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Summary

SUMMARY

Yeast cells are exposed to a wide variety of environment stresses, among them
changes in the osmotic conditions. An osmolar upshift leads to fast loose of
intracellular water, so living cells have developed mechanisms to counteract
this lost. In Saccharomyces cerevisiae changes in the osmotic conditions are
sensed by the HOG pathway. The HOG pathway is a MAPK signalling pathway
and the functional homolog of the stress activated MAPK JNK MAPK and p38
present in mammals. Because there is a high degree of conservation of these
cascades, the HOG pathway is a good model to study osmotic adaptation
processes.

Recent reports have shown that the Hogl MAPK can regulate several processes
such as cell cycle control, metabolic adaptation or regulation of gene
expression.

At the beginning of this work, the mechanisms by which the Hogl MAPK was
controlling gene expression were unclear because transcription factors under
the control of the MAPK were not well characterized. Our goal was the
identification of new transcription factors under the control of the MAPK.
Therefore, we designed a genetic screen and selected clones from a multicopy
genomic library that were able to induce the expression of Hogl dependent
genes in non stress conditions. One of these clones was the SMP1 gene. Smp1l
encodes for a MEF2-like transcription factor. Its overexpression induced the
expression of osmoresponsive genes such as STL1, whereas smpl cells were
defective in their expression. smpl cells showed reduced viability upon osmotic
shock. Smpl-Hogl interaction was checked by coprecipitation. Moreover,
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Summary

Smpl was phosphorylated upon osmotic stress in a Hogl-dependent manner
and in vitro phosphorylation experiments showed that Hogl phosphorylated
Smpl at the C-terminal region. This phosphorylation was important for Smp1
osmoadaptation functions.

Moreover Hogl was implicated in cell adaptability to stationary phase through
Smp1l.

On the other hand, microarrays studies showed that HXT1 hexose transporter
was upregulated upon an osmotic shock in a Hogl dependent manner.
Expression of the HXT1 gene, which encodes a low affinity glucose transporter in
Saccharomyces cerevisiae, is induced in response to glucose by the general
glucose induction pathway, involving the Snf3/Rgt2 membrane glucose sensors,
the SCF-Grrl ubiquitination complex and the Rgtl transcription factor. In
addition to the glucose signalling pathway, we have found that, regulation of
HXT1 expression also requires the HOG pathway. Deletion of components on
both pathways results in impaired HXT1 expression. Genetic analyses identified
Skol as the transcription factor under the control of Hogl that was modulating
HXT1 expression.

Our studies here have shown that both Smp1l and Skol are transcription factors

under the control of the MAPK.
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Introduction

Osmotic Stress

Yeast cells are exposed to a highly variable environment: changes in
temperature, pH, radiation, availability and quality of nutrients, access to
oxygen, and especially water activity (Hohmann, S.). These variations are called
stresses.

In response to these stresses in the extracellular environment, cells coordinate
intracellular activities to respond, adapt and maximize their probability of
survival and proliferation.

Changes in water activity are one of the most common stresses. Water activity is
defined as the chemical potential of free water in solution. In nature, the water
activity can change widely and rapidly, due external influences and the activity
of organismes.

For Saccharomyces cerevisiae, water activity of the cytosol and organelles has
to be lower than that of the surrounding medium, for maintaining an
appropriate cell volume, biochemical reactions and driving water inside the cell
((Blomberg and Adler 145-212); (Wood 230-62)). For that reason yeast cells have
developed different mechanisms to survive a sudden change in water activity.
These survival mechanisms need to operate within the first seconds after a
sudden osmotic shift because passive water loss or uptake occurs very fast
((Blomberg and Adler 145-212); (Brown 803-46); (Brown A. D. 1990 Microbial
water stress physiology: principles and perspectives. J Wiley and Sons Ltd.,
Chichester England 66). In this context, two different situations can occur: an
osmotic upshift or an osmotic downshift. Osmotic shift or hyperosmotic shock on

yeast cells is accompanied by rapid water outflow and cell shrinking. On the
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Introduction

other hand, the osmotic downshift or hypo-osmotic shock increases the water
concentration gradient and leads to rapid influx of water, cell swelling, and
hence increased turgor pressure. Within wide limits, the yeast cell wall prevents
cell bursting (Smits et al. 348-52).

Research in our laboratory is mainly focused in hyperosmotic shock.

Hyperosmotic Shock

In an hyperosmotic situation (osmotic stress), cellular water follows its
concentration gradient by passive diffusion, so that the cells lose water and the
concentration of biomolecules and ions in the cell increases, resulting
sometimes in an arrest of cellular activity. Yeast cells have developed
mechanisms to adjust to high external osmolarity and maintain or re-establish an
inside-directed driving force for water. Adaptation to altered osmolarity is an
active process based on sensing osmotic changes and developing of
appropriate cellular responses to maintain cellular activity. A central role in
osmoadaptation is the accumulation of chemically inert osmolytes, mainly
glycerol in S. cerevisiae ((Brown 181-242); (Yancey et al. 1214-22)).

In osmostress two different aspects need to be considered: survival of sudden
changes in the external osmolarity, and the acquisition of tolerance to this high
external osmolarity. The underlying molecular mechanisms for survival of a
hyperosmotic shock and adaptation to high osmolarity are probably distinct but
overlapping: cells adapted to moderately high osmolarity survive a severe
osmotic shock better than nonadapted cells ((Norbeck and Blomberg 121-37);

(Schuller et al. 4382-89); (Mager and Varela 253-58)).
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Some years ago, it was discovered the involvement in osmoadaptation of a
mitogen-activated protein kinase (MAP kinase) cascade called the HOG
pathway, a conserved eukaryotic signal transduction module ((Brewster et al.
1760-63); (Gustin et al. 1264-300)). Today it is known that many basic principles of
osmoadaptation are conserved across eukaryotes, and therefore yeasts and

the HOG pathway are an ideal model system for study these processes.

Osmotic Signalling Pathways

Changes in medium osmolarity have been shown to affect different signalling
pathways in S. cerevisiae: the cAMP-dependent protein kinase pathway, the
phosphatidylinositol-3,5-biphosphate pathway and the most important the HOG
pathway.

Protein kinase A (cyclicAMP [cAMP]-dependent protein kinase) has been
shown to affect expression of genes upon an osmotic upshift (Norbeck and
Blomberg 121-37). Protein kinase A mediates a general stress response that is
observed under essentially all stress conditions, such as heat shock, nutrient
starvation, high ethanol levels, oxidative stress, and osmotic stress ((Marchler et
al. 1997-2003); (Ruis and Schuller 959-65)). Therefore, protein kinase A probably
does not respond directly to osmotic changes. It is not well understood how the
activity of protein kinase A is controlled by stress.

More recently, it has been observed that an osmotic shock stimulates
production of phosphatidylinositol-3,5-bisphosphate, which could serve as a
second messenger in an osmotic signalling system (Dove et al. 187-92). However

its actions have not been established yet.
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And finally, there is the HOG pathway. The HOG pathway is the best-
characterized system implicated in osmostress. This pathway is activated within
less than 1 min by osmotic upshift (Brewster et al. 1760-63) and cells lacking the
pathway or unable to activate it can not survive in high osmolarity medium.
Therefore, the HOG pathway coordinates a significant part of the cellular

response of yeast cells to high osmolarity.

MAPK Pathways

MAP kinases have been implicated in different signalling processes apart from
osmostress. In fact, MAP kinase (MAPK) cascades are common signalling
modules found in both higher and lower eukaryotic cells. Conservation of these
cascades between yeast and humans is indicated by the fact that individual
kinases in the yeast pathway can be replaced by the corresponding human
enzymes(de Nadal, Alepuz, and Posas 735-40).

These signalling pathways play essential roles in the response to environmental
signals or hormones, growth factors, cytokines, controling cell growth,
morphogenesis, proliferation, and stress responses. ((Banuett 249-74;Chang and
Karin 37-40); (Gustin et al. 1264-300); (Kultz and Burg 3015-21); (Kyriakis and

Avruch 807-69); (Ligterink and Hirt 209-75)).

Components of a MAPK Signalling Pathway: the Central Core

All the MAPK cascades are composed of three consecutively activated tiers of

kinases: a MAP kinase, a MAP kinase kinase (MAPKK) or MEK, and a MAPKKK
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(MAPKKK) or MEKK. The MAPKKK phosphorylates and thereby activates the
MAPKK on serine and threonine within a conserved part 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 amino acid (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. MAP kinase pathways are negatively controlled by protein
phosphatases acting on both the MAPKK and the MAP kinase (serine-threonine
phosphatases) or only on the MAP kinase(tyrosine phosphatases) (Keyse 186-92).
Typically, phosphorylation stimulates transfer of the MAP kinase from the cytosol
to the nucleus, where it phosphorylates targets on serine/threonine followed by
a proline. However, a portion of activated MAP kinase is apparently also present
in the cytoplasm to mediate cytoplasmic events (Reiser, Ruis, and Ammerer

1147-61).

16



Introduction

MAP kinase cascades

MAPKKK ] Ser/Thr kinase.

Various mechanisms of activation

Tyr/Thr kinase (dual-specificity).
Activated by MAPKKK

Ser/Thr kinase.
MAPK Activated by MAPKK

Nuclear proteins (e. g., transcription factors)
Cytoplasmic proteins (e.g., ibosomal S6 kinase)

Figurel: MAPK pathways: schematic organization. All the MAPK cascades are
composed of three consecutively activated tiers of kinases: a MAP kinase, a
MAPKK and a MAPKKK. The MAPKKK phosphorylates and activates the MAPKK
on serine and threonine at the N-terminal lobe of the kinase domain.
Subsequently, the MAPKK phosphorylates the MAP kinase on a threonine
(sometimes serine) and tyrosine residue.

Other Signalling Components of MAPK Signaling Pathways

How does the signal arrive to the MAPKKK? In general MAPKKKs consist of an N-
terminal regulatory and a C-terminal catalytic kinase domain. The regulatory
domain locks the C-terminal kinase domain in the inactive state. Activation may
occur by phosphorylation through an upstream protein kinase or through
interaction with other proteins. The activation mechanisms and sensor systems
upstream of MAP kinase pathways are diverse and include receptor-tyrosine
kinase (in animal systems), G-protein-coupled receptors, phosphorelay systems,
and others. Different MAP kinase pathways form interacting signalling systems.
For instance, one MAPKK may control several different MAP kinases, as is

observed for example in yeasts. Thus, different pathways within the same
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organism often share kinases. Especially in higher eukaryotes, but even in S.
cerevisiae, this situation results in highly complex network systems of signalling

pathways.

Scaffolding proteins could contribute to the signal specificity by insulating
different MAPK modules. In the yeast HOG pathway, binding of Stell MAPKKK
to Pbs2 MAPKK restricts Stell to activating only Pbs2, and not other MAPKKs
((Harris et al. 1815-24); (Posas and Saito 1702-05)). Although scaffolds play an
important role in signalling specificity, other mechanisms may exist for signal
specificity, for example MAPK substrate specificity and negative feedback loops

involving, for example, protein phosphatases (Chang and Karin 37-40).

Targets of a MAPK cascade can be divided in two major groups, transcription
factors and other effectors molecules (kinases, phosphatases,...) ((Alepuz,
Cunningham, and Estruch 91-98); (Andrews and Stark 2685-93); (Rouse et al.

1027-37)).

The HOG Pathway

The HOG pathway is the best-understood osmoresponsive system in eukaryotes
and one of the best understood MAP kinase pathways. As other MAPK
pathways, the central core of the yeast HOG pathway comprises a layer of
MAKKKs (Ssk2, Ssk22 and Stell) that are responsible for the activation of the
MAPKK Pbs2. Once activated, Pbs2 phosphorylates and activates the Hogl

MAPK (Brewster et al. 1760-63).
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Hogl is a relative of the p38 and c-Jun N-terminal kinase (JNK) families of stress-
activated protein kinases (SAPKs), specifically responds to increased
extracellular osmolarity and is required for cell survival under these conditions. Its
activation results in the iniciation of the osmostress response and adaptation.

This compresses the metabolic regulation, cell cycle adaptation and gene

expression regulation.

