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A I’E_lsa.

A la meva familia i amics.






Bé, ara ve quan la maten. I” hcara que us ho trobeu al Principi, aixd és el final de la
tesi. O com a minim | el que s’ha escrit al final. Fer aixo, Primer de tot, voldria demanar
c}isculpes. Discuples per si em deixo algtj, i per si alguna frase acaba sonant
desafortunada. Espero que ningu se m’oFengui, penseu que ara mateix estic bastant,
comus ho diria, csPés‘ Bé, vamos al lio.

\/olclria agrair al meu director de tesi, en | rancesc Fosas, el fet d’haver-me deixat
fer la tesi al seu grup. ]gualment, ala | aia, per haver fet de mestra quanjo només era un
estiduantito de 20n que feia més nosa que servel.

Després, com no, voldria recordar a la Primera fornada de Fosas. Primerla | aura,
quina troballal \Vam comencar Picats perque em va Prendre el lloc a la poia’ca ga t'he
Pcrdonat) i ham acabat essent amics. Molt més que amics, per mi com una germana gran
que no deixa que me “descarrie”. Fer tot el que has fet per mi, moltes gracies, mai ho
oblidaré. Foc clesprés, va arribar en Xavi De Montblanc (com els bons vins té
denominacio &’origen). Xato, sempre seré el teu gai transexual. | es estones que hem
passat al lab (i les que ens quec{en per Passar‘.), han estat genials. | a Meri també va ser
un bon Fitxatge‘ | a mamhcera~clﬂiPera incansable. Sempre recordaré les tardes-nits (més
nit que tarda) que vam passar als laboratori. T u eres qui m’animava a no deixar-ho estar
amb la teva Presénciaj encara que Potser no tho semblés. Fcr acabar cl’ac;obaru}'xo, va
arribar la Gl(‘)ria‘, la T remenda. A, xaia, xaia, quin fart de riure amb les teves histories
c}’aque”csj tuja m’entens. [Jas estat una persona molt esPecia], de clui he aPrés molt, i
m’ha aguantat un bon munt de “ra”ades”, moltes gracies! | la Nuri, ai la Nuri! Mi
comPaﬁera de Fatigas, y eso que en la carrera te caia mallll Jajaja! Cuantas cosas
habemos pasao, ch? Espcremos que vayamos a mejor, no? Nunca olvidaré tantos ratos
comPar’cic;os. | Finalment, les cluesjcpas que em van guiar durant bona part dels meus anys
d’estudiant i doctorat. | a Primera va ser la Faula, cuanto ha llovido desde entonces!
E_spero que sigas siendo tan brillante como cuando estabas por aqui. | la segona la

Monste M, mi maestra pro’ceémica. Qyé ticmpos, todo el dia con el churro en la mano.



Tu modo de trabajo, ordenado y metédico fue un gran ejemplo‘ Y tu eterna sonrisa una
buena manera se sobrellevar los disgustos de la ciencia. E_P‘ \/cus,Ja em deixava algdl
(na persona que també va comencar al lab des dels inicis, i del que reaiment, he aPrés
moltissim del mon dels llevats. ] és que en FCP és un pou de ciéncia, un arcano, cuya
sabiduria no conoce limites. (sracies per tots els teus conse”s, tant “esPirituals” com
laborals. ]:ins aqui els que, aimegs per mi, van formar Part de la meva “Primera tesi”. La
que vaig fer com a estudiant, i a on, vaig aprenclre mo]t, sobretot de la dinamica de treball
d'un grup huma que convivia 12 hores al dia (o més, quines éPoques!>.

Aixd no vol dir ciuejo no hagi fet una tesi de veritat, que també. n aquesta
segona ctapa, també hi hagu’c molta gent impor’cant, que voldria recordar. \am ampliar la
familia. Frimer amb la Laiaprimer amb la seccio de mamifers: la Montse B, una persona
molt persona, sempre Preocupac{a Pels demés; el Manel, un tio com pocs.; el Dani, amb
el que formem el “rincon del inversor”, no sé con ciuien compar’ciré ahora el Pulso del
mercado, eres un tio geniai; i la ]sabel, la ga”cga mas simpética de todo el laboratorio,
nunca olvidaré las risas que nos hemos echado, me has animado en muchos momentos
malos, eres la leche! | Pultim Fitxatge, l’A“DCrt, no hem coincidit gaire, Peré ha esta guai
Parlar de “gotitas” amb tu,jo crec que Promctsl

També van arribar re}corc;os a cicle: en Gi!ad, qué tio! has sido un gran ejemplo
por tu capacidacl de sacrificio sin quejar‘ce, a pesar de que no todo fuera ]:)ien; en Mique!
Ange], Fhome de “sa roqueta” que ens porta la tranqui]i’ca’c quan la cosa es posa cl‘tunga;
el Javi, también para mi un gran ejemP(o, un tio hecho y derecho de la estepa caste”ana,
tus consejos siemPre ”egan en buen momento, muchas gracias por tu Paciencia! A altima
hora s’ha incorporat P Alba, espero que tinguis molta sort a (_an [osas.

| també va arribar més gent a la part técnica, tantes vegades poc valorada. Va
venir la Marisa, la técnico mas flamenca del lab, tu pon orden que si no, esto es una
Jungla!; la | aia Petita, Petita para unas cosas, pero muy muy granc{e para otras! eres una
persona para la que también tendré un gran recuerdo; el Jonathan, el Figura, desde que

te Fuis’ce, ya no es lo mismo, cuando se levanta el telon y no estas tu, la cosa Fa”a; i la



Sandra, no hem coincidit gaire, Per(‘) m’has donat un cop de ma en tot el que t'he
demaﬂat, merci per tot.

La familia també es va amp]iar a ’cranscripcié, el nucleo duro del labj aonestallael
bacalla. \a entrar el estudiantito, el nostre Messi Particular, el nen de Torre”es, el
Sergi. Anar de festa amb tu ha estat tota una experiéﬂcia‘ ] a nivell humaJ un 10! Urs
amic de c}ebéj pa lo bueno, pa lo malo, y para Hog, que eso si que tiene mérito, espero
que fem alguna altra aventura Junts. | va venir la Carme, ai Carmeecceceece! | he
revolution. Tt trobaré molt a Fa!tar) ets una persona com mhi ha poques, no deixis mai ser
aixi de franca!

(Jna altra part important de la meva vida al lab han estat “los vecinos”: [~ ster-
churripél Ana, Albertoj Malapé, Merece, Alicc, Blanca, ]sabelita, Natalia, sin unos
vecinos como vosotros esto no habria sido lo mismo. El ambientaso que se creaba a
partir de las 6 no tenia precio, Sabina incluido.

i ha !‘xagu’c també molta gent de fora del lab que ha Par’cicipa’c molt d’cluesta tesi.
Un munt damics han estat “ahf” perque aixd acabés bé. [Tls amics del SAFA, los
irrecductibles, amics amb majljscules: Car]os, desde los 3 afios aguanta’ndonos tiene que
signhcicar algo, casate conmigol; Dani, el gran Dan, el Hing de mi yang, siemPre con tu
humor a Pun’co para darle la vuelta a todo, me has ayudaéo mucho a aguantar todo esto;
Chus, mi comcesor, tengo que admitirlo) eres una de las personas mas imPortantes en mi
vida, hablar contigo siemPre me hace ver todo c{hcerente, aun estando en el lejano
(Granollers; Jordi Pastor, aun ahora en la ]ejania, nunca olvidaré tu manera de ser; Yy
Monc}‘n’, la energia, esas fiestas de fin de afo fueron inolvidables.

També molts amics de la carrera han Participat d’aquest Projecte: la (uio,
I’Anna, l’Ari, el Ramon, el Gabriele han estat molt imPortants en tot aixo, espero que la
distancia dels Post~docs no ens faci Perdre el contacte! (s estimo molt a tots! | la

Monica, JoanaJ SusanaJ Ali, a vosotras también os llevo en el corazon. ] la Montse, la



meva mestra del voleibol, aellali haig c{’agrair el tenir la sev amistat, 1 una altra cosa, que
al final per mi ha estat molt imPor‘tant: que em Fiqués dins el mundillo del volei. Fer tot aixd
i molt més, gracies.

Ara, i per anar acabant, la familia. E_ls que més reben! Frimer els meus pares. A la
meva mare agrair~li tot el seu suport, la seva fe en que me’n sortiria quanjoja no Podia
més. | Pel recolzament logistic, amb els seus tupperss, una cosa que a vegades no he
valorat suficient. ] al meu pare, voldria dir-li que ¢s Partifex de tot aixo. Tu has estat el
que des de ben Petit, em va transmetre el Plaer per pensar, per investigar, per saber, la
cu]Pa de tot aixo és teva. Fer aixo gracies. A!s meus cosins, Montse, Joan i FCP, i tiets,
tamb¢ gracies Pemceﬁme sentir un fill més. ] Finalment, dins la meva Famﬂia, hi ha hagut algd
molt imPortant, queja no hi és, i que també va ser decisiva Perqué ara sigui doctor.
Moltes gracies iaia, per haver viscut com vas viure.

| finalment, quedes tu. Al final, sempre has estat tu. | u has estat la que realment
ha estat al peu del caneé. [Has sido tu, E_lsa, la que mas ha sufrido esta tesis, la que me ha
aguc}ado a soportar la frustacion que supone la investigacion. Desde que entraste en mi
vida, me has ensefiado a ser mejor persona cada dia, a vivir, a superar los miedos y los
fantasmas que a veces me atenazan. Y espero que estés conmigo en las aventuras que
aun nos quedan por vivir.

Bé; ara si que aixo és el final de la tesi, quatre anys intensos i inoblidables... i durs,

Possiblement els més durs de la meva vida. Esperem que a Partir dara vingui lo bo...

Alex.









Sustained Hogl activation leads to an inhibition of cell growth. In this
work, we have observed that the lethal phenotype caused by sustained Hogl

activation is prevented by SCF°“*

mutants. The prevention of Hogl-induced cell
death by SCF“°“* mutation depends on the lifespan extension pathway. Upon
sustained Hogl activation, SCF®®“* mutation increases Msn2 and Msn4
dependent gene expression that leads to a PNC1 overexpression and a Sir2
deacetylase hyperactivation. Then, hyperactivation of Sir2 is able to prevent cell
death caused by sustained Hog1 activation.

We have also observed that cell death upon sustained Hogl activation is
due to an induction of apoptosis. The apoptosis induced by Hog1l is decreased by
SCFP“ mutation. Therefore, lifespan extension pathway is able to prevent

apoptosis by an unknown mechanism.

L'activacié sostinguda de Hogl porta a una inhibicid del creixement
cel-lular. En aquest treball, hem observat que el fenotip de letalitat causat per
I'activacié sostinguda de Hogl és parcialment inhibida per la mutacié del
complexe SCF°“*, La inhibicié de la mort causada per l'activacié sostinguda de
Hogl depen de la via d’extensié de la vida. Quan Hogl s’activa de manera
sostinguda, la mutacié al complexe SCF®°“* fa que augmenti I'expressié génica
depenent de Msn2 i Msn4 que condueix a una sobreexpressid del gen PNC1 i a
una hiperactivacié de la deacetilassa Sir2. La hiperactivacido de Sir2 és capag
d’inhibir la mort causada per I'activacié sostinguda de Hogl.

També hem observat que la mort cel-lular causada per l'activacié
sostinguda de Hogl és deguda a una induccié d’apoptosi. L’apoptosi induida per
Hogl és inhibida per la mutacié al complexe SCF°“*, Per tant, la via d’extensid

de la vida és capac de prevenir 'apoptosi a través d’'un mecanisme desconegut.






SUMMARY

“A”é que no ens mata, ens fa més forts”

Friedrich Nietsche






Adaptation to environmental stress requires changes in many aspects of
the cell biology. In eukaryotic cells, stress-activated protein kinases (SAPKs)
play an essential role for proper cell adaptation to extracellular stimuli. In
Saccharomyces cerevisiae, changes in the extracellular osmotic conditions are
sensed by the Hogl MAPK pathway, the functional homolog of the mammalian
stress-activated MAP kinases JNK and p38 pathways. The Hogl MAPK elicits the
program for cell adaptation to osmostress that includes modulation of
metabolism, gene expression, translation and cell-cycle progression. However,
adaptive responses not properly regulated result in decreased cell viability.
Thus, sustained activation of the Hogl MAPK is detrimental for cell growth.

At the beginning of this PhD project, the mechanisms by which sustained
activation of Hogl was inhibiting cell growth remained unknown. However,
previous results in the laboratory showed that mutant strains on the SCF°“*
ubiquitination complex survive at the continuous activation of Hogl. Our main
objective was to characterize the molecular mechanisms by which SCFP“
mutations prevented inhibition of cell growth by sustained Hog1 activation.

FCDC4

Here we show that SC mutation prevents inhibition of cell growth

caused by sustained Hogl activation through hyperactivation of the Msn2 and

FCPC* mutation

Msn4 transcription factors. Upon sustained Hogl activation, SC
leads to overexpression of Msn2 and Msn4 dependent genes due to delayed
Msn2 and Msn4 degradation. PNC1, a key activator element of the lifespan
extension pathway, is induced by the upregulation of Msn2 ans Msn4
transcription factors and PNC1 deletion avoids cdc4-1 suppression of Hogl
lethality. Similarly, deletion of SIR2 and no other deacetilases genes eliminates
the effect of cdc4-1. Thus, activation of the lifespan extension pathway is crucial
to suppres Hogl lethality.

On the other hand, we have shown that sustained activation of Hogl

induces apoptosis depending on the presence of O,. SCFP“*

mutation prevents
apoptosis induced by Hogl, probably by decreasing ROS formation. The Hogl
dependent inhibition of mitochondrial respiration could be the mechanism by
which Hogl induces ROS formation.

Overall, our results define a new role for Hog1l in regulation of cell viability
and, on the other hand, a connexion between the lifespan extension pathway

and apoptosis.
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INTRODUCTION

1.1. OSMOTIC STRESS

1.1.1 Yeasts and their environment

Cells constantly evaluate and respond to their external environment in
order to maximize the probability of survival and proliferation. Of particular
importance are the mechanisms cells use to respond to sudden and adverse
changes in environmental conditions, commonly referred to as cell stresses.

Yeasts such as Saccharomyces cerevisiae, are ubiquitous unicellular fungi
and hence eukaryotic microorganisms. Living as saprophytes on substrates such
as fruits and flowers, these single cell organisms are exposed to a highly
variable environment with respect to the availability and quality of nutrients,
temperature, pH, radiation, access to oxygen, and water activity (Hohmann and
Mager, 1997; Hohmann, 2002). Water activity is of special importance, as it is
necessary for maintaining an appropriate cell volume and favorable conditions
for biochemical reactions. If yeast cells experience a hyperosmotic shock (or
osmotic upshift), there is a rapid water outflow and cell shrinking. Oppositely, a
hypoosmotic shock (or osmotic downshift) leads to a rapid water influx, cell
swelling and hence increased turgor pressure. Survival mechanisms need to
operate within the first seconds after a sudden osmotic shift because passive
water loss or uptake occurs very fast (Brown, 1976; Blomberg and Adler, 1992).
In the case of a hyperosmotic shock, water loss leads to an increased
concentration of biomolecules and ions in the cell, which eventually results in an
arrest of cellular activity. However, yeast cells have developed an active
mechanism to adapt to high external osmolarity by sensing the osmotic changes
and performing the appropriate responses to maintain optimal cellular activity.
The mechanisms of osmoadaptation can vary depending on the strength of the
stress signals. Accumulation of chemically inert osmolytes, such as glycerol,
allows the cells to balance the internal osmolarity with that of the external
environment and plays a central role in the process of osmoadaptation (Gustin

et al., 1998; Hohmann, 2002; de Nadal et al., 2002). As a consequence, yeast
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cells can be metabolically active and proliferate over a wide range of external

water activity.
1.1.2 Signalling Pathways Involved in Osmoadaptation

The field of yeast osmoadaptation has received much wider scientific
interest with the discovery in of the HOG pathway (High Osmolarity Glycerol
response pathway). Nonetheless, changes in medium osmolarity also have been
shown to activate other signaling pathways in yeast: the protein kinase A
pathway and the phosphatidylinositol-3,5-bisphosphate.

The influence of cAMP-dependent protein kinase (PKA) on protein
expression during exponential growth under osmotic stress suggests that low
PKA activity causes a protein expression pattern resembling that of osmotically
stressed cells, and thus, PKA is a major determinant of osmotic shock tolerance
(Norbeck and Blomberg, 2000). However, this pathway mediates a general stress
response observed under essentially all stress conditions, such as heat shock,
nutrient starvation, high ethanol levels, oxidative stress and osmotic stress
(Marchler et al., 1993; Ruis and Schuller, 1995). Therefore, protein kinase A
most probably does not respond directly to osmotic changes. In fact, it is not
fully understood how the activity of protein kinase A is regulated by stress.

On another hand, the production of phosphatidylinositol-3,5-bisphosphate
seems to be stimulated by an osmotic upshift. This molecule could serve as a
second messenger in an osmotic signalling (Dove et al., 1997), although its clear
function is still to be resolved.

By far the best-characterized osmoresponsive system in eukaryotes is the
HOG pathway. It is a MAP kinase cascade consisting of a well-conserved
eukaryotic signal transduction module and involved in the process of
osmoadaptation (Gustin et al., 1998; Hohmann, 2002; de Nadal et al., 2002).
The HOG pathway is activated within less than one minute by osmotic upshift,
being essential for cells to rapidly adapt and survive in high-osmolarity medium
(Brewster et al., 1993). Thus, the cellular role of the HOG pathway is indeed to

orchestrate a significant part of the response of yeast cells to high osmolarity.
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1.2 MAP KINASE PATHWAYS

MAP Kinase pathways are highly conserved signaling modules in both higher
and lower eukaryotes, where they allow cells to quickly respond and adapt to
environmental stresses, hormones, growth factors, and cytokines (Kyriakis and
Avruch, 2001). MAP kinase pathways control cell growth, morphogenesis,
proliferation and stress responses, and they are involved in many disease

processes.

1.2.1 Modular organization

The mitogen-activated protein (MAP) kinase pathways are organized in
modules containing at least three types of protein kinases, which transmit
signals by sequential phosphorylation events in a hierarchical way (Figure 1).
The MAPKKK activates a MAPKK by phosphorylation on serine and threonine
residues within a conserved loop at the N-terminal lobe of the kinase domain.
Subsequently, the MAPKK phosphorylates the MAP kinase on a threonine
(sometimes serine) and tyrosine residue, which are located adjacent to each
other separated by a single aminoacid (Thr/Ser-X-Tyr). This phosphorylation site
is located in the activation loop of the catalytic domain; dual phosphorylation on
threonine and tyrosine is needed for activation of the MAP kinase. Typically,
phosphorylation stimulates transfer of a portion of the activated MAP kinase
from the cytosol to the nucleus, where it phosphorylates targets on
serine/threonine followed by a proline. MAPKs are able to phosphorylate many
substrates including transcription factors, other protein kinases, cytoskeleton-
associated proteins and ionic transporters.

