pH, hght, elc, One
conumon mechanism for rsponding to extracdlular signalks
wses cell-surface receprors couplad 1o intracellubar heterotri-
meric guaning nuclestidebinding proteine (G proteins),
Regulatory networks identified in microarganisms often serve
o paradigms for those of vertebrates. One of the most studied
emmples 5 the pheromone reponse pathway in the veast
Sacduiromyees cerevistor. In this system, veast haploid cells
sense the presence of polential mating panners by recopmzing
s-spocific pheromones seacted by cells of the oppaosite
mating type. The stindard mode of G-protein-muplad
receplor spnallng, which repulates the mating  nesponse,
postulates that a haploid cell starts the mating process when
a sexual pheromone, produced by the mating partner, binds
w0 iks specific membrane-spanning recepton. The pheromone
simulus is tramsmitted v a heterotnimenc G prodein,
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Gz and the Gff subunits of the hetersinimeric G protein.

compused of Ga(Gpalpl, GP{Stedp] and GylSeel&p) aib-
units, coupled 1o the pheromone receptor (Diewel & Kurjan,
1987; Whiteway o al, 1989). The Gpalp subunit negatively
regulates the respomse in the absence of pheromone, and the
Stedpr/Stel Bp dimer ads positively to tngger the response after
binding of pleromone, via a phosphorvlibion ciscade that
ivolves ot least Swe20p, te MAP kinase modulé and tran-
sonplion sctivators that finally lesd 1o growth arrest, shmoo
formation, induction of gene required for membrane fusion,
including FUSI, and diplaid formation | Herdowitz, 1995),
Pheromone response components have been identified
and characterized in a number of fungal species. For many
of them, targetted gene distuptions have revealed interesting
clugs about their functions. In this review we summarize
findings concerning the Klupwramros hictis pheromaone
response system, and compare them with current knowledsge
of other veast species, particularly of & cerevisae. Most of
the gene preducts described here have been obtained by
standard cloning techniques; however, some have boen
wentified by sequence comparzon with their 5 cerevistae
counterparts by blast-searching the K, lactes database (hips!’
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Tha pharormdnds resporm patiway of duyseoemon o 337
Table 1. Putsthes snd prowen componerts of the Khpveromyoes Betd phedomane resporee patimry
Sacchammyres conevisise harmologue
Gang Bugant identifir in the ideniity
name phenotype  Function . kcits data bacse %] £ value Raference
K512 urinRCrT M ELL&ACFIST0khg 48 Se-92
EiSted stesile FheTomone necepior KLLAOAGS 340 5 Te=131 Tomes-Cuinor ef af.
(umpublshed]
KiGpatl siutiley ALES a5 posine ELLADEISS16g Bl Se-154 Savinon-Tejoeca of al
glemarnt in the {2001
Fating pathwy
Eiad whedily At as posiie ELLADDOETATg 52 o118 Eawansall of al.
clerment in the (2003
MAtng pathwiny
KBiE  fehle Uk et KLLADEDR 1 38g 51 Fe-20
LA5To UG Link ety ELLADE 136079 50 o
KBS stedie Wnkngram ELLACFIZO23g F 3056
Eiftall UPENGWTI Linknawwm ELLACE131 129 58 Te-60
Kisie?¥ UrRIRCrAT kg ELLADC165T7g 52 Te-130
KFusd UrEnowT) Winkongawers ELLACE D52 Tg ] =150
K52 stedibe Tramscripton sCINaTon ELLACETT193g i 16=107 Wuan er &l (1593)
of mating genes Lioret e of. (2003
EFus1 stadilg Coll fumion ELLAGCE Galg EE] Tg-17 Lot or o, (20030

chi.labrifeiGenolevures/elt/KLLA). Table | summarizes our
current knowledge of some of the componenis that partici-
pate in the K. lrciis mating sysiem, as well as putative gene
products that, by analogy to 8, cerevisine, might have a role
in the mating process. In Table 2 we include putative gene
products belonging 1o three more bemiascomyCctes spocics
that have been studied in the ‘Genolevures” project {hinpaff
chilabri fe/Genolevures/) and  thar  showed  significam
homology to those of K laces, The average sequence
identity between the K. Lrcres proteins with their orthologues
from other species arez 49%% Jor 5. cerevime, 42% for
Cumalicdin glabnatin, 34% Tor Dyl ryaenes hanseeni, and 3%
for Yarrowsa hpolptica, These data are conastent with the
findings obtained by comparative genomic studics of these
veast species { Dujon of af,, 2004 ),

Pheromone receptors

Mating is initiated by the binding of sexual pheromone o a
seven-transmembrane G-profein-coupled receptor {known
as a serpenting receptor or GPCR) Activated receplors
catalyre the exchange of GDP for GTP at the high-affinity
binding site for guanine nucleotides, located i the =
subunit, thus mitating a well-regulated  dissociation—
reassociation cvcle, Although the primary sequences of
receptors do ot show simibarity, GPCHs share parallelian
in their opological srrangement in the plasma membrane,
conssting of seven hydrophobic and potentially a-helical
segments that span the lipid bilaver (Dohlman & Thomer,
215, The N terminus of these receptors is located extra-
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cellubirly and costains esential residues for plheromone
binding. The loag C terminus extends into the cvioplasm.

Carboxyl-terminal tails of serpentine recepiors vary con-
siderably in their amino acid sequence. [n the case of the 5
cerevisiae a-pheromone receptor, ScSte2p, the otoplasmic
carboxyl-terminal 1ol cxtends at least 130 amino acid
residucs out from the membrane. Although the C rerminus
of the receptor interacts phasically with s associated
heterotrimeric G protein {Bourne, 1997; Dosil e al,, 2000),
mutagenesis studies have shown that it is not required for
ligand binding, but is imwvolved in desensatization after
pheromone treatment (Konopha ef al,, 1988; Rencke of al,
19885, and in the formation of a pre-octivation complex
with its associated G protein | Dosil o al,, 2060,

The K, lochs genome encodes two putative pheromane
reveptors, KISte2p amd KiSedp, which show an overall 50%
identity with their 5. ceneviziae homalogues. Conserved amina
scids are mostly lecated in trnsmembrane regions and at the
second and third intracellular loops. Remarkahly, the amina
acid sequence of the third intracelhabr boop is the mos highly
conserved (araund 9% between species). This loop plivs a
kev role in painaining a productive Geprotein coupling
(Celic er al, 2003), Several other studies with a variety of G-
profein-coupled receptors have suggested that not only the
thiird bast abso the second intracelbslar loop and the carboxyl-
terminal tail are important sites of interaction with the G-
protein x subunit { Bourne, 1997 Wess, 1997 Dunin-Avelar
el al,, 2000; Meng & Bourne, 2001 ), Noncthdess, the second
loop can be removed from the 5 cerevisine Stelp receptor
with minimal effects on mating (Martin or e, 1998,
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Table Z. Compansan of th KUPDNmRTES MCEs pheromone MEponss
ipathwsay companen s with putstve orholegous proteins from different
T S

Gaene ibpraity  Simianty
procuct ORF* (%) (%) £ valup
LT CaGLO0KT 24 30q a5 52 1e-57
DEHADAT 11 10g 3o 51 Be-dd
WALICFO3S05g ] ar IpJH
KiSedp CAGLOMOE B4g 4 6l 1e-117
DEHADDO4T g 34 52 ac6d
YALIGE11913g b 47 de-id
KiGpaip CAGLORGET g &1 76 1145
DEHADD 48040 57 n 1e-136
YALIENELTg 21 8 Je-E7
K CAGLOLOZ TG 1R a4 &0 Te-102
DEHADCT P600g EL] 55 Sp-83
YALIOEDT 36dg I 42 Bpdid
Keifp  CAGLOMOGIOTY a7 65 o1
DEMADGISI8EY 16 16 0.01%
TALIDADES GG 27 il Se-10
KiSei0p CAGLOKGRGETIg 43 54 1e-178
DEMADEZI520g 3o 52 1e-122
WALIOFOOST 2g i3 43 le-118
KISteS p CAGLOLOG3T6q 2 36 1e-23
DEHADGI3E84g 18 E ) Se-08
YALIGE20680g 17 n dp-04
Kfmiip CAGLOBOIT39q 55 m il
DEMAOBOAESESY 40 54 (L REN
‘l'.ﬂ.l..llj‘-ﬁﬂw n a1 =112
K%t p CAGLOGE9Eg rl 1) e 102
DEHADF15718g M 4B 2e-B7
TALIOF21065) 3 L] 2e-ti?
Kifusdp CAGLOM 20 &7 T o146
DEHADER 12150 55 Ta Te-117
WALIDE 24596 LE) Ta Te-124
Kaellp  CAGLOMO154g an 46 Tedl
DEHADFITAAEG a 43 Se-80
WALIGEVE136g i 36 o3
KRAlp CAGLOBOCRESg 13 EX g7
DEMADE1437Tg 24 8 T3
WALIGE XTS5 16 ia Seh

“ORFs from Candids glabvats (£ AGLL Debaryormyces Rarens (DEHA)
and varmowis fpalytica (YALD

We have analvsed the mle of KB3p in the mating path-
way (unpublished data). From sequence analysss, KISte3p is
the homologue of the S cerevistoe a-pheromone receptor.
From expresion experiments, however, the KISTES gene s
cxpressed in K. Dacrs cells typified as MATx and therefore is
the receptor for the K. lacnis o phensmone. This gene is silent
in MATz cells, whereas it iz highly expressed in MATr celle As
expectod, disruption mautants appeared sterile. KBedp inter-
acts strongly with the Klgpalp (Ga) subunit, which &
involved in transducing the pheromone stimulus w induce
mating (sce¢ below], An m-frame GFP-KiStedp (uwion pro-
tein. which retains its functional role in mating. was located
mainly in the phisma membrane of haploid cells.
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The G protein

The heterotrimeric O proteins are intracellular switches that
alternate between a GDP-bound off-state and a GTP-bound
on-stite, Membrane-bound heterotrimers composed of G,
G and Gy subumnits are chosely associated with the intracel-
lular faces of GPCRs. The GDP-Gz subunit binds to the
heteradimer Gy, and this association allows functional
coupling (o GPCREs (Chen & Manning, 2000}, Agondsi
binding 1o GPCRs induces the release of bound GDP by
G, and then G binds GTE resulting in conformational
changes within the fexible regions of Ga {Wall ef al., 1998)
and dissociation of Gfly. Both GTP-Ga and Gfly are capable
of signal tramsduction by activating downstream effectors
(McCudden et al, 2005),

In & cerevisiae, the heterotrimer Gpal plGz )/ Siedpl G
Stel Bpl Gy) i required for respomnie 10 mating pheromones,
This G protein is the same in MATr and MATz cells, Upon
interaction of pheromones with ther respective recepior,
the G protein dissociates into Gpalp(GTF) and the Stedp!
Stel Bp dimer, which in turn initiates a cascade of events that
results in transcriptional activation of genes required for
muting (Bardwell, 2004 ). Mating between haploid cells of
the opposite mating 1ypes leads (o the formation of a diploid
MAT 2 MAT cell.

Two genes encoding G protein ¥ subunits have been
cloned and studied in K lcris KIGPAD (Saviton-Tejeda
et al,, 20001} and KIGPA2 (Savinon-Tejedda of al, 1996}, The
full sequence of the G prodein designated KiGpalp spans 447
aming acid resrdues with a deduced melecular mass of
30739 Da, Amalysis of the primary structure showed a hagh
degree of identity (62%) and simikirity (729 with the
Gpalp from 5 cerevisiae, KIGpalp confains the character-
istic struciural dormains conserved in Gals) from different
organisms [Bolker, 1998), [t containg the typicad G and G2
regions involved in the binding and hyvdrolvsis of the GTE D
also presents the consensus amino terminus end (MG-
XXXSXX) that has been dentified as the N-myristoylation
target in members of the mammabian Gx subunits that
inhibat adenylyl cyclase (lohnson ef al, 1994), However,
unlike members of this family, KlGpalp does nol contain
the cysteine residue at its carboxyl end that 8 ADP-ribosy-
lated by pertussis toxin [ fohnson ef al., 1978). Just as Gpalp
from 8 ceveviige, KIGpalp contains an extea internal
fragmenit of 75 aming acid residucs beiween the conserved
Gl regron and the it module of the G2 region,

In contrast 1o the case for 5 cerevisioe, where the G
protein 2 subunit negatively regulates the mating response
in the absence of pheromaone, it has been observed that in K,
lcrs the Ga protein is required for mating, and mutanis
lacking the G2 subunit are partially stenile {Savifnon-Tegda
ef al, 2001}, Disruption of KNGPAD rendered viable cells
with a reduced capacity 1o mate, indicating that KiGpalp
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plavs a positive role in the mating pathway. Mutations on
the critical glutamine (™) rendered GTPase-deficient Ga
subumits and thus a constitutively active subunit. This
mutation has no effect on the mating of wild-type cells, but
complemients and restores mating in the deficiemt AKkpal
strain (Lloret o al, 2003}, The =mme effect is observed in
both MATa and MATz strains. The equivalent mutation on
Sctipa lp induces sow growth of normal haploid 5. cerevi-
gae cells (Dohlman er all, 199%), indicating constitutive
activation of the pheromone response pathway asa result of
melficient association with the Gy dimer. Because some
studies have indicated direat interaction of ScGpalp with
the matmg-specific MAPK Ste30p ( Metodiev e of., 2002)
and direct coupling of the activated Ga sulbwmnit with Scp a0
{an RNA-binding protein} (Guo er al, 2003}, a positive role
of ScGpalp in mating cannot be discarded. Gz subunits
playing positive rodes in mating have been described in other
fungal species, for example Gpalp (homologous
ScCipalp, which & imvolved in cAMP repulation] in the
basidiomyeete Cryprococeus neoformans (Tolkacheva o all,
1994; Alspaugh er al, 1997}, Gpadp in Ustilego mradis
i Regenfedder et al, 1996}, and Gpalp in the fission veast
Schizosnccharomyees pontbe (Cibara of al., 1991 ).

In addition to the pheromone response pathway, in K.
hrcris & cAMP-nutrient-sensing signalling pathway regubsied
by a Ga2 (KlGpaZp) subunit has been identified (Savition-
Teieda er al., 1996, which is unrelated 10 the mating path-
way. Cells lacking KIGpa2 p are viable (and fertile) but fail 1o
respoind (oo transient stimulus of glucose and the cAMP
level drops significantly, indicating that the G pmotein
containing KlGpa2p is involved in regulating the activity of
adenyly cvclase and participates in o pathway related to the
monitoring of the nutricnt status of the cell,

The Gky subunit is a functional heterodimer that forms a
stable structural unie. All G subunits contain seven W40
repeats forming small antiparallel B srands (van der Voorm
& Plocgh, 1992), Crystal structures of mammalian Gafiy
{Wall er al., 1995) and free Gy (Sondek e al,, 1996 reveal
that the G} subunit flds in a highly svmmetric [ propelcr
containing seven [§ sheets that form the blades of the
propelier. Each blade consists of four antiparallel strands,
radiating outwards from a central core. The N-terminal
region of the G subumt is invelved in the interhelical
dimerzation with the N-terminus of the Gy subunit by
forming an z-helical coiled-coil structure.

The STES gene encodes the Gf subunit {Whiteway e al,,
1989), which associates with the GPAI (Gl (Dicteel &
Kunan, 1987 Nakaluku of al, 1987 and STEIS (Gy)
{ Whiteway ¢f al., 1989) gene products, forming the hetero-
trimeric G protan involved in the pheromone response
pathway in the veast 5. cerevisiae. The mating response is
medisled by free Stedp/Stel8p dimer, which can be gener-
ated by pheromone induction, Gpalp inactivation or Stedp
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overproduction (Nakayama of al, 1988: Nomolo ¢ al,
1960}, These events lead 1o tramscriptional activation of
penes, changes in morphology (shmoe ormation), and
growth arrest, Lack of Stedp gives rise to the imability 1o
respond 1o sex pheromone and therefore to steribity (White-
way et al, 1989),

The gene encoding the heterstrimeric G-protein [§ sub-
unit KISTES from K, lnctrs was cloned, and its role in mating
was analysed (Kawasaki e al., 20050 In order (o analyse the
funcion of KlStedp, a disruption mutant was created by
homalogous recombination. Mutant strains of both MATa
and MATz cells were sterile, but had no defect in vegetative
growth, The full ORF & 1310bp long, including the stop
oodon, and encodes a putative protein of 436 amino acid
residues whose predicted molecular weight is 48,6 kDa, The
primary structure of the proten shows identity with
reported G subunits from different sources and shows the
WD maotil’ arrangement characteristic of this family. The
predicted KBSted protein is 63% similar and 52% identical 1o
Stedp from 5 cerevisiae,

KlStedp shows amino ackd residues that in 5. cerevisiae
have been involved in the association with the Gpalp
subunit, as well a5 those involved in the interaction with
the Gy (Stel8p) subumit (Leberer e al. 19925 Whiteway
et al, 1994}, Moreover, the KlSed protein containg i@ coil-
coiled N terminus with 4 similar length to that of ScStedp,
which has been implicared in functional imeraction with the
Gy subunit (Coria er al, 1996; Lambright e al, 1996).
KlSiedp also conuins residues that in ScSted have been
imvolved in association with the protein kinase Stelip,
which i5 required to ink the G-protein o downstream
signalling components (see below) {Leberer o al, 1992,
Interestingly, KIStedp also conserves the residues H*, B*
and W which have been implicated in the conforma-
tionmal change of mammalian Gf§ for effecior interaction
i Mhvung & Gorrison, HH).

The ScSeclfp subunit is an cssential component in the
misting pheromone response pathway of 5 cerevistae, A ste 18
miutant strain is unable o respond o pheromone (White-
way of al,, 1989}, ScSeel&p is post-tranalationally modified
by a reaction that farmesylates the oysteine residue of the
CAAX motif located of its © terminus, trimming the three
Ceterminal amino acids, and carboxymethylating the now
Coterminally located polyisopremyl-cysteine (Sanford & al,
1991}, ElSiel8p shows 53% identity with ScStel8p and
copfains the CAAX polyisopreswlotion sigmal of s C
terminus. Unpublished observations have suggested that
K1Ste ] Bp may interact with the KiStedp subunit in order to
form the heterodimer. However, inactivation experiments
point to the hypothesis that KlSte18p is not esential for the
mating response, suggesting that either the Kistedp subunit
15 directly modibed for membrane targetting, or KlStedp 13
not required ot the plasma membrane o trigger the
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pheromone response. These hypotheses are expected 1o be
tested by analvsing the structure of the active GP subunit,

The downstream effects of the G protein

In the veast 5 cerevisiae, following G protein activation by
the sexual pheromone, the membrane-bound Gy dimer
transmits the signal 1o at least three different effectors: the
Stel0 protein kinace, o Ste5p/Stel lp complex, and a Farl/
Cde24 complex, Whereas the farnesylated and palmitoyated
Stel 8p anchors the Gliy dimer to the membrane, the Stedp
binds to each of the effectors. The first effector is the Ste20p
kinase, a member of the p2l-activated protein kinase (PAK)
EBmily (Leberer er al, 2000), Binding of Gy 10 a shon
comserved motil in the carboxyl terminus of S0 s
required to initiste the activation cycle of the kinase, This
occurs when the CRIB domain of Ste20p binds to Cded2 [a
sl Rho-like G protein { Ash er al., 2003), which s antached
to the membranc], uncovering s activation loop, and
thereby permitting austophosphorvlation (Menser o al,
1Rk, We have observed that K lactes expresses the KISie20p
kimase, which 15 50% sdentical to ScS1e2ip, It shows a fully
comserved G binding motf at its carboy] terminus and
hagh conservation of the CRIB and kimase domains locted
in the Netermuimal and C-terminal regions, respectively
(Lamson ef al., 2002}, Stdies on the participation of this
Kiste20p kinase in the mating process of K lachis are
currently in progres,

The second effector of Gy in 5. cerovisie is Ste5p. This
protein functions as a scaffold, forming a complex with a
MAPF kinase module (mitogen activated protein Kinpses)
composed of Stellp (MAPKKK), Swe7p (MAPKK), and
Fus3p (MAPK) (Choi ef al, 19%4; Krang of al,, 1994). Ste5p
has no catalviic sctivity butl acts in the firsl indance a5 an
adapter, binding to both G and to 512l ] protein kinose, As
a result, Stellp 5 located near the membrane and is
phosphoryated and activated by the Ste20p kinase (Pryciak
& Huntress, 1998 We have characterized a K. fochs mutan
lacking the KISTES gene. As expected, it fadls 1o respond 1o
pheromone and therefore s unable to mate (impullished
results).