Extracellular hyperosmolarity

Multistep
phosp horelay Ypdl
Cdc42/ste20

Ssk1 Ste50

1 Y
MAPKKK Ssk2/Ssk22 Stell

N/

Pbs2

|- Phosphatases
Hogl

\

Osmoadaptive responses

Figure2. The HOG Pathway. The HOG pathway is a MAPK kinase pathway. It is
constituted by a central core of MAPK kinases and two osmosensing branches
SInl and Shol, The signal converges at the MAPKK Pbs2. Once Hogl has been
activated different osmoadaptives responeses are unleashed.
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Components of the HOG Pathway

The HOG pathway is activated predominantly by two mechanisms that lead to
the activation of either the Ssk2 and Ssk22 or the Stell MAPKKKs. These
mechanisms are respectively, the SInl branch and the Shol branch (Maeda,
Takekawa, and Saito 554-58).

All available data suggest that the Shol and SInl osmosensing branches
function independently and upstream of the MAPK. The molecular
mechanism(s) by which osmosensors detect osmotic changes remains
unknown. They could detect changes in the physicochemical properties of the
solvent due to altered water concentration or water structure; alternatively, they
may sense mechanical stimuli that may occur as a consequence of the
changes in water activity ((Gustin et al. 1264-300); (Wood 230-62)). However, it is
commonly accepted that osmosensors operate at the cell surface as integral

membrane proteins, although other possibilities could exist.

SIn1 Osmosensor

The SInl branch involves a “two-component” osmosensor, composed of the
SIn1-Ypd1-Sskl proteins that conduces the signal to the redundant MAPKKKSs
Ssk2/22.

The SInl is a transmembrane protein organized into four distinct regions: an N-
terminal section with two transmembrane domains, a linker region, a histidine
kinase domain and a receiver domain (Ota and Varshavsky 566-69). Histidine

kinases and receiver domains form so-called two-component systems, which
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are the prototype sensing and signalling units of prokaryotes ((Saito 2497-509);
(Stock, Robinson, and Goudreau 183-215)). Histidine kinase signalling systems are
much less frequent in eukaryotic organisms. In fact, SInl is the only sensor
histidine kinase in the S. cerevisiae.

There is strong evidence that SInl directly senses osmotic changes, but the
nature of the signal it is not know. Whatever it is, the signal is transduced using a
phopho-relay mechanism involving the Ypd1l and Sskl proteins.

Surprisingly, SInl is a negative regulator of the HOG signalling pathway, and
deletion of SLN1 is lethal because of pathway overactivation (Maeda, Wurgler-
Murphy, and Saito 242-45). In other words, the SInl histidine kinase is activated
by hypo-osmolarity (cell swelling) and inhibited by hyperosmolarity (cell
shrinking). Under low osmolarity, SInl1 autophosphorylates itself, this phosphate is
then transferred to the receiver domain and subsequently to a specific His on
Ypdl protein. Finally, the phosphate is transferred to an Asp on Sskl ((Janiak-
Spens, Sparling, and West 6673-78;Janiak-Spens et al. 411-17); (Janiak-Spens and
West 136-44); (Posas et al. 865-75)). The phosphorylated Ssk1 is inactive.

Upon an hyperosmotic shock, the histidine kinase activity from SIinl drops
transiently leading to the Skkl dephosphorylation, and consequently to its
activation ((Maeda, Takekawa, and Saito 554-58); (Maeda, Wurgler-Murphy,
and Saito 242-45); (Posas and Saito 1385-94); (Posas, Takekawa, and Saito 175-
82;Posas et al. 865-75)). The activated Sskl binds to the N-terminal regulatory
domain of Ssk2 leading to Ssk2 autophosphorylation and activation. The MAPKK
Pbs2 has been shown to be a direct substrate for phosphorylated Ssk2 (Posas
and Saito 1385-94).
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Shol Osmosensor

Pbs2 activation can also be achieved by a second, independent mechanism
that involves the transmembrane protein Shol, the MAPKKK Stell, the Stell-
binding protein Ste50, the Ste20 p2l-activated kinase (PAK) and the small
GTPase Cdc 42 (Posas, Witten, and Saito 5788-96). Activation of Pbs2 by Stell
requiers the interaction of Pbs2 with Shol ((Reiser, Salah, and Ammerer 620-27);

(Raitt, Posas, and Saito 4623-31)).

Shol is a protein of four transmembrane domains within the N-terminal part, a
linker domain, and a SH3 domain for protein-protein interaction ((Posas and
Saito 1702-05); (Raitt, Posas, and Saito 4623-31)). Functional homologs of Shol
have been isolated from other yeasts but homologs from higher eukaryotes
have not been reported. Shol is not an osmosensor itself (Raitt, Posas, and Saito
4623-31). However, the Shol branch certainly mediates HOG pathway
activation upon an osmotic upshock, therefore an unidentified osmosensor
should exist.

Shol is located at places on the cell surface where growth and cell expansion
occur ((Raitt, Posas, and Saito 4623-31); (Reiser, Salah, and Ammerer 620-27)). It
is possibly that the cell has to monitor osmotic changes very closely to these
areas. Shol could function as a protein that directs signal transduction
complexes to such areas. It should also be noted that anchoring of Shol to the

cell surface is necessary for signalling, but not its specific localization.
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It has been speculated that the Shol branch monitors (mainly) osmotic
changes during cell growth and expansion, while the SInl1 branch (mainly)

senses osmotic changes in the environment.

Activation of the Shol branch involves rapid and transient formation of a protein
complex at the cell surface ((Raitt, Posas, and Saito 4623-31); (Reiser, Salah, and
Ammerer 620-27)). The complex formed appears to consist of at least Shol and
Pbs2. These two proteins interact via a proline-rich region of the N terminus of
Pbs2 and a SH3 domain located in the hydrophilic C terminus of Shol ((Maeda,
Takekawa, and Saito 554-58); (Posas and Saito 1702-05)). The strength with which
the SH3 domain binds the Pbs2 motif correlates with the ability to activate the
HOG pathway and survival at high osmolarity (Seet and Pawson R708-R710). In
addition, the complex probably also contains, not necessarily at the same time,
the PAK Ste20 (Raitt, Posas, and Saito 4623-31), the Rho-like G-protein Cdc42
((Raitt, Posas, and Saito 4623-31); (Reiser, Salah, and Ammerer 620-27)) and the
MAPKKK Stell ((O'Rourke and Herskowitz 2874-86); (Posas and Saito 1702-05)), as
well as Ste50, which is required for Stell function ((Bulavin et al. 6845-54);
(O'Rourke and Herskowitz 2874-86); (Posas, Witten, and Saito 5788-96)). Lately,
Lim WA laboratory has described a region in the C terminus of Shol that binds
Stell independently of Pbs2. Therefore, Shol has at least two separable
interaction regions: one that binds Stell and mediates its activation, and one
that binds Pbs2, directing Stell to act on Pbs2 (Zarrinpar et al. 825-32).

The initial signalling event it is unknown. Since Shol does not seem to function as
a sensor itself (Raitt, Posas, and Saito 4623-31), additional proteins are probably
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required. Shol then binds Pbs2 recruiting it to the cell surface. In addition, there
are recruited Cdc42 plus the interacting PAK kinase(s) Ste20 and the MAPKKK
Stell. The assembly of the complex may then lead to activation of the PAK
Ste20, phosphorylation of Stell, and subsequently phosphorylation of Pbs2.

Phosphorylation and activation of Pbs2 leads to dissociation of the complex.

SInl vs Shol Branch

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,
Takekawa, and Saito 554-58). In an ssk2ssk22 double mutant, which completely
relies on the Shol branch, stimulation of Hogl tyrosine phosphorylation requires
at least 300 mM NaCl, becomes visible after about 2 min, and reaches a
maximum at 5 min. In contrast, in a shol mutant, which relies on the Sin1 branch
only, Hogl phosphorylation is already apparent with 100 mM NaCl and is
maximal after 1 min with 300 mM NaCl. These data suggest that SInl is more
sensitive than the 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 to about 600 mM NacCl.

Other less well-characterized osmosensing mechanisms could also be feeding
signals into the HOG pathway (Van Wuytswinkel et al. 382-97). Since mammalian
cells do not seem to have specific stress sensors similar to Snll, determination of
the sensor mechanism coupled to Shol could help to decipher the molecular

identity of mammalian osmosensors.
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Moreover a third osmosensing branch working in parallel with the Shol branch
was proposed. This branch would consist in the osmosensor membrane protein
Mbs2 (O'Rourke and Herskowitz 4739-49). The authors of this work based their
assumption in the fact that there is some residual signalling, which is STE11l
dependent, still occuring in the absence of Shol, and that this signalling requires
Mbs2 activity. However an sskl shol msb2 strain is more osmosensitive than an

ssk1l shol MBS2, the biological importance of Mbs2 is not quite clear.

Signaling Through the HOG Pathway

Pbs2 is activated by phosphorylation on Ser514 and Thr518 by any of the three
MAPKKKs Ssk2/Ssk22 and Stell. Phosphorylation of the substrate of Pbs2, the
Hogl MAP kinase, occurs in the cytosol. Dual phosphorylation on the conserved
Thrl74 and Tyrl76 activates the MAP kinase Hogl ((Brewster et al. 1760-63);
(Schuller et al. 4382-89)). The timing and the period of the response depends on
the severity of the shock. When an osmotic shock is low, such as 0.4 M NacCl,
Hogl phosphorylation peaks within 1 min and disappears within about 30 min.
With a more severe osmotic shock, for instance, 1.4 M NaCl, Hogl
phosphorylation peaks at about 30 min and remains high for several hours
before it decays ((Vandenbol, Jauniaux, and Grenson 153-59).

Phosphorylation causes a rapid and marked concentration of Hogl in the
nucleus, while under normal conditions Hog1l is distributed between the cytosol
and the nucleus ((Ferrigno et al. 5606-14); (Reiser, Ruis, and Ammerer 1147-61)).
Nuclear concentration of Hogl-GFP can be observed within less than 1 min

after a hyperosmotic shock. This effect is specific, since a range of other stress
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conditions do not cause Hogl phosphorylation and do not mediate nuclear
translocation ((Ferrigno et al. 5606-14); (Reiser, Ruis, and Ammerer 1147-61);
(Schuller et al. 4382-89)). Phosphorylation on both Thrl174 and Tyrl76 of Hogl by
Pbs2 is necessary and sufficient for nuclear concentration, since mutation of one
or both of these sites makes the subcellular localization of Hogl unresponsive to
osmotic shock ((Ferrigno et al. 5606-14); (Reiser, Ruis, and Ammerer 1147-61)).
The transport into the nucleus is dependent on the phosphorylation status of
Hogl but not of its protein kinase activity (Ferrigno et al. 5606-14). Nuclear export
however, is dependent on its kinase activity and coincides with its
dephosphorylation (Reiser, Ruis, and Ammerer 1147-61).

Concentration of Hogl in the nucleus requires Gspl (Ferrigno et al. 5606-14), a
Ran G-protein needed for nuclear import of proteins containing nuclear
localization signals (Oki et al. 624-34). Nuclear import of Hogl also requires the
karyopherin-beta Nmd5, while several other known nuclear import factors do
not seem to be required (Ferrigno et al. 5606-14).

Several proteins affect residence of Hogl in the nucleus for example,
phosphatases. Ptp2 and Ptp3 function as nuclear and cytoplasmic anchors for
Hogl respectively (Mattison and Ota 1229-35). Therefore, deletion of PTP2
diminishes Hogl nuclear accumulation and overexpression prolongs the period
of nuclear residence, while the opposite was observed for PTP3 (Mattison et al.
7651-60).

Transcription factors are implicated in the MAPK nuclear retention too. Deletion
of the genes encoding the transcription factors Msn2, Msn4 (Reiser, Ruis, and
Ammerer 1147-61), Hotl, and Msnl (Rep et al. 5474-85) has been shown to
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reduce the period of Hogl nuclear localization ((Reiser, Ruis, and Ammerer
1147-61); (Rep et al. 5474-85)).

Interestingly, the more severe the osmotic shock, the longer it takes until
phosphorylated, active Hog1 is translocated into the nucleus, an observation at
odds with the apparent need to respond even more rapidly to severe stress
(Vandenbol, Jauniaux, and Grenson 153-59). Also, the HOG-dependent
transcriptional response is delayed under such conditions, as apparent from
time courses of MRNA levels of HOG-dependent genes after osmotic shock
((Rep et al. 715-27); (Vandenbol, Jauniaux, and Grenson 153-59)). This suggests
that some adaptation must occur before Hogl can be activated and
transferred to the nucleus and that translocation is specifically blocked in an

unknown way until this process is completed.