In its inactive state, the C-terminal catalytic kinase domain of a MAPKKK
is locked by the N-terminal regulatory domain. Activation may occur by
phosphorylation or interaction with other proteins, a process that often involves
small G-proteins. The activation mechanisms and sensor systems upstream of

MAP kinase pathways are diverse and include receptor-tyrosine kinases (i.e. in
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animal systems), G-protein-coupled receptors, phosphorelay systems, and

others.
MAPK PATHWAYS

Input signals

‘ Ser/Thr kinase
‘N APK Diverse mechanisms of activation

'. » ser-P  Thr/Tyr kinase (dual specificity)
i Thr-P Activated by MAPKKK

|!!‘ Thr/Ser-P Ser/Thr kinase
|||‘ Tyr-P Activated by MAPKK
* Nuclear proteins
Ser/Thr.p (e.g. transcription factors)
erithr Cytoplasmic proteins

(e.g. other kinases)

Figure 1. Schematic diagram of a MAPK pathway module. The core module of a MAPK
pathway is composed of three kinases; a MAPK kinase kinase, a MAPK kinase and a MAPK,
that are sequentially activated by phosphorylation.

Different MAPK pathways within the same organism often share protein
kinases which are regulated by multiple signalling inputs. This situation results in
highly complex network systems of signaling pathways. Given this complexity,
signalling specificity is achieved by scaffolding proteins. Scaffold proteins bind
and sequester selected MAPK pathway components, thereby favouring the rapid
signal transmission through the cascade and preventing unwanted crosstalk
between MAPK modules. Some scaffold proteins can function as simple adaptors,
but in some MAPK pathways the signalling components themselves perform
scaffolding functions, such as the yeast MAPKK Pbs2 (Hohmann, 2002).

1.2.2. Yeast MAPK pathways

S. cerevisiae has five typical MAP kinases. Based on genetic analyses as

well as studies on the transcriptional readout upon physiological, pharmacological
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and genetic stimulation, the five MAP kinases are allocated to five distinct MAP
kinase cascades (Hohmann, 2002) (Figure 2):

(i) The mating pheromone response pathway (MAP kinase Fus3)

(ii) The pseudohyphal development pathway (Kss1)

(iii) The HOG pathway (Hog1)

(iv) The protein kinase C (PKC) or cell integrity pathway (SIt2/Mpk1)

(v) The spore wall assembly pathway (Smk1)

These MAP kinase pathways are required for directed cell growth (bud
formation, mating projections, and pseudohyphal growth), remodeling of the cell
surface associated with growth (cell wall integrity, cell integrity, and HOG
pathway), and maintenance of the appropriate turgor pressure (HOG and cell
integrity pathways). The Smk1l MAPK regulates sporulation (Krisak et al., 1994).
Overall, yeast MAPK pathways have roles in response to developmental and

external stimuli, as well as on cell cycle control.

confrol

MAPKER

Response switch ¢ Cell weall conshuction
intoar

Figure 2. S.cerevisiae MAP kinase pathways. S. cerevisiae contains five MAPK pathways:
mating response, filamentation-invasion, osmoregulation, cell wall integrity and sporulation
pathways. Some of the elements are shared between pathways.
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1.3. THE HOG PATHWAY

1.3.1 Components and organization

The HOG pathway is the best-characterized and understood
osmoresponsive system in eukaryotes. Exposure of cells to increased
extracellular osmolarity results in rapid activation of the yeast MAPK Hog1l, which
elicits the program for cell adaptation required for survival under these
conditions. Activation of this pathway leads to a set of osmoadaptive responses,
including metabolic regulation, cell cycle progression, translation and gene
expression regulation (de Nadal et al., 2002; Sheikh-Hamad and Gustin, 2004).
The Hogl MAPK is a prototype of the Stress-Activated Portein Kinases (SAPK)
family, equivalent to the mammalian p38 and c-Jun N terminal kinases. The
functional conservation between the HOG pathway and the p38 pathway is
illustrated by the fact that the corresponding human gene complements the
yeast mutants in the HOG pathway (Galcheva-Gargova et al., 1994).

Schematically, the central core of the yeast HOG pathway comprises a
layer of MAPKKKSs, Ssk2, Ssk22 (Maeda et al., 1995) and Stell (Posas and Saito,
1997) that are responsible for the activation of the MAPKK Pbs2. Once activated,
Pbs2 phosphorylates and activates the Hogl MAPK (Figure 3).

Extracellular hyperosmolarity

MAPKKK

MAPKK

= Phosphatases
v

Osmoadaptive responses

MAPK

Figure 3. Schematic diagram of the yeast HOG pathway. Two major independent
upstream osmosensing mechanisms lead to the activation of specific MAPKKKs and converge
on a common MAPKK, Pbs2. Under osmostress, activated Pbs2 activates the MAPK Hogil,
which induces a set of osmoadaptive responses.
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The pathway is activated predominantly by two independent mechanisms
that lead to the activation of either the Ssk2 and Ssk22 or the Stell MAPKKKSs,
respectively. The first mechanism involves a ‘two-component’ osmosensor,
composed of the SInl1-Ypd1-Sskl proteins. The second mechanism involves an
osmosensor comprised by three transmembrane proteins (Shol, Hkrl and
Msb2), the MAPKKK Stell, the Stell-binding protein Ste50, the Ste20 p21-
activated kinase (PAK) and the GTPase Cdc42 (Posas et al, 1998; Maeda et al,
1995; reviewed in de Nadal et al, 2002; Tatebayashi et al, 2007) (Figure 3).

1.3.2. Osmostress sensors

2.3.2.1. The SIn1 branch

The SInl branch involves a "“two-component” osmosensor: a sensor
molecule and a response-regulator molecule. Typically, a sensor protein has an
extracellular input domain and a cytoplasmatic histidine kinase domain. On the
other hand, a response-regulator is a cytosolic protein containing a receiver
domain and a DNA binding domain. Upon activation, the sensor protein
phosphorylates a histidine residue within its kinase domain and transfers this
phosphate group to an aspartic acid in the receiver domain of the response-
regulator molecule, resulting on its function activation.

In particular, the SInl branch is composed by the osmosensor Sinl, the
phosphorelay protein Ypdl, and the response regulator protein Ssk1l. At normal
conditions, the osmosensor SInl autophosphorylates itself, this phosphate being
sequentially transferred to Sskl. Phosphorylation activates the response
regulator Ssk1l which, in turn, represses the activity of two redundant MAPKKs:
Ssk2 and Ssk22. At high osmolarity, the SInl histidine kinase is inhibited,
resulting in an accumulation of unphosphorylated Ssk1, which then interacts with
Ssk2/Ssk22 MAPKKKs to activate the HOG cascade (Posas et al., 1996). Thus,
SLN1 and YPD1 gene disruption causes lethality, due to the resulting constitutive

activation of the HOG pathway (Maeda et al., 1994).

2.3.2.2. The Shol branch

The Shol branch is involved in an alternative sensor mechanism that leads

to Pbs2 activation independently of the SIn1 branch (Maeda et al., 1995).
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Shol branch involves an osmosensor complex, formed by two mucin-like
transmembrane proteins, Hkr1l, and Msb2, and Shol, a protein that contains four
transmembrane domains and a COOH-terminal cytoplasmic region with a Src
homology 3 (SH3) domain (Tatebayashi et al., 2007). The complex consists of
Shol, Hkrl, Msb2 and Pbs2. Shol SH3 domain interact with a proline-rich region
in the N terminus of Pbs2 (Maeda et al., 1995). The complex also contains the
PAK Ste20, the Rho-like G protein Cdc42 (Raitt et al., 2000; Reiser et al., 2000)
and the MAPKKK Stell (Posas and Saito, 1997; O'Rourke and Herskowitz, 1998)
as well as Ste50, required for Stell function (Jansen et al., 2001; O'Rourke and
Herskowitz, 1998; Posas et al., 1998).

In high osmolarity conditions, Msb2 and Hkrl induce Shol to generate an
intracellular signal. Then, Shol binds Pbs2 and recruits it to the cell surface.
Then Cdc42 is also recruited and activated. Cdc42 activates the PAK-like kinase
Ste20, and, in addition, binds to the Stel1-Ste50 complex, to bring activated
Ste20 to its substrate Stell (Truckses et al., 2006; Tatebayashi et al., 2006).
Activated Stell activates Pbs2, which in turn, activates Hogl (Posas and Saito,
1997).

On the other hand, the MAPKKK Stell is used in three functionally distinct
MAPK cascades in yeast (Posas and Saito, 1997) (see Figure 2). The ability of
Stell to function in separate pathways requires stable associations with
pathway-specific proteins. For example, Stell interacts with the pheromone
response pathway-specific scaffold protein Ste5 (reviewed in Hohmann, 2002).
In the HOG pathway, the MAPKK Pbs2 serves as a scaffold protein, interacting
with Stel1l (Posas and Saito, 1997) and Shol (Maeda et al., 1995).

Genetic evidences suggest that the upstream branches of the HOG
pathway operate independently of each other; blocking one branch of the
pathway still allows rapid Hogl phosphorylation and cells are fully resistant to
high osmolarity. Although these observations suggest redundant functions of the
two branches, it is unlikely that the cell maintains two different complex
pathways to activate Pbs2. It has been proposed that different sensitivities of the
two branches may allow the cell to respond over a wide range of osmolarity

changes (Maeda et al., 1995). Data suggest that SInl is more sensitive than the
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sensor of the Shol branch. It also appears that the Shol branch operates in an
on-off fashion, while the SInl branch shows an approximately linear dose

response up about 0.4 M NaCl.

1.3.3. Signalling through the HOG pathway

Downstream of the sensor systems, any of the MAPKKKs Ssk2/Ssk22 and
Stell, is able to activate the MAPKK Pbs2 by phosphorylation on Ser514 and
Thr518. Pbs2 is a cytoplasmic protein and appears to be excluded from the
nucleus, and thus, phosphorylation of its substrate, the Hogl MAPK, occurs in the
cytosol. Dual phosphorylation on the conserved Thr174 and Tyrl176 activates
Hogl (Brewster et al., 1993; Schuller et al., 1994). Phosphorylation on both sites
is necessary and sufficient to cause a rapid and marked concentration of Hog1l in
the nucleus, while under normal conditions Hogl appears to be distributed
between the cytosol and the nucleus (Ferrigno et al., 1998; Reiser et al., 1999).
The catalytic activity of Hogl, however, is not required for transfer to the
nucleus, since a catalytically inactive mutant of Hog1l is transferred to the nucleus
very much like the wild-type. Both phosphorylation and nuclear localization of
Hogl are transient effects: under mild osmotic stress (0.4M NaCl) Hogl
phosphorylation peaks within 1 minute and disappears within about 30 minutes.
However, the more severe the osmotic shock, the longer it takes until active
Hog1l is dephosphorylated and deactivated (Rep et al., 1999a; Van Wuytswinkel
et al., 2000).

Nuclear accumulation of Hogl suggests that an important part of Hogl
functions take place in the nucleus. However, a portion of activated Hogl
remains in the cytosol where it mediates regulatory effects. Among the best
documented of such effects is the activation of the protein kinase Rck2 (Bilsland-
Marchesan et al., 2000; Teige et al., 2001), which controls translation efficiency
(Teige et al., 2001), and the phosphorylation of ion transporters, essential for
the rapid reassociation of proteins, previously dissociated from chromatin due to

osmotic stress (Proft and Struhl, 2004).
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1.3.4. Modulation and feedback control of the HOG pathway

The HOG pathway is controlled by specific feedback events, as indicated by
the transient phosphorylation and activation of the MAP kinase (Maeda et al.,
1994; Jacoby et al., 1997; Tamas et al., 2000) and the modulation of the
responses depending on the strength of the osmostress input.

One of these feedback mechanisms include two phosphotyrosine
phosphatases (Ptp2 and Ptp3), as well as three phosphoserine/threonine
phosphatases (Ptcl to Ptc3). Protein phosphatases are critical for HOG pathway
regulation for various purposes: i.e., to reduce the basal activity to prevent
initiation of undesirable response in the absence of relevant stimuli; to prevent
excessive MAPK activation upon stimuli; and to resume normal cell growth after
adaptive responses.

Specifically, Ptp2 and Ptp3 interact directly with phosphorylated Hogl and
dissociate rapidly from the kinase after dephosphorylation. Ptp2 seems to be
more important for Hogl dephosphorylation than Ptp3, possibly because Ptp2 is
predominantly nuclear, as is activated Hogl, while Ptp3 is located in both the
cytosol and the nucleus (Mattison et al., 1999). However, since in the ptp2A
ptp3A double mutant the level of tyrosine-phosphorylated Hogl is still responsive
to osmotic shock, additional dephosphorylation mechanisms must exist (Jacoby
et al., 1997; Wurgler-Murphy et al., 1997). Ptcl inactivates the pathway by
dephosphorylating the MAPK phosphothreonine in vitro (Warmka et al., 2001)
indicating that Ptcl is perhaps the main phosphatase that acts on the
phosphothreonine in Hogl.

The Hogl downregulation after activation is very well modulated by, at
least, four redundant phosphatases. It is because Hogl inactivation is very
important for cell viability. Actually, simultaneous deletion of PTC1 and PTPZ2 is
lethal. There are several mechanisms that lead to sustained Hogl activation in
addition to phosphatase mutation: i.e. expression of a constitutively active
MAPKK (allele called Pbs2””) and the SLN1 deletion. The use of transient
expression of these alleles has been instrumental to study HOG properties. For
instance, PBS2PP expression under the GAL1 promoter or , sin1A with a plasmid

expressing Hogl phosphatases under the GALI promoter.
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The way in what Hogl induces cell death remains unknown. This question
has been addressed by mutation of some downstream elements of the Hogl

pathway that suppressed PBS2°°

or siniAlethality. Only two mutations, rck2A
and hotlA, showed a slight increased survival rate. But the main lethal effect
remained unknown.

This is the main subject of this thesis: to describe a mechanism to

promote cell survival under sustained Hol activation.

1.4. PHYSIOLOGICAL ROLES OF Hog1l

Once activated, Hogl elicits the program for cell adaptation to osmotic
stress, which includes modulation of several aspects of cell biology essential for
cell survival. Some of the biological processes regulated by Hogl are the control
of gene expression, cell cycle progression, protein synthesis and metabolic

adaptation (Figure 4).
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Figure 4. Functions of the MAPK Hogl. Once Hogl is phosphorylated and activated, it
controls several aspects of the cell biology, such as cell cycle regulation, modulation of gene
expression, metabolic adaptation and regulation of protein synthesis.

1.4.1. Metabolic adaptation

As mentioned above, one of the roles of Hogl upon osmotic stress is

metabolic adaptation (Figure 4). Among the targets of the HOG pathway are

37



INTRODUCTION

important transcription factors such as Skol and Msn2/Msn4. These transcription
factors induce the expression of osmolyte-synthesizing genes, i.e. GPDl1
(encoding glycerophosphate dehydrogenase 1) and TPS2 (encoding trehalose
phosphate phosphatase) (Ruis and Schuller, 1995). The resulting increase in the
levels of the compatible osmolytes glycerol and trehalose leads to the
replacement of excessive inorganic ions and the restoration of intracellular
electrolyte homeostasis in situations of hyperosmotic stress. Moreover, activation
of the HOG pathway upon osmotic stress leads to phosphorylation and activation
of the 6-phosphofructo-2-kinase (Pfk2) (Dihazi et al., 2004). This activation
causes a stimulation of the upper part of glycolisis, a precondition for glycerol
accumulation. Yeast cells containing PFK2 accumulate three times more glycerol
than cells lacking PFK2, which are not able to grow as efficiently under

hypertonic stress (Dihazi et al., 2004).

1.4.2 Regulation of protein synthesis

In response to increases in external osmolarity, there is a transient
decrease in protein synthesis (Norbeck and Blomberg, 1998; Uesono and Toh,
2002) caused by a decrease in amino-acid uptake, repression of ribosomal
protein genes and a decrease in translation efficiency. The HOG pathway appears
not to be involved in the initial inhibition of translation, but rather in the
reactivation of translation under stress as an adaptation mechanism (Uesono and
Toh, 2002). The yeast Rck2 kinase, which is a member of the calmodulin protein
kinase family, is targeted by Hogl (Bilsland-Marchesan et al., 2000; Teige et al.,
2001). Rck2 affects translation by directly regulating the elongation factor EF-2,
as it phosphorylates and thereby inhibits this translation elongation factor
(Bilsland-Marchesan et al., 2000; Teige et al., 2001). An overall reduction of
protein synthesis may be compatible with a transient inhibition of cell growth and
proliferation caused by osmotic stress. However, expression of genes encoding
functions required for stress adaptation is stimulated and their translation has to
be ensured. This suggests that mechanisms must exist that allow the preferential
translation of subsets of mMRNAs under certain conditions, but little is known

about the molecular bases underlying this phenomena.
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1.4.3. Regulation of cell cycle progression

Progression through the cell cycle is critically dependent on the presence
of nutrients and stress stimuli. In response to osmostress, Hogl mediates a
transient cell-cycle arrest to allow cell adaptation (Escoté et al., 2004; Clotet et
al., 2006).

In S. cerevisiae, cell cycle is divided in four phases: S-phase (DNA
synthesis), M-phase (mitosis), and G; and G,. At Start, yeast cells decide if begin
a new cycle, conjugate with another cell, or sporulate. Transitions between G;/S
and between G,/M are strongly regulated to provide a successful cell division.
This regulation is possible due to diverse checkpoints that monitor proper
completion of each stage of the cell cycle. Thus, cell cycle progression can be
delayed until the execution of an unfinished step allowing the cells to begin a
new cycle. In yeast, Cdc28 is the unique CDK (Cyclin Dependent Kinase) that
controls cell cycle progression, and cyclins are the proteins responsible for
binding and activating the CDK. Cdc28 cyclins can be G; cyclins (CIn1, CIn2 and
Cin3), that regulate events during the interval between mitosis and DNA
replication, and B-type cyclins (Clb1- Clb2, CIb3-Clb4) and finally CIb5-Clb6, that
control DNA replication until cytokinesis. Cdc28 activity can be regulated through
the synthesis and degradation of cyclins, through association with CDK inhibitors
(Sicl and Farl), and through phosphorylation and dephosphorylation of Cdc28 by
Swel and Mihl.

In Clotet et al. (2006), it is proposed a novel regulatory mechanism of the
G, checkpoint that allows cells to integrate stress signals to modulate cell cycle.
Hogl controls G, progression by a dual mechanism: the downregulation of Clb2
levels, as well as the direct phosphorylation of the Hsll kinase. Upon osmotic
stress, Hogl phosphorylates Ser1220 of Hsll, which is the checkpoint kinase
(Shulewitz et al., 1999; Cid et al., 2001) promoting delocalization of Hsl7 from
the bud neck. This prevents Swel from being recruited to the bud neck and from
being phosphorylated, which leads to Swel accumulation and G, arrest. The
Hogl MAPK also controls the G; transition in response to osmotic stress. Similarly

to the mechanism for G, regulation, this consists in a dual mechanism that
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involves regulation of cyclin expression and the targeting of the cell cycle

regulatory protein Sicl (Escoté et al., 2004).

1.4.4. Regulation of gene expression

In S. cerevisiae, genome-wide transcription studies revealed that a large
number of genes (~ 5-7%) show significant changes in their expression levels
after a mild osmotic shock and that the Hogl MAPK plays a key role in much of
this global gene regulation (Posas et al., 2000; Rep et al., 2000; Gasch et al.,
2000; Causton et al., 2001). Osmostress-regulated genes are implicated in
carbohydrate metabolism, general stress protection, protein biosynthesis and

signal transduction.