Genwes coding for the conserved MAP kinase components
have been found after a blast seanch of the K bictis genome
data base. We identified the putative bomologues KiStel I p,
ElS1e7p and KlFusip, which are 58, 52 and 69% identical 1o
the corresponding 5. corevistae proteins ( Table 1),

In the pheromone response pathway of S cerevisiae, a key
substrate of Fus3p (MAPK) is the S1el2p/Diglp and Dig2p
transcripiion facior complex, which is required 1o selectively
mnduce ranscription of genes required for mating. Strains
lacking the Stel2 transcription factor are defective in mating
(Kirkman-Correja e al,, 1993). Sl 2p bhinds 1w a DNA
motif (ATTGAANCAY in the promoler repons of genes
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required for mating (Harrison & Delici, 2002). Diglp and
Dig2p seem to regalate Sel 2p activity negatively (Tedford
et al, 1997).

So far, studics on the transcription sctivation complex in
K. lactiz were ascribed 1o KIStel2p. This gene was cloned
and expressed in sterile 5. cerevisiae cells lacking their native
Siel 2 protein, and shown to restore diploid formation in a
ming type-dependent manmer (Yuan ef al., 1993}, Later, a
Kisrel? myatamt was constructed that showed a strong effec
on the mating efficiency of haploid cells of the two mating
types, indicating that this product is essential for proper
mating {Loret ef al, 2003), Wild-type cells overexprescing
KI5t 1 2p showed increased muli ng cificiency, and increased
expresion of the KIFUS! gene (required for haploid cell
fusion, sec below), Based on these studies it was suggested
that Kl5tel 2p is an essential element to elicit the pheromone

IMaling FESpeomss,

Both Gz and Gf} signal through KISte12

The data obtained so far indicate that in K. lactis both
ElStedp and KlGpalp subumts are required to induce
miating by activating the transcription fctor KiStel2p, As
neither Gz nor G can bypas the lack of KlSiellp, i
appears that this transcription factor is a common clement
in the pathways regulated by both subunits (Savinan-Tejeda
of ark, 2000; Lloret er al, 2003; unpublished data ). This has
been confirmed by epistasis experiments and by determina-
tien of the mating phenotype of ARgal, AKted, ARl 2
mutanis and the combination of double mutame. For
example, the AKTswd mutant is not rescusd by the constitu-
tively active form of KlGpalp, and, conversely, the over-
expresion of RlStedp does not rescue the AKIgpal, By
conbrast, the tramscription of the KISTES gene is stimulated
by the sctive form of the KlGpalp subunit, and this
stimulation is not olserved in a Klsrel2 background, in-
dicating that the transcription factor is required for the
enhanced transenipion of G during the pheromone re-
sponse process, These studies indicate that at least a partial
role of KiGpalp is to overinduce transcription of KISTES,
via the KISl 2p transcription factor,

In concluston, the K laetis pheromone response pathway
may be summarized as follows: the binding of pheromone 1o
its receptor induces the activation of the Gz and Gf
subumits, triggering two different signal transduction cas-
cades, which converge in the KlStel2p transcription factor
that finally induces the expression of genes required for the
mating of haploid K. crs cells. For the G subunit this
activation is insufficient w wngger the response, and it
requires increased transeniption to reach a critical concen-
traticn. This occurs by stimulation of the KlSel2p tran-
seription factor mediated by the active form of the KiGpalp
subumil Future studies are needed 1o ducidate whether both
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the Ga and G subumits activiate the KIStel 2p factor through
the MAP kinase module, or through different intermedhate
proteins,

KIFusip is a pheromeone response element

Fuslp s a2 member of the set of genmes induced an the
transcriptional level by sexual pheromone (Hagen et al,
1990). As a resade of stimulation by sexual pheromones,
activation of the Stel2 transcription complex triggers direc-
tional cell growth in cdls of both mating types, resulting in
the development ol a mating projection directed towards the
mating pariner { lackson & Hartwell, 1990}, After comact of
mating partners, there follows remodelling of the cell wall
and fusion of the plasma membranes to form a single zygote,
A number of gene products, including Fuslp, are required
lor cell fusion during yeast mating. Consistent with its role,
inactivation of ScFusip results in defective haploid mating
and diploid formation. Fusl p-deficient mutants show only
moderate mating impairment when the two mating partners
harbor the mutated allele, and this defect s practically
imperceplible in crosses between a wild-type strain amd 2
fusl partner,

Inactivation of the Kljesl gene significantly affects mat-
ing. not only between mating parents that both harbor
mutated alleles, but also between wild-type and Kifus!
parends. Stll, in these last croses diploid formation occurs,
sugpesting that soeme other gene products might be partici-
pating in the odl fusion process in K. lachs

Espression of the KIFusi gene is dependent on the sexual
pheromone stimulus. Moreover, it peguires o Tumsotionsl
ElSel2 transcription factor and the active forms of both
KlGpalp and KBtedp subunits (Savitin-Tejeda o all, 2001;
Lloret et al., 2003; unpublished data).

The mating defect of the 5 cerevivine fugd mutamt is
sigmebicantly reversed by expremaon of KIFUS!, suggesting
that this list protein might have a role in the cell conjugation
prooss of K. loanis equivalem to that of ScFuslp in 5
cerevisiag,

The primary structure of KlFuslp predicts a membrane
protein with a single plasma membrane-spanning segment,
beading to an amino terminus that faces the periplasma and
a long C terminus pointing 10 the cvtoplasmic sde,
Although mo significant homology was found in the amino
terminus of the KlFuslp and ScFuslp proteins. the presence
of a number of serine and threonine residues i the amino
terminus of KlFusip suggests that this protein may also be
ghveosylated and projected 1o the periplasmic space as
SclFuslp (Troeheart & Fink, 1989). The highest idemtity
between the two proteins s found in three regions that lie
in the cytoplasmic ponions, Ome is located within the
ElFuslp residues 204-227, the second within residues 270-
286, amd the third at the very last 60 residues of the carbaoxyl
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termnus, This kst regron appears to contam an Sr¢ homol-
oy 3 (SH3 ) doman (Rodaway et al, 1989}, charsctenstic of
matils involved in protein-prodein interactions of mole-
cules that participate in the control of ceskeletal organ-
izstion (Mayer & Baltimore, 1993, Fluorescence determinga-
tion of KlFusl —GFP fusions suggests that the native protein
localizes in the plasma membrane in mating-activated cells
and moves to the cell projection in elongated cells (Llorst
efal, M03),

The putative x pheromone gene

Mating in 5. cerevisiae i3 initiated by the secretion of
diffusible peptide pheromones, known as - and a-factors,
by haploid cells of MATz and MATa types, respectively,
which are recognized by GPCRE receptors. The mating
pheromones are absolutely required o trigger the mating
response (Stotzler & Duntze, 1976; Kuran & Herskowatz,
1982; Anderegs et al., 1988},

A blast search of the B lacis genomie database, using the
5. cevewisfae mature pheromone sequence. allowed the
identification of a putative gene thal encodes the z-phero-
mone. The homologous sequence is found within the
predicted ORF KLLAGE191730, as a tandem repeat of 27-
27-29-13 amino scid reidees. This landem repeat 15 located
in the second hall of a predicted ORF of 1587 amino acid
residues, sugpesting that x-pheromone s synthesized as a
precursar and cleaved to produce the mature peptide, By
sexquence homelogy, the putative K. lachis pheromene is also
a peptide of 13 amino acids with seven residucs identical to
thage of the 5. cerevigiae 2-factor, This abservation indicates
that the x-factors from both veast species have sequence
similaritics, suggesting evolutionary relatedmess:

Sca-pher : WHWLOLKPGQPMY,
Kla-pher : WSW I TLRPGOP] F.

The receptors KlSte2p and 5cStelp are 48% identical.
Studies using chimeric receptors and pheromones from 5,
eerevigiag and S lwaerd indicated that impantant elements
lor pheromone recogmition are amanao scds 47, 48 and 49 of
the respective GPCRs (reviewed in Naider & Becker, 2004,
These residues in 8 cerevsige are STV, whereas in the
putative KiSte2p receptor they are ENTL These residwes may
be imporiant for interaction with one of the nen-comerved
residues of the Kiscns 3-Ector.

Qutioolk

The signal ramduction pathwavs in K sty ghare con-
served elements found in signalling pathways in other fungal
species, capecially in 5 cereviside. However, K lictis has
shown characteristics special and unigque among fungal
species, One of the most striking characteristics & the role
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of the KiGpal subunit in the mating pathway. This was
inferred from gemetic studies of a Kigpal-disrupted strain,
where disruption of the KiGpal! allele resulied in haploid
viable cells with a deficiency in mating. By contrast, Gpalp
from S cerevisre has o negative role in the pheromone
reaponse pathway; that is, disruption of the gene causcs
arrest in the Gl phase, with a transient ability 1o mate,
whereas its overexpression reduces pheromaone response and
miaking.

The pheromone response pathway imvobves different
types of G protein signalling. In 5. cerevisuie the pheromaone
signal during mating is transduced by the free fy dimer, in
Schizosacclarampees pornbe by a G subsinil in concert with
i Kas protein, in UL mrapdis by a stimulatory Ga subunit thar
activates cAMP production, and in & lactis by the G and
thi GJF subunits, most probably acting in parallal,

Finally, the determimation of the compleie nucleotide
sequence of the K. lacrs genome provided opportunities
for the gudy of the companents of the pheromone response
pathway.
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Abstract

The Kluyveromyces lactis genes for sexual pheromones have been analyzed. The
u-factor gene encodes a predicted polypeptide of 187 amino acid residues containing
four tridecapeptide repeats (WSWITLRPGQPIF). A nucleotide BLasT search of the
entire K. lactis genome sequence allowed the identification of the nonannotated
putative a-pheromone gene that encodes a predicted protein of 33 residues
containing one copy of the dodecapeptide a-factor (WIIPGFVWVPQC). The role
of the K. lactis structural genes KIMFul and KIMFAI in mating has been
investigated by the construction of disruption mutations that totally eliminate
gene functions. Mutants of both alleles showed sex-dependent sterility, indicating
that these are single-copy genes and essential for mating. MATw, Klssf2 mutants,
which, by analogy to Saccharomyces cerevisiae, are defective in Go-GTPase activity,
showed increased sensitivity to synthetic #-factor and increased capacity to mate.
Additionally, Klbarl mutants (putatively defective in o-pheromone proteolysis)
showed delay in mating but sensitivity to a-pheromone. From these results, it can
be deduced that the K. lactis MATa cell produces the homolog of the S. cerevisiae

lactis; mating; signal transduction.

Introduction

Mating of haploid cells of Saccharomyces cerevisiae is in-
itiated by the secretion of diffusible peptide pheromones
that are recognized by receptors on the opposite cell type.
The mating pheromones (known as w-factor and a-factor)
are absolutely required to trigger the mating process; cells
that cannot produce these molecules or lack their specific
receptors (Ste2p for a-factor or Ste3p for a-factor) are sterile
(Sprague, 1991). The binding of pheromones to their
cognate receptors stimulates several responses, including
changes in transcription, growth arrest, and polarized
morphogenesis. A receptor G-protein-coupled mitogen-
activated protein kinase cascade mediates all the responses
to pheromones (Herskowitz, 1995).

The best characterized mating pheromones are those of
Sa. cerevisize. The w-factor is encoded by genes MFux! and
MFa2 (Kurjan & Herskowitz, 1982; Singh et al., 1983), whereas
the a-factor is encoded by genes MFAT and MFA2 (Michaelis &
Herskowitz, 1988). Both pheromones are synthesized as
precursors that undergo an ordered set of maturation events
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%-pheromone, whereas the MATw cell produces the a-pheromone.

(Sprague & Thorner, 1992). In the case of the a-factor, the
maturation process includes signal sequence cleavage, glyco-
sylation, and proteolytic processing by three peptidases
(Kex2p, Kexlp, and Stel3p) during the transit of the o-factor
through the secretory pathway (Fuller er al., 1988). During
a-factor biogenesis, the a-factor precursor undergoes prenyla-
tion, proteolytic cleavage of the universal motif AAX, carbox-
ylmethylation in the C-terminus, and two proteolytic
processing events at the N-terminus (Chen et al., 1997).

The mature pheromones are small peptides that interact
with a binding pocket formed by the extracellular loops
and the extracellular side of some transmembrane regions
of the receptor (Naider & Becker, 2004). The mature
o-pheromone is a 13-residue peptide composed of two
variants; the most abundant is encoded by the MFulI gene
(WHWLQLKPGQPMY), and its sequence variant (N5R7) is
encoded by the MFa2 gene. Both genes are expressed only in
a-cells (Jarvis er al., 1988), and their products seem to have
the same biological activity (Raths et al., 1986).

Two forms of the mature dodecapeptide a-factor are
also present in Sa. cerevisiae, differing in one residue:
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YIIKGLFWDPAC, encoded by MFAI, and its variant Ve,
encoded by MFA2. These genes are expressed only in MATa
cells (Fields et al., 1988).

There are significant structural homologies in genes
encoding sexual pheromones in a variety of fungal species,
e.g. Candida albicans (Bennett er al., 2003; Panwar ef al.,
2003), Schizosaccharomyces pombe (Davey, 1998), Magnaporthe
grisea (Shen er al., 1999), and Cryptococcus neaformans
(Davidson et al., 2000). In general, one pheromone tends to
be farnesylated at its C-terminus, and the other is synthesized
as a precursor that has to be cleaved by specific peptidases.

The budding yeast Kluyveromyces lactis is a unicellular,
haploid organism with a conventionally organized cell cycle,
and it is easily subjected to genetic analysis (Wésolowski-
Louvel et al., 1996). MATa and MATw cells undergo mating
when they are mixed together in the same medium. The Gu
(Savinon-Tejeda et al., 2001) and the GB (Kawasaki et al.,
2005) subunits of the heterotrimeric G-protein trigger the
pheromone signal to downstream effectors. Sex-specific
G-Protein-coupled (GPC) receptors located at the plasma
membrane are essential for this process (Torres-Quiroz
et al., 2007). Both G-protein subunits function in the mating
pathway via the KISte12p transcription factor. This factor is
thought to bind to pheromone response elements located in
promoter regions of genes required for mating.

The induction of growth arrest and polarized morpho-
genesis by the activation of the pheromone response in
K. lactis is not evident, neither by mixing MATa and MATo
haploid cells nor by overexpression of the G subunit
(Kawasaki er al., 2005). However, expression of a constitu-
tively active form of the G subunit in a AGx background is
able to induce weak growth arrest (Savinon-Tejeda et al.,
2001).

To further characterize the mating response pathway in K.
lactis, in this work we analyzed the genes encoding the sexual
pheromones, constructed disruption mutants, and deter-
mined the physiologic responses to synthetic u-factor.

Materials and methods

Strains and media

The yeast strains used in this work were K. lactis 155 (MATw,
ade2, his3, wra3) and 12/8 (MATa, lysA, argA, ura3).
Escherichia coli strains DH5¢ and Gm33 (for preparation of
nonmethylated DNA) were used to propagate plasmids.
YPD medium consisted of 1% yeast extract, 2% Bacto
peptone and 2% glucose. SD minimal medium consisted of
0.67% yeast nitrogen base without amino acids (Difco) and
2% glucose. SD minimal media were supplemented with the
required amino acids and nitrogen bases (50pugmL ).
Luria—Bertani broth plus ampicillin (100 ujg mL ™) was used
to propagate recombinant plasmids in bacteria.

FEMS Yeast Res 7 (2007) 740-747
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Gene disruptions

Putative KIMFul1, KIMFA1, KISST2 and KIBARI gene dis-
ruptions were achieved by homologous recombination
introducing the URA3 marker. For KIMFal, a 1087-bp
fragment containing the full ORF, plus 500bp of the 5'-
untranslated region (UTR) and 30bp of the 3-UTR, was
obtained by PCR amplification and cloned into the pGEM-
T-Easy vector (Promega). The EcoRI fragment was then
introduced into the YIp352 vector, and PCR amplification
was performed, employing divergent primers designed at
positions — 87 to — 103 (reverse complement) and +170 to
+187 (coding strand). This generated a linear product that
contained the full YIp352 plasmid flanked by 430-bp and
429-bp recombinant ends. For KIMFA1, a 510-bp fragment
containing the putative full ORFE, 188 bp of the 5’-UTR and
221 bp of the 3/-UTR was PCR-amplified using primers that
introduce EcoRI sites at positions — 174 and +312. The
product was ligated into the pGEM-T-Easy vector and
subcloned as an EcoRI fragment into YIp352, in which the
HindlIl site had been previously eliminated. This last
plasmid was digested at the naturally occurring HindlIIl
(position +18) and Bcll (position +157) sites, giving a
linear molecule containing the YIp352 plasmid flanked by
190 bp and 150 bp of recombinant ends. For KIBARI, a 950-
bp fragment was amplified using deoxyoligonucleotides
designed from positions+230 (forward) to +1183 (reverse).
This fragment was ligated into the pGEM-T-Easy vector. An
823-bp EcoRI-BamHI fragment was then ligated into the
YIp352 vector prepared with the same enzymes. The
YIp352-KIBARI plasmid was then digested with Bglll and
Sacl, giving a linear molecule that contained the full YIp352
flanked by KIBARI recombinant ends of 185 bp and 220 bp.
KISST2 was amplified using primers designed at positions
— 20 (forward) and +2188 (reverse). The 2208-bp fragment
was ligated into the pGEM-T-Easy vector. KISST2 was then
ligated as a Notl-Pstl (filled in at Notl) fragment into
YIp352 digested with Smal and Pstl. The resulting construct
was opened at the naturally occurring Bcll and Spel sites,
leaving 290 bp and 418 bp as recombinant ends.

Complementation tests

An 1087-bp EcoRI fragment containing the full KIMFx1
OREF flanked by 500 bp of the 5'-UTR and 30bp of the 3'-
UTR was obtained from the pGEM-T-Easy plasmid and was
subcloned into YEpKDHis (described in Kawasaki er al,
2005) digested with the same enzyme. An EcoRI fragment
containing the full KIMFAT OREF, flanked by upstream and
downstream sequences of 188 and 221 bp, respectively, was
obtained from the pGEM-T-Easy plasmid and was sub-
cloned into the YEpKDHis vector. These constructs were
introduced into disruptant yeast strains for mating assays.