Both phosphorylation of Hogl and nuclear localization are transient effects.
Depending on the severity of the osmotic shock, Hogl remains phosphorylated
and located in the nucleus for several minutes or even up to a few hours
((Brewster et al. 1760-63); (Maeda, Wurgler-Murphy, and Saito 242-45); (Mattison
and Ota 1229-35); (Tamas et al. 159-65) ; (Vandenbol, Jauniaux, and Grenson
153-59)). There is a good correlation between the period of Hogl
phosphorylation and its apparent nuclear localization ((Ferrigno et al. 5606-14);
(Mattison and Ota 1229-35); (Reiser, Ruis, and Ammerer 1147-61)), which could
indicate a causal relationship between nuclear export and dephosphorylation.

Hogl nuclear accumulation suggests that part of the actions under the control
of the MAPK take place in this subcellular compartment. However, there is not
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doubt that activated Hog1l also mediates regulatory effects outside the nucleus.

Therefore, either a portion of activated Hogl remains in the cytosol.

Signal Regulation: Phosphatases

The appearance of phosphorylated Hogl is a transient event ((Jacoby et al.
17749-55); (Maeda, Wurgler-Murphy, and Saito 242-45); (Tamas et al. 159-65);
(Vandenbol, Jauniaux, and Grenson 153-59)). Therefore, the pathway is
controlled by specific feedback mechanisms. One of these feedback
mechanisms proposed involves protein phosphatases.

Two phosphotyrosine phosphatases (Ptp2 and Ptp3) as well as three
phosphoserine/threoninephosphatases (Ptcl to Ptc3) genetically interact with
the HOG pathway; overexpression of any of these phosphatases suppresses the
lethality caused by inappropriate activation of the HOG pathway ((Jacoby et
al. 17749-55); (Maeda, Wurgler-Murphy, and Saito 242-45); (Mattison and Ota
1229-35); (Ota and Varshavsky 2355-59) ; (Warmka et al. 51-60); (Wurgler-Murphy
et al. 1289-97)). In the case of Ptp2, Ptp3, and Ptcl, there is great direct

evidence that they affect the HOG pathway and act upon Hogl.

PTPs

Overexpression of PTP2 and PTP3 suppresses inappropriate activation of the
HOG pathway by deletion of SLN1 or constitutive activation of SInl, Ssk2, or
Pbs2, suggesting that they indeed target the MAP kinase ((Jacoby et al. 17749-
55); (Wurgler-Murphy et al. 1289-97)). As expected, overexpression of PTP2 and
PTP3 diminishes the amount of tyrosine-phosphorylated Hogl. Ptp2 and Ptp3
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interact directly with Hogl ((Jacoby et al. 17749-55); (Wurgler-Murphy et al.
1289-97)). In ptp2 and ptp2 ptp3 mutants, tyrosine phosphorylation of Hogl
upon osmotic shock is stronger and more prolonged. Moreover, in the double
mutant is also observed without osmotic shock ((Jacoby et al. 17749-55);
(Wurgler-Murphy et al. 1289-97)). Since even in the ptp2 ptp3 double mutant the
level of tyrosine-phosphorylated Hogl is still responsive to osmotic shock, other
dephosphorylation mechanisms must exist ((Jacoby et al. 17749-55); (Wurgler-

Murphy et al. 1289-97)).

The observation that expression of PTP2 and PTP3 is stimulated after osmotic
shock in a HOG-dependent manner suggested that the phosphatases are part
of a feedback loop ((Jacoby et al. 17749-55); (Wurgler-Murphy et al. 1289-97)).
However, this transcriptional effect cannot be responsible for the rapid decline
of the phosphorylation state of Hogl, because the increase in phosphatase
activity due to increased production of the enzyme occurs after the level of
Hogl phosphorylation has started to decrease (Wurgler-Murphy et al. 1289-97).
Instead, some observations suggest that the phosphatases might not perform as
specific regulators. The negative feedback loop via Hogl-dependent
stimulation of PTP2 and PTP3 expression would mean that the pathway
inactivates itself in an autoregulatory mode. However an autonomous negative
feedback loop would ignore the success of the response. On the other hand,
dephosphorylation of Hogl requires its catalytic activity (Wurgler-Murphy et al.
1289-97). This suggests that Hogl activates the phosphatases to stimulate its own
deactivation.
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More studies have to be done to clarify how the phosphates action over the

cascade is controlled.

PTCs

Among the serine/threonine phosphatases, Ptcl seems to be the only
implicated in the deactivation of the HOG pathway. In mutants lacking both
Ptcl and Ptp2, the inappropriate HOG pathway overactivation causes a growth
defect. No other combination of deletion mutations between the two Ptps and
the three Ptcs causes similar effects (Warmka et al. 51-60). Deletion of PTC1
causes constitutive dual phosphorylation of Hogl which is hardly responsive to
osmotic shock (Warmka et al. 51-60). Perhaps Ptp2 preferentially

dephosphorylates Hog1l that already is dephosphorylated on Thr174.

Physioloqgical Roles of Hog1l

Hogl phosphorylation results in its activation. At the same time, Hogl
phosphorylation led to its rapid accumulation in the nucleus. As it has been
mentioned, Hogl nuclear accumulation indicates that part of the actions under
the control of the MAPK take place in this compartment.

One of these actions is regulation of the gene expression. In S. cerevisiae,
genome-wide transcription studies have shown that a large number of genes
(~=7%) show changes in their expression levels after a mild osmotic shock and
that the Hogl MAPK plays a central role in much of this global gene regulation.
These osmostress-regulated genes are implicated mainly in carbohydrate

metabolism, general stress protection, protein production and signal
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transduction. This global change in transcription could account, at least in paurt,
for the metabolic adjustments required for osmostress adaptation (Hohmann

300-72).

On the other hand, Hogl activation results in the adaptation of the cell cycle.
Sustained activation of the Hogl MAPK led to cell growth arrest even in the
absence of stress suggesting a possible role of the MAP kinase in the control of
the cell cycle. It have been described that hyperactivation of the HOG
pathway resulted in accumulation of cells in the G1/S and G2/M transitions,
similar to the observed for osmotically stressed cells. Actually, G1 arrest upon
osmostress is mediated by Hogl(Escote et al. 997-1002). Hogl regulates
progression at the G1 phase by a dual mechanism that involves downregulation
of cyclin expression and direct targeting of the CDK-inhibitor protein Sicl. The
MAPK interacts physically with Sicl in vivo and in vitro, and phosphorylates a
single residue at the carboxyl terminus of Sicl, which, in combination with the
downregulation of cyclin expression, results in Sicl stabilization and inhibition of
cell-cycle progression (Escote et al. 997-1002).

These results indicate that Hogl imposes a delay in these critical phases. The
arrest could be a necessary mechanism for proper adaptation to a new

conditions and cell survival.
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Hogl is also implicated in metabolic adaptation and translation.

For instance, the activation of the HOG-MAPK pathway leads to an
activation of 6-phosphofructo-2-kinase (PFK2) which is accompanied by a
complex phosphorylation pattern of the enzyme that increase its enzymatic
activity . This change in the activity is the result of phosphorylation of the
enzyme mediated by protein kinases from the HOG-MAPK pathway. The
activation of PFK2 leads to an activation of the upper part of glycolysis,
which is a precondition for glycerol accumulation, one of the main
osmoadaptative process. Yeast cells containing PFK2 accumulate three
times more glycerol than cells lacking PFK2, which are not able to grow
under hypertonic stress .

Hogl is implicated in translation too. One example is the regulation of the kinase
Rck2. Rck2 is a yeast Ser-Thr protein kinase homologous to mammalian

calmodulin kinases. This kinase requires phosphorylation for activation. Hogl is
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able to phosphorylate Rck2. In fact, Rck2 phosphorylation is transiently
increased during osmostress or in mutants with a hyperactive HOG pathway
(Bilsland-Marchesan et al. 3887-95). Once Rck2 has been phosphorylated by
Hogl, it acts over the translation elongation factor 2, and this is important for
attenuation of protein synthesis in response to osmotic stress (Teige et al. 5625-
30).

Transcription

As it has been mentioned, increases in extracellular osmolarity results in changes
in the expression of a large number of genes.

Better understanding of the yeast response to osmotic stress could be achieved
from the use of DNA microarrays to perform a genome-wide analysis of the
transcriptional response under this type of stress.

In the last few years, there has been a total of six independent studies in which
yeast cells were exposed to osmotic stress and the global transcriptional
response has been analyzed ((Causton et al. 323-37); (Gasch et al. 4241-57);
(Posas et al. 17249-55); (Rep et al. 8290-300); (Yale and Bohnert 15996-6007);
(O'Rourke and Herskowitz 532-42)). From all them, it can be concluded: first, that
transcriptional responses after osmotic stress depends on the conditions tested
(such as time of exposure to salt and osmolite concentration); second, that
Hogl controls three major aspects of the response to increased osmolarity: it
determines the magnitude of gene induction, determines the duration of gene
regulation, and limits activation of other MAPK cascades. And finally, it is
important to understand that responses to ion stress require the activity of

several pathways and that a single gene can receive different inputs

33



Introduction

(Antonsson et al. 16821-28). For instance, the expression of the ENA1 ATPase is
regulated by both a calcium signalling pathway and the HOG signalling

pathway (Aoyama et al. 4868-74).

Different classifications have been proposed to organize genes whose
transcription change upon an osmotic stress: by biological function, type of
response or time of response (Posas et al. 17249-55). Attending to the onset of
transcription and biological function it have been proposed the next list of highly
induced genes after exposure to 0.4 M NacCl for 10 min (Posas et al. 17249-55):
genes encoding proteins involved in carbohydrate metabolism, components of
the protein biosynthesis machinery, proteins related to ion homeostasis, proteins
required for signal transduction and finally genes encoding unknown proteins.

A significant proportion of the induced genes is also controlled by other stress
conditions. In many cases this reflects a general stress response mediated by
Msn2 and Msn4 proteins. There are at least two explanations for the large
overlap between stress responses: different stress conditions can often occur in
nature simultaneously, and therefore any type of stress stimulates a broad
response; and the specific stress disturbs cellular functions leading to another
type of stress. For instance, osmotic stress may interfere with electron transport
leading to the production of reactive oxygen species. In this case osmotic shock
would indirectly induce an oxidative stress inducing genes implicated in
oxidative protection. Genes encoding for proteins required for oxidative
protection and for the heat shock response are induced very rapidly upon
osmotic shock.
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Induction of a number of genes after osmotic shock is mediated at least in part
by the Hog1 signal transduction pathway (Bjorkgvist et al. 128-32). The analysis of
the contribution of the HOG pathway it has been done comparing the level of
induction of responsive genes in wild type cells and in a strain lacking the MAP
kinase gene. Analysis of the data indicated that in many cases the response in
hogl cells was different from that observed in wild type cells. However, from a
guantitative point of view, the changes ranged from a weak effect to a virtual
loss of the response. This indicates that the Hogl pathway is certainly involved in
the transcriptional response of most salt-responsive genes, but in many cases, it
is not the unique relevant signalling pathway. The level of dependence on Hogl
differs upon the stress conditions.

On the other hand, the group of HOG-dependent genes contains many of the
most strongly induced and most highly expressed osmoregulated genes, and

the majority of the genes have been characterized previously.

In addition, in salt medium a set of genes was strongly expressed in the hogl
mutant than in the wild type. The majority of these genes are known to be
involved in the mating of yeast cells; their expression is stimulated by mating
pheromone. Stimulated expression of these genes results on the inappropriate
stimulation of the pheromone response pathway which share components
((Akada, Yamamoto, and Yamashita 267-74); (Albertyn, Hohmann, and Prior 12-

18)) with the HOG pathway.
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Transcription Factors Under the Control of the MAPK

The Hogl kinase mediates its effects through at least five different transcription
factors: the redundant zinc finger proteins Msn2 and Msn4 (Schuller et al. 4382-
89); Hotl (which does not belong to a known family of transcription factors)
(Rep et al. 5474-85); the bZIP protein Skol (Proft et al. 1123-33), and the MADS
box protein Smpl (de Nadal, Casadome, and Posas 229-37).

At the beginning of this work, Hog1 transcription effectors were unclear. During
the last years intensive research have resulted, not only in the identification on
new transcription factors (for instance Smp1l, whose description is included in this
work), but also in the characterization of the mechanisms underlying those
factors that were known at that moment. For instance, Skol was first described
as a repressor of gene expression, however lately, it has been described with

activator properties depending on stress (Proft and Struhl 1307-17).