1.5. ROLE OF Hogl1 IN TRANSCRIPTION

1.5.1. MAP kinases and transcription.

As mentioned above, one of the main functions of MAPKs in response to
different stresses is the regulation of gene expression. There is no a unifying
mechanism by which MAPKs modulate gene expression. The best-understood
mechanism is the direct phosphorylation of promoter-specific transcription factor
targets (Karin and Hunter, 1995; Kyriakis and Avruch, 2001). This mechanism
can regulate the target activity by several mechanisms, including control of
protein levels, regulation of binding to DNA, nucleocytoplasmic shuttling and by

altering their ability to transactivate (Yang et al., 2003).

1.5.2. Gene expression regulated by Hogl

Increases in extracellular osmolarity result in changes in the expression of
a large number of genes. Better understanding of the yeast response to osmotic
stress has been achieved from the use of DNA microarrays, which have permitted
to perform genome-wide analysis of the transcriptional response under any type
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of stress. In the last few years, several independent studies have analyzed the
global transcriptional response of S. cerevisiae to osmotic stress (Posas et al.,
2000; Rep et al., 2000; Gasch et al., 2000; Causton et al., 2001; O'Rourke and
Herskowitz, 2004). From these studies two conclusions can be drawn. First,
different stress conditions (such as time of exposure to salt and osmolyte
concentration) result in a different pattern of expression. For instance, exposure
to high concentration of salt results in a delayed transcriptional response.
Second, the Hogl-mediated signalling pathway plays a key role in global gene
regulation under saline stress condition, since the response in hoglA cells is
different from that observed in wild-type cells. In fact, approximately the 75% of
genes induced after 10 minutes of exposure to 0.4M NaCl are fully or strongly
dependent on the Hogl MAPK (Posas et al., 2000). A relationship between the
intensity of the response and the involvement of the Hogl kinase can be drawn
from the observation that genes considered very highly induced are more
dependent on Hogl than genes only moderately induced. Thus, although in some
cases the HOG pathway is not the unique relevant signalling pathway involved,
its central role in the global response to osmotic stress is clearly established.

The main groups of genes highly induced after exposure to 0.4M NaCl for
10 minutes (Posas et al., 2000) are genes encoding proteins involved in
carbohydrate metabolism (mainly, sugar transport and phosphorylation, and
glycerol, trehalose and glycogen metabolism), protein biosynthesis (mainly
ribosomal proteins), ion homeostasis, signal transduction and aminoacid
metabolism.

1.5.3 Transcription factors under the control of Hog1l

As mentioned before, it has been reported that SAPKs can modify gene
regulation by direct phosphorylation of transcription factors, both activators and
repressors. In yeast, five transcription factors have been proposed to be
controlled by the Hogl MAPK: the redundant zinc finger proteins Msn2 and Msn4
(Schuller et al., 1994), Hotl (which does not belong to a known family of
transcription factors) (Rep et al., 1999b), the bZIP protein Skol (Proft et al.,
2001)and the MADS box protein Smp1(de Nadal et al., 2003) (Figure 5).

Each factor seems to be controlling a small subset of the osmoresponsive
genes and thus, deletion of a particular transcription factor has a very limited
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effect on general osmostress gene expression. Still remains the possibility that

additional transcription factors are required for gene expression upon stress.
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Figure 5. Transcription factors under the control of the Hogl MAPK. Five transcription
factors are regulated by Hogl, although only three of them (Hotl, Skol and Smpl) are
described as direct in vivo substrates of Hog1l.

1.5.3.1. Smp1l

Smpl is a member of the MEF2C family of transcription factors. It had
been previously reported in higher eukaryotes that this family of transcription
factors can be targeted by the mammalian p38 MAPK (McKinsey et al., 2002). In
yeast, Smpl activator is directly phosphorylated by Hogl on several residues
within its transactivation domain. This phosphorylation by the MAPK is essential
for Smpl-mediated gene expression (de Nadal et al., 2003). Smpl plays an
important role not only in osmostress responses, but also in a new function for
the Hogl MAPK required for cell survival in the stationary phase (de Nadal et al.,
2003).
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1.5.3.2. Hot1l

Hotl (High-Osmolarity-induced Transcription) is a transcription factor
related to Msnl that was identified in a two-hybrid screening for proteins
interacting with Hogl (Rep et al., 1999b). It has been reported that Hotl
controls a small subset of genes, such as STL1, GPD1 and GPP2, involved in the
transport and production of glycerol (Rep et al., 1999a). Hotl is phosphorylated
by Hogl in response to osmotic stress, but this phosphorylation appears not to
be relevant for Hotl DNA binding, recruitment of RNA polymerase II (Pol II)
complex or transcriptional activation.

However, interaction of Hotl with Hogl is critical for recruitment of the
MAPK to Hotl-dependent promoters and essential for their transcriptional
induction upon stress (Alepuz et al., 2001; Alepuz et al., 2003). Assembly of the
general transcription machinery at Hotl-dependent promoters depends on the
presence of Hotl and active Hogl MAPK. Then, Hogl interacts with the RNA Pol
IT and with general components of the transcription machinery, forming the
initiation complex. Thus, anchoring of active Hogl to promoters by the Hotl
activator is essential for recruitment and activation of RNA Pol II.

The recruitment of Hogl to the promoters is a general mechanism to
induce transcription. Hogl recruitment is also mediated by the rest of
transcription factors regulated by Hogl, as Msnl and Msn2/Msn4. In addition,
the mammalian p38 also interacts with the RNA Pol II, which might suggest a
conserved mechanism for regulation of gene expression by SAPKs among

eukaryotic cells (Alepuz et al., 2001; Alepuz et al., 2003).

1.5.3.3. Skol

Skol is an ATF/CREB-related factor (Nehlin et al., 1992; Vincent and
Struhl, 1992). Such factors possess a bZIP domain, i.e., a leucine zipper for
dimerization, and a basic transcription activation domain. Skol inhibits
transcription of several genes that are inducible by osmotic stress (Proft and
Serrano, 1999; Garcia-Gimeno and Struhl, 2000) by recruiting the general
corepressor complex Ssn6-Tupl. Release from Ssn6-Tupl repression in response
to osmotic stress requires direct phosphorylation of Skol by the Hogl MAPK
(Proft et al., 2001). Interestingly, Hogl phosphorylation switches Skol activity
from a repressing to an activating state, which involves recruiting of SWI/SNF
and SAGA complexes (Proft and Struhl, 2002). Recent genome-wide studies have
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demonstrated that yeast cells contain approximately 40 Skol target promoters in
vivo (Proft et al., 2005). Skol binds to a number of promoters for genes directly
involved in defense functions that relieve osmotic stress. In addition, Skol binds
to the promoters of genes encoding transcription factors, including Msn2 among
others. Lastly, Skol targets PTP3, one of the phosphatases that negatively
regulates Hogl kinase activity, and it is required for osmotic induction of PTP3
expression.

1.5.3.4. Msn2/Msn4

Msn2 and Msn4 are Cys,His, zinc finger proteins that activate the
expression of a number of stress-inducible genes (Martinez-Pastor et al., 1996;
Schmitt and McEntee, 1996). The MSN2 gene was selected as a multicopy
suppressor in a temperature-sensitive Snfl protein kinase mutant of
Saccharomyces cerevisiae. Msn2 is a Cys2His2 zinc finger protein related to the
yeast Migl repressor and to mammalian early growth response and Wilms'
tumor zinc finger proteins. Deletion of MSN2 caused no phenotype. Then, a
second similar zinc finger gene, MSN4, was isolated. Deletion of both genes
caused phenotypic defects related to carbon utilization.

Although often considered to be functionally redundant in part because
they activate gene expression through a common binding site, they are
differentially regulated and may play distinct roles under different environmental
conditions (Garreau et al., 2000; Gasch and Werner-Washburne, 2002).

Msn2/Msn4 are considered the main response element against several
stresses, such as glucose starvation, nitrogen starvation, heat shock or osmotic
shock (Estruch, 2000). Thus, Msn2/Msn4 activate a set of genes of general
protection to several stresses.

This general protective function has been recently related with aging: a
mild stress that activate Msn2/Msn4 make yeast to live longer, the lifespan is
extended (Medvedik et al., 2007). The molecular mechanism involved in this

delay in aging effect is an essential part of the work.

1.5.4 Regulation of Msn2/Msn4 activity.

Msn2/Msn4 activity is regulated basically by two mechanisms: the
subcellular localization and the nuclear degradation.
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1.5.4.1. Msn2/Msn4 localization.

Msn2/Msn4 activity is regulated by the subcellular localization of the
transcription factors, residing in the cytosol under standard growth conditions
and translocating to the nucleus under stressful conditions.

This translocation is controlled by their phosphorylation state (Gorner et
al., 1998). The phosphorylation is regulated by several signalling pathways.
These include the target of rapamycin (TOR) pathway (Beck and Hall, 1999), the
protein kinase C pathway (Heinisch et al., 1999; Nierras and Warner, 1999), the
protein kinase A pathway (Gorner et al., 1998), and the HOG pathway (Rep et
al., 2000). But the specific pattern of phosphorylations by the different pathways

remains unclear.
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Figure 6. A diagram for the regulation of Msn2 upon acute glucose depletion. Msn2 is
phosphorylated and inactivated by PKA during growth on glucose. Glucose depletion results in
Msn2 dephosphorylation by PP1-Glc7 and nuclear accumulation. Activation of STRE-driven
genes causes the rapid activation of Snfl kinase. It phosphorylates Msn2 again, promoting
nuclear entry of Msn2 (De Wever et al, 2005).
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It is known that Msn2 is phosphorylated and inactivated by PKA during
growth on glucose. Glucose depletion results in Msn2 dephosphorylation by PP1-
Glc7 associated with unknown regulatory subunit(s). Then Msn2 enters into the
nucleus, accumulate there and activate gene expression. It also causes the rapid
activation of the Snfl kinase. Cells adapt to the loss of glucose as the rising level
of Snfl kinase promotes nuclear entry of Msn2 (De Wever et al., 2005).

Hog1l activation localizes Msn2 to the nucleus, but a direct phosphorylation

of Msn2 by Hogl is not described (F. Posas, not published).

1.5.4.2. Msn2/Msn4 degradation.

Once in the nucleus, Msn2/Msn4 bind to their consensus site, called STRE
element. It consists on a core sequence CCCCT in either orientation and it is
usually found in two or more copies in front of Msn2/Msn4 target genes (Treger
et al., 1998; Moskvina et al., 1998).

During Msn2 nuclear localization, Msn2 protein levels drop significantly.
Moreover, Msn2 levels are also reduced under chronic stress or low protein
kinase A (PKA) activity, both conditions that cause a predominant nuclear
localization of Msn2 (Durchschlag et al., 2004). Similar effects were found in the
msn5A mutant, cells that block Msn2 nuclear export. A mutant form with alanine
substitutions in the PKA phosphorylation sites in Msn2, results in a similar effect
(Durchschlag et al., 2004).

The decrease in Msn2 protein levels is caused by the proteosome
(Durchschlag et al., 2004). In addition, Msn2 is efficiently ubiquitinated in vitro
by SCFP“*. Therefore, Msn2 should be ubiquitinated by SCF*°“* to be degradated
by the proteosome to regulate Msn2 activity (Chi et al., 2001).

1.6. UBIQUITINATION

1.6.1. Ubiquitination: definition and mechanisms.

Ubiquitin is a highly-conserved small regulatory protein that is

ubiquitously expressed in eukaryotes. Ubiquitination (or ubiquitination) refers to
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the post-translational modification of a protein by the covalent attachment (via
an isopeptide bond) of one or more ubiquitin monomers (Pickart et al., 2004).

The most prominent function of ubiquitin is labeling proteins for
proteasomal degradation. It happens when ubiquitin molecules are added on to
previously-conjugated ubiquitin molecules to form a polyubiquitin chain. If the
chain is longer than 4 ubiquitin molecules, the tagged protein is rapidly
degraded by the 26S-proteasome into small peptides, usually 3-24 amino acid
residues in length (Ciechanover et al., 2000; Thrower et al. 2000). Ubiquitin
moieties are cleaved off the protein by deubiquitinating enzymes and are
recycled for further use. Besides degradation function, ubiquitination also
controls the functionality and intracellular localization of a wide variety of
proteins (Muratani et al., 2003; Lipford et al., 2003).

The process of marking a protein with ubiquitin (ubiquitination or
ubiquitination) consists of a series of phases (Figure 7). The first one is the
activation of ubiquitin. Ubiquitin is activated in a two-step reaction by an E1
ubiquitin-activating enzyme in a process requiring ATP as an energy source. The
initial step involves production of a ubiquitin-adenylate intermediate. The second
step transfers ubiquitin to the E1 active site cysteine residue, with release of
AMP. This step results in a thioester linkage between the C-terminal carboxyl
group of ubiquitin and the E1 cysteine sulphydryl group (Chi et al., 2001).

Then, there is a transfer of ubiquitin from the E1 to the active site
cysteine of a ubiquitin-conjugating enzyme (E2) via a trans(thio)esterification
reaction (Chi et al., 2001; Pickart et al., 2004).

The last phase of the ubiquitination cascade requires the activity of one of
the hundreds of E3 ubiquitin-protein ligases (often termed simply ubiquitin
ligase). E3 enzymes possess one of two domains: the HECT (Homologous to the
E6-AP Carboxyl Terminus) domain; or the RING (Really Interesting New Gene)
domain (or the closely- related U-box domain) (Deshaies, 1999; Jackson et al.,
2000).

Once the E2, E3 and ubiquitin complex is formed, ubiquitin transfer can
occur directly from E2, catalysed by RING domain, or via an E3 enzyme, via its

HECT domain (Seol et al., 1999).
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Figure 7. Schematic diagram of the ubiquitination system. The ubiquitin molecule is
bound to an E1 ubiquitin-activating enzyme. Then, activated ubiquitin is transferred to the
E2 ubiquitin-conjugating enzyme. E3 ubiquitin-protein ligase interacts with both E2 and
substrate. Then, E2 is able to transfer the ubiquitin to the substrate. A substrate can be
ubiquitinated several times to turn into a polyubiquitinated protein. © Roger B. Dodd

1.6.2. The SCF complex.

Many key proteins of cell are targeted for degradation by a recently
described family of E3 ubiquitin protein ligases termed Skpl-Cdc53-F-box
protein (SCF) complexes (Hershko et al., 1998). SCF complexes physically link
substrate proteins to the E2 ubiquitin-conjugating enzyme Cdc34, which
catalyses substrate ubiquitination, leading to subsequent degradation by the
26S proteasome. SCF complexes contain a variable subunit called an F-box and
an invariant core complex composed of the subunits Cdc34, Skpl and Cdc53
(Willems et al., 1999).

F-box proteins are the substrate-recognition components of SCF ubiquitin-
protein ligases (Bai et al., 1996). F-box protein binds the SCF constant catalytic
core by means of the F-box motif interacting with Skpl. The substrates are

bound through the F-box variable protein—protein interaction domains (Bai et al.,
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1996). The large number of F-box is thought to allow ubiquitination of diverse

substrates. The most important F-box proteins are Cdc4, Grrl and Met4

(Willems et al., 1999) (Figure 8).
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Figure 8. Schematic diagram of the different SCF - E2 ubiquitin ligase complexes.
SCF complex has a constant part (formed by Skpl and Cdc53) and a variable part (formed
by the F-box protein). To recognize different substrates, there are several F-boxes, such as
Cdc4, Grrl or Met30.

SCF°“*is the prototype of the SCF family of ubiquitin ligases. SCF°“* was
initially defined by in vitro reconstitution (Feldman et al 1997, Skowyra et al
1997). CDC4 was first identified in budding yeast as a byproduct of a screen for
cell-division-cycle defective (cdc) mutations (Patton et al., 1998). It is now
known that the basis for the CDC4-mutant phenotype is the inability to
ubiquitinate and target the Cdk inhibitor Sicl for destruction, thereby blocking
the G1-S transition (Schwob et al., 1994).

There are two general classes of protein ubiquitin ligase mechanisms to
target a protein for destruction: APC/C and SCF (Reed et al., 2003). Whereas
substrate regulation by APC/C activity is intrinsic to the ligase itself (Visintin et
al., 1997), regulation of SCF activity is usually mediated by substrate
phosphorylation (Skowyra et al., 1997). Every substrate ubiquitinated by
SCF°“* has to be previously phosphoryated. For instance, in vitro studies
showed that Srb10 is the kinase responsible to phosphorylate Msn2 (Chi et al.,
2001).

1.6.3. Functions of ubiquitination

Many proteins have been described as substrates of SCF by a variety of

criteria, including stabilization or accumulation in mutants on SCF pathway,
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stabilization upon expression of dominant-negative F box proteins, and
reconstitution of SCF-dependent ubiquitination with either purified proteins or in
a crude system (Willems et al., 2004). These substrates represent a broad
spectrum of proteins that participate in a variety of cellular functions, including

regulation of CDK activity (by regulation of the Sicl Cdc28-CIb5 inhibition, see

Figure 9), activation of transcription, signal transduction, assembly of

kinetochores and DNA replication (Reed et al., 2003).
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Figure 9. Sicl evolution during the several cell cycle phases in S. cerevisiae. At early
G1, Sicl inhibits CIb5 + Cdkl activity. When G1 progress, Cln1/CIn2 + Cdkl complex
phosphorylates Sicl until Sicl is recognized by SCF-Cdc4. Then, Sicl is polyubiquitinated and
destroyed. It releases Clb5/Cdk1 activity, promoting the transition to S-phase.

1.6.3.1. Gene expression regulation by ubiquitination.

Two models for wunderstanding the role of posttranslational
(phosphorylation and ubiquitination) modifications and proteasome-mediated
degradation of activators in regulating their activity are shown: the “timer”
model (Conaway et al., 2002; Gonzalez et al., 2002) and the “black widow”
model (Muratani and Tansei, 2003).

The “timer” model assumes that activator monoubiquitination is a
necessary licensing event for high-level gene expression and that extension of
this modification into a K48-linked polyubiquitin chain would occur subsequently

(Conaway et al., 2002; Gonzalez et al., 2002). At least four ubiquitin molecules
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must be added to a protein to allow it to be recognized as a proteasome
substrate (Thrower et al., 2000). Therefore, the activator would have the time
required to go from one to four or more ubiquitins in which to drive gene
expression, after which it would be destroyed by the proteasome.

It would be the “predictive” proteosome role: when gene expression has
to stop, the transcription factor is destroyed. If there is no degradation, the
polyubiquitinated form of the activator would simply build up over time, and
gene expression would continue unabated. Here, the proteosome would have an
inhibitory role in gene expression.

However, recent publication (Lipford et al., 2005) showed that, in Gcn4
dependent genes, proteosome inhibition lead to gene expression inhibition.
Proteosome seems to have an activator role, at least for that activating factor.
To explain this data, the “black widow” model was proposed.

The “black widow” model suggests that activator polyubiquitination and
subsequent destruction is a necessary consequence of “mating” with the
polymerase holoenzyme (Muratani and Tansei, 2003). When the activator is
polyubiquitinated, it loses activity and, unless cleared by the proteasome, “gums
up the works.” Why a polyubiquitinated activator would be less active than the
monoubiquitinated form is unknown, but the important point is that, rather than
being essential for activation per se, proteasome-mediated degradation may be
required to eliminate an “exhausted” form of the activator that would otherwise
act as a competitive inhibitor of fresh activator. Without proteosome
degradation, transcription remains blocked.

It would seem impossible to reconcile all the apparently disparate data
described above into a new model to explain the regulation of a transcription
activator through its ubiquitination and degradation. The “second-generation
timer” model attempts to do it (Kodadek et al., 2006).