© 2007 Federation of European Microbiological Sodeties
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Table 1. Proven and putative genes of the Kluyveromyces lactis pheromone response pathway

Mutant Relevant mating ORF in the
Gene name Product phenotype™ type affected Identity (%) E-value K. lactis database
KIMFo 1 a-Pheromone Sterile MATa 46" le-42 KLLAOE19173g
KIMFA 1 a-Pheromone Sterile MATx 45* 2e-05 Nonannotated
KIKEX2 KR endopeptidase ND ND 57 0 KLLAOD19811g
KIKEX1 Carboxypeptidase ND ND 44 le-162 KLLAOF09999g
KISTET3 Dipeptidyl aminopeptidase ND ND 39 0 KLLAODO6919g
KIRAM 1 Farnesyl-transferase 3 subunit ND ND 50 1e-119 KLLAOFO7161g
KIRAMZ2 Farnesyl-transferase o subunit ND ND 50 2e-87 KLLAOE18051
KISTE14 Farnesyl cysteine ND ND 53 8e-75 KLLADAO2167g

carboxyl-methyltransferase

KISTE24 Zinc metalloprotease ND ND 69 0 KLLAOD 108469
KIAXLT Protease ND ND 39 0 KLLAOD15631g
KISTEG ATP-binding transporter ND ND 47 0 KLLAOB14256g
KIBAR1 a-Pheromone endopeptidase Sensitivity to MATz 35 4e-90 KLLAOD 159179

s-pheromone
KISST2 G-protein regulator Sensitivity to MATeand MATa 41 1e-152 KLLAOD10549g

a-pheromone

*Phenotypes relevant to this work, particularly conceming response to «-factor.

‘Calculated identity of the precursor protein.

Mating assays

A patch of cells of the strain to be tested was grown on a
plate of selective medium for 24h. The tester strain was
grown as a lawn on a YPD plate for 24 h. Both strains were
replica-plated onto YPD plates and incubated for different
times at 30 “C, allowing cells to mate. Diploids were selected
on SD medium by replica plating.

o-Pheromone assays

Synthetic o-pheromone was obtained from GenScrip Corp at
95.5% purity, and suspended in water. For these assays, cells
were suspended in YPD medium at a density of 10°cells/
100 pL, and pheromone was added to a final concentration
of 100 pgmL ", Cells were examined under phase-contrast
microscopy and photographed at different times.

Other methods

All PCR products were sequenced in full at the Molecular
Biology Facility, IFC, UNAM. Disruption mutants were
confirmed by Southern blot. Probes for Southern analysis
were labeled with [0-*2P]dCTP with the Random Prime
Labeling System (Rediprime II, Amersham Biosciences).
Standard Southern blot analysis, recombinant DNA tech-
nology and yeast genetics procedures were also performed.

Results and Discussion

Mating in K. lactis is relatively unknown compared to that in
Sa. cerevisiae, where the mating pathway has been studied in
detail. The first step that triggers mating is sensing of the
diffusible pheromones secreted by cells of the opposite

© 2007 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved

mating type. Cells that cannot produce these molecules are
sterile (Sprague, 1991). In the current study, we character-
ized the mating pheromone genes of K. lactis, investigated
the phenotypic effects of mutations in the structural genes,
and constructed mutations that were sensitive to synthetic
a-factor. The genes described in this article are listed in
Table 1, including those that, by sequence homology, can be
predicted to participate in the pheromone maturation
process. All genes were identified by BLasT analyses of
the K. lactis genome sequence database (http://cbi.labri.fr/
Genolevures/elt/KLLA).

The gene encoding the a-factor

A BLast search of the K. lactis genome database using the Sa.
cerevisiae mature pheromone sequence allowed the identifi-
cation of a single-copy gene in K. lactis with structural
similarities to the o-mating pheromone from Sa. cerevisiae.
The homologous sequence was designated KIMFo . Analysis
of the sequence revealed a 564-bp ORF that codes for four
identical tridecapeptide repeats separated by spacer se-
quences of eight, 14, 14 and 16 amino acid residues (Fig.
1a). These tandem repeats are located in the second half of a
predicted 187 amino acid polypeptide, suggesting that o-
pheromone is synthesized as a precursor and cleaved to
produce the mature peptide. In agreement with what is
known in Sa. cerevisiae (Sprague & Thorner, 1992), the K.
lactis precursor has an N-terminal hydrophobic sequence
that can act as signal sequence, two N-X-T motifs for
attachment of asparagine-linked carbohydrate, and a seg-
ment containing the four a-factor repeats, separated from
each other by spacer sequences (Fig. 1a). Each spacer begins

FEMS Yeast Res 7 (2007) 740-747
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with the basic KR residues, which are followed by two, four
or five X-A dipeptides (Fig. 1bh Although the K. facris
procursor differs in amino acid sequence from that of Sa
cerevesiae, their overall structures are well conserved. The
same i true for fungal species as distant o Car, albecans
{Bennett of al,, 2003 Panwar et al,, 2003) and 5 ooy
{ Davey, 19985, This suggests that the matumation pathway of
the s-factor s abo well conserviad between species. [n the
case of the Sa. cerevistiae pheromone, this pathway indudes
three proteolytic events: (1) excision of the pheromone
repeats by the KR endopeptidase Kex2p § Julius of af, 1984);
(2} trimming of the generated C-termini by carboxypepti-
dase Kex1p { Wagner & Waoll, 1987 ); and { 3) tnmming of the
Mtermimi by the action of the dipeptidy] aminopeptidase A,
Stel3p (Julias of al, 1983 ). All of these processing steps can
be predicted for the maturation of the K. factis 2-phero-
mone on the basis of the existence of homologous genes for
the three peptidases {Table 1)

The putative K. kictis a-pheromone 5 abso a tridecapep-
tide with seven residucs identical to those of the Sa
corevisine Z-factor encoded by the MP2l gene (Fig. 1<l
Studics invelving the replacement of each residue of the
mature S5, cerevigiae 3-factor by t-alanine or p-alanine
residues { Maider & Becker, 20041, along with photoaffinity

Fiihds “feaad s 7 HO0T] 7A0-Td7
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labeling and site-directed mutagenesis studies, have led 1o
the construction of & model for the structure of the peptide
bound to its receptor (3te2p). Three domains are seen in this
model: the signaling domain, composed of residuses 1=4; the
lessp losmain, composed of residues 7=10; and the binding
domain, compowd of readoes 10=13, According 1o thes
maddel, the pature of the putative interactions invelved
in receplor and pheromone recognition are conserved in
K. lactes. First, the W and W3 present in both pheromones
may contact the conserved aromatic group of the Y residue
present in the interface of the sixth transmembrane region
(T86) of both receprons ({(Torres-Quiroz ef al., 2007),
second, Q10 of both factors may comact the receptor’s palar
residucs present on the outside surface of the first trans-
membrane segment (5 and T in S cerevisias E and N in
k. lactiz). Finally, the aromatic group of Y13 of the
S cerevisiae 3-factor might contact the aromatic ¥ and
¥ residucs located at the extraccdlular side of the fifth and
sivth ScStelp transmembrane regions (TM5 and ThMa),
respectively (Maider & Boecker, 2004). Interestingly, pasition
13 of the K. locn: pheromone & 1 and its putative receptor-
inferacting  residues are ¥ in TM3 and ¥ in TM6
( Torres-Quiroz e al, 207). Regardless of the moderate
conservation of the primary sequence of a-factors {509%),
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some of the nonconserved residues could play important
robes in species-specific interactions with cognate recepiors,
and should contribute to the sterility barrier between these
Wi Jests,

The gene encoding the a-factor

A miastx search of the entire K. factis genome sequence,
using the nudestide sequence of the SeAFAT gene as query,
allowed us to identify the putative KIMPA T gene encoding
the a-factor {Table 1), KIMFAL is a singhe-copy gene located
in chromosome E (reverse complement, frame 1], coordi-
nates 108 4444=108 4343, The K. factiz active a-pheromane
is thought to be generated from a 33 amine acd precursor,
containing one copy of the a-factor lecated in its C-terminal
end (Fig. 2a). The structure of the gene shows conservation
with that of Sa. cerevisioe, and even with those of distant
funga] specics such as Se poenbe (Davey, 1998), Cr. meofors
rvnms (Davidson ef al, 20000, and LUstabago mayelis {Spellig
et al,, 1994}, The C-terminus of the a-precursor contains the
universal CAAX motif (CVYA) that is charscteristic of thoe
peptides. The maturation pathway of the Sa. cerevisiae a-
factor is very well known. Processing of the CAAX motif
involves farnesylation via a thioether linkage of the cysteine
residue { Anderegg of all, 1988), proteolysis of the C-terminal
tripeptiche (AAX], and methyd esterification of the exposed
carboxyl group (Sprague & Thomer, 1992). Finally, protens-
htic cleavage of the N-terminus, carried out in a two-step
process, produces the mature pheromone, which is expeorted
from the cell. All genes encoding the enrymes that partici-
prate in S, cevevaziae a-Bactor processing are present in the K,
bretis genomae the KIEam| p and KIRam2p farnesvl-transfer-
sig boand ¥ subunits respectively; the KIBSeld farnesyl
cysteine carboxyl-methyliransferise; the KISte24 zine metal-
laprotese; the KIAG protease; and the kIStet ATP-binding
transparter ( Table | ). The putative mature a-pheromone is a
dodecapeptide with 30% idennity and 56%: similanty 1o the
a-pheromone from S, cerevisine {Fig. 2b),
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KIMF=T and KIMFAT gene disruptions

In order 1o ascertun the role of KIMPa! and KIMFAT in
mating, we constriscted disruption mutams in both MAT=
and MATo strains Deletion of the KIMFa1 gene from the
typical K. Jacris MATa cells did not affect the efficiency of
mating (Fig. 3. In contrast, mating of the MATa <clls in
which the KiMFal gene had been deleted was much lower
than that of the parental strain. Therefore, the KIMFx! gene
is essential for mating of AMATa cells in K. factis. On the other
hand, dedetion of the KIMEAL gene solely affected mating of
MATx cells, and had no effect on the mating of MATa cells
(Fig. 3}, indicating that the KIMFAI gene 15 specifically
requined for the mating of MAT2 cells, The mating defects
of disruptant MATe and MAT2 strains were reversed by
transfoction with plasmidic copies of the wild-type KIMEP2l

Fig. 3. Ellect of disruption of KiIMFal, KIMFAL, KIRARY and KS5T2
genes on mating. Mating was done by neplica platng. Patches of strains
b e Destesd wirer streakied on selectne medium and repheated ohto YPD
plates containing & kwn of the wald-type tester strain, and tha was
Podlcwpd by incubation geeernigiit da, bl or for 2 hoicd a1 30 °C. Diploxd
st wark done by rephoa plating onto 50, Plates were photographed
48 h later, b, haploid strainy d, diplosd st

FEMIS Yeast Bes 7 (2007 140=747
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and KIMFAI genes (not shown). This analysis also supports
the suggestion that o-factor and a-factor in K. lactis are
encoded by single-copy genes, whereas in Sa. cerevisiae, each
pheromone is encoded by two different genes (Kurjan &
Herskowitz, 1982; Singh et al., 1983; Michaelis & Hersko-
witz, 1988). All of the above observations are in agreement
with the fact that K. lactis MATa cells express the KiSte2p
receptor, whereas the MATa cells express the KiSte3p recep-
tor (Torres-Quiroz ef al., 2007).

Biological activity of a-factor

In Sa. cerevisiae, the a-factor is known to induce growth
arrest and morphologic changes (shmoo morphology) in
haploid MATa cells (Kurjan & Herskowitz, 1982) that are
characteristic of the mating process. The appearance of
morphologically abnormal cells allows a sensitive method
for the assay of w-factor activity. The tridecapeptide
WSWITLRPGQPIF was synthesized in vitro and added at
different concentrations to wild-type K. lactis cells of both
mating types, and growth arrest and induction of shmoo
morphology were looked for. Wild-type cells of both mating
types failed to show any response to synthetic a-factor, even
at concentrations as high as 100 pgmL .

These observations indicate that K. lactis wild-type cells
are refractory to synthetic a-factor. An additional observa-
tion supporting the above result is that, in contrast to what
happens in Sa. cerevisine, where mating products can be
obtained in a short time (2 h can be sufficient to obtain good
efficiencies), efficient mating of K. lactis sexual partners is
obtained after long incubation periods (over 8 h). Although
it is reasonable to assume that mating partners should go
through the shmoo stage during mating, microscopy exam-
inations of mating mixtures at different times of incubation
did not show obvious shmoo morphology (not shown),
suggesting that this stage is quite transient in K. lactis.

The molecular basis for the pheromone-resistance phe-
nomenon can be explained, at least in part, by two different
mechanisms. First, Sa. cerevisiae cells of mating type a secrete
a protease (Barlp) that hydrolyzes the o-factor (Ciejek &
Thorner, 1979). Mutants deficient in this ‘barrier activity’
{(barl mutants) are highly sensitive to a-pheromone (Chan &
Otte, 1982). This protease was thought to be involved in the
recovery of yeast cells from the pheromone-induced cell cycle
arrest that is part of the premating response. Second, cells
exposed to mating pheromones become desensitized after a
period of time by different feedback events, including nega-
tive regulation of the pheromone response by the activity of
Sst2p. Sst2p belongs to the designated RGS family of proteins
(regulators of G-protein signaling). Sst2p physically interacts
with Gpal, the o subunit of the heterotrimeric G-protein that
is involved in the pheromone response, and induces its
intrinsic GTPase activity (Dohlman et al., 1996). Mutants
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defective in Sst2p activity show high sensitivity to phero-
mone, and fail to resume growth after exposure to phero-
mone (Dohlman ef al., 1996).

Taking into account the above observations, we reasoned
that the natural resistance of K. lactis wild-type cells to
#-pheromone can be suppressed by inactivating either
KIBARI or KISST2.

KlBarlp contains 511 amino acid residues, showing a
moderate degree of identity (35%) with ScBarlp (Table 1).
By analogy to what is known in Sa. cerevisiae, KlBarlp
should catalyze the proteolytic cleavage of the L6—R7 bond
of the K. lactis «-pheromone. KlBarlp conserves the cysteine
residues characteristic of the pepsin family that allow the
formation of three disulfide loops, and has a very well-
conserved active site (ALLDSGSTIM) containing the aspartate
residue that is necessary for catalytic activity (Dunn, 2002).

The putative KISst2p is a predicted 715-residue polypep-
tide that shows overall 41% identity with ScSst2p (Table 1).
Sst2p is a GTPase-accelerating protein that promotes GTP
hydrolysis by the o subunit of heterotrimeric G-protein,
thereby inactivating the G-protein and rapidly switching
off G-protein-coupled receptor signaling pathways (De
Vries ef al., 2000). ScSst2p contains an ‘RGS box’ (or RGS
domain), which is required for activity, and at least one
DEP domain, required for membrane targeting (Burchett,
2000). A putative RGS domain is found in the C-terminal
end of KlSst2p (residues 474-715) that shows only 36%
identity with the corresponding RGS domain in ScSst2p,
suggesting a high specificity of binding and activity over its
cognate Gou subunit. The predicted DEP domain found in
KISst2p (residues 297-381) reaches 60% of identity with its
counterpart in Sa. cerevisiae.

We cloned and disrupted the putative KIBARI and
KISST2 genes from K. lactis wild-type cells of both mating
types, determined their mating efficiency, and assayed the
biological activity of the synthetic pheromone on these
mutants. Deletion of KIBARI did not affect the mating
capacity of a and o strains, but a slight delay in mating was
observed in o cells (Fig. 3). It has been reported that barl o
cells in Sa. cerevisine also mate less efficiently with a cells
in a mass mating mixture (Jackson & Hartwell, 1990). The
AKlsst2 mutant, however, showed a significant increase in its
mating capacity, seen in our experiments by the high
efficiency of mating at 2 h of incubation with the mating
partner (Fig. 3). In this time period, wild-type strains mated
sporadically and never reached the diploid density observed
with the Kisst2 mutant. The effect of Klsst2 mutation was
independent of the mating type, indicating that KlSst2p
plays the same role in a and « cells.

Finally, we tested the activity of the synthetic a-factor on
cell suspensions of Klbarl and Klsst2 mutants. For this, cells
were suspended in YPD medium, and #-pheromone was
added to a final concentration of 100 pg mL ™", We observed
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JUSTIFICACION

En nuestro laboratorio hemos encontrado diferencias en la activacion del sistema de
respuesta a feromona sexual de la levadura Kluyveromyces lactis con respecto a otras
levaduras ya descritas. Sin embargo, hasta el momento no se han descrito los receptores del
sistema y no sabemos cual es su papel en la activacién del sistema. Por otro lado, se sabe que
elementos de las vias de transduccion de sefiales se pueden compartir y esto implica
mecanismos de regulacion para la activacion especifica de las vias. Estos mecanismos de
regulacion aun no se han estudiado en K. lactis, que es un modelo atractivo de estudio, ya que
contamos con el genoma secuenciado y es facil de manipular genéticamente. Por lo que
creemos que el estudio de vias de transduccion de sefiales nos puede ayudar a entender

nuevos procesos de formas de regulacion en células eucariontes.
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OBJETIVOS GENERALES

Identificar los receptores y los componentes de la via de transduccion de sefales del

sistema de respuesta a feromona sexual de la levadura Kluyveromyces lactis.

Determinar si el sistema de respuesta a feromona sexual y el sistema de respuesta a

estrés osmotico de la levadura Kluyveromyces lactis comparten elementos.

OBJETIVOS ESPECIFICOS

Clonar e interrumpir los genes que codifican para los receptores de la via de respuesta a

feromona sexual.

Definir si estos receptores pertenecen a la familia de genes sexo especifico.

Identificar si existe interaccidon entre los receptores y las subunidades o y  de la proteina

G heterotrimérica del sistema de respuesta a feromona sexual.

Investigar los fenotipos de las mutantes que codifican para cinasas del sistema de

respuesta a feromona en condiciones de estrés osmatico.
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MATERIALES Y METODOS

Cepas

Escherichia coli: DH5a.. supE44 AlacU169($80 lacZAM15) hsdR17 recAl endAl gyrA96 thi-1 relAl

Gm33. A-in (rrnD-rrnE)1 dam-3 sup-85

Saccharomyces cerevisiae: W303-A. MATa, adel, urag, his3, leu2, trpl.

Kluyveromyces lactis: 155. MAT ¢, ade2, his3, ura3.

12/8.MATa, lysA, ura3, argA.

ldentificacion y clonacién de genes

Los genes KISTE2 y KISTE3 se clonaron mediante una busqueda por BLAST en la
secuencia parcial del genoma de K. lactis del Proyecto Genolevure |
(http://cbi.labri.fr/Genolevures/elt/KLLA). Donde se identificaron dos ORFs con una identidad de

47% y 52.6% con los genes de S. cerevisiae STE2 y STE3, respectivamente. Utilizando los
oligonucledtidos descritos en la Tabla 1, se amplific6 DNA gendmico por medio de PCR, de la
cepa silvestre 155. Los productos de PCR se marcaron con [a-*P]dCTP con el sistema de
Random Primers (Rediprime™ II, Amersham Biosciences) para utilizarse como sondas en
hibridaciones tipo Southern utilizando DNA gendmico digerido con varias enzimas. Las
digestiones con EcoRI hibridaron en el rango de 2.1 kpb para KISTE2 y 3.5 kpb para KISTE3.
Se utilizaron fragmentos de estos rangos para ser clonados independientemente en el plasmido
pBlueScript. Se hizo una busqueda por tamizaje para encontrar clonas con el ORF completo de

cada uno de los genes y se comprobaron mediante digestién y secuenciacion.
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Para clonar el resto de los genes que se utilizaron en este trabajo, que corresponden a
las cinasas de la cascada de sefalizacion de apareamiento y de estrés osmdtico, se hizo una
busqueda por BLAST en la base de datos del genoma de K. lactis del Proyecto Genolevure Il.
Donde se obtuvo la secuencia de genes putativos que codifican para genes ortélogos
correspondientes a las proteinas cinasas de S. cerevisiae. Se amplificaron mediante PCR
utilizando los oligonucleétidos de la Tabla 1 marcados como c y d de cada gen y se utilizO DNA
genémico de una cepa silvestre (155) como templado. Los productos fueron clonados en el
vector pGEM®-T Easy Vector (Promega) y secuenciados. Para producir a KISte7p con una
marca de seis histidinas en su extremo carboxilo terminal [KISte7p(Hisg)] se utilizaron los
oligonucledtidos Ste7c y Ste7e (Tabla 1). Para generar las mutantes se clonaron los genes en
el vector de interrupcion Ylp352 y se digirieron con enzimas de restriccibn como se describe en
Kawasaki et al., 2008; Torres-Quiroz et al., 2007 excepto con KISTE2 que se utilizaron los
oligonucleétidos b y ¢ (Tabla 1) utilizando como templado el gen clonado en YIp352.