In addition to the conventional MAPK role in regulating transcription factor
activity by direct phosphorylation of transcription factors, it has been report that
Hogl can associate with the chromatin at promoter regions of a target genes.
Activated Hogl is recruited to osmotic-inducible promoters through interaction
with specific transcription factors (Alepuz et al. 767-77). Furthermore, recent
results support a model in which promoter-localized Hogl stimulates
transcription by phosphorylation of specific components of the RNA pol i
holoenzyme (Alepuz et al. 2433-42). Additionally, Hogl has been reported to

bind to Skol-dependent promoter through its interaction with Skol, and both
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proteins are required for the recruitment of the SAGA histone acetylase and
SWI/SNF nucleosome-remodeling complexes in response to osmostress

necessary for transcription (Proft and Struhl 1307-17).
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Figure 4. Transcription factors under the control of the MAPK Hogl. At
the begining of this work there were Known five transcription factors

under the control of the MAPK Hogl.

MSN2/4

Msn2/Msn4 are a pair of apparently redundant transcription factors that bind to
stress response elements (STREs) ((Aoyama et al. 4868-74); (Aramburu, Rao, and
Klee 237-95); (Aravind and Ponting 458-59)). These elements are characterized
by the core sequence CCCCT in either orientation and are usually found in two
or more copies in front of Msn2/Msn4 target genes ((Ayscough and Drubin 927-

30); (Baker 3774-84)). These appear to control a general stress response.
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Both transcription factors shuttle between the nucleus and the cytoplasm, by a
variety of mechanisms that are thought to involve the protein kinase A, Hogl,
and TOR kinase signal transduction pathways, depending on the environmental
conditions (Schmitt and McEntee, 1996); (Beck and Hall, 1999); (Rep et al. 715-
27)). Upon tress, Msn2/Msn4 are phosphorylated and translocated to the
nucleus ((Barbet et al. 25-42); (Batiza, Schulz, and Masson 23357-62)). Since in
osmotic shock conditions, Msn2 and Hogl are both localized in to the nucleus,
they could interact in this compartment ((Alonso-Monge et al. 717-30); (Amoros
and Estruch 1523-32); (Barbet et al. 25-42)). One of the most accepted model
points out the protein kinase A mediating translocation of Msn2 (and Msn4) to
the nucleus under any type of stress conditions. Once in the nucleus, further
stress-specific processes, for instance mediated by Hogl, could confer full
transcriptional activity to Msn2.

Msn2/Msn4 control a subset of the Hogl-dependent genes. Most of these genes
contain several STREs, however some of the genes whose osmotic induction was
strongly affected by deletion of MSN2 and MSN4 do not appear to contain STRE

elements at all.

MSN1

Msn1l is distantly related to Hotl and has been shown to affect the expression of
GPD1 and CTT1 after osmotic shock (Ansell et al. 2179-87). However, the

relationship of Msnl to the HOG pathway has not yet been investigated.

HOT1
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Hot is one of the best characterized transcription factors under the control of
Hogl. Hotl physically interacts with Hogl. Its binding to DNA and subsequent
transactivation activity are regulated by the kinase ((Rep et al. 8290-300);
(Alepuz et al. 2433-42)).

Analysis of the mechanism by which the Hotl controls Hogl-mediated osmostres
gene expression have shown that the transcription factor interacts with Hogl,
and this interaction is critical for recruitment of the MAPK to Hotl dependent
promoters and essential for their transcriptional induction upon stress (Alepuz et
al. 767-77).

Although Hotl is phosphorylated by the Hogl, this direct phophorylation of Hotl
by the MAPK is indeed not critical for the regulation and activation per se. Thus
activation of the gene expression by Hotl must revolve around a mechanism
other than phosphorylation of the activator by the MAPK (Alepuz et al. 767-77).
Actually, it serves as an anchor for the MAPK to recruit the RNA pol-ll enzyme
(Alepuz et al. 2433-42).

Deletion of HOT1 partially suppresses the lethality caused by over activation of
the HOG pathway. This indicates that Hotl is partially mediating the HOG-

dependent responses (Rep et al. 5474-85).

SKO1

Sko1l is a protein that belongs to the ATF/CREB family of AP1-related transcription
factors (ATF) ((Nehlin, Carlberg, and Ronne 5271-78); (Vincent and Struhl 5394-
405)), which in mammalian cells are known as cAMP response element (CRE)-
binding (CREB) proteins (De Cesare and Sassone-Corsi 343-69). Such factors
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possess a bZIP domain, i.e., a leucine zipper for dimerization, and a basic
transcription activation domain. Many ATF/CREBs can form dimers not only with
themselves but also with other members of the same family, depending on how
the binding site is organized. Skol is largely localized in the nucleus. Its
localization is not affected by mild osmotic stresses (Pascual-Ahuir et al. 37373-
78), but after a 1M NacCl stress, Skol is localized at the entire cell.

Skol is a target of different signalling pathways: such as protein kinase A
((Pascual-Ahuir et al. 37373-78); (Proft et al. 1123-33)), and the HOG pathway.
One or both signalling pathways act on Skol activity for the proper expression of
different subset of genes.

The nature of the genes regulated by Skol is diverse. Skol controls expression of
a Na export plasma membrane pump called ENA1, HXT1 (an hexose transporter
gene. Described in this work), and other genes whose function it is not known,
such as GRE2 and HAL1. The promoter regulation of HAL1 and GRE2 seem to be
simpler than that of ENA1 and HXT1, where stimulated expression under salt stress
is mediated exclusively via the CRE site(s) (Skol DNA binding sites) (Proft and
Serrano 537-46)). In contrast in ENA1 and HXT1 promoters, Skol is implicated in
coordination with other transcription factors and signalling pathways to regulate
properly gene expression.

The Hogl dependent molecular mechanism for Skol activity was described
some time ago. Skol is phosphorylated directly by Hogl at multiple sites within
the N-terminal region (Proft et al. 1123-33). Recently, it has been described that
upon an osmotic shock, the complex of phosphorylated Skolp-Ssn6-Tupl-Hogl,
in GRE2, HAL1 promoters, recruits SWI/SNF and SAGA chromatin modifying
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complexes which promote RNA polymerase Il binding and transcriptional
activation (Proft and Struhl 1307-17). The ability of Sko1l-Ssn6-Tupl complex to
switch between a transcriptional activator and an active repressor may be a
general mechanism for the cell to achieve a rapid change of transcriptional
activity.

In addition, PKA is also able to phosphorylate Skol and this phosphorylation

seems to increase the repressor activity of Sko1l.

Ssn6

Figure 5. Osmotic-regulated transcriptional activation of the GRE2 gene
by the transcription factor Skol. (A) During basal conditions Skol recruits
Tup1-Ssn6 complex and repress expression. (B) After an osmatic stress,
Hogl phosphorylates Skol becoming an activator and recruiting SAGA
and SWFKSNF complex and RNApol Il complex.
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Exposure of Seccharompeey cerevisine to increases in extracellular osmolarity activates the stress-activated
Hogl mitogen-sctivabed protein kinase {MAPK), which is essential for cdl survival upon osmotic stress. Yeast
cells respond to osmotic stress by inducing the expression of a very large manber of genes, and the Hogl MAPK
plays a critical role in gene transcription upon stress. To anderstand how Hopl controls pene expression, we
desipned a genctic screen o i solate new transcription factors under the control of the MAPK and identificd the
MEF2-like transcription factor, Smpl, a5 a target for Hogl., Overcxpression of SWP! indweed Hogl -dependent
cxpression of oanoresponsive gencs sach as STLI, whereas smplA cells were defective in their expression.
Consistently, smplA cells displayed reduced viability upon osmotic shock. In vive coprecipitation and phos-
phoration studies showed that Smpl and Hogl interact and that Smpl is phosphorylated wpon osmotic stress
im a Hogl-dependent manner. Hogl phosphorylated Smpl in vitro at the C-terminal region. Phosphoryation
of Smpl by the MAPK is cssential for its fonction, since a mutant allele ytmable to be phosphorylated by the
MAPFE displays impaired stress respomnses. Thos, our data indicate that Smpl acts downstream of Hogl,
controlling & subset of the responses indoced by the MAPK. Moreover, Smpl comcentrates in the nucleus
during stationary phase, and the lack of SMPP resalts in cells that lose viability in the stationary phase.
Localization of Smpl depends on FONGT, and consistently, dogl A cells also lose viability during this growth
phase. These data smgpest that Smpl could be mediating a role for the Hogl MAPK doring the stationary

phase.

Mitogen-activated protein kinase (MAPK) cascades are
common signaling moduoles found in both higher and lower
cukaryotic cells. Activation of a MAPK resalis in modilication
af a set of target proteins, often transcription [actors, tha
allow the generation of appropriate cellnlar responses 10 an
cxternal stimulus. Stress-ac tivated protein kinases ( S APKs) are
a subset of MAPKs activated by environmental and genoioxic
siresses (reviewed in referenoes 9 and 20). A prototype of the
SAPK family is the yeasi p3S-related MAPK, Hogl, which
specifically responds to increased extracellular cemolarity and
is requined for cell survival under these conditions.

Activation of the yeasi Hogl MAPE induces diverse csmo-
adaptive responses, such as regulation of gene expression.
Genome-wide transcriptional analyses showed that a greal
number of genes are regalated by osmotic stress in oa HONG -
dependent manner. Among the genes under the conirol of
Hogl are genes that encode proteins implicated in carbohy-
drate metabolism, general siress protection, prowein produc-
tion, and signal tran=sduction (reviewed in reference 8). One
mechanism by which SAPEs, and MAPKs in general, modulaie
fene expression is by direct modification of transcription acti-
vators, In Sacolironmres coevisiee, only foor transcription fac-
tors, Skol, Hotl, and the redondant Msn2 and Msnd, have
been proposcd 10 be controlled by the Hogl MAPE. These
factors are unrelated, and the mechanisms by which Hiogl
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iz de Ciéndies de la Salwe (@ de la Vida, Univemsitar Pompeu Fabra
(UPF), Clocior Adgonader 20, Barcelona EO8003, Spain. Phone: 34-
O3 540 2RA8, Fax 3-03-542 2802, F-mail : francesc. posasi cexsuples,
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regulates their function may differ from one to another. ot d,
Men2, and Mznd activaie transcription, whereas Skol represses
and activates different subseis of osmotic-indocible and Hog -
regilated genes (15, 17, 18 Skal is an ATF/CRER factor thai
represscs genes under nonstress conditions by the rocroi tmeni
ol the general corepressor complex CyckS-Tup 1. In response o
osmotic siress, kol is phosphorylated by Hogl, therchy re-
lieving repression ( 15, 16), Msn2 and Msnd are generic siress
faciors controlled by PEA and Hogl by an unknown mecha-
nizm. Hotl physically interacts with Hogl, and its hinding to
DBA and subsaquent transactivation activity are regulated by
Hogl kinase activity {1, 190, Global gene expression analyscs
carried out w dissect the specifiic roles [or each transcription
factor hawe reveaked that each of these factors can account for
a limited effect on global gene expression by regulation of a
small subsel of the osmosires-indocible genes (3 171 Fvalo-
ation of the subsei of osmositess-responsive genes conirolled
by cach factor revealed that the activators reporied to be under
the conirol of Hogl were not sufficient to explain the impact of
Hogl on gene expression.

The mechanism by which Hogl regolates gene expression is
noi completely understood. In particalar, there remained the
possibility that additional transcription factors were requined
for gene expression upon siress. Therefore, we underiook a
genctic screen 1o identify new activators under the conirol of
the MAPK. Thos, we found that Smpl, a member of the
MEFZC family of transcription faciors, is imvolved in Hogl
signaling. Interestingly, it was reporied previously that in meia-
Foan cells, the MEF2C family of transcription factors can be
targeted by the mammalian p38 MAPK {113 We show here
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that Hogl and Smpl interact in vivoy, and we hawe identified
the relevant Hogl phosphorylation sites in Smpl and analyzed
their effect on siress-regulated gene expression in vivo, Far-
thermore, wie report that Smpl may play an imporant mole not
anly in cemosiress responses, bat alsoin a new fonction for the
Hogl MAPK required for cell survival in the siationary phase.