It focuses on the monoubiquitinated (and probably phosphorylated)
activator as the intermediate and acknowledges the fact that monoubiquitination
and subsequent extension into a polyubiquitin chain are two different chemical
events. These events can occur at different rates, involving the recently
discovered chain extenders (referred to as E4 ligases). Furthermore,
deubiquitinases (DUBs) are invoked as a potential mechanism to antagonize

chain growth. Finally, it assumes that the polyubiquitinated activator is poorly
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active for reasons unknown (Kodadek et al., 2006). The model proposes that, if
chain extension is efficient, the active period for the licensed monoubiquitinated
activator would be short and proteasome activity would be critical to remove the
inactive, polyubiquitinated molecule from the system and open the promoter to
“fresh” transcription factor. However, if chain extension were slow due to poor
activity of an E4 ligase or potent antagonism of extension by a DUB, the licensed
activator could function for a considerable period of time, the activator-promoter
complex would be long lived, and proteasome activity would be less important.
Given that different E3 and E4 ligases and DUBs presumably work on different
transcriptional activators, it seems reasonable to assume that the relative rates

of these events can vary widely for different activators (Figure 10).
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Figure 10. Scheme of the “"Second-generation timer” model. Ubiquitination is a dynamic
phenomenon, with different rates and proteins involved. If the transcription has to remain
active for a longer period of time, the activator must be kept monoubiquitinated.
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Msn2 is ubiquitinated by the SCF®°“* (Chi et al, 2001). Interestingly, if
Msn2 and Msn4 activity at the promoters was regulated by SCF°“*/proteosome,
mutations in these two complexes should result in an increased Msn2/Msn4 gene

expression. This has been addressed in this thesis.

1.7. REGULATION OF LIFESPAN.

Lifespan refers to the typical length of time that any particular organism
can be expected to live. In yeast, we can disinguish between two types of
lifespan: chronological lifespan and replicative lifespan (Maskell et al., 2003).

Chronological lifespan may be defined as the result of accumulation of
irreversible damage to intracellular components during extended stationary
phase, compromising cellular integrity and leading to death and autolysis
(Maclean et al., 2001). In contrast, replicative lifespan relates to the number of
divisions an individual cell has undertaken before entering a non-replicative
state termed senescence, leading to cell death and autolysis (Harris et al.,
2001).

In the budding yeast Saccharomyces cerevisiae, replicative lifespan is
measured by the number of divisions that a mother cell undergoes before
senescing (Medvedik et al., 2007). During yeast division, homologous
recombination between ribosomal DNA (rDNA) repeats produces
extrachromosomal rDNA circles, called ERCs (Sinclair et al., 1997). These ERCs
are toxic for the cell, through an unknown mechanism. After around 40

divisions, these ERCs reach lethal levels that kill mother cells (Figure 11).
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Figure 11. Process of ERC formation during replicative lifespan. In each division, rDNAs
recombinate forming extrachromosomal rDNA circles (ERC). ERC accumulation drives to yeast
death after 40 divisions.
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The aging process induced by ERC production can be delayed. This

phenomenon is called lifespan extension (Lin et al., 2000).

1.7.1. Lifespan extension

The restriction of energy intake or calories (called Calorie Restriction or
simply CR) has been shown to extend the maximum lifespan of almost every
species on which it has been tested, including rats, yeast, fruit flies, and
nematodes (Cerami, 1985; Masoro, 1989; Lin et al., 2000; Clancy et al., 2001;
Lin et al., 1997). In rodents, a roughly 30% maximum lifespan extension is seen
with a roughly 40% restriction of calories from what would be consumed by
freely-feeding animals (Masoro, 1989).

It has been discovered that lifespan also can be extended in a variety of
species by a direct inhibition of TOR signaling, including S. cerevisiae, C.
elegans, and D. melanogaster (Kaeberlein et al., 2005; Vellai et al., 2003;
Kapahi et al., 2004). TOR (target of rapamycin) is a nutrient-responsive
phosphatidylinositol-kinase-related kinase that regulates protein synthesis and
cell growth, and is inhibited by rapamycin (Wullschleger et al., 2006). The
molecular mechanism that extends lifespan extension throguh CR was described

few years ago and is the same mechanism for TOR.
1.7.2 Molecular mechanism of lifespan extension: Sir2.

CR has been demonstrated to extend lifespan by boosting the activity of a
large family of NAD-dependent deacetylase enzymes, named the sirtuins
(Guarente, 2000; Howitz et al., 2003; Wood et al, 2004). These proteins are
conserved from prokaryotes to eukaryotes. In yeast, the main member of this
family is Sir2 (Kaeberlein et al, 1999; Guarente, 2000).

The main function of Sir2 is to deacetylate histones in an NAD-dependent
manner: the loci regulated by Sir2 are hypoacetylated, and deletion of Sir2
results in a dramatic increase in the acetylation of the histones at these sites
(Fritze et al., 1997; Guarente, 2000).

Deacetylation of histones is a known mechanism for causing chromatin
condensation and transcriptional silencing; silencing gene expression occurs on

the telomeres, silent mating-type loci and rDNA (Bitterman et al. 2003). It is
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important to distinguish that Sir2 acts in two different complexes depending on
the region silenced. On telomeres or silent mating-type loci, Sir2 acts together
with Sir3 and Sir4, forming the SIR complex whereas, to silence the rDNA
region, Sir2 acts with the RENT complex (REgulator of Nucleolar silencing and
Telophase exit) that is composed by Sir2, Cdc14 and Netl (Figure 12) (Strahl-
Bolsinger et al., 1997; Huang et al., 2003).
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Figure 12. Elements involved on the two Sir2 complexes. SIR complex (Sir2 + Sir3 +
Sir4) silences mating loci and telomeres whereas the RENT complex (Sir2 + Cdc14 + Netl)
only is able to silence the rDNA region. © Danesh Moazed

The antiaging effect of Sir2 is exerted on the rDNA region (Bitterman et
al. 2003). There, the homologous recombination between ribosomal DNA (rDNA)
repeats results in the formation of extrachromosomal rDNA circles (ERCs) that
accumulate to toxic levels in mother cells. ERC accumulation induces aging in
yeast (Sinclair et al., 1997). Sir2 silencing suppresses the formation of this toxic
repetitive ribosomal DNA (rDNA) circles.

Because Sir2 protein levels do not increase in response to calorie

restriction (Anderson et al., 2002), lifespan extension must be due to an
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increase in Sir2 activity. Through upregulation of Sir2 activity, yeast increases

rDNA silencing and extends its lifespan.
1.7.3 Sir2 activity regulation: Pnc1.

Two models for how CR stimulates Sir2 activity were proposed: by the
increase either of NAD* or the NAD*:NADH ratio (Lin et al., 2000) or the
depletion of the nicotinamide (NAM), a product of the Sir2 reaction that inhibits
Sir2 in vitro and in vivo (Landry et al., 2000; Bitterman et al., 2002).
Manipulating genetically NAD* metabolic pathways, it is possible to increase
intracellular NAD"' levels and affect Sir2 activity (Anderson et al., 2002).
However, under aerobic conditions, the steady-state levels of NAD* do not
fluctuate greatly upon CR (Anderson et al., 2003a). Moreover, NAD" fluctuations
during CR negatively correlate with Sir2 activity (Anderson et al., 2003a). For
this reason, the levels of NAD" are unlikely to regulate Sir2 activity.

On the other hand, cells grown in medium containing 5 mM of NAM
showed a dramatically reduction in lifespan upon caloric restriction. In addition,
when cells grow without glucose, NAM levels decrease and Sir2 is more active
(Bitterman et al., 2002). Thus, NAM is the regulator of lifespan extension by
Sir2 activity.

The cellular levels of NAM are regulated by a protein called Pncl, a
nicotinamidase that converts nicotinamide to nicotinic acid in the NAD" pathway
(Anderson et al., 2003b; Gallo et a., 2004). PNC1 expression is regulated by
environmental stimuli that extend lifespan, such as heat, osmotic stress, low
amino acids, and CR (Medvedik et al., 2007). The pnclA strain did not exhibit an
extension of lifespan under either of these conditions, demonstrating that Pncl
is necessary for lifespan extension by calorie restriction and on response to low-
intensity stress (Anderson et al., 2003b; Gallo et a., 2004; Medvedik et al.,
2007). Under non-stressing conditions (2% glucose, 30°C), a strain with
additional copies of PNC1 lived 70% longer than the wild-type and some cells
lived for more than 70 divisions, which is the longest reported lifespan extension

in this organism (Anderson et al., 2003b).
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Therefore, Sir2 activity regulation is likely to go through PNC1 expression
(Figure 13). A polemic point was that, in absence of Sir2, some yeast strains
were able to continue extending lifespan under CR (Kaeberlein et al., 2004).
Thus, it could exist another mechanism in addition to Sir2. It has been
discovered that another NAD-dependent deacetilase, called Hst2, is able to make
the same function as Sir2 (Lamming et al., 2005). Thus, when Sir2 is deleted,

depending on the strain, Hst2 replaces Sir2.
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Figure 13. Schematic diagram of the regulation of Sir2 activity. Sir2 activity is inhibited
by nicotinamide. To increase Sir2 activity, cell expresses PNC1 which degrades nicotinamide.

1.7.4 Lifespan extension, Pncl and Msn2/Msn4: a tentative model.

It has been published recently that lifespan extension by CR is completely
MSN2/MSN4-dependent (Medvedik et al., 2007). Sites for the stress-responsive
zinc-finger transcription factors Msn2 and Msn4 have been identified in the PNC1
promoter (Ghislan et al., 2002). In addition, Msn2/Msn4 relocalize from the
cytoplasm to the nucleus during CR (Medvedik et al., 2007). PNC1 expression is
completely dependent on Msn2/Msn4 regulation in all the stresses described that
induce PNC1, such as CR, aminoacid starvation, and osmotic stress (Medvedik et
al., 2007).

Therefore, a tentative model for lifespan extension is that CR induces PNC1
through Msn2/Msn4 activation. Msn2/Msn4 activation by CR is mediated through
inhibition of Torl and PKA pathways, that leads to Msn2/Msn4 nuclear
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localization. Then, Pncl promotes NAM degradation and enhances Sir2 activity,
increasing rDNA silencing. The increased rDNA silencing diminishes ERC

formation and increases yeast longevity (Figure 14).
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Figure 14. Schematic diagram for the Msn2/Msn4-mediated lifespan extension. Under
caloric restriction, PKA or Tor pathways are inhibited and Msn2/Msn4 localize into the nucleus.
There, Msn2/Msn4 induce PNC1. Pncl degradates nicotinamide, enhancing Sir2 (and Hst2)
activity which leads to rDNA silencing and extended lifespan.

1.8. APOPTOSIS

1.8.1 Apoptosis in higher eukaryotes
Apoptosis is a form of programmed cell death (PCD) used by multicellular
organisms to eliminate excess, damaged or harmful cells. This process of cell

suicide is crucial for developmental morphogenesis, tissue homeostasis and

defense against pathogens (Jacobson et al., 1997; Vaux et al., 1999).
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Apoptosis involves a series of biochemical events leading to a
characteristic cell morphology and death. In more specific terms, apoptotic
events lead to a variety of morphological changes, including blebbing, changes
to the cell membrane such as loss of membrane asymmetry, cell shrinkage,
nuclear fragmentation, chromatin condensation, and chromosomal DNA
fragmentation (Kerr et al., 1972).

In contrast to necrosis, which is a form of traumatic cell death that results
from acute cellular injury, apoptosis, in general, confers advantages during an

organism's life cycle.

1.8.1.1. Apoptotic mechanisms.

The process of apoptosis is controlled by a diverse range of cell signals,
which may originate either extracellularly (extrinsic inducers) or intracellularly
(intrinsic inducers).

Extracellular signals may include hormones, growth factors, nitric oxide or
cytokines, and therefore must either cross the plasma membrane or transduce
to effect a response. However, the main extracellular activators are FAS and
TNFa. They bind to their receptors, transmit the signal to the cytoplasm and
activate the apoptotic cascade (Schmitz et al., 2000).

Intracellular apoptotic signalling is a response initiated by a cell in
response to stress, and may ultimately result in cell suicide. The binding of
nuclear receptors by glucocorticoids, heat, radiation, nutrient deprivation, viral
infection, and hypoxia are all factors that can lead to the release of intracellular
apoptotic signals by a damaged cell (Danial et al., 2004).

The intracellular apoptotic signals are always acting directly over the
mitochondria. From there, apoptotic signals are released. On the other hand,
extracellular signals can activate apoptosis both dependently (as an intracellular
effector) or independently from the mitochondria.

When apoptosis is caused through the mitochondria, mitochondria are
affected in different ways: forming membrane pores or increasing the
permeability of the mitochondrial membrane, allowing apoptotic effectors to leak
out (Dejean, L.M et al., 2006).

There are three main pro-apoptotic effectors released from mitochondria
into the cytosol: Cytochrome C, SMACs and AIFs. Cytochrome C is released from

mitochondria due to formation of a channel, called MAC, in the outer
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mitochondrial membrane . Once cytochrome c is released binds with Apaf-1, ATP
and pro-caspase-9 to create a protein complex known as apoptosome. The
apoptosome activates the apoptotic effectors caspase-3, 6 and 9. These
caspases are cysteine proteases which carry out the degradation of many
proteins in the cell (Dejean, L.M et al., 2006).

MAC is subject to regulation by various proteins, such as those encoded
by the mammalian Bcl-2 family of anti-apoptopic genes. Bcl-2 family proteins
are able to promote or inhibit apoptosis by direct action on MAC. Concretely,
Bcl-2, Bcl-XL, Bcl-w and Mcl-1 inhibit MAC formation whereas Bax, Bak and Bok
promote MAC formation (Dejean, L.M et al., 2006).

SMACs (second mitochondria-derived activator of caspases) bind to
inhibitor of apoptosis proteins (IAPs) and deactivate them, preventing the IAPs
from arresting the apoptotic process and therefore allowing apoptosis to
proceed. IAP also normally suppresses the activity of caspases. Therefore, the
caspase activivity is activated by both citochrome C and SMACs (Fesik et al.,
2001).

Finally, AIF (Apoptosis-inducing factor) is the last pro-apoptotic factor
released from the mitochondria. It is a protein that is normally located in the
intermembrane space of mitochondria. When AIF is released, migrates into the
nucleus, binds to DNA, and triggers the destruction of the DNA and cell death
(Candé et al., 2002).

1.8.1.2. Apoptosis execution: hallmarks and phases

Although many pathways and signals lead to apoptosis, there is only one
mechanism that actually causes the death of the cell in this process: after the
appropriate stimulus has been received by the cell, the cell will undergo the
organized degradation of cellular organelles by activated proteolytic caspases
(Fesik et al., 2001).

A cell undergoing apoptosis shows a characteristic morphology that can be
observed with a microscope. First, there is cell shrinkage and rounding due to
the breakdown of the proteinaceous cytoskeleton by caspases. The cytoplasm
appears dense, the organelles appear tightly packed, and the cell membrane
shows irregular buds known as blebs.

Chromatin undergoes condensation into compact patches against the

nuclear envelope in a process known as pyknosis, a hallmark of apoptosis. In
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addition, the nuclear envelope becomes discontinuous and the DNA inside it is
fragmented in a process referred to as karyorrhexis. The nucleus breaks into
several discrete chromatin bodies or nucleosomal units due to the degradation of
DNA. Finally, cell breaks apart into several vesicles called apoptotic bodies,

which are then phagocytosed (Hacker et al., 2000).

1.8.1.3. ROS and apoptosis.

Reactive oxygen species (ROS) include oxygen ions, free radicals, and
peroxides, both inorganic and organic. They are generally very small molecules
and are highly reactive due to the presence of unpaired valence shell electrons.

The main ROS productor mechanism in cell is electron transport chain and

oxidative phosphorylation, the mitochondrial processes by which ATP is
produced from acetyl-CoA. This process involves the transport of protons across
the inner mitochondrial membrane by means of the electron transport chain. In
the electron transport chain, electrons are transferred through a series of
proteins via oxidation-reduction reactions to an oxygen molecule to produce
water (Bouveris and Cadenas, 1982). However, in about 0.1-2% of the
transferred electrons within the chain, especially in the Ubiquinone complex,
oxygen is prematurely and incompletely reduced to give the superoxide radical
(+O2"). This superoxide produces hidroxil radical (-:OH), the most dangerous ROS
(Cadenas and Davies, 2000).
ROS levels are normally low, product of the normal metabolism of oxygen and
have important roles in cell signaling. However, during times of environmental
stress ROS levels can increase dramatically. This seems to be because an
uncoupling of the respiratory chain. It makes that electrons remain longer in the
ubiquinone complex, and, superoxide rate production increase (Cadenas and
Davies, 2000).

Superoxides, and especially hidroxil radicals, initiate lipid peroxidation
with the result that the fatty acid side chains of membrane lipids are altered and
results to membrane damage (Halliwell and Gutteridge, 1984).

Cells are normally able to defend themselves against ROS damage
through the use of enzymes such as superoxide dismutases and catalases. But

in stress situations, if too much damage is accumulated to the mitochondrial
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membrane, cell undergoes apoptosis or programmed cell death due to a

proapoptotic proteins release (Huang et al., 2000).
1.8.2 Apoptosis in yeast

There are recent studies that support that apoptosis might also occur in
unicellular organisms. In the yeast Saccharomyces cerevisiae, it has been
detected cell death with typical markers of apoptosis such as DNA fragmentation
and chromatin condensation (Madeo et al., 1997). Apoptosis has been observed
in aged cells (Laun et al., 2001; Herker et al., 2004), after heterologous
expression of human pro-apoptotic genes, such as Bax (Ligr et al., 1998), after
mild treatment with stress agents, after exposure to low doses of hydrogen
peroxide (Madeo et al.,1999), acetic acid (Ludovico et al., 2001), or a-mating-
type pheromone (Severin and Hyman, 2002). In many cases, affected cells
produce reactive oxygen species (ROS), which are responsible for apoptotic cell
death. Exposure to low doses of H,O, or accumulation of ROS by depletion of
glutathione induces apoptosis in wild-type yeast cells, indicating that, as in
metazoans, ROS are a key regulator of yeast apoptosis (Madeo et al., 1999).

In yeast, there are proteins relative of caspases called metacaspases and
paracaspases (Uren et al., 2000). Their homology to human caspases is not
restricted to the primary sequence, but extends to the secondary structure as
well. Metacaspases encompass a member in S. cerevisiae, Yor197w, also called
MCA1, which is cleaved and displays a caspase-like proteolytic activity which is
activated during the apoptotic process. Disruption of Yorl97w abrogates
hydrogen peroxide-induced apoptosis, whereas overexpression of Yorl97w
increases hydrogen peroxide-induced caspase-like activity and apoptosis.

Recently, other orthologs of key regulators such as the apoptosis inducing
factor, Aifl, (Wissing et al., 2004) have been observed in yeast. In addition,
evidence has been provided for Cytochrome C associated mitochondrial
involvement in yeast apoptosis. Ludovico et al. (2002) observed in yeast cells
undergoing apoptosis induced by acetic acid, cytochrome c release and

mitochondrial dysfunction.
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1.8.3 Apoptosis and high osmolarity in yeast.

In mammalian cells, hyperosmotic stress induces apoptosis and is
involved in several pathological states such as ischaemia, septic shock and
diabetic coma (Wright and Rees, 1998; Galvez et al., 2001). Moreover, during
hyperosmotic shock-induced cell death, several proteins are cleaved and
activated via a caspase-dependent mechanism which suggests the involvement
of ROS production in the induction of this process (Chan et al., 1999)

In S. cerevisiae, cell death induced by hyperosmotic stress is not a lytic
process and is temperature, aeration and growth phase dependent, indicating
that cells death maybe linked to a metabolic process. It seems an apoptotic
process as results in chromatin condensation, DNA strand breaks, ROS
production and preservation of plasma membrane integrity. In addition, deletion
of MCA1 reduced cell death in response to hyperosmotic stress (Ribeiro et al.,
2006).