Interaccion de Proteinas

Se utilizo el sistema de LexA-B42 de doble hibrido descrito en Kawasaki et al., 2005. Se
utilizaron los oligonucleétidos marcados como b y ¢ para poder clonar los genes en el plasmido
correspondiente del sistema de doble hibrido (Tablal), a excepcion de KISTE3 donde se cortd
con la enzima de restriccion Sspl para utilizar solo el extremo carboxilo terminal (Torres-Quiroz
et al., 2007).

Localizacion de KISte3p

El gen que codifica para la proteina verde fluorescente (GFP) se fusiond al extremo
carboxilo terminal de KISTE3 digiriendo con la enzima de restriccion Clal en la posicion 1189pb.
Este hibrido se subcloné en el vector de expresion YEpKDGal, que permite controlar la
transcripcion con galactosa (pKISTE3-GFP). Se transfecté en células AKlste3 y se incub6 con

2.5 ug/ml de 4’,6-diamidino-2-fenilindol (DAPI) por 2 horas a temperatura ambiente. Las células

42



se fijaron con el medio para fluorescencia DAKO® (DakoCytomation) y la la fluorescencia de la

GFP se observo a través de microscopia confocal.

Ensayos de apareamiento.

Las células a probar se estriaron en cajas con medio selectivo y se incubaron a 30°C
durante 24 horas. La cepa testigo se creci6 como cesped en cajas de medio YPD y se
incubaron bajo las mismas condiciones. Posteriormente, las dos cajas fueron replicadas por
terciopelo en una caja de YPD a 30°C durante 8 horas, para permitir el apareamiento.
Finalmente, se replicaron las células a una caja de medio minimo SD, con los aminoacidos

necesarios para seleccionar diploides. Se crecieron durante 24 horas a 30°C.

Ensayos de estrés osmaotico.

Las cepas a probar se crecieron durante toda la noche en medio selectivo.
Posteriormente las células fueron lavadas con agua y resuspendidas en YPD a una DOggonm de
0.1 para ser incubadas. Una vez que los cultivos llegaron a una DOgoonm de 0.5, se hicieron
diluciones seriadas y se gotearon en YPD conteniendo 0.5 M KCI o 1 M D-sorbitol. Las cepas

se incubaron a 30°C. Las cajas se fotografiaron después de 48hr de incubacion.
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Oligo
Ste2a

Ste2b
Ste2¢
Ste2d
Ste3a
Ste3b
Ste50a
Ste50b
Ste50c
Ste50d
Ste20a
Ste20b
Ste5a
Ste5b
Stetl1a
Ste11b
Ste11c
Ste11d
Ste7a
Ste7b
Ste7c
Ste7d
Ste7e
Fus3a
Fus3b
Pbs2a
Pbs2b
Hog1a
Hog1b
Hog1c

Hog1d

Secuencia
(+371) ACAAACATCTTTACGGT (+387)

(+777) TGGACCTATTAATGTC (+762)
(+400) TTAGAGTCACGGCACC (+385)
(+905) CACCAAGTGCCAGTAC (+920)
(+258) TGTTGCCAATATCGCAT (+274)
(+999) TTGAGGGTTGTTAGGTAG (+982)

(+88) CTAGATAGAACCCGUGAGAACAAGATA (+114)

(+741) TTGATCTCCAA&ATCACTAAAAC (+715)

(-19) ATAGAAACAAAAA&S!LATGAGCGGTAC(H 1)
(+929) AAGTGTTTTTTL)C?;EGATGAAGGAGGAG (+899)
(=14) TTTGTCTcmggﬁgACGGATACTGGAT (+16)
(+3002) TAAATTCAX'P(CB)!I'ACTGCaGTAAAACAGAAAT (+2972)
(+1) ATGTCTAGAGGTAATAFg’t(IHT)

(+2300) GTTTAGAGAGAGAACGG (+2284)

(+360) GCAAAGAMACGTTAACGGGT (+385)
(+1210) TGGATTCl-'Ii'Igcﬂ(ll:GTACCAG (+1192)

Asp718
(=19) TTTTTAAGATCTCtcgAgATGAGCAGTGAC (+12)
(+2222) AGTAACAATA(;((;?::GAGACTGAAAACGGC (+2194)
(+232) GAGAAGCTTCCGG%I'th:)(I: (+247)
(+1303) CTT‘Iljclln/ijllxl.L\GAgGATCcTCCTCTCTCCTC (+1275)
(-18) AGATTGACTTAAEQHXSATGATTACACGT (+12)
(+1543) CTAATATAGTG)g]_t‘(j:Iga_qCTTAATTTATTTC (+1514)
(+1513) %gggTCAgtggtg;gg);tggtggthCGCCTTGTACT (+1501)
(+498) ACSAmGa/IRTGGCGgTaCCCATGTTGACG (+523)
(+1171) TGATATAAT.::L(?'I}?GTGGTTACTTAG (+1144)
(-21) GGCGATTAAGT%AATTATGAGT (+6)
(+2293) GGCGAGGCA&T&&CTTACAATCCGCC (+2264)
(+490) CTTGCTAGGATcC/B\aArgiI'I'CCTCAAATG (+517)
(+1366) CTTCTGT%%ATTTCATTACATTG (+1339)
(-18) TTTTCCAATTgK]gllI\IATTCATGTCGAATGAG (+12)
(+1397) TATACTTCTGTE(%%SFI)((ZE/:\GATTTCATTAC (+1343)

0

Tabla 1. Lista de oligonucleétidos que se utilizaron en este trabajo. Los oligonucle6tidos marcados con a
y b se utilizaron para realizar interrupciones del gen correspondiente y los oligos ¢ y d se clonaron en

plasmidos de  doble

hibrido.  Las  excepciones estdn indicadas en el texto.
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Ensayos de Fosforilacion.

Para determinar el grado de fosforilacion de KIHoglp y el total de ésta
proteina, en la cepa silvestre, AKlpbs2 y AKlste7, cultivos de 5 ml en fase
exponencial se centrifugaron y resuspendieron en YPD o YPD con KC| 0.5 M
durante diferentes tiempo. Las células se centrifugaron y se resuspendieron en
Buffer de carga (SDS 5%, Tris-HCI [pH 7.5] 0.1 M, glicerol 5%, 2-mercaproetanol
0.07 M, azul de bromofenol 0.02 mM), hirviéndolos durante 5 min. Las muestras
se centrifugaron y el sobrenadante se tranfirié a tubos limpios. Una alicuota de la
muestra fue cargada en geles de electroforesis de SDS-poliacrilamida al 10% vy
fueron transferidas a una membrana de transferencia Immobilon-P™ (Millipore

Corporation).

Inmunodeteccion.

Las membranas se incubaron con buffer de bloqueo (1X PBS, 1%
albumina, 0.05% Tween 20) durante una hora a 37°C. Después fueron
incubados en el mismo buffer con anticuerpo policlonal de conejo anti-Hoglp
(Santa Cruz Biotechnology) o con el anticuerpo monoclonal de conejo anti-p38-
fosforilado (Cell Siganling Technology) durante una hora a temperatura
ambiente. Para detectar el anticuerpo, se incub6é durante 40 min con el
anticuerpo de cabra anti-inmunoglobulina G de conejo acoplado a peroxidasa
(Zymed) y se reveld por medio del kit de quimioluminiscencia para peroxidasa

LumiGLO® (Millipore Corporation).
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Ensayo de Inmunoprecipitacion

Células transformadas con el plasmido pPHO o pPHO-KISte7(Hisg) se
incubaron a 30°C en 50 ml de medio selectivo hasta una DOgoonm 0.25. Se les
agreg6é KH,PO, a una concentracién final de 10 mM y se incubaron durante 2 h
a 30°C. La mitad del cultivo se traté con KCl 0.5 M durante 10 min. Las células
fueron centrifugadas y resuspendidas en 300ul de buffer TEA (Tris [pH 7.4] 10
mM, EDTA 1 mM, PMSF 100 mM, NaNz 20 mM y el inhibidor de proteasas
Complete™ (Roche) 1 X). Se extrajo proteina rompiendo las células con perlas
de vidrio, se ajustd el volumen de las muestras a 800ul con buffer TEA y se
agregaron 10ul de anticuerpo anti-Hiss acoplado a peroxidasa (Roche), se
incubaron durante toda la noche a 4°C en agitacion constante. Se agregaron
60ul de perlas de agarosa acopladas a proteina G (Upstate) e incubaron durante
2 h. Las perlas se lavaron lavadas tres veces con 1.0 ml de buffer TNTE frio
(Tris [pH 7.4] 50 mM, NaCl 150 mM, Triton X-100 0.1% y EDTA 1 mM). Se
agregaron 30ul de buffer de carga y se hirvieron durante 5 min, posteriormente
se enfriaron en hielo durante 5 min y se centrifugaron. 20ul de sobrenadante de
cada muestra se utilizO para hacer un inmunoblot contra Hoglp como se
mencionod antes. La inmunoprecipitacion reciproca se hizo con 5ul de anticuerpo
anti-Hoglp (Santa Cruz Biotechnology) para precipitar y el blot se reveld con el
anticuerpo anti-Hisg acoplado a peroxidasa.
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RESULTADOS
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“The KISTE2 and KISTE3 genes encode MATalpha- and MATa-
specific G-protein-coupled receptors, respectively, which are
required for mating of Kluyveromyces lactis haploid cells”

48



Yeast
Yeast 2007; 24: | 7-25.

ST SWILEY

Published online in Wiley InterScience '.‘. _In_te_rScie_nce_’

(www.interscience.wiley.com) DOI: 10.1002/yea.| 432

Research Article

The KISTE2 and KISTE3 genes encode MATa- and
MATa-specific G-protein-coupled receptors,
respectively, which are required for mating of
Kluyveromyces lactis haploid cells

Francisco Torres-Quiroz!, Laura Kawasaki', Miriam Rodr‘fguez—Gonzé\ez2, Avraceli Patrén-Soberano

and Roberto Coria' *

2

! Departamento de Genética Molecular, Instituto de Fisiologia Celular, Universidad Nacional Auténoma de México, Apartado Postal 70-242,

04510 Mexico, D.F, México

2Unidad de Microscopia Electrénica, Instituto de Fisiologia Celular, Universidad Nacional Autdnoma de México, Apartado Postal 70-242,

04510 México, D.F, México

*Cormespondence to:

Roberto Coria, Depto. de
Genética Molecular, Instituto de
Fisiologia Celular, Universidad
Nacional Auténoma de México,
Apartado Postal 70-242,
04510 México, D.F, México.
E-mail: rcoria@ifc.unam.mx

Recaived: 29 May 2006
Accepted: 28 October 2006

Abstract

Mating in yeast is initiated by binding of pheromone to G-protein-coupled receptors
expressed in haploid cells. We analysed the role of KISte2p and KlSte3p receptors in
the Kluyveromyces lactis mating pathway. By sequence analysis, KISte2p and KlSte3p
are the homologues of the Saccharomyces cerevisiae «-pheromone and a-pheromone
receptors, respectively. However, by expression experiments, we determined that
KISTE2 gene is expressed in the cells typified as MAT « and therefore is the receptor
for the K. lactis a-pheromone and KISTE3 gene is expressed in the MATa cells
and binds the a-pheromone. The KISTE2 gene is silent in MAT a cells, while it is
highly expressed in MATa cells, and conversely the KISTE3 gene is expressed in
MAT a cells and repressed in MAT« cells. Disruption mutants of both genes were
found to be sterile, and this defect is reversed by plasmidic copies of each gene. The
cytoplasmic C-terminus of KISte3p interacts strongly with the KIGpalp (Ge) subunit,
which is involved in the transduction of the pheromone stimulus to induce mating.
Remarkably, this same domain does not interact with a constitutive active allele of
the Go subunit, indicating that the C-terminus is able to discriminate between the
active (GTP-bound) and inactive (GDP-bound) forms of the Go subunit.

Copyright © 2007 John Wiley & Sons, Ltd.
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Introduction

Mating in Saccharomyces cerevisiae is initiated
by the binding of sexual pheromone to a seven-
transmembrane G-protein-coupled receptor (known
as serpentine receptor or GPCR) located in the
plasma membrane of haploid cells. In this yeast, the
a-pheromone receptor is designated Ste2p, while
the a-pheromone receptor is known as Ste3p. Acti-
vated receptors catalyse the exchange of GDP for

GTP in the «-subunit of the heterotrimeric G pro-
tein, which induces the release of the stimula-
tory Gpy dimer. The liberated Gy directly asso-
ciates with a scaffold protein, SteSp, and a p21-
activated kinase (PAK), Ste20p, thus activating the
MEKK Stellp, which activates the MEK Ste7p,
and the latter activates the redundant MAPKses,
Fus3p and Ksslp. Finally, transcription factors
are activated. These factors induce growth arrest,
shmoo morphology, expression of genes required
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for membrane fusion, and diploid formation (Her-
skowitz, 1995).

Although the primary sequences of the phero-
mone receptors do not show similarity, all GPCRs
share parallelism in their topological arrange-
ment in the plasma membrane, consisting of
seven hydrophobic and potentially «-helical seg-
ments that span the lipid bilayer (Dohlman and
Thorner, 2001). The N-terminus of these receptors
is located extracellularly and, along with portions
of extracellular loops, forms the binding pocket for
pheromone (Naider and Becker, 2004). The long C-
terminus extends into the cytoplasm. In the case of
the yeast «w-pheromone receptor, it extends at least
130 amino acid residues out from the membrane
and physically interacts with both the «- and p-
subunits of its associated heterotrimeric G protein
(Bourne, 1997; Dosil ef al., 2000). The receptor’s
C-terminus has been implicated in desensitization
after pheromone treatment (Konopka ef al., 1988;
Reneke ef al., 1988), in the formation of a pre-
activation complex with its associated G protein
(Dosil et al., 2000), and plays an active role in the
coupling with the G protein (Durdn-Avelar ef al.,
2001).

Besides S. cerevisiae, GPCRs have been iden-
tified in a number of fungal species. Examples
of well-characterized pheromone receptor genes,
some of which control processes needed for vir-
ulence, have been characterized in Candida albi-
cans (Tzung et al., 2001; Bennelt ef al., 2003),
Cryptococcus neoformans (Chung er al., 2002),
Neurospora crassa (Kim and Borkovich, 2004),
Coprinus cinereus (O’Shea er al., 1998), Schizo-
phyllum commune (Fowler et al., 1999), and Usti-
lago maydis (Bolker er al.. 1992). In the fission
yeast Schizosaccharomyces pombe, GPCRs have
been also described (Tanaka ef al.. 1993; Kitamura
and Shimoda, 1991) and receptor mutants exhibit-
ing constitutive activity have been isolated (Ladds
et al., 2005).

Interest in developing a detailed understanding
of the yeast G-protein pathways comes from sev-
eral areas of biology, one of which is related to
the fact that many pharmaceutical drugs act on
GPCRs (Davey, 2004). During the last decade var-
ious GPCRs have been successfully expressed in S.
cerevisiae (Minic ef al., 2005). Yeast is an attrac-
tive expression system because it offers the genetic
engineering tools typical of a microorganism, while
possessing an eukaryotic type of secretory pathway
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and post-translational machinery. The recent inter-
est in K. lactis seems to come particularly from its
ability to express and secrete high molecular weight
proteins, even if such capacity is not a unique char-
acteristic of this species.

Kluyveromyces lactis is a heterothallic budding
yeast, able to use lactose as a sole source of car-
bon and energy (Wésolowski-Louvel ef al., 1996).
Its life cycle is similar to that of S. cerevisiae.
Haploid MATa and MAT« cells undergo mat-
ing when they are mixed together in the same
medium. In this process it has been shown that
both the Go (Savifion-Tejeda, et al. 2001) and the
Gp (Kawasaki ef al., 2005) subunits of the het-
erotrimeric G protein transmit the pheromone sig-
nal to downstream effectors. Moreover, a constitu-
tively active allele of Gl is able to rescue AGe !
cells from sterility and induces moderate growth
arrest in wild-type cells (Lloret ef al., 2003). Func-
tion of both G protein subunits in the mating
pathway occurs via the KIStel2p transcription fac-
tor. This factor is thought to bind to pheromone
response elements located in promoter regions of
genes required for mating (Yuan er al., 1993).

Although information has been obtained regard-
ing G protein activity in the K. lactis pheromone
response pathway, nothing is known about the role
that pheromone receptors may play in this budding
yeast. In this work we describe the characterization
of receptors and their role in the mating process of
K. lactis.

Materials and methods

Strains and media

Yeast strains used in this work were: K. lactis, 155
(MATw, ade2, his3, ura3) and 12/8 (MATa. IvsA,
argA, ura3): S. cerevisiae, W303-1A (MATa, adel,
urad, his3, leu2, trpl, canl-100); Escherichia coli
strains, DH5« and Gm33 were used to prop-
agate plasmids. YPD medium consisted of 1%
yeast extract, 2% bacto-peptone and 2% glucose.
YPGal was the same, except for the substitu-
tion of glucose by galactose. SD minimal medium
consisted of 0.67% yeast nitrogen base without
amino acids (Difco) and 2% glucose. SGal medium
was the same, except for the substitution of glu-
cose by galactose. SD and SGal minimal media
were supplemented with the required amino acids
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(50 pg/ml) and nitrogen bases. LB 4 ampicillin
(100 pg/ml) was used to propagate recombinant
plasmids.

Identification and cloning of KISTEZ and KISTE3

genes

BLAST searching of the partial K. lactis genome
sequence (Genolevures project I: http://cbi.labri.
fr/Genolevures/elt/KLIA), allowed the identifica-
tion of putative ORFs encoding the homologues
Ste2p and Ste3p pheromone receptors. Oligode-
oxynucleotides were designed from position +371
to +387 (forward primer) and from position +762
to +777 (backward primer) of the putative KISTE2
ORF and from positions +258 to +274 (for-
ward primer) and from +999 to 4982 (backward
primer) of the putative KISTE3 sequence. These
primers were used in a polymerase chain reac-
tion (PCR) to amplify fragments of these genes
using chromosomal DNA of K. lactis (strain 155)
as template. The PCR products labelled with [c-
#2P]dCTP by the Random Prime Labelling System
(Rediprime" 11, Amersham Biosciences) were used
to probe chromosomal DNA digested with sev-
eral enzymes. EcoRI DNA fragments in the range
of 2.1 kb (for KISTE2) and 3.5 kb (for KISTES),
which cross-reacted with the labelled probes, were
used to construct independent pBlueScript-based
libraries. Screening of libraries was done by colony
hybridization and selected clones containing the
full ORF of both genes were analysed with restric-
tion enzymes and sequenced in full.