MATERIALS AND METHODS

Yeasl sirains. The following veas! simins were wsed: L2 (8AT 0 ol (rald ks
LYN2:dend Ji8F DRAF lend dac &), TML (AT wred (ol arped ks, TM I3
(AT wred feul wrpd bisd Bel Bog 1 TR YENSL (MAT 0 em F Bl apl bisd
apd s IR, YERNSS (M4 e ured leee? apd Bind had hopd :TRPE senpd oIS,
and YEM11Z (MATn emd (e apd HOGHA <6 8085, Integmation of the
STL1-Lac reporier constroct | PENCS) in wikd dype, dopd &, and seepd A sirains
wielded YEMNZ {MA T fesed ap f b3 15710 -LecE [RA: 1 YENT (M T dese 2 el
ks el b TP STLI Lok URASL and Y ENAE (MATh (ol opd ks
aipd s IR ST -Lacd URAS ) Genomic disruptions were made by long flank-
ing homology PCR-bassd gene dismoplion,

Rulers and media. Bufer A& consists of 50 mA TrsHO (pH 755, 15 mAd
EDTA, 15 md EGTA, 2 mM dithiothreiiol (T, 0.1% Triton X-100, 1 mA
phempdmethyknlfonyl fluond: (PM5FL 1 mM bewamidine, 5 pg of pepsiatine
per ml, and 5 pg of leupeptin per ml Alkaline phosphatase bufer consists of 50
mid TrsHC fpH 205, 100 mM Mall, and 10 mM Mgl Buffer B consisis of
S0 md Tris-HELfpH 207, 150 mM Nall, 1 mB EDTA, 2 md DT, 1% Triton
X1 1 mb PMEE, 1 mM bermamidine, and 5 pg ol lepepiin per ml Kims:
boffer conssts of 50 mA& Trs=HO (pH 75§, 10 mM ¥gOl,, and 2 m3& DT
Phesphatazz inhibitor mistare contains 10 mMd NaF, 1 m¥ sodiom pyrophos-
phaie, and 10 mM B-glywemphosphaie. Sodium dedecy] sullaie (505) loading
baffer consists of 50 mM Tri=HO1 (pH &8), 100 m¥ DT, 25 505, 0%
bromophenol Blue, and 10% glyweml Yeast extmcipeplonecextrose ([ YPLN
meclinm coniaing, per liter, 10 g of yeast extract, 20 g of peplone, and 30 g of
dexirose, Bckective medium coniains 17 g of of veast mitrogen base {Difoo) per
liter, 5 g of (NH, 1,50, per livzr, 20 g of dexirose per liter, and supplemiznis {100
mg each of the amino ackl|s] wracil or adenine, as appropribe, except wherne
indicated ) X-Gal (5 bromo-d-chloro-3-indolyl3-0-gahctopyranoside ) solid me-
dinm contains selective mediom baffersd with MES |2 {.".'-Mn:hrph:llum}.l.h.lno-
smlformic acid] at pH T plas 0.1 mg of X Gal permil, Al yeasi growih was ap 3000,

Masnids. The ST e £ reporier construct FENUS was generaied by don-
ing the ST1d promoier (base pairs — 824 o +2) by PCR inie YIp3sER (CEY
URAS) (120 Plhsmid PENAS camies a 3d-kbp foo RIS fragment coniaining
SMP! in a multicopy vecdor YEphc1S1, pd 200861 (P - 08T DRI 2pm)
s a gift from B, Takekawa (unpublished ). The Py -G8 allows the expression
of GAT -fusion prmizine via the veast Py, promoter. Folldengih wild-type and
mitan it 3P peneswerz cloned inwo phismid p2 25054051, Full-length SW0 and
SMPIAMADS (which contins a 90-amino-aad ermml deleion of the MADS
bom donming were cloned inio the Safl site of the pETMM11G plasmid o Fuse them
o ihe Lewd binding domain, pACTH-HOG) was oblained by fosion of the
full-lengih HOGE PCR product with the GALS activation domain in pACTIL
The bacterial expresiom phamd pGEXAT (Pharmacia) allows the expression of
G T agred proteins in Exclevchie coli, Full-length wild-type and several tun-
caled SMPY alleles were clomed into the B Rl sz of the pGEX-2T plasmid by
FCR. Comsiruction of SMP! sile-direcied mutanis was @rried ool by PCR-
direcied muiageness Eadt molation was venhied by DNA sequencing, The
SMPlaid wis sequenced 1o verify that it conlained only the desired mutations
The ml mutant contains a double amine ackl mbstitation, namely, Ser3is and
SerdTh o Alda, while m2 contains the Serdd8 and the 5er?3Tamino acids muialed
o Ala. The md comiains a geadraple amino acid substimtion, namely, Seriss
Seer33T, Theds and SerdTh o Ak, Those muiani alleles were cloned inio
pGEXAT for bactenial expression and into pl26GAGT [P - 08T URAS
2pm) for yeast expression. The SMPLGEP phamid conlains the SHPY pene
fused 0 the green fuomrescent provzein gene (OFF) in a moltcopy plasmid
aRsa
l‘ Isolation of STEfulecd reporter adivaors. Wiklbype yeast sirain TM 141
carrying mn inlegrated ST slacd reporier (PENOS) was transformed with a
yeasi genommic library in the muolticopy plasmid YEp13, Colonies were grown in
synthelic media cont@mining X-Gal for 5 w6 days. From approximalely 30,000
colomies, 20 posilive clones were selzcied by their ahiliiy o incdues 5770 and thus
o produce beia-mladosidase, Phsmids wene solaled, and their 06T depen-
dence was evaluated in a kogl 4 sirain coniaining the same reporier constrci.
Flasmids Erom S -dependent positives were soluied and parially sequenced.
Candidate penes were subclomed and assayesd as before,

Mo, Crer, B,

Twa-tybrid analysis. The two-hybrid analysis was carmied oul eseniially as
described previoosly (50 by using pACTI and pIFTMI1G as the activation do-
main phsmid and Lexd as the DNA-binding domain plasmid. The plasmids
LexA S0P and LexA-SWADSSMEPL were cotransformed with pACT-HCKC]
using the L0 reporier sirain. Positive cloneswere szlecied and further iesied for
pombicosdase activity as follows, Cells (—5 = 10%) were spotied onte YPD
plates, inoobated for 5 hoat 30C, and replicied onio nirocellnloss membranes,
B-Gralactosidase activity was wisualized in s by osing X Gal as described else-
whers [5).

In vive coprevipilmtion assys. In vive interaction of GET-551F1 with Hogl
wis delermined by GET pul k- desn experimenis Midlog-phase cells were grown
in the presence of 2% galactose for 4 h and sbjected or not sibjected 1o a brief
asmotic shock (1.2 M WNaCl, 10 min b Yeast exiract (750 pg in a mixiure of bufer
A plas 150 mbd Nall plus phosphatase inhibitor) was inmbaied with 50wl of
ghiathione Sephams: beads overnight at 4, The beads were washed exien-
svely with baffer A plus 150 mA Nal'l, resuspended in loaling bafler, and
separated by SDS-polvacrylamide gel electrophoresis (PAGE]), Immunobloiting
wirs done by using anti-HA moncclonal aniibody 12CA5 (Roche) al anti- GST
monclonal antibody (Pharmada) iogeiher with FCL reagent (Phammacia).

In vive SAP1 phosphordation ossip=s Wild-ivpe and mutan G5T-SMEP
proteins were purified as described above bt in the presence of buifer & without
EGTA and EDTA. Bead-boundd proieins werne inoubabed with 20 LT of cali-
intezstinal alkaling phosphaiase (Boche) in 50 pl of alkaline phosphatase bufer
for 6 min ai 357C, Afieralkaline phosphaiase irmiment, the beads were washed
with several colomn vokmmes and Smpl was detecied by imremobloiting by using
an anti-GET monodoml antibody.

Purification of GET proteins in Fo o and inviro kinase assiys. GST fusion
proteins encoding Fhe2{EEL Hogl, and full-length or imnaied Smpl were
consiraced by osing pGEX AT (Plarmacia), expresed in £, cal DHS, and
purified by using ghiathione-Sephamse beads (Pharmada) in baffer B as de-
scribed previcesky (123, Phosphorglation of Smpl by Hogl was monitored by the
follewing in vitro kimse azsay. One micragram of recombinan G T-HOG from
E. calt wis activated by phosphorylation by using 05 pg of GET-PESZEE] in the
presence of kimse boffer and ATE. Afier 15 min ai 30C, 5 pg of wild-type or
muianl versons of Smpl, punfied from E ol was added o the previous
mixture bogether with [v-*FlATP 0.2 pCipl). The mixiore was then incubabed
for 5 min al M°C, and the reactions were lerminated by the addition of 2x 5108
kading bufer The labeled proieins were resalved by SD5-PAGE and delected
by aoioradicgraphy.

|=Calictosidose asays The iransformed yeast simins were grown selectively
until mid-log phase in the appropriate selecive ligoid media and then dikied in
¥I'Dfor 3 h. Logarithmically growing cells {opiical density at 660 nm, 05 o 0.3)
were ireaded or noi treated with 00 B of MaCl for 35 min and permeabiloed by
clhanol-tokiens reatment, and B-mlaciosdase activily was delermined as de-
scribed previously (6.

Cell vinhility assays. Cell viability was seored esentilly as described previ-
ously {71 Yeast cells were grown in YPI or minimal medium o an opical
density of 0.5 and mibjecied or not mbjecied 1o an camotic shode (1 B NaCl for
G0 min k. Viability was determined by adding propidiom dodide (P ac 0,00
mg'ml amel measuring the mumber of P1-positve cells by using a FACSon fow
cylomieber (Bectom Dickinson, San Jose, Calit v Cell wiahility was also deter-
mined by addimg Phloxin B ai 05 nmginl o the onireaied or ireated cells as
hefore and counting the siained cells by visual miooescopsy.

GFP Nuorecmee microseopy. GFP was visualized without fixmtion by using a
Wikon E-S0 with an ORCA 11 CCD camera {Hamamats ), Tmages were aken
al 1060 magmification and comeried 1o Pholoshop famal version 4.0 (Adobe
Sysiems),

RESULTS

The MEFZC-related Smpl transcription factor regulates
HiMs-dependent gene expression. (Osmosiress gene cxprossion
is strongly delective in fogfA celk (sce above); however, de-
letion of the transcription faciors described as being under Lhe
control of the MAPK has only a limited effect on osmosiress
cene expression. Thuos, it was predicted that other ranscription
faciors muost exist under the control of the Hogl MAPK. To
identily new Hogl-regolated transcription faciors, we oon-
ducted a screening by which we isolated genes whose overex-
pression was able to induce ST expression. The STLT gene
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FIG. 1. Smpl rramscrpion factor modulaces  HOG Fmadiaced
STLE gene expression. (A) Yeast multicopy plasmids capable of in-
ducing .':-]"F.J'-}...-.-.'-'.' cxpression in wild-tvpe cells were isalated, and
their de pendence on MO was asssved in wikd -ppe cells (YEN2) and
feegd A cells (Y ENT ). A representacive filizr p-gal aciosidase assay dem-
ansrrating induction of STL-Lacd by several positive clones from the
screening is shown. (1) 5n1||1| modulaces expression of ST J-Lack,
Wild-tpe, fegld, and owplA sirains con@ining the ST -Lacd re-
porier sysiem (sirains Y ENZ, YENT, and Y EMNIE) were marslonmed
with a conrmol plasmid or a molucopy plasmid expressing SMWPY. p-Ga-
lactemidase actisiy was as=ayed in cells that were gromn o mid-log
phase and thar were subjeciad (open bars) or noc =nbjected {conmol;
filled barsy w byperosmonic stress (004 M Nall for 33 ming. p-Galac-
tosid ase activiy is given in nanomoles per minee per milligram and is
the resule of the measurement in quadruplicate of resuls for o
indzpandent transformant=,

encodes a putative sugar transporier, and it is one of the genes
that is most strongly indoced in response o osmosiress and is
completely under the contral of Hogl (130

Yeast celk containing an integrated STLI-Lacd reporier
consiruct were tramsformed with a multicopy genomic library,
and positive clones were sclocted by their ability 1o indoce
STLI and, therefore, to prodoce p-galactosidase on X-Gal-
containing plates {described in Materal and Methods), Thus,
20 positive cloncs were identified from approximate ly 30,000
colomics. Plasmids were isolated from  positive clones and
tested again for their ability to indooe ST in both wild-type
and feel A strains comtaining the ST -Lacdd reporier. Only
clomes that induced ST in a QG -dependent manner were
partially sequenced. From the genomic clones, candidate genes
were subclonad into a multicopy plasmid and tested as abowve,

As expected, some of the clones capable of indocing our
reporier system encoded upstream components of the IO
pathway, namely STEL PAS2, and S85KT, that are known 1o be
able to induce activation of Hogl by overexpression ¢ Fig. 1A

Smpl IS A TARGED OF THE Hegl MAFE 23]

In addition to those upstream components of the HOG path-
way, wie identified ¢lements that conld be acting at the level of
transcription regulation. We thos identified some gencs enood-
ing componenis of the basic transcription machinery, such as
SRAS and SRAY (data not shown) and a gene encoding the
sSmpl protein, @ member of the MEF2 transcription [actor
family {Fig. 1A

To determmineg the importance of SMPI in regulation of gene
expression, we quantified ST expression in liguid p-galacio-
sidase assays. As shownin Fig, 1B, celk overexpressing SRS
induced expression of the STLY reporter gene o approxi-
mately fondold-higher levels than did wild-type cells under
bioth nomstress and siress conditions, Overespression of SWPJ
in hoedA cells did not have any effcct on STL expression.
Furthermore, deletion of SMWPT resulted in redooed STLF ox-
pression ( Fig. 1B Similar resolts were obtained when ST
expression was analyzed by Morthern blotting {data noi
shown), Deletion of the gene that encodes for the Hotl tran-
scription factor had an even more exiensive impact on ST
expression than did deletion of the SMPI gene, indicating thai
Hotl plays a major role in the regulation of STLT {data noi
shown ).