Although metacaspase Mcal and Cytochrome C are key factors in the
yeast apoptotic process, it should be stressed that their absence only reduces
but not abolishes the apoptotic death indicating the existence of alternative

pathways.
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OBJECTIVES

Research in our group is focused on understanding the mechanisms by
which the stress-activated kinase Hogl regulates protective responses to
osmostress.

A sustained activation of Hogl is detrimental for cell growth. However,
the molecular mechanisms of this cell growth inhibition remained unknown. We
observed that mutants in the SCF*®“* complex were able to survive under
continuous Hog1l activation. Therefore, we aimed to investigate the mechanisms
by which SCF®“* mutation prevents the inhibition of cell growth induced by
Hogl.

The specific objectives of this PhD project were as follows:
(1) To characterize the molecular mechanism by which SCF*°“* prevents

inhibition of cell growth under sustained Hog1l activation.

(2) To identify the molecular basis by which Hogl inhibits cell growth.
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MATERIALS.

TABLE 1. Yeast strains. YAL strains have been generated during this work.

MATERIALS AND METHODS

Strain Genotype Source
W303-1a MATa ade2—1 ura3-1 leu2-3,112 trp1-1 | Standard wild-
his3-11,15 canl1 -100 type strain
CMY1035 MATa ade2-1 ura3-1 leu2-3,112 trp1-1 A gift from
his3-11,15 can1-100 cdc4-1 Mike Tyers.
KY441 MATa ade2-1 ura3-1 leu2-3,112 trp1-1 A gift from
his3-11,15 can1-100 cdc34-2 Mike Tyers.
KY442 MATa ade2-1 ura3-1 leu2-3,112 trp1-1 A gift from
his3-11,15 can1-100 cdc53-1 Mike Tyers.
KY553 MATa ade2-1 ura3-1 leu2-3,112 trp1-1 A gift from
his3-11,15 can1-100 skp1-11 Mike Tyers.
MATa ade2-1 ura3-1 leu2-3,112 trp1-1
YPC240 his3-11,15 can1-100 sin1::URA pGAL1- This lab.
PTP2
MATa ade2-1 ura3-1 leu2-3,112 trp1-1
YPC242 his3-11,15 can1-100 cdc4-1 sin1::URA This lab.
pGAL1-PTP2
MATa ade2-1 ura3-1 leu2-3,112 trp1-1
YAL62 his3-11,15 can1-100 msn2::NAT This study.
msn4::KANMX4
MATa ade2-1 ura3-1 leu2-3,112 trp1-1
YAL63 his3-11,15 can1-100 cdc4-1 msn2::NAT This study.
msn4::KANMX4
MATa ade2-1 ura3-1 leu2-3,112 trp1-1 .
YAL84 his3-11,15 can1-100 pncl::KANMX4 This study.
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Strain Genotype Source
YAL86 MATa ade2-1 ura3-1 leu2-3,112 trp1-1 This study.
his3-11,15 can1-100 cdc4-1 pncl::KANMX4
YAL80 MATa ade2-1 ura3-1 leu2-3,112 trp1-1 This study.
his3-11,15 can1-100 sir2::KANMX4
YAL81 MATa ade2-1 ura3-1 leu2-3,112 trp1-1 This study.
his3-11,15 can1-100 cdc4-1 sir2::KANMX4
YAL68 MATa ade2-1 ura3-1 leu2-3,112 trp1-1 This study.
his3-11,15 can1-100 hdaZ2::KANMX4
YAL69 MATa ade2-1 ura3-1 leu2-3,112 trp1-1 This study.
his3-11,15 can1-100 cdc4-1 hda2::KANMX4
YAL70 MATa ade2-1 ura3-1 leu2-3,112 trp1-1 This study.
his3-11,15 can1-100 hstl1::KANMX4
YAL71 MATa ade2-1 ura3-1 leu2-3,112 trp1-1 This study.
his3-11,15 can1-100 cdc4-1 hstl::KANMX4
YAL82 MATa ade2-1 ura3-1 leu2-3,112 trp1-1 This study.
his3-11,15 can1-100 sir4::KANMX4
YALS83 MATa ade2-1 ura3-1 leu2-3,112 trp1-1 This study.
his3-11,15 can1-100 cdc4-1 sird::KANMX4
YAL51 MATa ade2-1 ura3-1 leu2-3,112 trp1-1 This study.

his3-11,15 can1-100 hogl-as
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TABLE 2. Plasmid DNAs.

MATERIALS AND METHODS

Construction Description Source
) DD GAL1 promoter - PBS2°P in pYES2 A gift from
PYES-PBS2 (URA3) Haruo Saito.
_ GAL1 promoter - PTP2 in pCH1122 A gift from
PGALL-PTP2 (URA3) Haruo Saito.
} HOG1 promoter - HOG1 - GFP in This lab.
Hog1-GFP PRS416 (URA3)
PYMSN2-HA MSN2 promoter - MSN2 - 3xHA in A gift from

YCPlac111

Christoph Schiiller.

pADHIMSN2-HA

ADH1 promoter - MSN2 - 3xHA in

A gift from

YCPlac111 Christoph Schiiller.
TABLE 3. Oligonucleotides.
Oligonucleotides Sequence Used for
ChIP analysis
CTT1-7 GCCGATCCAGAAGGGTTATT (CTT1 promoter)
) ChIP analysis
CTT1-8 TGAGAAGCGTATGGGTGATG (CTT1 promoter)
) ChIP analysis
GRE2-1 ATTGGCCCTCACCTCTTTITG (GRE2 promoter)
GRE2-2 CCCGTTAGCACCTGAAACGA ChIP analysis
(GREZ2 promoter)




MATERIALS AND METHODS

Oligonucleotides Sequence Used for
TEL-2a AGTGCAAGCGTAACAAAGCC (Teclgife"’r‘i’lagziizn)
TEL-2b GCCTCACTGGTTTTTACCCT (Teclgife"’r‘i’lagziizn)
5CTT1 ATACTCAAGACCAGACGGCC North(ecr;‘_rt;'ocg;:)a'ygs
3CTT1 TTAATTGGCACTTGCAATGG North(eg;‘Tt;'ochfF“)a'YSis
SALD2 ATGCCTACCTTGTATACTG North(‘;rL“Dg'oé l:;‘)a'YSiS
3ALD2 TTAGTTGTCCAAAGAGAG North(i\rEDt;'OCS I;\Fn)alysis
SGRE2 ATGTCAGTTTTCGTTTCAGGTG North(gEEg'Oé I;l;\)alysis
3GRE2 TGCCCTCAAATTTTAAAATTTG North(eGr 2;2'05 s Q)alysis
S5ACT1 ATGGATTCTGGTATGTTCTAG North(i\rth;'Oé r? ;)alysis
3ACT1 TTAGAAACACTTGTGGTGAAC North(i\rth;'oct)sF”)a'ySis
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METHODS.

Growth in solid media.

Yeast cultures were grown to early log phase (ODgso = 0.6-1.0). Then 5
ul of culture diluted at ODg¢eg = 0.05 were spotted onto plates containing specific

media. Cell growth was scored after 3 days at 25°C.

Propidium iodide cell permeability assay

Yeast cultures were grown to early log phase (ODggo = 0.6-1.0) in minimal
medium containing raffinose. Then, cells were washed with minimal medium and
diluted to ODggp = 0.3 in minimal medium containing galactose. 300 pl of yeast
culture (ODggo = 0.3-0.8) were added to the same volume of a solution of PI (4
pug/ml propidium iodide in 50 mM sodium citrate) at indicated times and
incubated in the dark for 15 min at 4°C. Samples were diluted 10 times in 50
mM sodium citrate and PI fluorescence was measured in a FACScan flow
cytometer (Becton Dickinson and Company, Franklin Lakes, NJ]) in the FL3
channel. Each analysis was done on 10000 cells. Every 4 hours the cultures

were diluted again to a ODggo = 0.3 in minimal medium containing galactose.

Immunoblot analysis of Hogl and phosphorylated Hogl.

Yeast cultures were grown to early log phase (ODgg= 0.6-1.0). When
necessary, cells were either subjected to stress (0.4 M NaCl, indicated times) or
untreated. 1 ml of culture per sample was collected by 1 min of centrifugation at
13200 rpm. Supernatant was removed. Samples were resuspended in 100 pul of
SDS loading buffer, immediately boiled for 4 min, and resolved by SDS-10%
polyacrylamide gel electrophoresis. Threonine-Tyrosine-phosphorylated Hogl
was detected with Phospho-p38 MAPK (Thr180/Tyr182) rabbit monoclonal
antibody (Cell Signalling Technology Inc, Danvers, MA) at a dilution of 1:5000.
Total Hogl was detected with Hogl goat polyclonal antibody (Santa Cruz
Biotechnology Inc, Santa Cruz, CA) at a dilution of 1:10000. Immunoblots were
developed by using horseradish peroxidase-conjugated secondary antibodies
against rabbit (Amersham, GE Healthcare Life Sciences, Piscataway, NJ) or goat
(Santa Cruz Biotechnology Inc, Santa Cruz, CA) both at a dilution of 1:25000
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and an Amersham ECL kit (GE Healthcare Life Sciences, Piscataway, NJ). Probes
were removed from membranes by incubation at 65°C for 30 min in stripping
buffer (60 mM Tris-HCI| pH = 6.8, SDS 2%, 100 mM B-mercaptoetanol) prior to
incubation of the same membrane with another antibody.

Fluorescence microscopy.

Yeast cultures were grown to early log phase (ODgg=0.6-1.0). When
necessary, cells were either subjected to stress (0.4 M NacCl, indicated times) or
untreated. GFP was detected in unfixed cells with a Nikon (Garden City, NY)
Eclipse E600 epifluorescence microscope equipped with Hamamatsu C4742-98
camera (Hamamatsu Photonics, Shizuoka, Japan). Images were taken at 100x
maghnification and converted to Photoshop version 7.0 format (Adobe Systems,
Mountain View, CA).

Growth curves.

Yeast cultures were inoculated in 96-we|l plates at OD=0.001 in YPD
medium (control cells) and YPD + indicated concentrations of NaCl. Cell growth
was scored after 16 h at 25°C by measuring ODggo with a Microplate reader
Model 680 (Bio-Rad, Hercules, CA).

Northern blot analysis.

Yeast cultures were grown to early log phase (ODgeo = 0.6-1.0) . When
necessary, cells were either subjected to stress (0.4 M NacCl, indicated times) or
untreated. 15 ml of culture per sample was collected by 3 min of centrifugation
at 13200 rpm. Supernatant was removed. Samples were resuspended in 400 pl
of AE buffer (50 mM sodium acetate pH = 5.3, 10 mM EDTA pH = 8.0) plus 40 pl
of SDS 10% and 300 ul of phenol solution (SIGMA-Aldrich, St. Louis, MO).
Inmediately, samples were heated for 5 minutes at 65°C. Then, samples were
put on ice for 1 min, and 300 upl of chloroform were added. After 2 min. of
centrifugation at 13200 rpm, the aquose phase was recovered. Then, 400 pl of
chloroform were added to the aquose phase. After 2 min. of centrifugation at
13200 rpm, the aquose phase was recovered again. Then, 40 pl of sodium

acetate 3 M and 1 ml of ethanol were added to the aquose phase. The RNA was
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extracted by precipitation for 2 h at -20°C and a centrifugation for 20 min at
13200 rpm. The pellet was washed with ethanol 70%, and centrifuged 5 min at
13200 rpm, and resuspended in 50 pl of H,0 DEPC. 20 ug of total RNA per
sample were run in an 1% agarose gel by electrophoresis. RNAs were
transferred to a nylon membrane (Roche, Basel, Switzerland) by a Vacuum
blotter model 785 (Bio-Rad, Hercules, CA). Total RNA and expression of specific
genes were probed by using radiolabeled PCR fragments containing the entire
ORF of CTT1 (1.7 kbp), ALD2 (1.5 kbp), GRE2 (1.1 kpb) and ACT1 (1.4 kbp).
Signals were quantified by using a storage phosphor screen, a Typhoon 8600
phosphorimager and the ImageQuant software (Amersham, GE Healthcare Life

Sciences, Piscataway, NJ).

Chromatin immunoprecipitation.

Yeast cultures were grown to early log phase (ODgg=0.5-0.8) before
aliquots of the culture were exposed to osmotic stress treatment (0.4 MNaCl) for
the time specified in the figure legends. To crosslink, yeast cells were treated
with 1% formaldehyde for 20 min at room temperature. Reaction was quenched
by the addition of 125 mM glycine for 15 min at room temperature, and cells
were washed with TBS 1X (20 mM Tris-HCIl pH 7.5 and 150 mM NaCl) and frozen
at -20°C. Then, pellets were resuspended in 300 ul of lysis buffer (50 mM
Hepes-KOH pH 7.5, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium
deoxycholate, 1mM PMSF, 10 pg/ml aprotinin, 1ug/ml leupeptin, 1ug/ml
pepstatin and 1 mM benzamidine) and 300 pl of @=0.40-0.60 mm glass beads
(Sartorius AG, Goettingen, Germany) were added. Cells were broken by
vortexing for 13 min at 4°C in a Vortex-GENIE2 (Scientific Industries, Bohemia,
NY). Extracts were transferred to a new 1.5 ml microcentrifugue tube, sonicated
on ice with a Branson Digital Sonifier Model S-250D (Branson Ultrasonic
Corporation, Danbury, CT) and harvested by spinning at 3000 rpm for 2 min at
40C, At this time, 10 pul of extracts were taken as whole cell extract (WCE)
samples. 50 pl of DynaBeads Pan mouse IgG (Invitrogen Dynal AS, Oslo,
Norway), previously blocked with PBS/BSA 5mg/ml and incubated with 4 ug of
anti-HA antibody overnight at 4°C, were added to samples. Then, samples were
incubated for 2 h while rotating at 4°C, and washed with lysis buffer (twice),
lysis buffer plus 360 mM NaCl (twice), washing buffer (10 mM Tris-HCI pH 8.0,
250 mM LiCl, 0.5% NP-40, 0.5% Na-deocycholate and 1 mM EDTA) (twice), and
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once with TE 1X (10 mM Tris-HCl pH 8.0 and 1 mM EDTA). Samples were eluted
with elution buffer (50 mM Tris-HCI pH 8.0, 10 mM EDTA and 1% SDS) and
crosslinkings were reversed by placing eppendorfs at 65°C overnight. After that,
proteins were digested with Proteinase K (15 pl of 7 mg/ml) and Glycogen (6 ul
of 20 mg/ml) for 2 h, and eliminated using phenol:chloroform extraction. DNA
was precipitated with 4 pyl NaCl 5M/100 pl sample plus one volume of
isopropanol for 1 h at -20°C, harvested and resuspended in TE 1X. Quantitative
PCR analysis of stress genes and constitutively expressed genes with the
primers showed above (see table 3).

Immunoblot analysis of Msn2 degradation and Pncl accumulation.

Yeast cultures were grown to early log phase (ODgg= 0.6-1.0). When
necessary, cells were either subjected to stress (0.4 M NacCl, indicated times) or
untreated. 1 ml of culture per sample was collected and mixed with 300 pl of
TCA 85%. Cells were collected by 1 min of centrifugation at 13200 rpm. and
supernatant was removed. Then, cells were resuspended in 100 ul of TCA
loading buffer (20% SB 5X, 20% Tris 1.5 M pH = 8.8) and 300 ul of glass beads
were added. Cells were broken by 30 s at potency = 5 in the FastPrep-24 (MP
Biomedicals Inc, Irvine, CA). Samples were boiled 10 minutes at 100°C, and 10
pul of supernatant were run into SDS-10% polyacrylamide gel. Msn2-HA was
detected with anti-HA mouse monoclonal antibody (12CA5). Pncl was detected
with anti-Pncl rabbit polyclonal antibody (gift of Dr. D. Sinclair, Boston, MA) at
a dilution of 1:5000. Irnmunoblots were developed as described above, as well

as the probes removal.
Determination of SubG1 population by FACS.

Yeast cultures were grown to early log phase (ODggo = 0.6-1.0) in minimal
medium containing raffinose. Then, cells were washed with minimal medium and
diluted to ODggp = 0.3 in minimal medium containing galactose. 300 pl of yeast
culture (ODggo = 0.3-0.8) were fixed with 1 ml of 70% etanol for 1 hour. Then,
cells were centrifuged, supernatant was removed and cells were incubated in 1
ml of RNAase solution (0.1 mg/ml RNAase in 50 mM sodium citrate) at 37°C for
16 hours. Then, the same volume of a PI solution (4 pg/ml propidium iodide in

50 mM sodium citrate) was added and cells were incubated in the dark for 15
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min at 4°C. Samples were diluted 10 times in 50 mM so dium citrate and PI
fluorescence was measured in a FACScan flow cytometer (Becton Dickinson and
Company, Franklin Lakes, NJ) in the FL3 channel. Each analysis was done on
10000 cells. Every 4 hours the cultures were diluted again to a ODggg = 0.3 in

minimal medium containing galactose.

TUNEL assay adapted to flow cytometry.

In the standard protocol developed by Roche (In Situ Cell Death Detection
Kit, Roche, Basel, Switzerland), the cells are first fixed with paraformaldehyde
and then permeabilised with a TritonX-100 solution before incubation with
terminal transferase and fluorescein-dUTP. Carré et al. observed that these
steps could be skipped and that incubation with 70% ethanol was sufficient to
ensure cell membrane permeability to both enzyme and substrate. They set up a
shorter protocol described below that ensures a maximal labelling of fragmented
DNA (see below).

Yeast cultures were grown to early log phase (ODggo = 0.6-1.0) in minimal
medium containing raffinose. Then, cells were washed with minimal medium and
diluted to ODggo = 0.3 in minimal medium containing galactose. 2 ml of yeast
culture (ODggo = 0.3-0.8) were centrifuged (1000 g, 2 min), and resuspended
into 2 ml of Tris-HCI solution (0,02 M Tris + 0,01 M CaCl,; pH=7.4). This step
was repeated three times. Then, cells were resuspended and fixed with 1 ml of
70% etanol for 1 hour. Cells were centrifuged (1000 g, 2 min) and resuspended
into 1 ml PBS solution (0,002 M NaH,PO, + 0,02 M Na,HPO, + 0,154 M NaCl; pH
adjusted to 7.4 by HCI). This step was repeated five times. Finally, the pellet
was resuspended into 50 pl of TUNEL reaction mixture (In Situ Cell Death
Detection Kit, Roche, Basel, Switzerland) and incubated for 16 h at 37°C.
Samples were diluted 10 times in 50 mM sodium citrate and TUNEL fluorescence
was measured in a FACScan flow cytometer (Becton Dickinson and Company,

Franklin Lakes, NJ) in the FL1 channel. Each analysis was done on 10000 cells.

Tetrazolium overlay assay.

Yeast cultures were grown to early log phase (ODgeo = 0.6-1.0). Then 5

ul of culture were spotted onto plates containing specific media. After 16 h. of
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incubation at 25°C, an overlay was added to the plates. The composition of the
overlay medium was 1% glucose and 1.5% agar in 0.02 M phosphate buffer
pH=7, and 0.01% 2,3,5-triphenyl tetrazolium chloride solution (SIGMA-Aldrich,
St. Louis, MO). After cells were embedded with the overlay solution, plates were
incubated for 16 h at 25°C in the dark.
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RESULTS

4.1 Inhibition of cell growth by sustained Hogl activation is prevented

in SCF°“* mutants.