Gene disruptions

KISTE2 and KISTE3 gene disruptions were
achieved by homologous recombination. The full
KISTE2 ORF was introduced into the YIp352 vec-
tor, then divergent primers were designed at posi-
tions +400 to +385 and 4905 to +920 of the
coding sequence and used to generate a linear PCR
product which contained the full YIp352 plasmid
flanked by 430 bp and 429 bp KISTE2 ends. For
KISTE3, the original PCR fragment was introduced
into YIp352 opened at the EcoRI restriction site.
The resulting plasmid was opened in the KISTE3
sequence at the natural occurring Bell sites, gen-
erating an integrating molecule that contains the
full YIp352 vector flanked by 396 bp and 366 bp
KISTE3 ends. Ylp—KISTE2 and Y1p—KISTES con-
structs were used to transfect strains 155 and 12/8
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of K. lactis. Both Kiste2 and Kliste3 disruption
mutants were confirmed by Southern hybridization.

Mating assays

A patch of cells of the strain to be tested was grown
on a plate of selective medium for 24 h. The tester
strain was grown as a lawn on an YPD plate for
24 h. Both strains were replica-plated onto YPD
plate and incubated for 8 h at 30°C to allow cells
to mate. Diploids were selected on SD medium by
replica-plating.

KISte3p—G protein interactions

Assays of physical interaction were performed with
the LexA-B42 two-hybrid system as described
(Ongay-Larios ef al., 2000). The fragment encod-
ing the C-terminus tail of KiSte3p was digested
with the restriction enzyme Sspl and cloned in-
frame into pJG4-5. Genes encoding Gl
(KlGpalp), Ge2 (KlGpa2p) and Gg (KlStedp) sub-
units were subcloned into the plasmid pEG202
(Kawasaki et al., 2005). Strain W303-1A was
transfected with two-hybrid plasmids and grown
overnight in SGal medium at 30 °C. Protein inter-
actions were determined by the ability of hybrid
proteins to induce expression of the LACZ reporter
gene, located into the pSHI18-34 plasmid.

KISte3p localization

A portion of the green fluorescent protein (GFP)
was fused in-frame to the COOH-terminus of the
KiSte3p receptor. This fusion protein was made
by placing 717 kb of the gene encoding the GFP
into the KISTE3 ORF opened with Clal at posi-
tion 1189 bp. This hybrid gene was then subcloned
into the YEpKDGal vector, which allows control of
transcription by galactose, rendering plasmid pKl-
STE3—-GFP. Transfected AKiste3 cells expressing
the fusion protein were incubated with 2.5 pg/ml
of 4',6-diamidino-2-phenylindole (DAPI) for 2 h at
room temperature. Cells were fixed and observed
under confocal microscopy.

Other

For expression experiments, total RNA was iso-
lated by the standard hot-acidic phenol protocol.
Northern and Southern blot analysis and recombi-
nant DNA technology were performed as described
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by Sambrook er al. (1989). Standard yeast genetics
procedures were performed as described by Sher-
man ef al. (1986).

Results

Gene fragments with homology to ScSTE2 and
ScSTE3 were identified from the K. lactis sequenc-
ing genome project Genolevures 1 (Bolotin-
Fukuhara er al., 2000). Oligodeoxynucleotides were
designed from these sequences and used to amplify
KISTE2 (403 bp) and KISTE3 (761 bp) frag-
ments. The PCR products were then used as probes
to screen mini-libraries of genomic DNA frag-
ments that cross-reacted with the radio-labelled
PCR products. In the case of STE2, a 19 kb
clone was selected and sequenced in both direc-
tions revealing an ORF of 1.311 kb including the
stop codon. For STE3, an EcoRI 3.5 kb fragment
was selected and sequenced, revealing an ORF
of 1.308 kb. The selected clones carried upstream
sequences which in further studies showed pro-
moter activity. The gene clones were designated
KISTE2 and KISTE3, respectively, because of
their significant homology with STE2 and STE3
from S. cerevisiae. Subsequent to this finding the
entire genome sequence of K. lactis was reported
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(http://cbi.labri.fr/Genolevures/elt/KLLLA).

KISTE2 and KISTE3 genes correspond to entries
KLLAOF25102g and KLLAOAO6534g in this data-
base and encode predicted proteins belonging
to class D of GPCRs (Kolakowski, 1994). The
deduced primary structure of KlSteZp contains
436 amino acid residues with a predicted molec-
ular weight of 48.4 kDa, while KlSte3p is a
protein of 435 residues long with a predicted
molecular weight of 50 kDa. Analysis of the
primary sequence of these proteins using the
Kyte-Dolittle algorithm predicts the seven trans-
membrane domains characteristic of G-protein cou-
pled receptors (Figure 1). Direct comparison of
KliSte2p and KlSte3p receptors did not show sig-
nificant homology (20% identity and 33% simi-
larity). When comparing K. lactis receptors with
their S. cerevisiae homologues, most conservation
occurs in residues that nucleate transmembrane
helices (Figure 1). Mostly, key amino acids that
have been involved in interhelical contacts, in rest-
ing and active states of the receptor, are preserved
in both proteins (Eilers er al.. 2005). Regarding the
extra-membrane segments, the region most highly
conserved is the third cytoplasmic loop in both pro-
teins, 17 out of 21 for the Ste2p receptors, and
31 out of 36 for the Ste3p receptors (Figure 1).
The third cytoplasmic loop is involved in the
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Figure |. Alignment of amino acid sequences of K. lactis and S. cerevisiae G-protein-coupled receptors arranged according
to transmembrane and extramembrane motifs. (A) Ste2p homologues; (B) Ste3p homologues. *, identical amino acids; ®,
gaps; TM, transmembrane segments; (in), cytoplasmic loop; (out), extracelullar loop
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regulation of the G-protein activation/inactivation
cycle. Overall, the homology of KlSte2p and
ScSte2p receptors reaches 48% identity and 65%
similarity, while KlSte3p and ScSte3p share 51%
identity and 71% similarity.

To determine their functions in K. lactis, we
generated mutants with the KISTE2 and KISTE3
genes deleted. Both genes were replaced by the
URA3 gene using the integrative vector YIp352 in
MATa and MAT « wild-type strains. After a double
recombination process, the URA3 T segregants had
lost most of the coding region for both proteins.
The AKliste2 and AKlste3 deletion mutants were
identified and confirmed by DNA gel blotting
hybridization. Both deletion mutants were viable
and their growth rates on YPD plates were similar
to those of the wild-type strains.

Figure 2 shows mating phenotype of wild-type
and disruption strains. While wild-type strains of
both mating types mate normally, disruption of
the KISTEZ2 locus produced sterility only in the
MAT e« strain, while disruption of the KISTES locus
produced sterility only in the MATa strain. This
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Figure 2. Effect of disruption of GPCRs on mating.
Mating was done by replica-plating. Patches of wild-type
strains (WT) of both mating types and their Kliste2-
and Klste3-disrupted mutants were streaked on selective
medium and replicated onto YPD plates containing a lawn
of tester cells, followed by incubation overnight at 30°C,
and diploid selection by replica-plating onto SD. The plates
were photographed 48 h later
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indicates that the product of the KISTE2 gene is
required for MAT« mating but dispensable in the
MATa strain, and conversely the expression of
the KISTE3 gene is required for proper mating of
MATa strains but is dispensable in the MAT « cells.
Expression of plasmidic copies of both KISTE2 and
KISTE3 genes are able to reverse their respective
disruption mutants (not shown).

To confirm this observation, we determined the
transcription product of both KISTE2 and KISTE3
genes by means of Northern blotting techniques.
Blots of total RNA were probed separately under
high-stringency conditions with internal fragments
of the KISTE2 and KISTE3 encoding regions
(Figure 3). As can be observed, only MAT« cells
showed a transcript that cross-reacted with the
radio-labelled KISTE2 probe, while the KISTE3
probe showed a signal in the RNA obtained from
MATa wild-type cells. None of the disruption
mutants of either mating type showed a signal in
the hybridization experiment with their respective
probes.

Our findings provide evidence that KISTE2 is
a MAT w-specific gene while KISTE3 is a MAT a-
specific gene, and that their inactivation produces
complete sterility, indicating that these receptors
participate in the mating pheromone response path-
way in haploid cells. Thus, we conducted fur-
ther experiments with the KlISte3p receptor. Ini-
tially we determined whether KiSte3p is able to
physically interact with the G protein involved
in transducing the pheromone signal during the
mating response of haploid cells (Savifion-Tejeda

N
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Figure 3. Northern analysis of KISTEZ and KISTE3 tran-
scripts. Total RNA was isolated from mid-log cultures of
the indicated strains. The RNA was electrophoresed, trans-
ferred to nylon membrane and probed with radio-labelled
fragments of KISTEZ (A) and KISTE3 (B)

Yeast 2007: 24: 17-25.
DOI: 10.1002/yea

53



22

et al., 2001, Kawasaki er al., 2005). Previously,
we had shown that the cytoplamic C-terminus of
the ScSte2p receptor interacts with both the «-
and the pB-subunits of the heterotrimeric G pro-
tein (Duran-Avelar ef al., 2001), and that these
interactions are required for proper coupling and
transmission of the pheromone stimulus (Ongay-
Larios et al., 2000). Furthermore, this property was
used as practical interaction screening for cloning
the Gpa2-coupled receptor in S. cerevisiae (Cheol-
Won ef al., 1997). Interaction of the C-terminus of
KlISte3p with the various G protein subunits was
achieved by the two-hybrid system (Ongay-Larios
et al., 2000). In this experiment we measured the
p-galactosidase activity induced by the magnitude
of the interaction between proteins (Figure 4). As
a positive control we included the activity induced
by the interaction between the Ge (KIGpalp)- and
Gp (KIStedp)-subunits, which have shown strong
association in previous reports (Kawasaki er al.,
2005). Interaction of the KIGpalp-subunit with the
Kl1Ste3p pheromone receptor is three-fold stronger
than with the KlGpa2p-subunit, which is involved
in regulating cAMP levels upon glucose stimulus
in K. lactis (Savinon-Tejeda ef al., 1996). Accord-
ingly, an active form of the KlGpalp-subunit
(K1Gpal ¥*%L) which induces constitutive mating
(Lloret ef al., 2003) showed weak interaction with
the receptor, indicating that this portion of the
receptor retains the structural information to recog-
nize between GDP- and GTP-bound Ge-subunits.
This finding is striking and confirms that some
of the basic forces that regulate G-protein activity
reside in the C-terminus of the pheromone recep-
tors.

Finally, with the purpose of localizing the
pheromone receptor in K. lactis haploid cells, we
fused the green fluorescent protein (GFP) to the
C-terminus of the K1Ste3p receptor. Cells express-
ing this fusion were observed under confocal
microscopy. The fluorescence emitted by the GFP
was located mostly dispersed in the cytoplasm of
budding cells (Figure 5A). The same cells were
stained with DAPI, which is a blue fluorescent
nucleic acid dye that preferentially stains double-
stranded DNA, to contrast with the nucleus, where
no green fluorescence was observed. Control cells
transfected with the GFP alone failed to show
this distribution. The GFP—KISte3 fusion protein is
able to reverse the mating deficiency of a AKlste3
mutant (Figure 5B), indicating that the addition of

Copyright © 2007 John Wiley & Sons, Ltd.
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Figure 4. Physical association of KISte3p to G protein sub-
units. The activation domain corresponds to B42-fused
proteins cloned into pJG4-5. The binding domain cor-
responds to LexA-fused proteins cloned into EEG202.
KIGpal*, is the constitutive active allele KIGpa | 9*%®", K|Ste4
is the Gf subunit. ‘Endoch’ is a portion of the CTS/ gene
which encodes for endochitinase and is used as control for
negative interaction. Strain W303-|A transfected with indi-
cated constructions was grown until mid-exponential phase
in SD selective medium; 5 x 107 cells were transferred to
liquid SGal medium and incubated at 30°C for |5 h. The
B-galactosidase activity corresponds to the average value of
three independent clones

the GFP to the COOH-terminus of the pheromone
receptor did not affect its functionality and target-
ing at the plasma membrane. The high level of
fluorescence observed in the cytoplasm was prob-
ably due to excess of expression of GFP-KISte3p.

Discussion

The Kluyveromyces lactis genome encodes two
putative pheromone receptors, KlISteZp and
KlSte3p, which show on average 50% identity
with their S. cerevisiae homologues. Conserved
amino acids are mostly located at transmembrane
regions and at the second and third intracellular
loops. Remarkably, the amino acid sequence of the
third intracellular loop is the most highly conserved
(around 85% between species). This loop plays a
key role in maintaining a productive G protein cou-
pling (Celi¢ er al., 2003). Although GPCRs have
widely divergent amino acid sequences, they retain
a common architecture and some key residues
that play important roles in structure and func-
tion are conserved between species. For instance,
strong polar amino acids that mediate helix interac-
tions in transmembrane segments, and weak polar
residues that participate in helix packing (Eilers
et al., 2005), are mostly conserved between K. lac-
tis and S. cerevisiae receptors.
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Figure 5. Distribution of KlStelp-GFP fusion proten and o effect on mating. (A) Confocal microscopy images. Call
wransfeceed with pEISTEI-GFP were prown untl mid-leg phase in medium conining 2% galerose for cranscription
induction, The cells were washed owice, collected and incubated with 2.5 pg'ml DAPM for 2 h at room temperature.
then fixed and observed under confocal microscopy. GFP, DAP| and merged images are shown. The merge image was
cbtained with software from the manufacturer (Olympus Fluoview FVI00 V. 1.4). (B} Mating of transfected cells expressing
Kl5ted - GFP fusion protein. Patches of MATa wild-type strain, KisteX mutant carrying vector alone, and Khte3 mutant
expressing the KiSted-GFP fusion protein were streaked on 3Gal medium and replicated onto YPGal plates containing a
lvwn of tester cofls, followed by incubation cwernight at 30°C. and diplold selection by replica cnto 30. The plates were
photographed 48 h latar

Studies using chimencal receptors and phero-  rmnsmembrane  segment, are important ¢lements
mones from 5. cerevisiee and 5 Awweri indi-  for pheromone recogmtion (Naider and Becker,
cated that amino acids 47, 48 amd 4%, located 26y In 5 cerevisive, these residues are 5, T,
al the boundary of the N-terminus and the first  and ¥, while in the KISwe2p receptor they are

Copyright © 2007 johin Wiley & Sors, L Yeimd 2007: 24; 1725
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E, N and [. Aromatic residues located in TMS5
(F204) and in TM6 (Y266) have been postulated as
interaction points of the ScSte2p receptor with aro-
matic residues (W1 and W3) of the «-pheromone
(Lin er al., 2003; Naider and Becker, 2004). Aro-
matic residues are also present in these positions
in the KISte2p receptor (Y in both positions) and
may have a role in making contact with putative W
residues of the K. lactis sexual pheromone (Coria
et al., 2006).

We have analysed the role of both KiSte2p and
Kl1Ste3p in the mating pathway. By sequence anal-
ysis, KISte2p is the homologue of the S. cerevisiae
«-pheromone receptor, while KlSte3p is the homo-
logue of the a-pheromone receptor. By expres-
sion experiments, however, the KISTE2 gene is
expressed in K. lactis cells typified as MATw
and therefore is the receptor for the K. lactis a-
pheromone (which corresponds to the S. cerevisiae
a-pheromone), while KISTE3 is expressed in the
MATa cell and therefore is the receptor for the
K. lactis «-pheromone (which corresponds to the
S. cerevisiae a-pheromone). As expected, disrup-
tion of both genes resulted in sterility in a mating
type-dependent manner.

Although it has been shown that the C-terminal
domain of the «-factor receptor is unlikely to play
an essential role in G-protein activation, since trun-
cated receptors lacking this region remain respon-
sive to agonist (Konopka eral., 1988; Reneke
et al., 1988), the results here described indicate that
the C-terminus tail of the receptor, when present,
plays an active role in signal transduction and
may regulate G protein activation. The wild-type
form of the KilGpalp-subunit exhibits strong inter-
action with the C-terminus of the KlSte3p recep-
tor, while its active form (KleangggL), which
induces constitutive mating (Lloret er al., 2003)
shows weak interaction. This indicates that this
portion of the receptor retains the structural infor-
mation to discriminate between GDP- and GTP-
bound Gee-subunits. This finding is striking and
confirms that some of the basic forces that reg-
ulate G-protein activity reside in the carboxyl-
tail of the pheromone receptors. Crystal structures
of heterotrimeric G protein as well as biochem-
ical and mutagenic studies indicate that the C-
terminal tail of the Ge-subunit interacts directly
with the receptor, perhaps in a domain formed
by transmembrane regions 3, 6 and 7 (Bourne,
1997; Conklin eral., 1993). In this model, the

Copyright © 2007 John Wiley & Sons, Ltd.
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receptor’s carboxy-terminal tail may accommodate
into the interface between Go and Gpy, inter-
acting with both subunits. In fact, point muta-
tions in residues located at the C-terminus of the
ScSte2 receptor have been implicated in phys-
ical association with the G protein «- and -
subunits (Durdn-Avelar et al., 2006). However, the
two-hybrid assays performed in this study failed
to show interaction between Gp (KlIStedp) and
the C-terminus of the KlSte3p receptor, which
suggest that some interactions of GPCRs with
their associated G-protein may not be univer-
sal.
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Erratum

The KISTE2 and KISTE3 genes encode MATa- and MATa-specific G-protein-coupled receptors,
respectively, which are required for mating of Kluyveromyces lactis haploid cells.

Francisco Torres-Quiroz, Laura Kawasaki, Miriam Rodriguez-Gonzilez, Araceli Patron-Soberano and
Roberto Coria.

Yeast 2007; 24: 17-25

The right mating type of strains used in the above article is: MATa for strain 155 and MAT« for strain
12/8. The right assignment of mating type implicates that KISTE2 encodes the MATa receptor while
KISTE3 encodes the MATw receptor. These changes do not alter the results shown in this work.

The authors would like to apologize for this error and for any confusion caused.

Copyright © 2008 John Wiley & Sons, Ltd.
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Protein Kinases Involved in Mating and Osmotic Stress in the
Yeast Kluyveromyces lactis”
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Systematic disruption of genes encwding Kinases and mitogen-sctivated protein Kinoses (MAPRs) was
performed in Kivvveromyees &reris haploid cells. The mutated strains were assayed by their capacity to mate and
tis respond to yperosmatic stress, The K. Greds Stellp (kIStelLp) MAPE Kinse Kinase (MAPRKE ) was found
ot inn bath mating and csmoresponse patloys while the scaffold KISteSpoand the MAPK KIFus3p appearod o
be specific for mating. The p2 l-activated Kinose KISte2ip and the Kinose BKISeStp porticipated in both
pathways, Protein association experiments shawed interaction of kiStes0p amnd Kiste20p with Go and G,
respectively, the G protein subunits involved in the mating pathway. Both KISteS0p and KI5te2ip also showed
interaction with KiStellp. Disruptbon mutants of the K. botis PES2 (KIPES2) and KIRGT genes of the
canonical osmotic respense pathway resalied in muotations sensitive to high sali and high sorbitel bui
dispensable for mating. Muotations that eliminate the MAPKK KISteTp activity hod o strong effect on mating
and alsa showed sensitivity to osmadic stress, Finally, we found evidence of plissical interaction hetween
RlSteTp and KIHoglp, in addition to diminished Hoglp phosphorslatien after a hyvperosmatic shock in cells

lackimg Klste7p. This study reveals novel moles for components of transduction systems in yeast

Cellular sgnaling transduction networks continuoisly scnse
extracellular cucs and transduce signals from the cell surfce 10
the interior of the cell The ccll responds 1o these signals
through changes n gene expression and profein activity 1o
vield specific phenotypes.