The roke of Smpl on gene cxpression was also asayed by
analyzing the expression of other siress-responsive  gencs
known 1o be controlled by the Hogl MAPK (13, 171 We
created reporer genes containing the CHPRE, ALDS, and
HXTT gene promoters fosed 1o the Lacd reporer system.
Similar to the observations with STLF, expression of CHPN was
induced by cverexpression of SMP I whereas deletion of SMWPJ
partially reduced its expression upon siress. Mo SMPI-depen-
dent differences on gene expression were observed when the
FXTT and ALD3 gene reporers were used, although these
reporters were induced under cemotic siress in a AOGT-de-
pendent manner (data not shown), Thus, the genetic screen
viclded a clone, SMPI, encoding a transcription facior of the
MEFZ family, capable of regulating a subset of siress-respon-
sive genes under the comirol of the Hogl MAPE.

Smpl is phosphorylated after osmotic stress im a Hogl-
dependent manner. When yeast cells are exposed o osmotic
stress, the Hogl MAPK is rapidly phesphorylated and acti-
vated (10} (Fig. 2B). To determine whether Smpl is regolated
in response 1o cemolic siress, we lested whether Smpl was also
phosphorylaied upon osmotic stress. Wild-type and hogfA
strains were subjected o a briel csmotic shock, and G5T-
tagred Smpl protein was monitored by Western blotting by
using anti-G5 T antibodies, The GST-5mpl hsion protein was
folly functional as tesied for iis ahility to induce STLI-Lacd
expression (data not shown) As shown in Fig. 2A, when sub-
jected 1o cemotic siress, the mobility pattem of Smpl was
altered. The mobility change of Smpl was induced by phos-
phorylation, because when extracts from cemotbic-stressed cells
wiere reated with alkaline phosphaiase, the mobility patiem
could be reversed (Fig. 2A0. Interestingly, Smpl phosphoryla-
tion was rapidly induced upon siress boi the kinetics lageed
behind those ohserved for the phosphorylation of Hogl, This
kinetic relationship is consistent with Smpl being dependeni
on Hogl ¢ Fig. 2H). Moreover, phosphorylation of Smpl in
response 1o osmotic siress depends on Hogl, since Smpl [rom
foglA cells did not undergo the mobility shift observed in
wild-type cells. Thus, these results showeed that Smplis rapidly
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FIG. 2. In vivo phosphorylation of Smpl upon csmotic siress de-
pends on Hogl, (AS GET-SMIP1 weae expressed onder the P, pro-
micter inwild-vype (T84 1 and hegd & (TR 233 cells, Yeast cells were
grown in the presence of galactese for 4 b oand subjecied {4+ or noa
stbjected { — w0 a briel osmone shock (0.4 B Nal for 10 min), and
the exracis wene meated (43 or not mreated (-3 with 10 U of alkaline
phoephatase or phospharase inhibivors (Phos Inhy Exeraces were sep-
arated by S56-PAGE, and G5 T-mpeed Smpl was decected by the use
of pohclonal GST-specific anibodies. The conrol =train {withou
GET-5MP1y was the wild-wpe arain (TR140. (B Time coorse of
Hesal and Smpl phosphorylaron upon camotic sress, Cells expressing
GET-5MT1 in a wald-type serain were subjecred 10 cemotic stress (04
W MWail”ly, and cells wene collected ar dilferent times, Phosphorylaron
af Smpl and Hogl was monioned by Wesern blocing by using anti-
GET anribodies and anti-phospho-pa8 MAPK (Thri @@ Tyr152y anti-
biodies (Mew England Biolabs)y, respaciively. The level of phosphory-
lation was mezsnred from scanned Glne by ogng Qoantiy One
softwane | Pic-Rad).

phosphorylated upon hypercsmotic shock in vivo and that this
modification depends on the Hogl MAPE.

Hopl interacts with the putative transcription activator do-
main of Smpl. To obtain direct evidence for the interaction of
smpl and Hogl, we tesied by two-hybrid analysis whether
these proteins interacted. Smpl or a moiani coniaining a de-
letiom on the MATS box and MEFZ2 domains (amino acids 1 to
oy wiere fosed to the LexA-DMNA binding domain, and their
interaction with the full-length Hogl fused to the GATL4 acti-
vator domain was tested. Fignre 3A shows a typical resalt and
indicates that Smpl interacts with Hogl throogh its C-terminal
domain and not through the MADS and MEF2 domains.

The interaction between Hogl and Smpl, shown by the
two-hybrid daia, was confirmed by in vivo coprocipitation ex-
perimenis. Yeast YEN 114 cells (which express Ha-iagged

Hogl from their own genomic loous) were transformed with a
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FIG. 3. Inwivo binding of Hogl w Smpl. (A0 [neraction as shown
b rao-tnbrid anabvsis of Hogl and Smpl. The wild-rvpe version and a
muizant that lacks the MADS and MEFZ domains { AMADS Smplj
fused w the LexA DB were expressed wich the [ull-lengeh B! Tosed
10 the GALL activaor domain, A represeniaiive ilier p-galaciosidase
assiy demonstraing imeracions berween Hogl and Smpl is shown,
Proteins encoded by the coneml plasmids plecA-RASY and pACT=
RAF, which are known o interact with each other, are shown for
comparison. (B Smpl coprecipitates with Hogl., Strain YEN114
iwhich cxpresses HA-mgeed Hogl from the wild-ype loces) was rans
formed with a plasmid expressing G851 or G5 T-SMP1 under the P, |
promester. Cells were grown in the presence of galaciose, and :~Jn1|;'li-.~=
were 1aken belore (—) or 10 min afver (+) the addition of NalCl o a
final concentrtion of 04 M. GET proweins were affiniy porified
through a glutathione-Sepharose mainix the presence of HA-Hogl in
the preapitates was probad by immunoblooing with an-HaA (indicai-
ed by e HLA ar righty, and GET-conaining proceins {indicared by aGST
au righty were decected by using amibodies agaims GRT. Tocal, < 105
of the input protein; Prec., toal amoun of Hogl or GST precipitaced.

plasmid that expresses a G5 T-tagead Smpl from the &GALS
promoter. Cells were subjected 1o a briel osmotic shock, and
Smpl was precipitated by using glotathione-5e pharose beads.
The presence of Hogl in the precipitates was probed with an
anti-H.A monoclonal antibody, As shown in Fig. 31, Smpl was
able to coprecipitaie Hogl irrespective of the environmental
conditions. Thus, these in vive binding assays confirmed the
conclusion of the two-hybrid analysis indicating that Hogl
hinds 1o the Smpl transcription factor.
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Phosphorylation of multiples sites at the C terminus of
Smpl by Hogl affects Smpl function. Smpl is phosphorylated
upon osmaotic stress in a Hogl-dependent manner and iner-
acts physically with the MAPEK. We then tesiad whether Smpl
phesphorylation was carried out directly by the Hogl MAPK
by ising purified proteins in an in vitro Kinase assay. For this
purpese, Hogl and a constitutively activated version of Pbs2
[PREZ{EE )] were purificd as GST-fosion proteins from F. ool
In the first siep of the reaction, Hogl was activated by phos-
phorylation in the presence of PBS2{EE)] and ATP (2}, Then
Smpl, purified from . cafi as a GS8T-tageed protein, and
[+-*P)ATP were added to the reaction. As shown in Fig., 24,
lane 1, full-lengih Smpl was phosphorylated by Hogl {see the
asierisk), whercas when a camltically impaired Hogl
{hogl KM was used insicad of the wild-type Hogl, no phos-
phorylation of Smpl was observed {data not shown), thus sog-
pesting that Smpl is a direct subsirate for the MAPK Hogl.

To map the phosphorylation siteds) for Hogl in Smpl, we
created several troncated SMPD alkeles and expressed them as
GET-tageed proteins in £, colf. After purification, the same
amounis of the pure proteins were subjocied to in vitro phos-
phorylation by activated Hogl (as described abowe). A trun-
cated form of Smpl containing the N-ierminal region {amino
acids | o 274) was unable o be phosphorylated by Hogl,
whereas a C-terminal regiom (amino acids 275 1o 432} was
strongly phosphorylated by the MAPK (Fig 4, lancs 2 and 3).
Thie, phosphorylation of Smpl by Hogl oocors inoa region
which is coincident with the Hogl binding domain. 1t is worth
noting that when both M-terminal and C-terminal fragmenis
wre prescnt in the same assay, the amouni of phosphorylation
ol the Caermminal fragment was strongly redoced (Fig, 4, lane
21

To further determine the phosphorylation sites in Smpl, we
created several roncated versions of the C-rermminal domain
{amino acids 275 to 4532) and expressed them as GST-agged
proteins in E. oafi. Truncated forms were purified and assayed
as described previously, A S0-residoe C-terminal deletion had
little effect on Smpl phosphorylation, whereas deletion of the
last 90 residoes had a stronger effect on phosphorylation (Fig.
2, lanes 6 and 7). Four sequences comesponding o the con-
sensus phosphorylation site for MAPKs {Ser-ProyThr-Fro) are
present in the region comprised of residoes 275 1o 223, We
created point mutani versions 1o replace Ser and Thr residucs
with Ala, and we tesied them for phosphorylation by Hogl.
Single mutations of Ser 328, Ser 357, Thr 365, and Ser 376 did
not alter Smpl phosphorylation (data not shown) We then
consiructed several combinations of mutant sites and tested
them by phosphorylation. Mutation of hoth Thr 365 and Ser
AT (ml) did not change the level of phosphorylation, whercas
mutation on both Ser 348 and Ser 357 (m2) slightly decreased
thi phosphorylation of Smpl (Fig, 4B). Smpl phosphorylation
was only abolished in the Smpl-m2 muotant, which coniains
mutations in all foor sites (Fig. 481

In wivo phosphorylation assays carfiod oot as described pre-
vionsly in wild-type cells iransformed with a wild-iype GST-
tagged Smpl or the mutant Smpl-m2 protein demonstrated
that mutation of the four sites in the Smpl-m4 proicin elimi-
nated most of the mobility shili doe o phosphorylation of
Smpl in response to csmolic siress (Fig, 3A). Taken wogether,
these resulis indicate that there is a specific clusier of four
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FIG. 4. Heal phesphorvlates the C-rerminal domain of Smpl.
(A3 In vitro-activared Hogl phesphorylaces Smpl. Yarioos Smpl frag-
ments were tested [or their abiliy to be phosphorvlaed by oan in
vitro-activaed Hogl, The positions of the Smpl fragmenis included in
the cormstructs are Mmdicaad i parenibeses, Recombinant tageed pro-
1eins were purified from E. ool and sibjected o phosphord ation by
activated Hogl as desenbed in Maienals and Methods, Phesphon-
laied proneins were resolved by SDE-FPAGE and deecied by autora-
diograpy. Aserisks indicate the positions of Smpl proteins derscied
by Coomassie simining. (B Mowation of Smpl Ser3ds, 5erdsT, Thrias,
and %erd76 o Alda abolishes Hogl phosphordation. The wild-npe
Smpl fragment (amino acids 275 w 452 and varoos Smpl sice-di-
rected muotams were wested o Hogl phosphordation as describad i
the legend for panzl A The Smpl mutans and their corresponiding
meations {indicaved M parentheses) are as ollvws m2 (SerddE and
Serd5T o Alay, md (SerddE 5erdsT, Thedas, and SerdT6 o Ala), and
ml { Thr365 and Ser3Th w Ala), Adier phosphorylation, the prolzins
were resobed by SDEPAGE, and phosphorylas] proteins were de-
ecied by aontoradiography (opper panzly. G5T-ageed Smpl proweins
were deteciad by Coomassie blue =tain (lower panely. The asienszk
indicates a contaminant phesphorylacion not corresponding © Smpl.

phosphorylation sites for Hlogl that is located within 22 amino
acids in the C termminns of Smpl.