The Hogl pathway can be sustainedly activated by mutations that
inactivate the SInl osmosensor, by expression of constitutively active MAP3K
mutants or a constitutively active MAPKK mutant (PBS2°°) (Maeda et al., 1995;
Posas et al., 1997).

The sustained Hogl activation is detrimental to cell growth (Maeda et al.,
1994). For instance, cells with the deletion of SLN1 are not able to grow.
Inhibition of cell growth by sustained Hog1l activation is also observed when cells
carrying a hyperactive allele of the PBS2 MAPKK (PBS2°°) under the control of
the GAL1 promoter are grown in the presence of galactose.

We took advantage of the systems described above to induce a sustained
Hog1l activation to analyze inhibition of cell growth by Hogl. s/n1A cells carrying
a plasmid with the phosphatase PTP2 under the control of the GAL1 promoter
were grown on glucose or galactose plates at 25°C for 3 days. As we expected,
sln1A only grew on galactose, where PTP2 overexpression prevented Hogl
activation (Figure 1b). On the other hand, cells carrying a plasmid with PBS2°P
under the control of the GAL1 promoter were grown on glucose or galactose
plates at 25°C for 3 days. As we expected, cells grown on galactose, where
PBS2°P was expressed, were not able to grow (Figure 1a).

Inhibition of cell growth caused by inactivation of SIinl can be prevented
by mutations on downstream components of the Hogl pathway (i.e. SSK1,
SSK2, PBS2 and HOG1) (Wurgler-Murphy et al., 1997). However, mutations
downstream of Hogl that could suppress inhibition of cell growth due to
sustained activation of Hogl have not been identified. Only mutations at RCK2
or HOT1 have some residual preventive effect (Teige et al., 2001).

While carrying out studies on cell cycle control by the Hogl MAPK, we
realized that mutations on CDC4, the E3 ligase of the SCF°“* complex (see

introduction), suppressed the growth defect caused by PBS2°°

overexpression.
Thus, we tested whether mutations on the different components of the SCF
complex prevented inhibition of cell growth upon sustained Hogl activation. For
this, thermosensitive mutants cdc34-2, skp1-11, cdc53-1 and cdc4-1 carrying a
plasmid with PBS2°° under the control of the GAL1 promoter were grown on
glucose or galactose plates at 25°C for 3 days. As we expected, wild-type cells

carrying PBS2°° were not able to grow onto galactose, whereas the several
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mutants in SCF displayed an increase in cell survival (Figure 1a).

The preventive effect of CDC4 mutant was verified achieving sustained
Hog1l activation by s/in1A. sin1A pGAL1-PTP2 cells carrying or not a mutation in
CDC4 were grown on glucose or galactose plates at 25°C for 3 days. As shown
in Figure 1b, s/n1A cell growth was highly compromised on glucose plates.
However, sIn1A cdc4-1 strain grew on glucose almost to the same extent as on
galactose (Figure 1b). Taken together, PBS2°° and sini1A results clearly support
that SCF®** mutations prevent inhibition of cell growth by sustained Hogl

activation.

a \ b

GAL

pYES?2 + + pGAL1-PTP2
- + — + _— + _— + _ + DpYES2-PBS2™

Figure 1. Inhibition of cell growth by sustained Hogl activation is prevented by SCF*®“* and

thermosensitive mutants.

(a) Mutations on SCF°°“* complex prevent inhibition of cell growth due to PBS2°° expression. The
wild-type (W303) and indicated mutant strains carrying pYES or pYES-PBSZDD were spotted on
plates with glucose or galactose. Growth was scored after 3 days at 25°C.

(b) Mutation on cdc4-1 prevents inhibition of cell growth due to sIn1A. The sIn1A and sIin1A cdc4-1
strains carrying pGAL1-PTP2 were spotted on plates with glucose or galactose. Growth was scored
after 3 days at 25°C.

4.2. SCF°“ mutation prevents inhibition of cell growth by sustained

Hog1l due to a decrease in cell death.

A sustained Hogl activation leads to an inhibition of cell growth that
classically has been related to a lethal effect of Hogl activation (Maeda et al.,
1994). However, no data about whether sustained Hogl activation inhibits cell

growth by inducing cell death has been reported.
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To test whether inhibition of cell growth caused by sustained Hogl was
caused by an increase in cell death, we performed viability assays using FACS
analysis of propidium iodide (PI) cell permeability. As shown in Figure 2, wild-
type cells carrying a plasmid expressing PBS2"° under the control of the GAL1
promoter displayed a 45% of dead cells after 24 h of growth in galactose,
whereas wild-type cells carrying an empty vector displayed only 1% of dead
cells after 24 h of growth in galactose. Therefore, sustained Hogl activation
increases cell death. We also performed viability assays using FACS analysis of
propidium iodide (PI) cell permeability in cdc4-1 mutant cells. As shown in
Figure 2a, cdc4-1 cells carrying a plasmid expressing PBS2"° under the control
of the GAL1 promoter displayed 30% of dead cells after 24 h of growth in galac-

tose. Thus, SCF°“* mutation reduces cell death by sustained Hog1 activation.
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Figure 2. Sustained Hogl activation increases cell death. Wild-type and indicated mutant strains
were grown in liquid media with galactose as carbon source. Propidium iodide (PI) cell permeability
assay was measured by FACS at the indicated times.
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Taken together, our data support that inhibition of cell growth by
sustained Hogl activation is caused by an increase in mortality rate and that
SCFP“ mutant preventive is explained by a decrease in mortality rate caused

by sustained Hog1l activation.

4.3. SCF°“ mutants show an improved cell survival to osmostress.

The preventive effect of SCF®“* mutations over lethality by sustained
Hog1l activation prompted us to look for differences in the activation of the Hogl
MAPK pathway between a wild-type and a cdc4-1 mutant.

To analyze the Hogl phosphorylation, we performed Western Blot analysis
with antibodies against Hogl and phosphorylated Hog1l. Cells from wild-type and
cdc4-1 yeast strains stressed at 0.4 M NaCl were collected and analysed by
PAGE. As shown in Figure 3a, Hogl phosphorylation levels were not altered in a
cdc4-1 mutant.

Since signalling is not altered in a cdc4-1 mutant, we then tested the
nuclear import and export of Hogl. Fluorescence microscopy was used to
measure GFP-Hogl nuclear import and export at 0.4 M NaCl in a wild-type and a
cdc4-1 mutant. As shown in Figure 3b, GFP-Hogl nuclear import and export
were not altered in a cdc4-1 mutant. Taken together, Western blot and GFP-
Hogl data suggest that Hog1l signalling and localization are not the cause of the
preventive effect of SCF°“* mutations on the lethality caused by sustained Hogl
activation.

To characterize in more detail the effect of the Hogl pathway in SCF°“*
mutants, we performed a comprehensive growth analysis by dots of a full set of
SCF°“*mutants at several osmolarities. As shown in Figure 3c, cdc4-1, cdc34-
2 and cdc53-1 mutations did not reduce cell growth at high osmolarities.
Actually, cdc4-1, cdc34-2 and cdc53-1 mutants had an increased cell survival to
hyperosmotic shock. To confirm the cdc4-1 and cdc34-2 osmoresistance
observed on plates, we performed growth assays in liquid media analyzing
sensitivity to increasing NaCl concentrations. As shown in Figure 3d, cdc4-1 and
cdc34-2 showed increased cell viability when grown in salt. Therefore, although

FCDC4

Hogl signalling and localization seems to be not affected, SC mutants

display a certain osmoresistance.
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Figure 3. Hogl signalling and localization are not altered in SCF

SCF®P“* mutants are osmoresistant.

(a) Hogl phosphorylation is not affected in SCF
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mutants. Unexpectedly,

mutants. Wild-type and cdc4-1 strains were

subjected to an osmostress (0.4 M NaCl) at the indicated times. Hogl phosphorylation was
followed by immunoblotting using specific antibodies against phospho-p38 MAPK (Cell
Signalling) in whole cell extracts. Total Hogl was followed using specific antibodies against Hog1

(Santa Cruz).

(b) Hogl nuclear import/export is not affected in SCF

CDC4

mutants. Wild-type and cdc4-1 cells

carrying pRS416-GFP-Hogl were grown in minimal medium and subjected to an osmostress (0.4

M NaCl) at the indicated times. GFP proteins were visualized by direct fluorescence. Results

shown are from three independent assays.

(c) SCF®P“* mutations render cells osmoresistant. Wild-type (W303) and indicated mutant strains

were spotted on YPD plates with or without several NaCl and sorbitol concentrations. Growth was
scored after 3 days at 25°C.

(d) SCF®°“* mutations render cells osmoresistant. Wild-type (W303) and indicated mutant strains

were grown overnight in YPD liquid media with or without several NaCl concentrations. The OD

was monitored by spectrophotometry. Results shown are from three independent assays.

4.4 SCF®“* mutant shows increased Msn2 and Msn4 dependent gene

expression.

We were then interested in finding the mechanism responsible for the

preventive effect of SC

FCDC4

mutations on Hogl lethality. The increase on cell
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survival on high osmolarity in SCF-Cdc4 mutants suggested that SCF°“* was
regulating a downstream effector of Hog1l.

Recently, it has been reported that Msn2, a transcription factor under the
control of the Hogl MAPK is ubiquitinated in vitro by SCF°“* (Chi et al., 2001).
On the other hand, it has been also reported that SCF°“* mutation increases
gene expression (Conaway et al., 2002; Gonzalez et al., 2002). To test whether
Msn2 dependent gene expression was altered in a SCF®“* mutant, we
performed a Northern Blot analysis comparing expression of several stress-

FCDC4

responsive genes in a wild-type and SC mutant strains. As shown in Figure

FP“ resulted in cells with an increase in Msn2 and Msn4

4a, mutations in SC
dependent gene expression (i.e. CTT1 and ALDZ2) in response to mild osmostress
conditions (0.4 M NaCl), but not in other osmoresponsive genes such as GREZ2,
that depends on the Skol transcription factor, and without showing an increase
on general gene expression (i.e. ACT1).

To verify that Msn2 accumulation is responsible of increased Msn2 and

Msn4 dependent gene expression observed in SCF“P¢

mutants, we performed
ChIP analysis of Msn2 on wild-type and cdc4-1 strains carrying a plasmid with
Msn2-HA under the ADH1 promoter. We tested whether binding of Msn2 to
promoters increased in SCF*°“* mutants. Chromatin from a wild-type and a
cdc4-1 yeast strains was immunoprecipitated with antibodies against HA and
analyzed by PCR. As shown in Figure 4b, binding of Msn2 to the CTT1 promoter
increased in a cdc4-1 strain, whereas binding to the GRE2 promoter control, was
not detected (data not shown). The results observed by PCR were quantified by
Real Time PCR. ChIP analysis showed that binding of Msn2 to its promoters

FCDC4

increases upon osmostress in SC mutants. Thus, our data suggest that the

FCPC* mutants is

increased recruitment of RNA polymerase II to promoters in SC
due to an increased binding of Msn2.

To test that Msn2 enlarged recruitment to its promoters in a cdc4-1
mutant is due to a delayed ubiquitination and, therefore, inefficient degradation,
we performed Western Blot analysis to quantify Msn2 protein levels. TCA cell
extracts from a wild-type and a cdc4-1 yeast strains carrying a monocopy

plasmid with epitope tagged MSN2-HA under the ADH1 promoter were analyzed
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by Western Blot using antibodies against HA. As shown in Figure 4c, Msn2 levels
decreased slower in a cdc4-1 strain than in a wild-type strain. These data

FP4 mutant, and this is

support that Msn2 degradation is delayed in an SC
consistent with the observation that the presence of Msn2 to osmoresponsive

promoters in a cdc4-1 strain.
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Figure 4. cdc4-1 mutation increases Msn2 dependent gene expression.

(a) Mutation in the SCFCPe complex increases Msn2 and Msn4 dependent gene expression under
mild osmostress. Wild-type and the indicated mutant strains were grown to mid-log phase in rich
medium and treated with 0.4 M NacCl for the indicated times. Total RNA was assayed by Northern
blotting for CTT1, ALD2, GRE2 and ACT1 (as a loading control).

(b) Msn2 recruitment at osmoresponsive promoters increases in a SCF°*

mutant. Wild-type and
cdc4-1 cells carrying a monocopy plasmid with MSN2-HA under the ADH1 promoter were grown to
mid-log phase and treated with 0.4 M NaCl for the indicated times. Proteins were immunoprecipitated
with anti-HA antibody. Binding to CTT1 promoters was determined by Real Time PCR.

(c) Msn2 degradation is delayed in a cdc4-1 mutant upon osmotic stress. Wild-type and cdc4-1 cells
carrying a monocopy plasmid with MSN2-HA under the ADH1 promoter were grown to mid-log phase
and treated with 0.4 M NacCl for the indicated times.The presence of Msn2 was analysed using
monoclonal antibodies against HA. Hogl was monitored as a loading control using anti-Hogl

antibody.
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FCDC4

4.5 Prevention of Hogl induced lethality by SC mutations depends

on Msn2 and Msn4 transcription factors.

To confirm that Msn2 actually was responsible for recovery from sustained
Hogl activation, it should be expected that deletion of MSN2/MSN4 genes
inhibited the preventive effect of cdc4-1 on cell lethality upon sustained Hogl
activation. cdc4-1 and cdc4-1 msn2Amsn4A cells carrying a plasmid expressing
PBS2°° under the control of the GAL1 promoter were grown on glucose or
galactose plates at 25°C for 3 days. As shown in Figure 5a, deletion of
MSN2/MSN4 genes in cdc4-1 cells abolished cell growth upon PBS2°P
overexpression in cdc4-1 mutant. Therefore, Msn2 and Msn4 transcription
factors are essential for cell growth mediated by SCF®“ mutations to sustained
Hog1l activation.

We then tested whether overexpression of MSN2 in a wild-type strain was

able to mimic the preventive effect of SCF°“

mutations to sustained Hogl
activation. Wild-type and cdc4-1 cells carrying a monocopy plasmid expressing
MSN2 under the ADH1 promoter together with a plasmid with PBS2”° under the
control of the GAL1 promoter were grown on glucose or galactose plates at 25°C
for 3 days. As shown in Figure 5b, cells with PBS2°" cells overexpressing MSN2
had an increased cell survival when grown on galactose.

Taken together, our data supports that the preventive effect of SCF-°*
mutations over lethality by sustained Hogl activation depends on the presence

of Msn2 and Msn4 transcription factors.
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Figure 5. Suppresion of the lethality caused by sustained Hogl activation in SC mutants

depends on Msn2 and Msn4 transcription factors.

(a) msn2A and msn4A double deletion abolishes cell growth on a cdc4-1 mutant upon sustained
Hogl activation. Wild-type (W303) and the indicated mutant strains carrying pYES or pYES-
PBS2°° were spotted on plates with glucose or galactose. Growth was scored after 3 days at 25°C.
(b) MSN2 overexpression increases cell survival upon PBS2°° overexpression. Wild-type (W303)
and the indicated mutant strains carrying pADH1-MSN2 and pYES or pYES-PBS2"° were spotted

on plates with glucose or galactose. Growth was scored after 3 days at 25°C.

4.6 Prevention of Hogl induced lethality by SCF°“* mutations depends
on PNC1, a Msn2 and Msn4 target gene.

It has recently been reported that an element downstream of Msn2 and
Msn4 is the gene PNC1 (Medvedik et al., 2007). Increased expression of the
PNC1 gene, which encodes a nicotinamidase, extends yeast lifespan upon
caloric restriction and other mild stresses, including heat stress and osmotic

shock. The relationship between PNC1 gene expression levels and extended
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lifespan prompted us to analyze the levels of Pncl protein under sustained
Hog1l activation in a wild-type and a cdc4-1 mutant strains. As shown in Figure
6a, Pncl protein levels increased upon Hogl activation. Furthermore, Pncl
protein levels increased further in the cdc4-1 mutant compared to wild-type.

Then, we analysed PNC1 involvement in the preventive effect of SCF°
mutations on lethality by sustained Hogl activation. cdc4-1 pnclAcarrying a
plasmid expressing PBS2"° under the control of the GAL1 promoter were grown
on glucose or galactose plates at 25°C for 3 days. As shown in Figure 6b,
deletion of PNC1 in cdc4-1 cells carrying PBS2°P abolished cell growth on
galactose caused by cdc4-1. Thus, PNC1 is essential for the increased survival of

SCF“°“* mutants to sustained Hog1 activation.
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Figure 6. Suppression of the lethality caused by sustained Hogl activation in SCF mutants

depends on PNC1 gene expression.

(a) Hog1 activation leads to PNC1 induction that is enhanced in a cdc4-1 mutant. Wild-type and
cdc4-1 strains were grown to mid-log phase in minimal medium with raffinose, and shifted to
minimal medium with galactose, and then cells were collected at indicated times. The presence of
Pncl was analysed using polyclonal antibodies against Pncl, a generous gift of Dr. D. Sinclair.
Hogl phosphorylation was followed by immunoblotting using specific antibodies against phospho-
p38 MAPK (Cell Signalling) in whole cell extracts. Total Hogl was monitored as a loading control
using specific antibodies against Hogl (Santa Cruz).

(b) PNC1 deletion abolished prevention of Pbs2®® lethality by cdc4-1 mutation. Wild-type
(W303) and the indicated mutant strains carrying pYES or pYES-PBS2°° were spotted on

plates with glucose or galactose. Growth was scored after 3 days at 25°C.
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4.7 cdc4-1 suppression of Hogl induced lethality depends on SIR2, a
NAD* dependent deacetilase activated by PNC1.

In the lifespan extension pathway, Pncl acts upstream of Sir2 (see
introduction). If the role of PNC1 was to activate the lifespan extension pathway
to prevent cell death by sustained Hogl activation, it could be that its immediate
target SIR2 could be mediating cell growth in cdc4-1 mutants. Thus, we tested
whether a cdc4-1 sir2A carrying pYES-PBS2P° strain was able to grow on
galactose. For this, cdc4-1 sir2Acarrying a plasmid with PBS2°° under the
control of the GAL1 promoter were grown on glucose or galactose plates at 25°C
for 3 days. As shown in Figure 7a, cdc4-1 sir2A cells carrying PBS2°° were not
able to grow on galactose. Therefore, Sir2 is also essential for cell survival to
sustained Hog1 activation.

To establish the specificity of Sir2 deacetilase activity in cell survival to
sustained Hog1l activation, we tested whether the absence of other deacetilases,
in a cdc4-1 strain compromised cell growth upon PBS2°° overexpression. As
shown in Figure 7a, deletion of HDA2 or HST1 did not compromise cell growth of
a cdc4-1 strain expressing PBS2P°. This indicates that Sir2 deacetilase activity

has an specific role in the preventive effect of SCFP“*

mutations over lethality
by sustained Hog1l activation.

The requirement of SIR2 and PNC1 to mediate cell survival in a cdc4-1
upon sustained Hogl activation suggested but not fully confirmed the
involvement of the lifespan extension pathway. To discard the involvement of
the SIR complex rather than an specific role for Sir2, we tested whether a cdc4-
1 sir4A pYES-PBS2°P strain (see introduction) was able to grow on galactose. As
shown in Figure 7a, in contrast to sir2A, deletion of sir4A in cdc4-1 cells carrying
PBS2°" allowed the growth on galactose to the same extent as cdc4-1.
Therefore, the SIR complex is not involved in the preventive effect of SCF°“
mutations over lethality by sustained Hogl activation, but rather is a specific
effect of SIRZ2.