Gi-protein signaling pathways in fungs are wsed o regalale
develapment and virubence amd 1o detect nutrsents and ather
environmental signals. Some of these patlways contain mito-
gen=activited prodcin Kinase (MAPK) cascades that are highly
conserved in metazoans (12, 18), The yeast pheromone signal-
ing. for example, oocurs through the action of a Geprotcin.
coupled receptor (GPCR) and the assocuted G protein in
arder o activate a MAPK cascade that conducts the signal 1o
the pucleus, Besules G-protein-activated signal transchsction
pathways, there are af least three more pathways imvalving
MAPK components or therr presumed upstream regulators
that moddulate responses 1o several stimul {10,

The besi-choracienzed transduction system i cukarvolic
arganisms 1= the Seccharwmyces corevisure pheromone response
pathway, This pathway 15 metted by the binding of peptide
pheromoncs 1o a GPCR (5te2p i MATa celk amd S1e3p in
MATa cells) and the dssociation of the heterodnmene G pro-
pcan enfo Gio (Gpalp) and the stimulatory Gy (StedpStelsp)
subunits. The hberated Gy dimer directly associmtes with o
scaffold protein, Ste3p, and with a p2 Lactivated kinase {PAK],
Step, which is essentl for activating the MAPK Kinase
kKinase (MAFKKR) Sicllp, Actevation of Stellp is also pro-

* Comrespomling snhor, Maodling siklress Departamento de G-
ndtwa Molecular, Instsiuio de Friologsa Celular, Universidad Maci-
il Anitdomioma de Mésion, Aparado Postal TO-242, 08500 Mo,
D F. Méxion, Phone! (525§ 622 56 51 Fax: (5155 622 56 46 E-mail:
eoniai (e, unaam,me,
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mcded by action of the SteS0 protem kinmse. Stel lp in wm,
activales the MAPKK 5SicTp. Dowrstream from Sie7p. Fus3p
and Kssip. two partially redundant MAPKs, induce the acti-
wation of transeription foctors, Stel 2p among others, that reg-
ulate the mating process (2).

Some components of the pheromone response pathway por-
ticipate in other MAPK cocades. For exumnple, Sec2p,
SteS0p, and Stellp play a role mothe high-osmolsry glyeerol
(HOG) pathwiy, helping the coll 1o survive osmolic stress (24),
and Stedip, Sehip, S1cl lp, awd S1eTp are used by bath the
precudahvphal development pathway and the cell wall integnn
by (5. 13},

The HOG puthway in 5. cerevisiae 15 regulated by tao dif-
forent nputs that converge o achvate the MAPKK Pha2p,
Thiese two branches are composed of membrane-spanning pro-
teans (Shnlp and Sholpd that sespond to vamant condinions of
extgrnal camolanty,

Under wosmomne conditions, the protem histidine kinase,
Slnlp, actimg through o phosphore by reacteon with Ypd [poand
Sskip, keeps the partially redundant MAPKKKs SskZp and
S5sk22p in an imactive state {27k High extemial osmolaniy
Blocks Stnlp functien, allowing activation of Ssk2p and Ssk22p,
which, in tuen, phosphioylate Pha2p. On the other hand, Sholp
wses Stedip and SteS0p 1o activate Stel Lp (22, 26 in respomnse
o high-solute concentrations, Sholp binds Stellp and Phs2p,
resulting in activation by phosphorvlation of Phs2p {26, 37).
Activation of Phs2p by the Sinlp and Sholp branches stimu-
lntes phosphordation and nuclear transtocation of Hogl p, trig-
genng expresdon of a number of genes and production of
gheerol to prevent dehydration (13, 33),

While a burge amount of information has sccumulated on
spnnd ransduction cascades in A cenvivioe and in many ofhier
fungi (15}, a critical question conoems which features of the
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tronsducton systems are generic and which are species spe-
cific. For example, in the budding vemst Kiuywweronnices lnctis,
e signal transduction system that mediates the manng re-
sponse is triggered by both the Ga (K. lacris Gpalp [KIGpalp])
(31 and G (KEiStedp) (14) subunits of the hetervrimenic G
profein. There are two documented diferences between the G
protein pheromone response pathways of 5. cerevisioe and K
factix: first, while disruption of GPAL, the gene encoding the G
profein c-subunit in 8, coevsiee, leads to permanegnt growth
arrest and therefore 1o lethality in hapbord cells (7}, mactiva-
tion of Ga (KIGpalp) in K factiv does not affect cell viability
but produces stenlity (21} second, overespression of the G
(Stedp) subunit induces growth arrest and mating in S cerai-
sae {34) but has no effect in K facis (14), Although it has been
shiown that both Goa and GB rigger the mating response by
activating the transcription factor KISte12p (14, 1%), nothing is
known absout the elements that connect the G prodcin with the
tranecription factor in K eotis, We have therefore investigated
the phenotvpic charactlerstics of disruption mutants in com-
ponenis of the pheromone response pathway, and in onder fo
clucidate the overlupping of protein function with other trans-
duction systems, we assaved the dismuption mutants for their
capacity 1o respond also o osmotic stres,

The budding veast K. foctiy provides an attractive model
system for studving cellular differentintion processes in re-
sponse to cnvironmental cues. 18 is o vmcellular and esseatially
agrobic and heterothallic organism with @ comentionally or-
ganed cell cyele. Its entire genome sequence is now aviilable
{htrpe/febidabri fr/Genolevares), and it is easily subpected o

genctic analysis.

MATERIALS ANE METHUHYS

Sarwins. modding nmsl graetic techniges. The yeast stmim usod in this work
were K. Lot 155 (MATe aale? vt wrad) and 125 (MATa And angd arad). 5.
eervvinae straim EGYA8 (WA Ta bisd up! w52 X plae Levdopd ) was used
fior twosbrybrid nssays (23). Ewheriotids ool stmies IHSa and Gm33 f{or preps
urnticn of anme thylssed DNA§ were used 1o propagste plasmids. YFD) mediam
oonsisted of 1'% yeast oaract, 2% Bactospeplone, and 2% glocose. Synthetic
denirvne (S0} mindmal medium consisted of B.6T% yeast ndtregen hase withowt
anuing sckdy (Difeo) and 2% gucose. 3D medium was sspplemenied wilh the
redained mmino acids and nitrogen boes (50 pe/ml ). SGol medium was the same
a8 50 medium except for the sebsitution of glucose for galscioas. Selective S
medium containing HEmd KH:PO, was used for indecion of pPHO conatrocts.
LIE meeddium ples amgpicillin { 1040 pgiml) was used fo propagaie recombinam
bacicrin. S8andard protoools were followed for Sosihern blod amalysis, recombss
maet DA techmology, aned yoast manipel stion.

teeme identification anll choning. A BLAST sarch of the K bsons gemome
datshaee, Censlevanes project [1 (hitpoichilabri fr/ Cenclmures'e iV KLLA ), al-
liwsel thee identiication of putative opes eading fremes (DRFs) encoding the
oathologues of 8 comevlibie prodein Kinases. Pains a and b of the ol godeovymucke-
istiifes |isbedl in Table | were wadd for PCR amplificatson. Cheomonaosmal DNA
from K favay st 155 was vsed 85 o tomplate. Standsrd PCRs were cirried ot
o amplify ibe desired gene mgments, The PCR prodocts were choned inbo the
pGEMTeasy voctor | Promega) and sequenced in full. Plaseid pPHO {contadning
the PHOF promoter from £ comduae and a £ Lao replication ongin) was.
ofvained from Hiroshi Fukubame A sivhistidine tag wes fmed in frame 1o the ©
termins of KISieTp [KiSie7{Ha. )] by PCR-mediated amplificstion, employing
primers SteTo and Sie7d (Table 1) An Xhol-Smal fragmont of the KiSoeT{His
construct was Klenow filled aml subclosed into pPHO previously digested and
flled inoat EooRL. Recombimam plasmid containing the KiSteT{His ) gene ander
the control of the PR promaoter was. sdentified by restriction amalysis,

Gzeme disrmpeions. Gene disruptions wore schioved by homologoes pecombas
matiom using the inlcgrative veolor YIp352 (11} Dnapiicon miitanis were s
lecied by their pacity oo grow in Umsdeficent medinom. All geno fragments.
were obtsined from the pGEMTeasy dones. For K lacas STESS ( KISTES), o
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TABLE 1. Promers wsed lor PCR ampldicition

Primer
R Seqoence®
Stehill v RE ) CTAGATAGA v AATAAGATA (=114}
Sichith ..+ 741 mﬂmﬂ'ﬂ%}:ﬁmﬁﬂwf {+T3
Sl o = 1Y) ATAGAAACAAAAAD TRAGOGLTAC + 1)
Sichil ... | 000 AARGETO TGEAAGRAGL A [+ 5%

flelﬂl—.-{—Iljmﬁm{‘f%ﬁTﬁﬂ.fﬁﬂﬁfﬁﬂﬁﬂ.ﬁT4+m
Siedh_..{ + M) TAAATTCATGTATGCGTAAAACAGAAAT | +2072)
b T— Y | ATGTcTamm'rM?EI:m
gﬁ:::ﬁmﬁﬁﬁmﬁﬁ {+ 185}
Stelibo..+1200) Tﬁﬂhﬂﬂ-ﬁmﬂmmﬂ (4 1192}
S1eh e = 19) TITTTAAGATC TS I'mw:mcum
Sielll ... +2222) WMMTALW'HFIMWGH‘ {+2104)
ST + 217 GAGAAGCTTOOGGTOL | 4247)

~ Hendill
&%hﬁcﬁﬂm{rlﬂﬁu
Siele. - ) AGATTGACTT, TGEATTACACGT | +12)
St .o #1583) CTAATATAGTG N AATTTATTTC (#1514}
b [ - Y LY T Attt et TOGOCT TGTACT (= 1301)
Fusda. .{+498) ACAGA T CCATGTTGACG {+523)
Fuslh. [+ 1171) TGATATAAT, WETGOTTACTTAG {4 1144)
PEs2 e = 21 ) GGOGATTAAGT Hﬂ'MﬂATGALTI‘q-rM
Pl +2203) ﬁﬂcru\fmm%n?rm'rm.« ATOUGOC [+ X264
Hogla ... +400) CTTGCTAGGATCCAAGATCCTCAAATG ( +517)
Fog b4+ 1366) CTTCTGTC A ATTTCATTACATTE 4 1339)
Hugle .. — 18} TTTTOCAN AAATTCATGTCOGAATGAG | +12)
Hog bl + 1307) TATACTTCTGTTOCTCOAGATTTCATTAL (4 1243)

B The e + 1303) CTTTCAAAG

® Mumbers in pasentheses porrespond (0 coordmaies consadering A im the
mraprdation stan oodon ms the +1 position. Nudeoikde chasges introduced o
goncrale resiricion silkes or tag soquenoss ane indicated by lowercase lottom,

Smal:Hindlll f3dbp fragment was introduced inie the integrative vector
YIpd52 previously digested with EcolRl { Klenow filled ) snd Hindl1L The ressh-
ing plesmid wmn digesicd with EcoRl and Sacl (matursl restriction siics of
KISTESH ORF located st positionn 298 and 438, respectively . This yields & lincar
Y EpA52 plasmisd flanked by 205 hp anid 1% bp ol KISTES? recombinant emds. For
KISTEXN, & 18dAby fmgment obiained by EcoRl and Sall digestion was sub-
choned into VIpA32 digested with the samee crymes. The resaliing inlegrative
Masmid was opencd with Belll, which cuts the KISTEX ORF at position 268,
The resulting eoestruct contains recombinant evsds of 267 hpand 7749 bp, KISTES
wins obtmined @ s | 2Webp EcoRl fragment snd ligated o YpXE2 opened with
the same eoryme. The resulting construct wans digested with Hpal sod Spel,
yickding an miegratmg molecule wigh 573 bp add 140 bp of recombinant ends. A
KINTE ] ESibp fragment obained with Hindl11-Asp718 was imroduced inmo
YIp352 digested with the same ennymes. This plasnid was opencd with Spel,
vichding an inicgruting fragment containing 190 bp and I75 bp of recombinani
endv. For KINTET, & 1071y fragment was obiaised by Hindl T1:BamHI diges-
tion amd lgated inso Vip252 digesied with the same emmymes. This consinect was
iligested with Xbal snd Bglll, feaving recombinant ends of 333 bp and 338 bp.
For BIFLUAT, & 67kbp Ecoltl fragment wan subclosed info Y1p2S2 veoior pres
pared with the same enmyme. A lnear mobocule wn penerated by digesting the
resulting plasmid withy Smal anid Pal. This yiekds an integrating moleosde oon-
taiming 227 bp and 27T bp of recombinant ends. A $67bp Kpnl-Pstl fragmena of
KIMRES D was subckoned inso YEp352 opened with the ssme emnmes. The Ypks2.
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KIPESS construct win digesied with Xbal and BeiEllL yiehling a lincas molecule
comininimg 411 bp and 33 bp of recombinant emds. For KL, 0 BamHl-
Himd Bl 876-bp frapment was subdioncd o Yipks2 diposed with the snx
enfyrics. Bl digestion of Yipdil-KINAGT vishdad o Baear mokoosle fanked
by recvmnhinant ends of X1 bp and 330 bp. Whes requesd, YPD mediam
eontainmg 1 mgiml of S-Furendtic sl (S FOA) was wied For negative sele-
tho of the LRAS canscire,

Prodein imtersctions. Assns of plinsioal merscnon were done with o LenA-
42w by sysiens as desoribed previously §14). The KIGEAT snd KISTES
pones were subcloned into pEGNT as proviowshy reporsed (14, 31). KIGPAT was
alen subcloned inta pHGE-S as reporiod previously | [4), Genes of istored (with
the exgepiion of RISTEX and KIPRSY) werw amphiied by POR coaglovieg
specilfie ¢ amd d prissers (Table |) asd ligated in frame dnte two-lnbaid plasiids.
The full KISTE R gene wos lgated into phG4-5 as as Xhal fragment. KISTEN)
was subchoned inso pEGHIC moa 2.715:bp Xhal fragmem. The KISTET proe was
obtained & a 1 538-bp Xhol frogeseed and ligated imio pPCd-5. The gone ome
cosdimg KIPEp was subchoned into pEGT & 2385bp AspT15-Bamil frag-
ment . KIHEKG | was sobcloned i both pEG02 and plG4-5 m o | 3640y Ecoltl-
Xhel fmgment. The KISTEX pone was obaimod as @ 285 T-bp fragment from the
PO EMTeasy clone by Xhal dageitbon amd wubdoned into plG4-5 digesad with
the wsme . A peneviniae endochitimase gene (CT31) chmed into citbes
plasmbd pEGND or pJG-5 {14) wam used an & Bcgalive mersctsm contral fog
each imieraciing coople. All reconshinam genes were sequesced in fall. £
ormrviskie sirein EGYS wos tmnsfectod with eostbiil plasmids snd prosm overs
night in S} medem &l ¥rC, Isduction of genes subclancd inlo plGd-5 was done
by shillng ol 1o Sial mediam 4 b pric o Barvesting, Protcin imleraction wee
dereenmsmned by the shiliny of hybid protess t induce blee aolones by expeesion
o ik LACE reporier gene locased in the pSHIR-3 plasmid sed by seversios of
ihe Ll e Peie ey,

Misting musays, A patch of cells of the simin to be iested wa grown on o plate
of eelective medium fior 24 b The tester etrmin s gromm as a lswn oo o YPD
plate for 24 b Baoik sirains were replicn plaicd ooto s YPD plate snd iscubaied
fiar 8 h ot MPC, alhmsimg oofls 1o made. Diploids were selocied on S0 medim by
replica platwyg

(hinolic sifevs ghsats, Siraen B bo icsled weec ghown avernsghl an s
medusmm, Cells were washed, uspeaded in YPD medism s an opical densiy 51
K mm of @1, and growm po mid=rxposential phase. Serial dilutions of cell wene
spatied on YFD medium containing 0.5 M KO or | M pasochited s incubsied
al MFC. Flages wore phatographod 45 h later,

Phosplssry lution assaps, To edtisate the cellular comtent of hath 1ots) and
preaphondated KiHoglp in wild-npe, ARis, and AKNre? drain, expones-
tially grossing cells in 5 mlof YPD medium wete pellcted and suspended s YD
medemm or YPD medium ples 05 M KO for diffevent times. Cells were oon.
crmtraied by oontrifugstion. and the supernatant was remeved by sypiration.
Cells were rosuspended in kading belier (37 sodiumn dodecy] sulfsic [SD5). 0.0
M TraeHO [pH 731 3% ghaerol, 007 M 2-mercaptocthanol, 002 mahl broma.
el Bue) amd bodied for 5 min. Samples were contatfuged, and the superns-
sty were transferned (o a dean ube. An aligeot of ibe senples was slbgecied
o SS-pokmalisnde gel dectiophiorein on & 105 gel and wanabesned W
polyviswy lidene diffeoride memtyase [Millipore Corpaont oa ).

Immmnishlotimg. Bl were inoshated with Wocling bafler (10 phospluses
buifered saline, 1% albumin, RO5% Tween 30 for 1 h st 37°C. Blet wone
inubated in the wime buffer containing mbbit polvclanad anti-Hoglp (Santa
Crar Batechesodogy) ox rabbit monsschival angi-phosphae-pa8 snibody {Cel Sig-
nalieg Techmodogy) for 1 B sl room lensperature. Filtes-bound antibodics wen:
detevied with homemdinh perosdreconpagated sevorsdary goat amti-rabbal Bn-
manoglobulin G astibody | Zymed ) anid viesalired with chemisminescent horees
radish poranidase sebetraie (Millipose Corporation),

Immenoprecipiation ssays, Cells bearing pPHO or pPHO-KSeT(His )
were grown @l JRC o fikd-log phase i 50 ml al scdective medeem. AL iad-hig
pluase, KHPO, wos sdded ag & final concentration of 10 mM, and cells wese
incubsied for amcther 2 b an 30°C. Half of the oetieee wis trested with 005 M KC1
fior 10 miin. Cells were collected by centrifugation andd resaspended in M0 jul of
TEA bulicr containing 10 mM Tria (pH 74} | mM EDTA, 180 mM phenyl-
mcthybeliom] fuarde, 20 mM MaM,. amd 1% compldc protease inhabios
cockrail {Roche) Sterde pod-wished glass beads were added, mnd cell dispuption
wis peiformed by voneueg fvr 5 min & 4°C. Lysanes wene cheared in o micho-
cemtrifmge (¥ min 51 200 rpmy), amd the supematnnt was sdpeied 10 6 SO0
feall volemie with TEA bufler, Ten misoliters of antl-Hig-perouidase silifody
[Rockep was pdded and incubared ag 8% overnighs with gemle shaking. Shoy
meicrolites of protein Geagarose beads (Upstase)) was added, amid incubation
comnlimoed for I b The beads were winhed ibree times withi 1.0 mi of cold TNTE
buiier {5 mb Tris-HO [pH 7.4), 150 mM K200 60% Triton X-100, 1 mb

EUgaEyOT, CELL

TABLE I Proven componenis of £ bnotis mating and

oamoresponse pathways
X cowvisiar
Mutsnl phenoiype®
Ciene phe homalogue® Relerence
na#Ams l - 3 (Ll ie
Mating figh Bdoniity I valug

KISTEZ Stenile D o Spa92 1z
KISTES Sterile WD £] le-131 32
KIGPAT Sierile WD 62 He-154 31
KISTES Sterile WD i le-11% 14
KISTENS  Fentile WD 33 Je-M &
KISTEN Stenle  Senstive 1] o This work
KISTESD  Senle  Senstive 41 Ugbi) This woark
KISTES Sierile Resistan 1 N This work
RISTEHN  Sterile  Sensitive i3 N This work
KISTE? Sterile  Sensiive 52 le-D3i  This work
KIFUS3 Stenle  Resistan 4 le-1580  This work
KISTE!2?  Stenle ND as le-lO7 19
KIFRS2 Fertile  Sensitive 57 i This wark
KIHEWGED Fentile  Semsitive 1] i This woark

= WD, not Benerenined,
* liengity values were determined by BLAST wing the BLOSUMAD matri

EDTA). Thaty msrolibers of ading bulfer win sidod, follimod by 5 min of
banlingg. Samples. were chilled on me and centrfuged brictly, Tweety mnadilen
ol each samphe wui wed for immanollotisg, Bloes were peobed with saik-Hoglp
i described sbove. Reciprocal issmunegreatpication wm dose in the same wiy
except that 5 jl of sntk-Hoglp (Samta Crar Bistechnology | astibodies wan used
fowr precipitation, and blots were prohed with ssti=His-penodibase antibodicos.