To assess the role of Hogl phosphorylation in Smpl, we
studicd the effect of the mutation of the phosphorylation sites
in gene expression. Wild-type and smpfA cells were trans-
formed with a wector containing fll-length SMPI or the
SMPI-m4 mutant allele {unphosphorylatable by Fogl) onder
the wild-type promoier, and the effect on transcription was
measured by expression of the STLILecd reporier assay as
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FIG. 3. smpl phesphorvlations are required for Smpl mmarsonp-
tional activicy. (A0 Mutamon of Ser3ds, 5erdsT, Thries, and SerdTh m
Ala abolizhes in vivo Hogl phospharelation. Full-length Smpl and the
quadruple-muant proein Smpl-md  (movations Ser3ds, Ser3sT,
Thrhs, and Ser3Th w Alay were e=sied for Hogl phosphordation as
descnbed in the legend for Fig. 2A. Afier phosphordacion, the pro-
teires were resolved by SDS-PAGE and deveceed by immunobloning by
using ant-G5T polvelonal anitodies. (B Hogl phosphordarion med-
ulaes Smpl funcrion. A wild-type strain and the seep FA meant serain
( YEMN44) conarning the reporter STL Ffeed were rramsfomed with a
centromenc plasmid expressing wild-iype SMP! or the qoadrople-
mutant SMP w4 (unphesphord acable by Hogly. The cells wene sub-
jecvad o a briel cemotic shock, and p-galacicsidase activicy was as
saved as described inche kegend for Fig. 18, B-Galacosidase activity is
given a= fold induction of conol verses that of MaCl-treaad cells and
is the result of the measnrement in quadruplicaz of resulis for o
independent cransformanis.

before. As shown previously, deletion of SMPT resalicd in a
docrease of STLT expression upon cemolic stress. Expression
al wild-type SMPF restored the levels of ST expression Lo
wild-type levels upon stress, whereas expression of the SMPI-
m4, which is no longer phosphorylatable by Hogl, was com-
pletely unable to restore STLE expression in sepfA cells (Fig.
5H). smpl alleles carrying simuliancous mutations of Ser 32
and Ser 357 (m2) or Thr 365 and Ser 376 aliered expression of
STLY only toa minor extent (STLF expression was T6 and 909
af that of the wild-type allele, respectively). These resulis in-
dicated that the Hogl phosphorylation plays an imporiant role
in the regnlation of Smpl transcriptional activity.
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FIG. &, Call sarvival upon osmotic stress (= reduced M feef A and
smpd A strains, To anabze the mle of Smpl in cemotic stress adapia-
tion, we measared the inoorporation of PL, &= deserbed in Macerial
arkd Mechids, as a measure of cellviabdlice in wild-oepe, fog fA mu@n,
and smplA mont amins Yeas cells were groan i Y PD and =ob-
jected (open barsyor not =objected (illed barsy 1o an cemotic shock (1
M NaCl for 60 miny. Viabiliy was determined by the addition of PI
and measurement of the percentage of P1- -preitive “cells by using a How
cviometer. The reslts are the measorements i doplicae from six
independent expermens. The data were confirmad by Phloxin B sain-
ing and visual microscopy (sec Materials and BMethods).

Smpl controls part of the Hogl-mediated osmostress re-
sponses. Smpl regulates the expression of several siress-re-
sponsive genes. To understand the role of Smpl in osmostress
adapiation, we aimed to determine the importance of the pres-
ence of Smpl o the generation of osmosiress responses. De-
letion of SMPF did not cause an obvious osmosensitivity phe-
noiype on plates containing sorbitol or NaCl (data not shown ).
This was similar to the resulis observed with cells containing
deletions of any of the known transcription faciors under the
control of the MAPEK. However, it was previously reporied thai
foi-deficient cells were more sensitive than wild-type cells to
a severe camotic shock (19 Thos, we tested whether sspd A
cells were viable after an cemotic shock. Exponentially growing
wild-type, smplA, or foglA cells were subjected 10 an osmotic
shock {1 M MWall for 60 minj, and viahility was determined as
described in Materials and Methods As depicied in Fig. 6,
fwgfA cells were highly sensitive o0 an osmotic shock com-
parad o the wild-type cells. Interestingly, smplfA cells were
also sensitive to an osmotic shock, althongh less sensitive than
foplA cells Similarly to the resulis observed for the STELT-
Lecd expression, a wild-type allele of SMIPIH was able 1o sup-
press sapd A osmosensitivity, whereas the SMPF-m4 mutani
allele was unable 10 restore cell viability, Dooble-mutani
foglh smplA cclls were as sensitive as degfA cells (data noi
shown ). Thos, these data indicated that Smpl plays a role in
the generation of osmositess resporses, most likely by the
regulation of a subset of the nsmesiress-responsive gencs con-
trolled by the Hogl MAPK.

Eoth Smpl and Hogl are relevant for cell viahility in sta-
tionary phase. To siody the mechanism of Smpl action, we
analyred the cellnlar disribotion of Smpl. For this purpose,
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FIG. 7. Smpl nuclzar local ization depenids on Hogl. The wild- npe
and the heglA mnant serins wene ransfommed with a plasmid carry-
ing a GFP-ageed Smpl expressad under 15 oan promoter. The cells
were grown and Smpl-GFF was deeciad by Buonescence microscopy
as descnbed in Mawenals and Methods. (A Smpl localizes o the
noclei of wild-wpe cells in the stavonary phase. Cells of the indicaced
ppes carrving Smpl-GEP were grown o the sadonary phase, and
images were taken. Represeniative images showing the localization of
Smpl-GET are presented. The positions of the nuclei were determingd
by DAPT siaining. (B) Cuantitacive dara were obeained from wikd- ppe
or faglA cells growing au the mid-logarmthmic { Mid kog.) or staionary
phase of growih, The daia represenc the resulis of three independen
cxperments which included cooniwng 300 cells each.

8

% of calls with muc lear staining
2

Stationary

we fused SMPT 1o the N termime of the GFP and expressed
the [usion in yeast under its own promoter. The Smp l-GEP
fusion protein was [ully fonctional as tested for STL-Lacd
cxpression (data not shown ). Microscopic examination of cells
cxpressing Smpl-GFP revealed that Smpl localizes through-
ot the cytoplasm and nuclei of unstressed cells. When cells
carrying Smpl-GFP were exposed to a brief osmotic shock (0.2
M Mall for 5 min), Smpl did not change iis distribution
significantly. However, strong nmoclear localization was ob-
served in most of the wild-type cells when they were grown in
slaticnary phase (Fig, 71, Muclear localization of Smp l-GEP
was abolished by elimination of Hogl activity, either by gene
deletion or by impairing its catalytic activity (Fig. 7). However,
it is worth noting that distribution of the nomphosphorylatable
Smpl-m2 protein fused o GEFP was similar to that observed in
the wild type {data not shown). These resulis sugpesied that
Hogl could be playing a role during stationary phase by indi-
rectly controlling Smpl localization.

[t was reported that deletion of the Hogl homologue Spel)
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FIG. & Heogl and Smpl ane reqoirad [or cell viability in staionany
phase. Wild-vype (), begd A7), ampdA (70, orhaglA smpd A () cells
were grown in minimal medium o s@Eionary phase and allowed 1©
gro [or the indicared perod of dme. Yiabilioy was determined by
acdding Pl and measuring the percentage of Pl-positive cells by nsing a
fow cviometer. The resulis are the measoremenis in duplicate from
four independent experimenis. The dam were confirmed by Phloxin B
starming and visoal microscopy (see Materials and Methods).

Sl MAPK from Sciwzeseochieromyess pombe resulied in cells
with less viability during the stationary phase (223 To study
whether Hogl and Smpl were playing a role during this phase
of growth, we monitored the cell viabilities of wild-iype,
sapd A, and heglA cells doring 5 days of coliore in stationary
phase as belore, As shown in Fig. 8 wild-type celk maintained
cell viability throughout the culiure period, whereas smplA
and fegl A cells lost viability during growth in the stationary
phase. similar resulis were obiained with the W303 sirain
background {daia notshown ). Forthemmore, sapd Atog A don-
ble-muitant cells did not show diferences compared 1o hosfa
cells, It is worth noting that whercas a plasmid containing
wild-type SMPF was able to resiore the cellviability of a smplA
sirain, a plasmid containing the SMP-m4 alleke (encoding the
Smpl wversion unphosphorylaable by Hogl) was not able to
complement smpd A mutation (data not shown), Thuos, these
data sugeest that apari from conirolling osmostress responscs,
Smpl plays an imporiant role for cell survival during groweth in
the stationary phase and that this roke conld be mediated by
the MAPK through regolation of Smpl localization.

DISCUSSION

Yeast cells respond o increases in cemaolarity in the extra-
cellular enviromment by activating the siress-activated MAPK
Hogl, A major outcome of the activation of the Hogl MAPK
is the regulation of gene expression. One of the most comman
mechanisms by which SAPKs regulate gene expression is by
modification of specific transcription factors (%9, and several
transcription regulators have been proposed to be controlled
by the Hogl MAPK. However, due to their DMA hinding
spocificitics and the profile of gene indoction upon siress
shown by DNA microarrays, they cannol account for the reg-
ulation of all of the genes under the control of Hogl. In
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addition, a muiant strain carrying deletions in derd, mand,
s 2, and weed B not osmoesensitive (19).

From these considerations, we sispocted that additional
transcripiion faciors were requited for the cemosiress-induced
regolation of gene expression by the MAPK Hogl. In this
report, we describe a genetic screen in which we identified
smpl, a MEF2-like proicin, as one such factor. The results of
thi= study demonsirate that both overexpression and deletion
of SMPF result in aliered expression of osmoresporsive genes
such as STLT and CHPT but not of others, such as AL or
HXTI 1t was reporied that Smpl has MEF2-related DNA-
binding spocifcitics (41, and a conserved sequence similar to
the predicted DNA binding site for Smpl was consistently
present on the promoters of the osmoresponsive STET and
CHPE but not HXTT and ALDS penes (Fig. | and data not
shown ).

Scveral lines of evidence suggest that Smpl is actually a
direot substrate for the MAPK. In vivo sindics suggested that
Hiogl was able 1o interact with Smpl and that Smpl was phos-
phorylated upon siress in a HOG -dependent manner. The
relationship of Smpl and Hogl in vivo are foriher supported
by the in vitro evidence thai Hogl phesphorylates Smpl di-
rectly. Four independent phosphorylaton sites were mapped
within 28 amino acids. Similarly, phosphorylation of Skol by
Hogl was resiricted (o three phosphorylation sites closiered
within 1% amino acids (15). The introduction of several phos-
phates in a small pocket of amine acids might resalt in con-
formational changes required for swiching the fonction of
those ramscriptional regolators. In vitro phosphorylation stud-
ics also showed that full-length 3mpl is phosphorylated les=s
clhciently by Hiogl than by the C-temminal domain alone (Fig.
3, lanes 1 and 3). This observation raisad the possibility that a
region of Smpl could be limiting the access of the MAPK 1o
the phosphorylation sites. Consistent with Lhis observalion was
the fact that simultaneous incubation of the C-terminal do-
main with an M-terminal domain (which is not phosphorylated
by Flog ) resulied in a dramatic decrease of C-terminal phos-
phorylation ( Fig. £ lane £). This might sugeest that Smpl musi
b in a preactivated siate (e, bound to DNA or interacting
with other factors) to be accessibke for phosphorylation and
activation by the MAPE

Phosphorylation of Smpl by Hogl is imponant for Smpl
function. Upon osmotic stress, Smpl is strongly phosphory-
lated, and mutation of the phosphorylation sites to Ala resulis
in an Smpl that is unable to regulaie gene expression (Fig. 5.
In yeast, there exists a second MEFZ-related protein, Rlml,
that is under the control of the SH2Mpk]l MAPK. Interest-
ingly, Mpkl phosphorylates Elml in a region similar 1o that
found for Smpl, and this phosphorylation resulis in an increase
of its ran=criptional activity (2, 233 Thus, two independent
MAPK signaling pathways could be controlling the wo MEF2-
relabed [actors by a similar mechanism. In mammals, regula-
tion of MEF2ZA and MEF2C factors has boen shown o be
under the contral of the p38 MAPKs, among other kinases
{reviewed in references @ and 11). Phosphorylation of the
transcription activator domain of these factors by p38 stimuo-
lates MEF2 activity, which is analogons 1o the mechanism
propesed for the yeast Smpl.