To support our genetic evidence linking SIR2 to cell survival in the cdc4-1
mutants, we tested whether resveratrol, a drug that induces Sir2 activity (see
introduction), was able to improve cell survival to sustained Hogl activation in a

wild-type strain. As shown in Figure 7b, wild-type cells carrying pYES-PBS2°°
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were able to grow on galactose plates when resveratrol was added. The increase
in cell survival due to resveratrol treatment depends on the presence of SIR2
because it is not observed in a sir2A strain. Correspondingly, resveratrol could
not promote growth in a cdc4-1 cells that carried a sir2A mutation. Therefore,
direct activation of Sir2 is able to prevent lethality by sustained Hog1l activation,
mimicking the effect of cdc4-1. Taken together, our data support that the

FCDC4

preventive effect of SC mutations on lethality by sustained Hogl activation

depends on the activation of the lifespan extension pathway.

a b
A & \‘J‘&

Q:b A~ Q'TJ i
¥ ¢ e o

+

- + - + - + - pYES2
+ - + - + - + pYES2-PBS2™ GLU
(KX XXX XX]-
L
aot w0? y “5{\ + - + - + — % - pYES2
0 A 0 A DD
\,g.“"' & \ﬂq_;::.“- & -+ - + - 4+ -+ pYES2-PBS2

+ - + - + - + - pYES2
- + - + - + _— + pYES2-PBS2™®

+ - + - pYES2
- + - + pYES2-PBS2™®

Figure 7. The lifespan extension pathway suppressed the cell death caused by sustained Hogl
activation.

(a) SIR2 deletion abolishes prevention of Pbs2°° lethality in a SCF°* mutant. Wild-type (W303)
and the indicated mutant strains carrying pYES or pYES-PBS2°° were spotted on plates with
glucose or galactose. Growth was scored after 3 days at 25°C.

(b) Resveratrol prevents Pbs2"° lethality in a SIR2 dependent manner. Wild-type (W303) and the
indicated mutant strains carrying pYES or pYES-PBSZDD were spotted on plates with glucose or

galactose containing resveratrol (5 uM). Growth was scored after 3 days at 25°C.
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4.8 SCF®“* mutation prevents Hogl-induced cell death by reducing

apoptosis.

Recently, it has been proposed that yeast extended lifespan by delaying
apoptosis (Hamann et al., 2008). Hence, we asked whether the cell-death
preventing effect of the lifespan extension pathway upon sustained Hogl
activation was due to an inhibition of cell death by apoptosis. To address this
question, wild-type and cdc4-1 mutant strains carrying a plasmid with PBS2°P
under the control of the GAL1 promoter were grown on galactose liquid media
and analysed for apoptotic hallmarks. Phenotypic apoptotic markers included the
appearance of SubG1l population of cells on flow cytometry sorting and DNA
breakage followed by TUNEL assay.

When DNA content is analysed by flow cytometry, a population of cells in
SubG1 indicates DNA degradation that appears when cells die. To detect a
SubG1 population formation, wild-type and cdc4-1 mutant cells carrying pYES-
PBS2°° were grown to log-phase in raffinose, and 2% galactose was added for
24 hours to express PBS2°°. Then, cells were processed for detection of SubG1
peak by FACS (see Materials and methods). As shown in Figure 8a, wild-type
carrying pYES-PBS2°° showed a SubG1l peak that includes 17.5% of the

population, whereas cdc4-1 carrying pYES-PBS2°°

cells showed a SubG1l peak
that includes only 9% of the population.

To detect yeast cells with DNA single-strand breaks, we employed the
TUNEL assay (see Materials and methods). The TUNEL assay detects DNA with
free 3’ ends generated by chromosome fragmentation by attaching labelled
nucleotides with a terminal deoxinucleotydil transferase. Wild-type and cdc4-
1 mutant cells carrying pYES-PBS2°° were grown to log-phase in raffinose, and
2% galactose was added for 24 hours to express PBS2°" as before. Cells were
processed by TUNEL assay and detected by FACS. As shown in Figure 8b, wild-

2DD

type carrying pYES-PBS cells grown on galactose for 24 hours showed a
15.2% of TUNEL-positive cells (fluorescence increased in the FLH1 filter),

whereas cdc4-1 cells showed only 8% of TUNEL-positive cells.
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Therefore, our data suggest that cell death by sustained Hogl activation
is due to an induced apoptosis. Moreover, cdc4-1 displays reduced cell death

under sustained Hogl activation.
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Figure 8. cdc4-1 mutation prevents apoptosis induced by sustained Hogl activation.

(a) SubG1 population is reduced in cdc4-1 mutant cells. Wild-type and cdc4-1 mutant cells carrying
PYES-PBS2°® were grown to log-phase in raffinose and 2% galactose was added for 24 hours to
express PBS2°° and analysed for SubG1 population by FACS. Data shown are representative of 3
independent experiments with similar results.

(b) Cells containing DNA single strand breaks are reduced in cdc4-1 mutant cells. Wild-type and
cdc4-1 mutant cells carrying pYES-PBS2P° were grown to log-phase in raffinose and 2% galactose
was added for 24 hours to express PBS2°°, processed for the TUNEL assay and analysed for
presence of cells with single-strand DNA breaks by FACS. Data shown are representative of 3

independent experiments with similar results.
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4.9 Cell death caused by sustained Hogl activation might be caused by
increased ROS levels.

The fact that ROS formation can trigger apoptosis under several stimuli
prompted us to analyze whether ROS could mediate cell death upon sustained
Hogl activation. We tested whether in the absence of O,, an environment on
which where cells are unable to accumulate ROS, wild-type cells did not suffer
cell death upon sustained Hogl activation. For this, wild-type and cdc4-1 cells
carrying a plasmid with PBS2”° under the control of the GALI promoter were
grown on glucose or galactose plates at 25°C for 3 days under anaerobiosis by
placing them inside an hermetic jar with a Mikrobiology Anaerocult A (Merck,
Darmstadt, Germany). As shown in Figure 9a, in plates incubated under
anaerobiosis, wild-type cells carrying pYES-PBS2°° were able to grow on
galactose as efficiently as wild-type cells carrying pYES empty vector. This
suggests that inhibition of ROS formation is able to prevent cell death under
sustained Hogl activation. It still exists the possibility that an inhibition of
respiration by anaerobiosis could also be involved in preventing cell death.

Thus, to confirm that a decrease in ROS levels and not inhibition of

respiration was mediating cell growth in SCF°**

mutant cells, we tested whether
cell viability of cdc4-1 mutant cells under sustained Hog1l activation was affected
by antimycin A treatment. Antimycin A binds to the Qi site of Complex III,
inhibiting the oxidation of ubiquinol in the electron transport chain, ultimately
preventing the formation of ATP but promoting the formation of large quantities
of ROS. For this, wild-type and cdc4-1 cells carrying a plasmid with PBS2°P
under the control of the GAL1 promoter were grown on glucose or galactose
plates treated with antimycin or not at 25°C for 3 days. As shown in Figure 9b,
when cells were treated with antimycin, neither wild-type nor cdc4-1 mutant
cells expressing PBS2°° were not able to grow on galactose plates. Therefore,
inhibition of the respiratory chain does not prevent cell death under sustained
Hogl activation. Moreover, ROS formation induced by antimycin treatment
avoids the preventive effect the cdc4-1 mutation.

To discard that an increase in ROS levels and not the inhibition of ATP
formation is avoiding cdc4-1 preventive effect, we tested whether cell viability of
cdc4-1 mutant cells under sustained Hogl activation was affected by
dinitrophenol treatment. Dinitrophenol uncouples mitochondrial ATPasse

ultimately preventing the formation of ATP without promoting the formation of
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ROS. For this, wild-type and cdc4-1 cells carrying a plasmid with PBS2°° under

the control of the GAL1 promoter were grown on glucose or galactose plates

treated with dinitrophenol or not at 25°C for 3 days. As shown in Figure 9c,

when cells were treated with antimycin, cdc4-1 mutant cells carrying pYES-

PBS2°° were able to grow on galactose plates. Therefore, an inhibition of ATP

formation has no effect on the suppression of cell death under sustained Hogl

activation in the cdc4-1 mutant. Taken together, our data suggest that inhibition

of ROS formation is critical to prevent cell death under sustained Hogl

activation.
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Figure 9. Inhibition of ROS formation
prevents cell death under sustained Hogl
activation.

(@) Anaerobiosis prevents cell death
under sustained Hogl activation. Wild-
type (W303) and cdc4-1 mutant strains
carrying pYES or pYES-PBS2°° were
spotted on plates with glucose or
galactose. Growth was scored after 3 days
at 25°C.

(b) Antimycin does not prevent cell death
under sustained Hogl activation and
avoids the preventive effect of SCF°P%*
mutant. Wild-type (W303) and cdc4-1
mutant strains carrying pYES or pYES-
PBS2°° were spotted on plates with
glucose or galactose treated or not with
antimycin (2.5 pg/ml). Growth was scored
after 3 days at 25°C.

(c) Inhibition of ATP formation by
dinitrophenol treatment does not affect cell
death under sustained Hogl activation.
Wild-type (W303) and cdc4-1 mutant
strains carrying pYES or pYES-PBS2°°
were spotted on plates with glucose or
galactose treated or not with dinitrophenol
(25 pg/ml). Growth was scored after 3
days at 25°C.



RESULTS

4.10 Inhibition of mitochondrial respiration by Hogl as a mechanism of

apoptosis induction.

It is kown that a mechanism to increase ROS levels and to induce
apoptosis is to inhibit mitochondrial respiration (Pelicano et al., 2003). Thus, we
tested whether mitochondrial respiration was affected in high osmolarity by
Hogl activity. We performed a triphenyl tetrazolium overlay analysis with wild-
type or ATP analogue sensitive Hogl (hoglas) mutant cells grown in plates with
or without salt (0.8 M NaCl). This assay allows to monitor the activity of
mitochondrial respiration (Kobayashi et al., 1974). As shown in Figure 10,
tethrazolium chloride was not reduced to a red color when cells were grown in
high osmolarity in contrast to cells grown in the absence of osmostress. We then
tested whether inhibition of the Hogl MAPK prevented inhibition of mitochondrial
function. As shown in Figure 10, when the specific inhibitor for hoglas called
NMPP1 was added, cells were able to reduce tethrazolium chloride even in the
presence of salt. Therefore, Hogl activity is sufficient to inhibit the mitochondrial
respiration in response to osmotic stress. This could be the mechanism that
leads to ROS formation and induces apoptosis under sustained Hog1l activation.

.36
'50'5 9‘

ll Il s

+ 0.8 M NaCl

Figure 10. In response to high osmolarity, mitochondrial respiration is inhibited. The wild-type and
hoglas mutant strains were spotted on YPD plates with or without NaCl and in the presence or
absence of a hogl-as inhibitor called NMPP1 (5 uM). Cells grew overnight at 25°C, and then,
tetrazolium chloride was added as an overlay. Pictures were taken 12 h. after the addition of
tetrazolium chloride.
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DISCUSSION

Mutations on the SCF“°“ complex prevent inhibition of cell growth

caused by sustained Hog1 activation.

Modulation of Hogl activation is essential to respond to enviromental
changes without compromising cell growth. However, sustained Hogl activation
inhibits cell growth. No mutations downstream of Hogl have been identified that
could suppress inhibition of cell growth due to sustained activation of Hogl. Only
mutations in RCK2 or HOT1 have some residual preventive effect. Here, we have

found that mutations in the SCF®P¢*

complex are able to prevent inhibition of cell
growth caused by sustained Hog1 activation.

SCF®“* is a multisubunit protein complex involved in the
polyubiquitination of several proteins, mainly cell cycle regulators, such as Sicl,

FCDC4

and transcription factors, such as Gecn4 or Msn2. At present, SC complex is

essential for cell viability. For this reason, we employed SCF°“* thermosensitive

FCPC4 mutants was

mutants. Notably, the reversion of Hogl lethality by SC
observed at permissive tempearature (25°C). Therefore, = SCF°“
thermosensitive mutants are not completely functional at 25°C.

Inhibition of cell growth by sustained Hogl activation was described at
early 90’s since Hogl pathway was described (Maeda et al., 1994). However,
the mechanism by which sustained Hogl activation inhibited cell growth
remained completely unknown. Here, we have found that sustained Hogl
activation leads to a high degree of cell death. Therefore, inhibition of cell
growth under sustained Hog1 activation is due to an increase in cell mortality.

Interestingly, we have found that SCF*°“* mutation showed a reduced
percentage of dead cells when compared to wild-type. Thus, the preventive
effect of SCF°“* mutation is a consequence of the reduction in cell mortality

under sustained Hogl activation.

cdc4-1 mutation does not affect Hogl signalling nor localization but

leads to cells with increased osmoresistance.

No relationship between SCF*®“* and the Hogl pathway had been
described before. Here we have found that mutations in SCF°“* interfere

somehow with the HOG pathway response. An initial hypotesis was that SCF°*
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mutations could inhibit signaling on the Hogl MAPK pathway to increase cell
survival upon sustained Hogl activation. However, we observed that SCF°
mutant cells have proper Hog1l signalling and localization of the MAPK when cells
are exposed to osmostess. However, it is worth noting that SCF®“* mutants
were more osmoresistant than wild-type cells which suggested that the HOG
responses were somehow hyperactive in these mutant strains.

The osmoresistance observed in SCFP¢*

mutants prompted us to look for
a mechanism induced by the Hogl MAPK that prevented cell death, and that, in
addition, was inhibited by SCF°“*. We have found that lifespan extension
pathway is an excellent candidate: a) Lifespan extension pathway is activated by
osmotic stress; b) Lifespan extension pathway is involved in prevention of cell
death; c) This pathway is activated by Msn2 and Msn4 dependent gene
expression, two transcription factors under the control of Hogl; d) SCF®°“*
inhibits gene expression by ubiquitination of several transcription factors; e)
Msn2 is ubiquitinated by SCF°“ in vitro. Taken together these five
observations, we proposed the following hypothesis: in a SCF®“* mutant, cell
death by sustained Hogl activation was prevented by a lifespan extension

pathway hyperactivation due to an increased Msn2 and Msn4 gene expression.

Msn2 and Msn4 dependent gene expression increases in a SCF°™

mutant strain.

Initially, we analyzed gene expression in a cdc4-1 mutant strain compared
to a wild-type strain to verify the hypothesis stated above. We have found by
Northern Blot analyses that Msn2 and Msn4 dependent gene expression is
clearly increased in a cdc4-1 mutant strain. Correspondingly, ChIP analyses
have shown that an increase in Msn2 and Msn4 dependent gene expression
correlates to an enhanced Msn2 binding to stress-response promoters in the
cdc4-1 mutant.

Recently, it has been suggested that a transcription factor remains bound
to its promoter until the transcription factor is polyubiquitinated (Kodadek et al.,
2006). Moreover, a delay in polyubiquitination would result in an increase in
FCDC4

gene expression. Therefore, enhanced Msn2 promoter binding in the SC

mutant could be due to a delay in Msn2 polyubiquitination. We have not been
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able to detect Msn2 ubiquitinated forms to confirm the delay in ubiquitination in
the SCF®“* mutant strain (data not shown). However, we have observed by
Western Blot analysis of Msn2 levels a reduced degradation of Msn2 upon stress
in the cdc4-1 mutant that suggests a delayed Msn2 polyubiquitination.

Thus, we can conclude that, in the cdc4-1 mutant, Msn2 is degraded
slower, suggesting a delayed polyubiquitination. Then, Msn2 accumulation
results in an enhanced Msn2 promoter binding and an increased Msn2 and Msn4
dependent gene expression. Therefore, SCF°“* polyubiqutylation has an

inhibitory role in Msn2 and Msn4 dependent gene expression.

Msn2/Msn4 as a model for gene regulation by destruction of a

transcriptional activator.

The inhibitory role of SCF*®“* in Msn2 and Msn4 dependent gene
expression is a notable discovery since there is a certain amount of contention
about degradation of transcription activators and gene expression regulation. It
is not fully understood why for some transcription factors, such as Gcn4,
ubiquitination and proteosomal degradation are necessary to allow for proper
gene expression, whereas other activators, such as Gal4, do not depend on
degradation (Lipford et al., 2005).

A third model has arose to explain these observations. This is called the
“second generation timer” model and it is based on one main concept: a
transcription factor is active only when it remains monoubiquitinated. When a
transcription factor is polyubiquitinated, then it becomes inactive and it needs
to be degraded to allow a new active protein be bound to the promoter
(Kodadek et al., 2006).

To understand the mechanism underlying the different transcription
factors, the “second generation timer” model suggests that they might have
different polyubiquitination kinetics. For instance, if a transcription factor is
polyubiquitinated very slowly, it is never inactive. Therefore, it does not need to
be removed and gene expression is not affected by mutations that reduce
degradation or polyubiquitination (i.e. Gal4). In contrast, if a transcription factor
is ubiquitinated rapidly, then it is inactivated after a few transcription rounds.
The non-functional factor has then to be degraded to restart transcription, or

transcription would be blocked (i.e. Gecn4).
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A transcription factor whose activity was inhibited when proteosomal
degradation was inhibited but enhanced when polyubiquitination was inhibited
would confirm the “second generation timer”. However, this transcription factor
has not yet been found. Gal4 dependent gene expression is not affected by
inhibition of degradation whereas Gcn4 dependent gene expression is blocked by
inhibition of proteosomal degradation (Lipford et al., 2005). Unexpectedly, a
decrease of Gcn4 polyubiquitination completely blocks gene expression instead
of increasing it (Lipford et al., 2005). Classically, it has been thought that
inhibition of degradation should cause protein accumulation and gene expression
enhancement. But we know that probably an inhibiton of degradation will cause
a block in gene expression.

Our first observations about Msn2 and Msn4 would suppot the “second
generation timer” model to explain how the cell regulates transcription factor
activity through protein polyubiquitination and degradation. We have described
an enhancement of Msn2 and Msn4 dependent gene expression due to a
mutation on a polyubiquitination complex that leads to slower Msn2 degradation.
In the future, we will test whether an inhibition of degradation inhibits Msn2 and
Msn4 dependent gene expression to confirm, or not, the “second generation

timer”.

Msn2 and Msn4 accumulation prevents cell death upon sustained Hog1

activation.

The increased Msn2 and Msn4 dependent gene expression observed in
mutants on SCF°“* cells suggested that Msn2 and Msn4 should be critical to
suppress Hogl sustained activation.

The dramatical reduction of SCFP“*

mutation preventive effect by deletion
of MSN2 and MSN4 suggested that both transcription factors were involved in
the increased cell survival under sustained Hogl activation. MSNZ2
overexpression assays confirmed that an Msn2 accumulation increases
resistance to cell death upon sustained Hog1l activation.

Therefore, our data suggest that Msn2 and Msn4 accumulation is able to
prevent cell death upon sustained Hog1l activation by increasing Msn2 and Msn4

dependent gene expression.
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PNC1 overexpression in SCF°“ mutants prevents cell death upon

sustained Hog1 activation.

Activation of PNC1 gene expression by Msn2 and Msn4 transcription
factors is a critical step on the lifespan extension pathway. An increased PNCI1
expression prevents cell death. We have found that, indeed, PNC1 expression is

FCPC* mutant

induced upon Hogl activation and the induction is stonger in a SC
compared to wild-type. Moreover, the dramatic reduction of the preventive
effect of the SCF®“* mutation observed by deletion of PNC1 confirmed that

PNC1 is involved in the increased cell survival upon sustained Hog1l activation.