RESULTS

In previous work, we have demonstrated that both the Ga
(EKlCGpalp) and G (KISwedp) subinits of the heterotrimenc G
prodein tngger the mating pheromone response pathway m K
lacris (6, 14, 31} Additionally, we have found that this sctiva-
ton requires the trapscription fctor KiSte[2p (14, 19) In
order 1o ghacickate further the pathway that promoles mating i
K lactis, we constructed dismuption mutanis of genes enooding
putative  intermediotes  between the G protein and the
Kistellp transcniption factor, We therefore mactivated the
genes cnooding components of the MAPK cascade, and we
also imactivated the genes for KISte30p and KiSteXip protein
kinases, two putative inputs of the MAPK module. To inves-
tigate the overlapping of protcin function with other transdoe-
tion systems, we assaved the disruption mutants for their e
peity 1o respond o osmaotic stress, and for thes purpose we
added 1o this sereening mutants of genes encoding KIPb2p
and KiHoglp, which hove been shown 1o be key elements in
the esmaotic adaptation resporse in other veast species (10, 13).
Table 2 shwws relevant features of the studicd genes and their
T'm.'u:ll.:l:h as well s the &wu ol I'mﬂuﬂ.l with their £
CerrVanne counterparts,

Because cach particular protein may modulate responses in
differem degrees and i3 imactivation may have several effects,
detailed studies on the structure and the role that cach protein
may have in difercnt cell functions will be described else-
where.

Al disruption mutants were comstnicted by integrating
URAZ cassctte in haploid cells of both mating tyvpes: therefore,
transformants were selected by their capacity 1o grow in Ura-
deficient mediom, and the disrupted alleles were confinned by
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mﬂ-- - ddele The binding domnin corresponds 1o LexA-fused proteiin dhoned into
PEGHL The ootivation domain corespomds to B42-fused proteins
] ) - cloneal into pIGH-S. Two-tybrid plasmiids were introduced into strain

FIi. 1. Mating of MA T desruption mutants, Mating was done by
replica plating. Patches of strains (o be lested wene streaked on sele-
tive mexdium and replicarod omo YPD plates containing a Lawn of the
MATa wild-type tester strain, folbowed by incubation overnight st 30,
Dhipload selection was done by replicn plating onto 3D medium, Plates
were photographed 458 h later. WT, wald type.

Southkem blot, In all cases, plasmidic gene copies reversed the
phenotypic defects of 3-FOA-resstant sirains 1o almost wild-
tvpe levels (datn not shown). Since our results suggest that
gene dismuptions seem to hove the same phenotypic effects in
MATa and MATe cells, results described i this work refer
solely to MATa straimns,

All mutant strains were viable, and they exhibited nommal
growth: however, when sssayed in sexval crosses with @ fester
strain, they showed (with the exception of Klhogl and Klphs2
mutnntsy mating defects (Fig. 1), The hierarchy of defects in
mating wis determined s follows: Kised = Kiwed?) = Klael] =
Kiste? = KlsteS50 > Kifiis3 (Fig. 1}, The strongest effect on
mating was observed when the scaffold protein KisteSp amnd
the KiS1elip, KiStel Ip, and KISteTp kinases were moctivated,
indicating that all these proteins play essential roles in kaploid
mating. KISteSp shows a moderate degree of identity with its
counderpart in 8. cerevisoe (2770 identity} ( Table 2), 5, coneg-
e Stedp (Schteip) has no catalytic activity but acts as n
scaffokl, organizing and forming a complex with the MAPK
mosdule composed by ScSte Ll p, ScSteTp, and ScFusip (4, 35)
The KiSte2p is o member of the PAK family (17), which is
50¥% identical to SchteXip (Tabke 2) and shows high degree of
conservation in the CRIB domain, needed for Cded2p binding
{a small Rho-like G protein (1), and in the G@ and kinase
domains [ 16). Kistel Ip is 58% identical to 5c51e | 1p (Table 2),
which in 5. cerevisior also hinds o G and is phosphornvinted
and activaled by the 5c5iellp kinose (28} Schiellp has an
esential role in mating since @ appears o be an essential
bridige between proteins acting s inpats of the MAPK module
and the G protein (10} KEsteTp is 52% idenfical to Schtelp
(Table 2k In the 5 cerevisioe pheromone response patlway,
SteTp is required for efficient sctivation of the MAPK Fusip
wia its recruitment to the scaffold protein Sted amd its activation
by Stellp (10, 20y Disuption of the KISTES? gene affected
mating with moderate strengih. Comparison of the primary
structure of KISte30p with its 5. conevisiae homologue showed
overall 41% identity (Table 2). The SAM (sterile alpha motif)

63

EGY4S, fOalactossdase activity was determined by the relabive infen-
sty of bliee stadning in celb growing on $0al plates containing | mg'ml
XoGal (5ot -chboro- - indo l-@-0-galactopyrunoside ). pH TA
Ciromth in 5D mediem without leucine (koo™ ) was determined Iy
relative size of the colony afier p 24-h incubation at MFC, The &
cervislee endochitimase gene {CTS) cloned either mio pEGXZ or
PG5 was weed 0s pegaiive inferaction confrol for each imderacting

coirple.

domain, invobved in S1¢llp binding, and the Ris association
domain { 30§ are the most conserved regions within the primary
structure of Ste50 proteins. Inactivation of Scste5lp leads to
attenvation of pheromone simaling and 1o sterility in 5 cer
evigiae (36). Finally, inactivation of KIFus3p viclded the weak-
est sterile phenotype. The K lectiv and 8. convvivine Fus3 pro-
teins shire o relatively high degree of identity {695 ) (Table 2),
In & cerevisiee inactivation of Fus3p leads to partial sterility
(21 due to the fact that it can be replaced by Schaslp, the
MAPK involved in pseudohyphal development (5). The A
Lactis genome contains an ORF {KLLAOADZ497) that encodes
a putative Kikss]p Although we have not investigated the roke
of this kinpse, swe psume, by analogy to A cemviislar, that
KlRsslpoan replice KIFus3pin the mating pathway, leading to
the obscrved weak sterile phenotype of the AKFrsd matant.
To determing the connection between the haterotrimernc G
protein and the MAPK module, we assved protein-profcin
interactions of KISteSlp and KiSe2dp with the MAPKKK
BIStel lp and with the Ga (KIGpalp) and GB { KIStedph sub-
units of the heterotnmernc G protein. Although it shoold be
confirmed that protein interactions have a functional meaning,
as o tirs approach we chaose the two-hybnid system o micasiene
interactions because its reliability has been proved in o nomber
of cases invohing components of the mating pathway, We used
the LexA-B42-bused two-hybrid system in which protein asso-
ciation leads o both activation of the reporer LACE gene
located in plasmid pSHI5-34 and activation of the chromo-
somal LEUY pene, controlled by several lexd-op sites, in the
hiost strnin (230, The Rl5teSUp and KiSte20p kinoses were the
Tocnes of this analysis because we have observed that they are
implicated inthe phemmone response pathway, possibly acting
as effectors of the G protein {datn not shownj, The tavo-hyband
assay detected that KISte50p mokes o moderate interaction
with KIGpalp, the Ga subunit of the heterotrimernic G protein,
while the Bl5teXp kinnse interacts strongly with the G sub-
unit KIStedp (Fig. 2). These assays also revealed that both
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FlG, 3. Effect of high osmadarity on the growth properties of dis-
ruption muatants. Tenfold sernal dilutions of the imBoated sirms were
spotted onto plates containing YPD medinm alone, Y PD medinm with
0.5 M RCL and YPD medism with 1.0 M sorbitol and incubated m
ArC for 48 b, Lanes &, 10° celb; lanes b, 10 cells; lanes ¢ 10° cells.
W, wild type

the KISte30p and the KiSwe20p Kinases associate with the
MAPKEK KiSicllp. The KISteSOp-KIStellp interacthon is
stronger than that of KiS1e20p with KiSwellp (Fig. 21, mos
probably due to the presence of the stromgly interacting SAM
domaims m Kistedp and KISl lp (M), These findings sug-
gest that KIStedlp and KISte2lp may serve as links between
the G protein and the MAPK module in the transmission of
the pheromone stimulus in K ks,

Several elements of the yeast pheromone response pathway
play a roke in other signal transduction cascades (10, 13, 20).
Concerning the high-tamolanity response patliway in 8. ceneii-
stae, ot least three clements of the pheromone pathway are
necded to regulate the osmordaptation program: Steilp,
SteXip, and Stellp, which function as upstream clements of
the scuffold and kinase protein Phs2p and the MAPK Hoglpin
one of the branches dedicated o adaptation of yeast to gh
osmolarity {13}, All these proleins are components of the so-
called HOG pathway. We assaved the K lactis disrupted
stradis under conditions thit produced osmotic (high K and
hil.:h sorbsitol) stress -I'I'-IJ_.'. 3k In this set of experiments we
found incressed sensitivity 1o sorbitel and KOl of mutan
strains AKLWPR2 and AkWHogl! compared to the wild-type
strain, which is in agreement with their expected roles in osmio-
adaptation, The strong sensitivity of mutant AKLSief ] to high
osmolanty was also evident, indicating some parallelsm of
KiSte ] Ip function with Stel Ip from 5. corevisiae (26), Surpris-
imgly, in this sct of experiments we observed that the ARLSie7
el showed sensitivity o stress conditions, as indicated by
s marked growth delay in 03 M KCLand | M sorbitol com-
pared o the growth of wild-tvpe cells (Fig 3). This finding is
striking and suggests that the MAPRK KiSte Tp is imvolved in a
signal trnsduction cascade related to the osmotic response.
Insctivation of the KISte30p amd KiSte20p inases produced
severe sensifnvity o high osmaotic stress, confirming that these
kinases play overdapping moles o the propagation of differemn
signals [ Fig. 3) As expected, the ARlaeS and ARfusd mutants
wiere insensitive 1o ]:_l.!'u:uhnml e siTess 1]_1'[:. 1)
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FlG, 4, Phosphorviation of KiHoglp in wibkl-tvpe (WT) JKlue?,
and Akl stroins, Celb were grown fo mid-exponential phase in
YPD medium and ot ireated o treated with 0.5 M KOL After the
indicated times, the cells were bsed os deseribed in Materiale apd
Methods. Samples of the resulting extracts were annbaed by S[i5-
pohmervlnmide gel electrophoresis and immuoncblotting with ente-
Hogl or anti-p3s,

In 8, cerevidar, Phalp octs ss 0 MAPKK in phaosphordating
Hoglp, and in addition 1o its catalytic acuvity, it also serves as
o seaffold, binding Sholp, Stellp. and Hoglp (%), Comparson
of the primany scquences of SePbs2p and KIPbs2p indicates
that KIPEsIp conserves the Kinase domain which in 5. cenesi-
s has been shown o |1Ih1\|1lu1|:d'.|h' !ﬁ.‘]‘lu&:jp (33, Hll%"l."ﬂi!l!:,
that KIPbs2p miny sots os o MAPEKK over KlHoglp. Since the
sensitivity 1o high osmolarity of the AKIse? mutant is not as
strong a8 the one of AKlphs? (Fig. 3), we hypothesize that
cither KIPba2p lacks a Kinsse activity and KiSteTp may replace
it or that the propagation of the osmoresponse requires both
proteins acting in parallel. In order to gain some light on the
role that KISte7p plays in the osmotolerance prooess, we de-
termined the KlHoglp phosphondation levels i owild-bpe,
ARlste7, and AR backgrounds [Fig. 4). Dual phosphory-
ation of Hoglp {Thrl73 and Tyl 75 in K facriv) can be de-
tecied by immunoblotting with an anhibody mscd agams1 sc-
tivated mammalian p38, as previously reporied (24 Upon
exposure for 3 min of wild-ype cells to 005 M KO, KiHoglp
was phosphorylated. By 15 min, the amount of activated
KiHoglp increased 1. 4-fold {Fig. 4). KiHoglp phosphorylition
levels were 307 (5 min) and 807 {15 min ) bower in the Aklae?
mutani than in the wild-type strain cven though the amount of
total KiHoglp did oot show significant vanation, as deter.
mined by an anti-Hogl antibody | Fig. 4). No detectable phos-
phorvlation of KiHoglp was observed in the AK|phs2 mutant,
cven af 15 min of exposure to KCL These results sugpest that
KISteTp may partially activate KIHoglp in response 1o hyper-
osmotic stress and that this activation s ttally dependent on
KIPb=2p.

The above observations suggest that Kiste7p and KiHoglp
are able to plivsically jssociste with each other. By means of
the two-hwbiid assay, we observed that KIS1eTp made a signdf-
icant interaction with KiHoglp but failed to associate sath
KIPb=2p (Fig. 2). KIPt=2p and KiHoglp showed very weak
imtermction in the two-lybrid sssay, Confirmatony data werne
abtained by immunoprecipilalion assays, We transformed o
5-FOA-ressiant ARee? strain with the pPHO {phosphaie-
dependent promoter) plasmid carmving the gene encoding
KISteTp tageed with six His residues ot its O terminus. This
plasmikd reverses the sterile phenotvpe of the 5-FOA-resistant
mutanl. Under phosphate induction conditons, KiHoap was
immiunoprecipitaied by anti-His antibodies in the presenoe of
KiSteT{His p (Fig 3) and, vice-verss, the KiSte N His, b pro-
tein was immunopreapitated by anti-Hoglp antibodics in the
presence of Kll Ilh!_ﬂrl :FLF. 5. l'.'u-irll|||.|.|||u|'lr-|.'r.'|'|1'|l:|I!||.|:| Wik
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FIG. 5 Plosical mlerscteen botween KiSeTp and KiHogip.
RiSicTp and KlHoglp eoimmunoprecpitation rom oclls extracts of
ithee AR 7 strain carrving the pPHO-BIS e His) plasmid. Cells were
prowam fo mad-cxponential phase in selective medivm and ot treated
of treated with 0.5 M KC fog 10 min. Cells wene hsed s descnbed in
Muterink and Methods, BlSeT{His, jp was precipiiated with ant-His
antibodies, and the recraited KIHoglp was detected by immanablob-
ting using an anti-Hogl antibody. KIHog] p was precipitated with anii-
Hogl, amd the recruited KiSteTp was detected by immunobkanng
irsifig @i anti-His antibody.

midependent of hyperosmotic shock imluced with (03 M KCL
Anti-Hoglp antibodies were able to precipitate KlSte7{His,)p
at diferent phosphate concentrutins which induce vansble
expression levels of KiSweT(His jp (dota not shownp, These
fimchings suggest that KISteTp makes physical contact with both
setnaited and insctivited KlHoglp and suggest o maodel
wherehy KlSteTp is able 1o phosphorylate KIHoglp during the
respoite o high-osmaolianity conditions only when KlHoglp
has been recruited by KIPhs2p,

DSCLISSIHON

In & cerevisloe, the Gy complex of the heterstrimeric G
protein transmits the pheromone signal to different clectors,
twn of which are the SteXip kinase and the SteSp/Stel |p com-
plex. The PAK kinnse Ste20p is cssential for Stel Ip sctivation
{2}, and Ste30p has been implicated #s on aduplor protein
linking the G-profein-ssocialed Cded2p-5elip kinase com-
plex 1o Stellp via its SAM domain, thus modulating the pher-
omone response pathway (30}, In K lectis disruption of
KISTEZ? produced complete sterility while dismption of
KIS TES reduced but did aot eliminate mating. Our experi-
ments reveal that the MAPK cascade that drives mating in K
faciis s composed of the proteins KISte5p, KiStel 1p, KiSteTp,
and KiFus3p and suggest that this MAPK module is triggered
by KISteS0p and KISte20p kinases in response o activation of
the heterstnimernic O protein, 1t is peasonable o asuame thal te
K ket MAPK masdule is formeed by BlStel Ip (MAPEEK),
KiSieTp (MAPKK), and KiFusdp (MAPK), anchored by
KlSicSp (scaffold). However, detailed cpistasis experiments
should be performed fo confirm this arrangement. Our pre-
liminary studics indicate that both KiSte3p and KISte20p in-
teract with KIStel Ip, thus sctiviting the MAPK cascnde that
elicils mating in & factis. The actual picture of the pheromone
respoise pathway in K factis points 1o a model where activa-
tin of G prodein by binding of pheromone o GPCR (32)
triggers two  branches that converge in the MAPKKK
KiStel Ip: one s essential for mating and s formed by Gp-
KiSte20p, and the secomd is dispensable and is formed by
Cioe- KISt 50p. Additional support for this model s given by the
disruption phenotypes of mutants that inactivate the G protein
subunits. While inactivation of KiStedp (GR) leads to complete
imcapacity to mate {14), mactivation of KliGpalp (Ga) only
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reduces mating but does not eliminate it (31). The physical
associntion between Ga and KiSte30p opens o new window for
the study of pew functional relationships of G protein signaling
COMpOnents.

Participation of SteSlp, S1e20p, and Stellp m the Sholp
branch of the HOG pathway has been extensively documented
in 8§, cerevisize (12, 15} In a brief view of the pathway, the
osmsensor Sholp recruits Plhalp o the membrone during
signading. Both Sholp and Pbslp con bind Stellp. Swellp &
sctvated by phosphorylation, which is medinted by the Stelip
and Cladp kinases and requires Ste5op (30), 5tellp sctivates
Pha2p, which in turm sctivates Hoglp (15). The high-osmolarity
response pathway in 5, cerevisioe is also regulated by the Sinip
branch, which consists of the Sinlp-Ypdip-5sklp phosphore-
Loy systerm. Slnlp is an osmosensor histidine kinase, Ypdlp is o
phosphotmmnsier protein, and Ssklp is 6 respomse regulotor
(25). Hyperosmotic shock deactivates Slnlp, leading to activa-
ton of Ssk2p and 5sk22p (two redundant kinases) vin the
Ssklp response regulator, Ssk2p and 5sk22p activale the
MAPKE Phs2p, which in tum activates, by phosphonylation,
the MAPK Hoglp (22} The two branches for Hoglp activa-
tion arc not redundant, since the Sinlp-5sk1p branch has a
misre prominent role than the SholpStellp branch in inter-
medimte osmolarty (0.1 8 KOy, bat both branchies funetion at
high osmolarity (24). At present, it is not known if these two
branches are active in K lecris; however, the phenotype of
strong sensitivity o high sorbitol {10 M) and high sali (0.5 M
KOy displayed by mutants ARISeS0, AEISe20, and ARl [,
strongly suggests that the Sholp pathway has remarkable par-
ticipation in osmoadapiation o high-siress conditions, More-
over, disruption of KISTE!! mnduces severe growing defects
under high osmatic stress i K loets, while in & corevizior cells,
impctivation of Stellp induces sensitivity (o hyperosmotic con-
ditions only in Asskl or Assk? Aok 22 backgrounds (22, 24). In
addition, it s worth noling that the Slnlp branch of the HOG
pathway in K. lactis lacks the homologue Ssk22p (15) although
we actually do not know the functional meaning for the ab-
sence of this MAPEKE.

In addition to the interaction detected between components
of the MAPK module and seaffold proteins, two-hybrid studics
midicate that some of the protein kineses associate with each
other independently of their issocation with the scaffold pro-
tein. [n particular, both 5c¢5teTp and ScStel1p intermet with the
MAPKs ScFus3p and ScKsslp, independently of Stedp (4, 29).
However, due to the sensitivity to conditions of high osmotic
stress and 1o the lower KiHoglp phosphorylation level dis-
played by the AKlste7 strain, we believe that the interaction
observed between KIiSteTp and KiHoglp s significant and
might play an important roke in osmosdaptation, In 5 cenvis
sae, the SteTp kinase has been shown o participate ol only in
mating but also in filamentous and invasive growth (200 how-
ever, & mutant strain lcking Ste7p shows normal esmotoler-
ance, which indicates thut this kinase does nol participaie in
the HOWG response pathwiy in this yeast specics. We were
unable 1o find plysical interaction between KiSte7p and
KIPbs2p, and the inferaction between KIPbs2p and KiHoglp
was rather weak. It ks well known that failure to find an asso-
ciateon by the two-hybrid system can ocour for many feasons;
the refore, association between these proteims should be tested
by different technigues,
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Sensithvity of the AKlsfe 7 mutant to high osmolic stress amnd
association of Ki1SteTp with KIHoglp in K lectis are, at beast,
intriguing observations. Either KIPbs2p lacks a kinose activily
and KISt Tp is able to replace it, or KIHoglp can be phosphor-
¥lated by redundant MAFPKRK activities in the HOG pathway.
O resulis discarded the first h}-[ujllmia since H,IHI:IF'F 'I‘nhm.-
phorvlation is still observed in AKlsre? mutant cells. Although
we have no direct evidence that KiSteTp phosphondates
KiHoglp, we found that the amount of phosphoryioted
KlHoglp diminished in celis licking the KISteTp kinose, This
may affect the growing mte of the Klae7 mutant under hyper-
osmolic conditions. Additonally, our resulis showed  that
KIHoglp phosphondation s completely  dependent  on
EIPt=2p, suggesting that KIHoglp needs to be recruited by the
scaffold activity of KIPbs2p in order 10 be phosphonylated by
BISteTp; i, KIS1eTp fils 1o phosphondate saluble KIHoglp,

We have provided evidence thst in additon 1o KiSteS0p,
KISte20p, and KISl lp, KISteTp also participates in both the
pheromone response pathwoy and in the high-cemolarity ne-
sponse pathway in K. lecrfs, Despite the common use of protein
kinnses in both pathways, our observations also indicate that
there s no cross talk between these o dgnaling syslems; ie,,
senunl pheromone does not mduce a high-csmolanty response
andd conditions of high cumotic siress do nol induce mating
{datn not shown).

The composition of the G protein signiling pathway for
mating, the participation of the KISieTp in the HOG pathway,
andl the strong sensitivity phenotype of the AKLde ! mutant to
hyperosmotic stress indicate that signaling systems in K Jocis
follow, at least in part, mechanisms different from those of 5.
cerevtsiae. The perspective ahead is o undertind further the
organization snd functionsl mtersctions of the elements be-
lomging 1o the introcellular MAPK signaling pathways in £
terciis, The resulis will be of interest for the wnderstanding of
related problems in other organisms.
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DISCUSION

Sistema de Respuesta a feromonas en K. lactis.

El sistema de respuesta a feromonas de K. lactis, a pesar de utilizar la
misma cascada de MAP cinasas que S. cerevisiae, presenta diferencias

importantes en la manera de transducir la sefial.

Los receptores de feromona, tanto KlSte2p como KISte3p, contienen
regiones sumamente conservadas como los dominios transmembranales, la
segunda y tercer asa intracelular, llegando a tener hasta un 86% de identidad en

ésta ultima.

El extremo carboxilo terminal de Ste2p es necesario para la regulacion y
la estabilidad de la proteina, ya que mutantes que carecen de esta region tienen
defectos en la formacion y orientacion de las proyecciones que forma la célula al
estar en presencia de feromona, no se adaptan a la respuesta y su
internalizacion es mas lenta (Konopka et al., 1988; Reneke et al., 1988; Vallier et
al., 2002). Ste2p se regula por medio de su secuencia SINNDAKSS, ya que al
ser fosforiladas estas serinas (S), se puede ubiquitinar alguna de las siete lisinas
(K) de su extremo carboxilo terminal, para activar la endocitosis del receptor;
también se regula por un mecanismo independiente de ubiquitina por medio de
la secuencia GPFAD (Hicke and Riezman, 1996; Hicke et al., 1998; Rohrer et al.,
1993; Terrell et al., 1998). Sin embargo la identidad entre el extremo carboxilo
terminal de Ste2p y KISte2p es solo del 21%, siendo la region menos
conservada de la proteina. En KISte2p no se pudo localizar una secuencia
semejante a SINNDAKSS de Ste2p, por lo que aun queda por explorar los sitios

de regulacion de este receptor.
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En Ste3p se ha identificado la secuencia NPFSTD como sefial de
internalizacién independiente de ubiquitina (Tan et al., 1996). También se sabe
que la regién del residuo 414 al 451 es ubiquitinada principalmente en K**
aunque en ausencia de ésta K*** o K*3
internalizacion (Roth and Davis, 1996; Roth and Davis, 2000; Roth et al., 1998).

Al igual que como sucede con Ste2p, el extremo carboxilo de Ste3p y KISte3p

o] pueden utilizarse para regular su

tiene poca similitud, s6lo de 22%. No es posible encontrar secuencias parecidas
a las ya descritas como importantes para su regulacion. Ste3p tiene 17 lisinas en
la parte que corresponde al extremo carboxilo terminal, a diferencia de KlSte3p
gue solo tiene 7, por lo que es dificil pensar cuales serian sus posibles puntos de
regulacion para la endocitosis del receptor. Esto sugiere que los mecanismos de
regulacion de los receptores para feromona en K. lactis, son distintos a los de S.

cerevisiae.

Los genes de los receptores son sexo especificos, es decir KISTE2
solamente se expresa en las células Mata y KISTE3 solo se expresa en células
Mate, teniendo como ligando a la feromona o y a respectivamente. Los
receptores son necesarios para que la respuesta a feromonas se active, ya que
las mutantes tienen fenotipo de esterilidad. En S. cerevisiae, se ha reportado
que la tercer asa intracelular es importante para acoplar la proteina G
heterotrimérica (Celic et al., 2003; Stefan and Blumer, 1994), al igual que el
extremo carboxilo terminal donde se ha demostrado que hay interacciones tanto
con la subunidad o, como con la subunidad B (Duran-Avelar et al., 2001). Sin
embargo, en K. lactis el extremo carboxilo terminal del receptor solo es capaz de
interactuar con la subunidad a y esta interaccion es dependiente de la activacion
del sistema, ya que la afinidad del receptor por la mutante de a KiGpalp??*
gue esta constitutivamente activa es menor que por KlGpalp. Asi que el extremo
carboxilo terminal del receptor es capaz de discriminar entre una subunidad o

unida a GDP o GTP.
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Esto implica que el acoplamiento de la proteina G heterotrimérica al
receptor es distinta en las dos especies, posiblemente por la diferencia que

existe entre el extremo carboxilo terminal de los receptores de ambas especies.

Como ya habia mencionado anteriormente en K. lactis tanto KiGpalp
(Ga) como KIStedp (GB) son efectores de la via. Una mutante AKlste4 es esteéril
lo que indica que es esencial para la transduccion de la sefial. Por otro lado una
mutante AKlgpal baja la eficiencia del apareamiento, o que nos sugiere que
KIGpal tiene efectores y en ausencia de la sefial tiene consecuencias en la
transduccion de la sefial dentro de la via (Kawasaki et al., 2008; Lloret et al.,
2003; Savinon-Tejeda et al., 2001).

En S. cerevisiae, una vez activado el sistema Stedp recluta a Ste20p y
Stebp, interactuando con el extremo carboxilo terminal del primero (Leeuw et al.,
1998) y utilizando el dominio RING-H2 del extremo carboxilo terminal del
segundo, que es una proteina de andamiaje, aunque Ste5p también requiere de
una a hélice amfipatica del extremo amino terminal, que es afin a la membrana
plasmética (Inouye et al., 1997; Whiteway et al., 1995; Winters et al., 2005).
Ste20p del complejo Cdc42p-Ste20p es la cinasa que activa a Stellp (Wu et al.,
1995) y requiere de la proteina adaptadora Ste50p, debido a que Cdc42p tiene
afinidad por el dominio RAD (Ras associated domain) de Ste50p y ésta a su vez
interactia con Stellp por medio de los dominios SAM de ambas proteinas, de
esta manera Ste20p estd cerca de Stellp gracias a Ste50p y Cdc4zp
(Ramezani-Rad, 2003; Tatebayashi et al., 2006; Truckses et al., 2006). Ademas,
Stebp interactua con Stellp, de esta manera se forma un gran complejo de
sefializacion donde se encuentran todas las moléculas involucradas en la

trasduccion de la sefial (Choi et al., 1994; Inouye et al., 1997).
En K. lactis nosotros generamos las mutantes de los genes que codifican

para los elementos de la cascada de sefializacion de respuesta a feromona y

comprobamos que son estériles al igual que en S. cerevisiae, a excepcion de la
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mutante AKlste50 que puede formar diploides, pero con menor eficiencia que la
cepa silvestre. Esto significa que no es indispensable en la transduccion de la
sefal y que otra molécula podria seguir con la sefalizacion aun en la ausencia
de Kiste50p. La secuencia de KISte50p tiene una identidad del 41% con su
homélogo en S. cerevisiae, el dominio SAM solo tiene una identidad del 35%, a
diferencia del dominio RAD que tiene una identidad del 74%. La funcién de
Ste50p es facilitar que la distancia entre Ste20p y Stellp sea lo suficientemente
corta para que la primera fosforile a la segunda, mediante la union Ste50p-
Cdc42p. Sin embargo en K. lactis parece tener un papel adicional, ya que por
ensayo de doble hibrido encontramos interaccion entre KiSte50p y KlGpal,
ademas de la interaccion esperada de KISte50p con KIStellp. Anteriormente ya
se habia reportado en S. cerevisiae que Ste50p puede llegar a tener una
interaccion débil con Gpal (Xu et al., 1996). Ademas el fenotipo de la mutante
AKlste50 es semejante a AKIGpal, con una baja en la eficiencia de
apareamiento, asi que la transduccion de la sefial que depende de KiGpalp
podria involucrar su interaccién con KISte50p. Con los resultados obtenidos por
las mutantes y las interacciones de proteinas con el sistema de doble hibrido
podemos proponer el siguiente modelo, donde tendriamos dos ramas que
convergen en la activacion de KIStellp, la primera rama seria activada por
Klste4 y activaria al médulo de MAP cinasas formado por KIStellp (MAPKKK),
KISte7p (MAPKK), KIFus3p (MAPK) y KISte5p como proteina de andamiaje
(Figura 5), utilizando la interaccién KlSte50p-KISte20p como intermediario para
fosforilar a KIStell, aunque KISte50p seria dispensable y el reclutamiento de
KISte20p al modulo podria ser mediante la proteina de andamiaje KISte5 o
alguna otra proteina, aunque aun hace falta realizar mas experimentos para
probar esta hipotesis. La otra rama estaria activada por KlGpalp y ésta
mediante su union con KISte50p promoveria la activacion de KlStellp, tal vez
activada por KISte20p reclutada por KlSte50. Este estudio nos conduce al
estudio de una forma de sefalizacion mediada por proteinas G que no se ha

descrito anteriormente.
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Figura 5. Modelo de la via de respuesta a feromona sexual en K. lactis. KIGpalp (Ga)
interacciona con KISte50p y posiblemente mediante esta interaccion se transduce la
sefal via KlGpalp, de tal manera que tanto la subunidad Ga (KIGpalp), como la
subunidad GB (KISte4p) convergen en la activacion de la MAPKKK KlIStellp y de esta
manera su activa el médulo de MAP cinasas que tiene como consecuencia la activacion
de genes necesarios para el apareamiento (como KIFus3p) por medio del factor
transcripcional KIStel2p.

Sistema de respuesta a estrés osmatico en K. lactis.

Algunos de los elementos de la via de respuesta a feromona estan
involucrados en la respuesta a estrés osmotico. Se sabe que en S. cerevisiae
estos elementos son Ste50p, Ste20p y Stellp (Posas et al., 1998; Raitt et al.,
2000). La manera en que participan estas proteinas es mediante la proteina
transmembranal Sholp que tiene un dominio SH3 en su regidn citoplasmica
mediante el cual puede unirse al complejo Stellp-Ste50p y a Pbs2p (Maeda et
al., 1995; Tatebayashi et al., 2006), ademas Sholp activa a Cdc42p, que a su
vez estimula a Ste20 para fosforilar a Stellp, que fosforila a Pbs2p y que éste
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finalmente fosforile a la MAP cinasa Hoglp (Raitt et al., 2000). En esta
activacion la interaccion Ste50p-Cdc42p también es importante para acercar a
Ste20p a Stellp. Ademas existe otra rama involucrada en respuesta osmotica
gue esté regulada por el sistema de fosforrelevo SIinlp-Ypdlp-Ssklp. El sensor
SInlp es la cinasa de histidinas, Ypdlp la proteina que transfiere el fosfato y
Ssklp el regulador de la respuesta (Posas et al., 1996). Un choque
hiperosmotico inactiva a SInl que tiene como consecuencia la activacion de las
proteinas redundantes Ssk2p-Ssk22p mediante Ssklp. Ssk2p y Ssk22p activan
a Pbs2p para que fosforile a Hoglp (Posas and Saito, 1998). Las dos ramas
responden a estrés hiperosmotico, aunque la rama de SLN tiene un umbral mas
bajo y responde desde concentraciones bajas (0. 0625 mM de KCI) (O'Rourke
and Herskowitz, 2004).

En K. lactis hasta el momento no se habia descrito que elementos
participan en respuesta a estrés osmaético, sin embargo las mutantes AKlste50,
AKlste20 y AKlstell tienen un fenotipo de sensibilidad en condiciones
hiperosmoéticas tanto con sorbitol 1M como con KCI 0.5M, lo que nos indica que
el papel de la rama de SHO es mas importante que el que pudiera tener la rama
de SLN que actualmente se esta estudiando en nuestro laboratorio, ya que en S.
cerevisiae la ausencia de Stellp solo presenta fenotipo en un fondo genético
Asskl o Assk2 Assk22 (Posas and Saito, 1997). Lo que nos deja por explorar si
la rama de SLN juega algun papel menor en estrés osmoético en K. lactis o

responde a otro tipo de respuesta.

Lo que es de resaltar es que la mutante AKlste7 tiene un fenotipo de
sensibilidad a estrés osmotico, lo que nos indica que juega un papel en esta via
de sefializacion. Se sabe que en S. cerevisiae Ste7p no participa en la via de
HOG. Mediante el ensayo de doble hibrido encontramos interaccion entre
KISte7p y KIHog1, sin embargo no pudimos detectar interaccion con KIPbs2p, lo
gue nos llevo a plantear un papel funcional de ésta cinasa en la activacion de

KIHogl, teniendo dos posibilidades: KIPbs2p no tiene actividad de cinasa y
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KIHog1lp es fosforilada por KISte7p, o KIHoglp puede ser fosforilada por las dos
MAPK cinasas (Figura 6). La primera hipoétesis se descarté debido a que en la
mutante AKlste7 se sigue fosforilando KIHoglp, pero baja el nivel de
fosforilacion. Ahora bien, la coinmunoprecipitacion nos confirmé que existe una
interaccién directa entre KISte7p y KIHoglp que es independiente de la
activacion de la via. Estos datos nos llevan a proponer que KlISte7p interactia
con KIHoglp y puede tener un efecto aditivo en la fosforilacion de KIHoglp, pero

necesita de la proteina de andamiaje KIPbs2.

Figura 6. Modelo de la via de estrés osmotico en K. lactis. KISte7p participa en la via,
interacciona con KIHoglp y aumenta su nivel de fosforilacién una vez activada la via.
De esta manera tanto KIPbs2p como KlISte7p contribuyen a la activacion de KIHog1p.

Nosotros encontramos que ademas de KISte20p, KISte50p y KiStellp,
KISte7p participan tanto en la via de respuesta a feromona, como en la via de
respuesta a estrés osmotico en K. lactis. Se sabe que en S. cerevisiae por
compartir elementos que participan en distintas vias la activacion de una de
éstas puede activar otras (O'Rourke and Herskowitz, 1998), sin embargo en K.
lactis este fendmeno no se presenta entre la via de respuesta a feromona y
estrés osmoético, ya que inducir con feromona y después someter a la célula a

estrés osmotico o viceversa no le confiere a la célula ninguna resistencia a
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cambios osmaticos o capacidad para aparearse como sucede en S. cerevisiae,
lo que nos indica que los mecanismos de regulacion de las dos vias son distintos
en estas dos especies, de manera que a pesar de compartir elementos se
conservan especificos para su ruta de sefalizacion. Posiblemente esta
especificidad esté regulada por las proteinas de andamiaje como se ha
propuesto (Good et al., 2009; Harris et al., 2001; Park et al., 2003), sin embargo
a diferencia de lo que ocurre en S. cerevisiae en K. lactis existiria un mecanismo
gue compromete a los complejos de sefalizacion ya ensamblados a ser
especificos solo para una determinada via de transduccion de sefales, de tal
manera que una vez comprometido el complejo de cinasas para una

determinada via, las demas no podrian utilizarlo.

En resumen la sefalizacion mediada por la proteina G del sistema de
respuesta a feromonas en K. lactis donde KlIGpal transduce la sefal
posiblemente mediante KISte50p, la participacion de KISte7p en respuesta a
estrés omsoético y el fenotipo acusado de los elementos de la rama SHO en
respuesta a estrés osmotico (KISte20p, KISte50p y KiStellp), nos demuestran
gue estos dos sistemas son diferentes. Llegar a entender los mecanismos de
regulacion nos ayudaria a entender el funcionamiento de sistemas de

transduccion de sefales en otros organismos.
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CONCLUSIONES

Los receptores transmembranales KISte2p y KISte3p son los receptores
para las feromonas o y a respectivamente, del sistema de respuesta a feromona

sexual.

El extremo carboxilo terminal del receptor KISte3p se asocia a la
subunidad a (KIGpalp) de la proteina G y esta unién es dependiente de la

activacion del sistema.

Las proteinas KISte20p, KISte50p, KISte5p, KIStellp, KISte7p y KIFus3p

participan en el sistema de respuesta a feromona sexual.

La proteina KISte50p es un posible efector de la subunidad o (KIGpalp)

de la proteina G en el sistema de respuesta a feromona sexual.

Las proteinas KlSte20p, KISte50p, KIStellp, KISte7p, KIPbs2p y KIHoglp
participan en el sistema de respuesta a estrés osmatico.

La MAPK cinasa KISte7p se asocia a la MAP cinasa KIHoglp y aumenta

su nivel de fosforilaciéon en respuesta a estrés osmaotico.
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