Sir2 hyperactivation prevents cell death upon sustained Hogl

activation.

PNC1 overexpression leads an extension in the yeast lifespan due to a
reduction of nicotinamide, a natural inhibitor of the NAD* dependent deacetilase
Sir2 (Anderson et al., 2003b). Hyperactivation of Sir2 leads to rDNA silencing,
the mechanism that finally extends lifespan (Bitterman et al., 2003). Therefore,
Sir2 effect over rDNA is the key element of lifespan extension pathway.

Here we have shown that, as for PNC1, deletion of SIR2 results in a
dramatic decrease of SCF*°“* mutant preventive effect on Hogl induced cell
death. The deletion of other deacetilases did not reduce the preventive effect of
the SCF®“* mutation on Hogl induced cell death, and thus, Sir2 deacetilase
activity is specifically required. In addition, we have shown that, as in the
lifespan extension pathway, suppression of silencing in HMLs and telomeres is
not important.

Resveratrol, a compound that induces Sir2 activity, also increases cell
survival under sustained Hogl activation, which confirms the relevance of Sir2
hyperactivation in preventing cell death under sustained Hogl activation.
Interestingly, resveratrol does not reach the increase in cell survival of a cdc4-1
strain. This is due to resveratrol is a chemical inducer of Sir2 activity that
enhances Sir2 affinity for its substrates as a maximum of two fold.

Taken together, the results from the genetic and chemical analyses of the
lifespan extension pathway elements - Msn2/Msn4, Pncl and Sir2 - strongly
indicates that the lifespan extension pathway is involved in prevention of cell

death under sustained Hog1l activation by the cdc4-1 mutation.
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Continuous Hogl1l activation leads to apoptosis.

The mechanism underlying the lifespan extension pathway to delay
replicative aging remains unknown. However, recent reports have suggested
that lifespan could be limited by an apoptotic process (Hamann et al., 2008). For
instance, yeast metacaspase deletion slightly increases lifespan (Madeo et al.,
2002). Therefore, an activation of the lifespan extension pathway by, for
instance, caloric restriction, could delay apoptosis.

The fact that the lifespan extension pathway is required to decrease cell
death under sustained Hog1l activation suggested that sustained Hog1l activation
could induce apoptosis. Detection of a SubG1l population by FACS, that
represents cells that have lost part of their DNA usually indicates apoptosis.
Here we have shown by FACS analysis that sustained Hogl activation induces
the appearance of a SubG1 population up to 17% of the total population after
24 h of Hogl induction. TUNEL analysis confirmed that indeed sustained Hogl
activation leads to a nuclear single-strand DNA breakage, a typical apoptotic
pattern, that appears at 15% of the population after 24 h of Hogl induction. It
is worth noting that both methods, SubG1l and TUNEL analyses, showed that
around 15% of the population underwent apoptosis after 24 h of Hog1l induction.

The observation that sustained Hogl activation induces apoptosis is
notable, since it is the first time that apoptosis induced by the direct activation
of a MAPK is described in yeast. In mammalian cells, the requirement of some
MAPKs, as p38 or IJNK, to induce apoptosis under stress conditions have been
described (De Zutter et al., 2001; Oskouian et al., 2006).

SCF°“ mutation prevents apoptosis induced by sustained Hogl

activation.

SubG1l and TUNEL analyses showed that cdc4-1 mutation reduces the
percentage of apoptotic cells to half. We have previously demonstrated that
SCFP“ mutation prevents cell death due to a hyperactivation of the lifespan
extension pathway. Therefore, taken together our data support the hypothesis
that the lifespan extension pathway prevents apoptosis.

The effects of the lifespan extension pathway in aging prevention has also

been observed in higher eukaryotes, such as C.elegans, D. melanogaster, and
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mouse (Cerami, 1985; Masoro, 1989; Lin et al., 2000; Clancy et al., 2001; Lin
et al., 1997). Surprisingly, the lifespan extension pathway activation also
showed protective effects in other degenerative pathologies, such as diabetes or
Alzheimer (Milne et al., 2007). Our results could bring some light in the
protective effect of lifespan extension pathway in stop aging and degenerative
pathologies.

It has been recently suggested that Alzheimer or diabetes could be
mediated by inflammatory response that leads to apoptosis of affected cells
(Bordone et al., 2007). Classically, activation of MAPKs, and specially p38 (the
human homolog of Hogl), has been related to inflammatory processes (Han et
al., 2001). We have observed that activation of the lifespan extension pathway
prevents apoptosis induced by sustained MAPK activation. Therefore, we
propose the following mechanism for the role of the lifespan extension pathway
in the preventive effect on degenerative pathologies. In human cells, activation
of the lifespan extension pathway could reduce Alzheimer or diabetes
progression by inhibiting apoptosis induced by sustained MAPK activation that is
caused by inflammatory stimuli. Aging prevention could be explained by the
same mechanism. Lifespan extension pathway would be delaying aging by

preventing loss of old cells by apoptosis.

Cell death caused by sustained Hogl activation is caused by ROS

formation.

An increase in reactive oxygen species (ROS) is the most frequent cause
that induces apoptosis (Perrone et al., 2007). Here we have shown that in
anaerobiosis, a condition where cell is not able to produce ROS, the lethal effect
of sustained Hogl activation was dramatically reduced This data suggests that
ROS formation is essential for Hogl induced cell death.

However the preventive effect of anaerobiosis over Hogl induced cell
death could be caused by a depletion of ATP produced in the mitochondrial
respiratory chain. To test whether respiration or ROS formation were inducing
cell death by sustained Hogl activation, we employed two different drugs. We
treated cells with antimycin, a drug that blocks respiration and increases ROS
production, and with dinitrophenol, a drug that blocks ATP production by
mitochondrial respiration without increasing ROS levels (Zuin et al., 2008).

Both drugs were unable to prevent cell death induced by Hogl, supporting the
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hypothesis that ROS production and neither respiration nor ATP production are
necessary for Hogl induced cell death.

On the other hand, the fact that antimycin, a drug that increases ROS
production, abolishes preventive effect of SCF®“* mutation suggests that the
protective mechanism of SCF®“* mutation could be based on a reduction of ROS

formation.

Hog1 inhibits mitochondrial respiration.

Apoptosis induced by an increase on ROS production is usually linked to
altered mitochondrial respiratory chain, the major source of ROS (Pelicano et al.,
2003). Strong inhibition or activation of the mitochondrial respiration induce
ROS formation. Here we have shown that, under osmotic stress, Hogl
activitation inhibits respiration. Therefore, we propose the following model: a
continuos inhibition of mitochondrial respiration by sustained Hogl activation
triggers an increase in ROS production that induces apoptosis. Currently, we are
working on the detection of increases in ROS production under sustaind Hogl

activation.

Biological economy or the sense of lifespan extension pathway

regulation.

Under low stress conditions, such as moderated caloric restriction,
moderated aminoacid deprivation, mild heat shock or mild hyperosmotic shock,
cells stop proliferation, inhibit respiration and activates autophagy (Sohal et al.,
1996). These responses promote cells enter in a “energy-saving” mode, to
accumulate energy resources enough for facing the aggression and increase cell
survival.

However, under high stress conditions, such as strong caloric restriction,
strong aminoacid deprivation, severe heat shock or severe hyperosmotic shock,
despite of activating the same “energy-saving” mode, an important percentage
of the yeast population enters into apoptosis (Ribeiro et al., 2006).

FPS complex which

In this work we have shown that a mutation in SC
activates the lifespan extension pathway, prevents apoptotic cell death by

sustained Hogl activation. Why yeast cells have not a physiological higher
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activation of lifespan extension pathway to avoid apoptotic cell death under
high stress?

The answer might be that yeast cells should take some advantage of
entering into apoptosis. However, in a unicellular organism, such as yeast, it is
difficult to find an advantage for apoptosis. Because of this apparent lack of
sense, the discovery of apoptotic markers and mechanims in yeast has been
refused by many investigators for years. Recent reports have suggested that
apoptosis has been developed in unicellular organisms to improve the energy
employement to increase the survival rate of the population (Madeo et al.,
2002).

Under low stress conditions, inhibition of metabolism of the cells is
sufficient to provide energy to face the stress. However, under severe stresses,
such as strong caloric deprivation, metabolism inhibiton is not sufficient. A part
of the population should die to increase the resources available for the rest of
the population. The lifespan extension pathway might be tuned to prevent cell
death only under mild stresses, which could be bypassed by inhibition of
metabolism.

The next question is how the cell is able to sense the strength of the
stress. The main agent involved in apoptosis regulation should be ROS. Under
low stress conditions, inhibition of mitochondrial respiration increases
moderately ROS formation. However, lifespan extension pathway somehow
should be able of decreasing mild ROS accumulation. Therefore, cell death
stimulus is not enough to induce cell death. However, under severe stresses,
inhibition of mitochondrial respiration should be stronger and longer. Lifespan
extension pathway effect is not enough to repress apoptotic stimulus by ROS
accumulation, and cell enter into apoptosis.

Data recently published reinforces this model. Low caloric restriction
(0,5% glucose) extends lifespan in a 30% in a Sir2 dependent manner, whereas
stronger caloric restriction (0,05% glucose) have no effect in lifespan (Easlon et
al., 2007). Thus, we propose that lifespan extensiéon pathway decreases cell
oxidation levels only under mild stresses.

We have suggested a model to explain why lifespan extension pathway
has been developed in the cell. Lifespan extension pathway would be developed
to inhibit ROS formation under a low stress induced-metabolic stop. This

inhibitory effect over ROS formation should be the responsible of the anti-aging
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effect, since it has been demonstrated a clear relationship between cell
oxidation and lifespan (Kaeberlein et al., 2007). It is worth noting that lifespan
extension when cell proliferation is stopped is also a mechanism to preserve

population size.
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CONCLUSIONS

The following conclusions can be drawn from the results of the work

presented in this PhD thesis:

v SCF°“ mutants prevents inhibition of cell growth under sustained

Hog1l activation.

v The SCF®“* complex has an inhibitory role over the Msn2 and Msn4

dependent gene expression.

v Prevention of Hogl lethality in SCF°“* mutation is due to a
hyperactivation of the lifespan extension pathway, that includes PNC1
and the SIR2 deacetylase.

v/ Sustained activation of Hogl leads to apoptosis.

v Prevention of Hogl lethality by SCF®“ mutation is due to a reduced

Hogl-induced apoptosis.

v' Mitochondrial respiration is inhibited under a hyperosmotic shock. It

could be the mechanism through Hogl induces apoptosis.
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ARTICLE 1.

During the PhD. period spent in Dr. Posas’ laboratory, we were aimed at
studying the role of Hogl in the control of cell responses under osmotic shock.
Besides the results concerning the role of Hogl in cell death, I have also
contributed to elucidating other processes driven by the MAPK.

Specifically, I spent the two first years of PhD. thesis looking for new
interactions between Hogl and downstream targets. To unravel new unknown
functions of Hogl, we set up several proteomical techniques, specially the TAP
purification protocol coupled to mass espectometry. The TAP protocol was a very
innovative idea, but this technique only works for stable complexes, such as
RNA polymerase II, SAGA, etc. In the case of Hogl, we obtained very low
amounts of interacting proteins. To increase the faint bands obtained in the
initial trials, we worked with larger volumes of cultures (until 16 I). Thanks to
this modification, we began to observe bands strong enough to be identified by
mass espectometry.

However, the problem was then about the sensitivity of the mass
spectrometry facility. It was not sensible enough to identify the purified bands.
We needed a previous Liquid Chromatography (LC) coupled to the Ion Trap Mass
Espectometer to improve the sensibility. We began a collaboration with Gustav
Ammerer’'s group at the BioZentrum in Viena. They were able to identify the
purified bands, and new lines of work are being opened in the laboratory with
these results.

The methods employed to detect new interactions of Hogl were used in
another project. We employed the TAP protocol coupled to photocrosslinking
assays to identify which subunit of the RNA polymerase II interacted with the
MAPK Hog1l. This was my contribution to the article explained below.

The Stress-Activated Hogl Kinase is a Selective Transcriptional
Elongation Factor for Genes Responding to Osmotic Stress.

Markus Proft, Gloria Mas, Eulalia de Nadal, Alexandre Vendrell, Nuria Noriega,

Kevin Struhl and Francesc Posas.

Molecular Cell, Vol 22 pp.241- 250, 21 July 2006.

In response to hyperosmolarity, the MAPK Hogl coordinates the

transcription programme required for cell adaptation. Hogl tightly binds
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chromatin in response to osmostress and elicits gene expression by mechanisms
which were not completely understood. New insights into the mechanisms used
by Hogl to activate gene expression, other than simple modification of
activators, were published previously. Specifically, it was published that Hogl is
directly bound to the chromatin (Alepuz et al, 2004). This binding is completely
necessary to perform RNA polymerase II recruitment. This evidence prompted
us to think that probably RNA polymerase II and Hogl were interacting directly.

To answer this question, we planned a proteomics approach. We set up
the TAP protocol to purify the RNA polymerase II complex. Then, we used a
photocrosslinking assay to identify which subunit of RNA polymerase II complex
was directly interacting with Hogl. The photocrosslinking assay is based in the
SULFO-SBED (Pierce), a commercial molecule desighed to bind covalently
proteins that are at distances smaller than 10 nm.

Thanks to the photocrosslinking assay, we found that Hogl and the RNA
polymerase II subunit, Rpbl were interacting. It was the first evidence that
demonstrates a direct interaction between the MAPK Hogl and the RNA
polymerase II.

The interaction between Hogl and the RNA polymerase II could occur at
the promoters, since ChIP analysis had found Hogl at the promoters (Alpeuz et
al., 2004). However, maybe the recruiter function of Hogl at the promoter was
also necessary at the ORF for a proper elongation. For this, ChIP and “ChiP on
ChIP” analysis were performed. Both of them verified that Hogl is also bound at
the ORF.

The role of Hogl in elongation was completely unknown. To test whether
Hogl was essential for a proper elongation, we uncoupled initiation from
elongation and we designed a plasmid with an osmoresponsive gene, STL1,
under the LexA promoter. In this plasmid STL1 expression is initiated by LexA-
Vpl6 expression in a Hogl independent manner. Therefore, changes in RNA
levels were due to an effect of Hogl on elongation. Northern blot analysis
showed an increase of STL1 expression in a wild-type strain that was not
observed in a hoglA strain. Correspondingly, ChIP analyses showed that RNA
polymease II bound to the LexA promoter was not altered in a hogliA, whereas

was highly reduced in the STL1 ORF. Finally, Hogl involvement in elongation
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was confirmed by the coimmunoprecipitation of Hogl with several elongation
factors.
These results showed a new role for Hogl in gene expression regulation

by promoting elongation in osmoresponsive genes.

My personal contribution to this work (Proft et al., 2006) was focused on
the photocrosslinking assay presented in Figure 1A. In addition, I also followed

closely the whole work.
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The Stress-Activated Hogl Kinase is a Selective Transcriptional
Elongation Factor for Genes Responding to Osmotic Stress

Markus Proft, Gloria Mas, Eulalia de Nadal, Alexandre Vendrell, Nuria

Noriega, Kevin Struhl and Francesc Posas

Molecular Cell, Vol 22 pp.241- 250, 21%* July 2006.
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Proft M, Mas G, de Nadal E, Vendrell A, Noriega N, Struhl K,
Posas F.

The stress-activated Hogl kinase is a selective transcriptional
elongation factor for genes responding to osmotic stress.

Mol Cell. 2006 Jul 21;23(2):241-50.
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ARTICLE 2.

During the first two years of PhD spent in seeting up proteomical
techniques, we were also involved in a European Project called QUASI. The
QUASI project was a multidisciplinary project with the goal to obtain a coherent
and detailed picture of the dynamic operation of a model signalling transduction
network such as the Hogl MAP kinase cascade module. MAP kinase pathways
are currently being explored as drug targets since they are implicated in human
diseases such as cancer and inflammatory disorders. A better understanding of
the dynamic operation of these pathways offers new opportunities for drug
discovery and for efficient individualised treatment based on the genetic setup of
the patient (pharmacogenomics). To achieve the goals of QUASI, quantitative
data of high definition on signal transduction activation and deactivation was
obtained using frontline experimental approaches encompassing global gene
expression, proteomics, bioimaging and chemical genetics.

Specifically, we were involved in the development of the chemical genetics
approach. Initially, we created a collection of analog sensitive mutant alleles of
HOG1, PBS2, STE11, SSK2 and SSK22 (hogl-as, pbs2-as, stell-as, ssk2-as
and ssk22-as alleles) by replacing a conserved bulky residue with a glycine or
alanine in the active site. Then, a complementary “bump” was created by
attaching bulky substituents to ATP or to pyrazolo-pyrimidinel (PP1) derived
inhibitors. The sensitization of the kinase’s active site for a specific structurally
modified labeled nucleotide analog provides a unique handle by which the direct
substrates of any particular kinase can be traced in the presence of other
protein kinases. Similarly, a cell-permeable, chemically modified “bumped”
inhibitor in the presence of an analog sensitive mutant kinase is an extremely
potent tool for dissecting the dynamic processes of any kinase of interest in
vivo. The as collection was distributed to the QUASI partners to be employed in
new projects.

Once the collection was done, we were involved in the second part of the
chemical genetics approach. In collaboration with Professor Morten Grétli's
laboratory, we developed a new selective orthogonal inhibitor that is able to
inhibit as kinases faster than previous inhibitors. Specifically, we tested whether
the new inhibitor could inhibit the Hog1l effect on cell cycle and gene expression
faster than inhibitors previously described. This was my contribution to the

article explained below.
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Design, synthesis and characterization of a highly effective and
fast acting orthogonal inhibitor for analog-sensitive (as) kinases

Michael Klein, Montse Morillas, Alexandre Vendrell, Lars Brive, Francesc Posas

and Morten Grotli.

Submitted to Angewandte Chemie.

Signal transduction pathways are the cellular information routes with
which cells monitor their surrounding as well as their own state and adjust to
environmental changes or hormonal stimuli. Signalling encompasses the
processes with which cells sense changes, generate intracellular signals,
transduce the signal and ultimately mount a response. In doing so, signal
transduction pathways orchestrate cellular metabolism, establish stress
tolerance, control growth, proliferation and development and determine
morphogenesis. Initially, the understanding of cellular signal transduction has
been restricted to the wiring schemes of signaling pathways. However, it is also
necessary to understand the dynamics of these pathways.

To study real-time cellular function of a kinase, highly selective cell
permeable inhibitors of kinases have appeared (Bishop et al., 2000). This
selective inhibitors are based on the modification of a kinase inhibitor to
eliminate its binding affinity for its native target and subsequent mutation of a
protein to allow it to recognize the orthogonal inhibitor.

However, the inhibitors reported are not fast enough to study signaling
events that occurs within minutes, since a longer pre-incubation time with the
inhibitor is needed. We have designed, synthesised and evaluated a selective
ortogonal inhibitor that could inhibit as kinases faster than previous before.

Specifically, we have tested the ability of the new orthogonal inhibitor to
decrease the hogl-as kinase effect on gene expression and cell cycle upon
osmotic stress. We have shown that the new inhibitor acts faster than the old
inhibitor on the Hogl dependent gene expresion induction as well as in the
cycle arrest induced by Hog1l.

These results confirmed that the new inhibitor acts faster than the

inhibitor described before.
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