Apart from the role of Smplin the regolation of a subset of
osmoresponsive genes under the control of the Hogl MAPK

Wl CEe, Bior,

{and thos a role in cemoadapiation ), we foond that swpdA cells
losme viahility in the stationary phase, as oocurs with foglA cells
{Fig. 81. This phenotype is reminiscent of that obszrved upon
deletion of the SpoliSyl MAPK in Schirosacolwmrommyoes
pembe (21, 24, and although the molaoular mechanismis) of
this deficiency remains uncharacterized, the fommal possibility
cxisis that this conld be caused by the lack of some spocific
transcript requincd for this phase of growth, As shown in Fig.
7, Smp | concentrates into the nocleus when cells enter into the
stationary phase, and this conld be of relevance for the indoc-
tion of specific genes. In fiegf A cells, Smpl noclear accomula-
tion is clearly diminished, and thos this conld impede the
normal fimction of Smpl. Becaose smpfA and smplA bogfA
cells display similar viability, it is likely that the deficiency
observed in foglA celk conld be cavused by the improper func-
tion of Smpl rather than other mechanisms

Taken together, our resulis show that Smpl is a direct targei
for the Hogl MAPEK and thai two different levels of regnlation
can be controlling the activity of this transcription factor. Un-
der stress, Hogl phosphorylates the putative transcription ac-
tivation domain stimulating Smpl activity, and, when entering
into the siationary phase, Hogl is required for proper local-
ization of the transcription factor.
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Expression of the HXTI! gene, which encodes a low
affinity glueose transporter in Saceharomyces cereri-
wiae, is regulaled positively in response to glucose by the
general glueose induetion pathway. invelving the Snid
Hgi2 membrane glucoss sensors, the SCF-Grrl ubiguiti-
nation complex and the Rgtl transcription factor. In
this siudy we show that, in addition to the glueose sig-
naling pathway. regulation of HXTI expression alsoe re-
quires the HOG pathway. Deletion of components in the
glueose signaling pathway or in the HOG pathway re-
sults in impaired HXT? expression. Genetic analyses
showed that, whereas the glucose signaling pathway
regulates HXTT through modulation of the Hgil fran-
soription factor, the HOG pathway modulates FXTT
through regulation of the Skel-Tupl-Ssné complex. Co-
ardinated regulation of the two signaling pathways is
required for expression of HXTI by glucoss and in re-
sponse Lo osmostress,

Yeast cells are able to adjust cellular metabalism, gene ex-
pression, and growth in response to environmental etimoli. For
example, the presence of glucose, the most preferable carbon
souree, is able to elicit a complex metatolic regponee based in
two major levels: iy allosteric modification of different enzymes
and i) regulation of gene expression. Transeriptional regula-
tion varies from inhibition of expression (glucose represgiond to
activation of transeription (glucose induckion Cses Refs, 1-4 for
reviews), Some of the genes induced in response to glucose
ancode for glycalytic engymes, ribosomal proteins, and glieose
transporters. Expression of the low affinity gluoose transporter
HXTI hag besn used as a model to study the process of tran-
soriptional activation by glucose (23, Genetic and biochemical
studies have defined several components that are invalved in
the regulation of FXTT expression. Glucess availability in the
surrounding media ie aseasead by the membrans glueose sen-
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eition of this artbicle were defrayed in part by the payment of page
charges, This article must therefore be herehy marked “edvertizssme™
in amvrdanee with 18 1050, Section 1785 salely toindieate this ot

& Poth anthors conbribobed equnally to this work.
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sor proteing Snfd and Rgtl, This signal is then transmitbed to
the SCF-Grrl ubiquitination complex (&, 63, which finally mod-
ulates the activity of Bgtl, a transcription factor that bel onge to
the Cys-Zine cluster protein family, which acts as a transerip-
tional repressor in the absence of glucose (3, 7). Additional
components of the glhocoee induction pathway are Std1 and
Mthl, tweo proteins that modulats negatively HXTT expression
(3 Bi; recent studiss indicats that 5td1 and Mthl may interact
with the C-terminal tails of the glucose eensors Rgil and Snf2
and with Rgtl ¢9-11) and that the SCF-Grrl complex is in-
valved at least in the inactivation of Mthl, mediating in this
way the glucose-induced dissociation of Rgtl from HXTT pro-
moter and its activabion (12 Moreover, data from several
laboratories suggest the existence of an additional uncharac-
terizad transcription factor, different from Bgtl, that regulates
HXTI gene expression (71

Expasure of yeast calls to increazez in extracellular cemalar-
ity results in the activabion of the Hogl MAPK' pathway.
Activation of the Hogl MAPK induces diverse cemo-adaptive
respomees guch as regulation of gene expression. Genome-wide
tranecriptional analyses showed that a great mumber of genes
are regulated by osmotic strees in an HOGI-dependent man-
ner. Among these, there are genes that encods proteing impli-
cated in earbohydrate metabolism, gensral stregs protection,
protein production, and signal transduction (reviewed in Ref.
135 Several tranecription factors have been reported to lie
domwnstream of the MAPK, regulating different subsets of os-
mostregs-responsive genes by different mechanisms, The gen-
eral stress response transeription factore M=n2snd and the
tranecriptional regulator Hotl are important for the recruit-
ment of the Hogl MAPK to stress-inducible promoters (14, 153
On the other hand, modification of Smpl, a member of the
MEF2 family of transcription factorz, by Hogl is important to
modulate its transcriptional activity (183, Skol, a member of
the ATF-CREEB family, inhibits transcription of several osmo-
stregs-inducible genes through recruitment of the gensral co-
repressor complex Tupl-SanG C17-180, kol is phosphorylated
by the Hogl MAFK upon stress, and this is crucial to switch
Skol-Tupl-Ssn6 from a repressor to an ackivator complex
(20, 210

In this work we ehow that regulation of HXTT expreseion is
achieved by two independent transcription factors, BEgtl and
Bkol, controlled by the glumss induction and HDG signaling
pathways, respectively, Thus, induction of HXT gene expras-
sion in response to glucose and in response to semotic stress
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TanLE 1
Strains need in this study

Sirmin Genolype Reforenie
TRITAL (wild type MATa hisd fenl trpd wrad (10}
T2 MATx boglAnTREP derivative of TH14 1 (1
erf i Al i A MATa smfildsKee WA bog IAZTRP of TRI141 Thi= sty
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Wand 1A fwild bype) MATa ades biz? fen? irpd wred can [ &Y
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s 2hmendi MATa mesaZ4: S mand AcTRP ] derivative of Waa (i
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trp i Ahogds MATa fuplAnKa oMY hoed A0 TRPT derivalive of Wa0a Thi= sty
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et f Ametle d A ko 1A
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[ 1]
Thi= stuly
Thi= sty

iprovidad glueose was presenti requires the coordinated aetiv-
ity of two ind ependent signaling pathways that converge at the
promoter level of HXTT.

EXPERIMEMNTAL FROCEDURES

Stragns ord Oeretle Wethods—Saceharoeyees cerevisiae strains
used in this study are listed in Table L saffdcKea W motated alkles
were chitnined by gene dismpbion using o BamH1 Fragment from plas-
mid pUCanlA:KanME (110 hegfisTRP -mubated alleles were ob-
tainesd by gene dizmption nsing plosmid pDGHLE (225 rgtd AnRAS
alleles were oblained by gene  disruption using  plasmid
pUC-rgt 1A TTRAS fmee below) Al mntants were confirmes] by PCR
mnilysis using specific oligonne kotides, Standand methods or genctic
mnnlysiz mel transfomation were nsed, Yeost culiures were grown in
synthetic complete (20 medinm lneking approprinte supplements o
maintain s=lection for plasmids, supplemented with diffisrent carbon
SOLICES,

Masmids—Centromerie plasmid pC-HXT1-lacE (LEUZ) was de-
seribesd previouely (235 The BT expression cassetbe (X7 promoler
Mzes] 1o Esclerichin cofi e pene) wos subelonsd inko plasmids
pESALMHIESR, pREIIATREPLL ard pREZIGEURAL) (24). Plasmids
pEGZOE-FEgil (LewA-Rgt 1) and the sorresponding em phy vector pEG202
were described ina previous study (110 Plasmid pSHI18 18 (GlexAop-
lne) wag deseribes] previopely (250 To perform promoler analysis.
PCR-generated DNA Fragments oconkaining several regions of the ST
promoter up to the ATG were eloned into YIpASERODRAT or
¥iIpRaER(LELZS 263, To analyze internal promoter regions, differont
stretehes from the 5 upstream region were amplifisd by PCE aed
inzerted into the CYCL-locl reporter constroct pd=205 27,

Plasmid plIC.rgt 1ATTRAR was constrocted in the following weny.
Plasmid plTC-Rgtl (113 was digested with Bglll and dephosphorylafesd
with calf intestinal phosphatase. In this way we remsved 8 central
ZAOR bR region of RGTY, leaving 444 amd 335 bp st &' and 2 erxds,
respertively, ns Manking regions. & BamHl fragment from plasmid
Y Rp-LT (285, conkaining the TRAD selection marker, was subeloned into
the Bglll =ites: of the former plasmid to give pLIC.rgt 14 ITRAZ, which
was digested with BamH 1 and Sall to obtain a livear fragment that was
uged in the disrupbion experiments,

Erzpme Assaye—Cells growing exponentially in 2% maffinose plus
O.05% gloeose were pulses] with either 0.4 30 MaCl Cinal coneentration,
2% glocose (final conceniration ) or a combination of 0.4 80 NaCl and 2%
glaeose (final corcentration), At times 0 aed G0 min, aliquols wers
taken fram Ehe coltures, mred the S galnctogidese activiky wos szsayed in
permenhilizesd cells and expressed in Bliller units as in Bel, 28, Values
are menns from thres to foor independent transformants (5.1, < 165% in
all eases), TUP deficient stmins floceulate and, thos, g-galaciosidase
melivity wos mssyed in veast extractks as in s previoas stody (300 ad
expressed in Miller nnitsfimg of protein. Invertase: activity was assayed

in whole cells as deseribed in o previons stody (310

FTmmnwaldet Aralysis—Preparation of probein extracis wos essen.
tinlly performed as deseribed (300 The extraction boffer was 50 my
Tris-HC1{pH 751, 150 m3 Mall, 0.1% Tritan X-100, 1 my dithiothre-
itol, 10% gheeral, 1 my EDTA, & md scdiom prrophesphobe, 50 md
Mol and containesd 2 m¥ phenylmethylsalfony] Qooride and Complete
protenss inhibitor mixtore (Roche Applicsd Scienoe) Anti-phospho-pas
MAPK (Cell Signaling Techmology) polyekinnl antibedies were nsed o
follow Hegl phosphorylation.,

fecdetion of HATI Lac® Reporter Repressors —LCB]L (MATe el
Tene2 trpd hisd AN YIp AGER T URAD vand LEES {MA T dored
Ter2 Ried rgtd oEAN YIpdS8R BT 1LEUZY were mutagenized with
Nomethy & -nitroeNenibrosogoanidine (MMNMNGH as deseribed inoa pre-
vious study (22, Briefly, eells wers grown in YPD iyesst extract, pep-
tome, clewt roses) mb 20 °C ko A g o 003, washiesd in Tris-mnleste bufler (pE
G.00, and resuspended in U5 ol the arigina ] volume in the saome washing
buffer. Then, cells were ineubatesd with o solution of 30 egfinl MINNGin
10 m s iom avetnte buffer (pH 500 for 60 min at 30°C, After washes
wikh 1% sedinm thicsulfale, eells were grown in YPL, at 30°C for 4 h
Mubagenized cells were plated on minimal mesdiom plibes conbaining
Eogal (1000 eoloniess'plate). After incobating st 3070 for 4 days,
positive clones wene jsolnied. Mubant eells were then elassified inko
eomplementation groaps, Thres mutanis thet represented the larger
eomplementation groups were fransformed with o yessk YOpS0-
genomic librany. Pasikive elones wers sekeeted by Eheir sbilicy to black
HATH ewpression. Plasmids that complemented the oorresponding m-
tations were izolated and sequenoesd.

Clramertin fmmenoprecipifation. Assavs—Chromabin . immunopre-
eipitation PCR msseys were performes] o deseribed previously (145 In
all ChIP esperiments, yenst culbares were grown in raffinese to carly
log phmss (g DB-1.00 before oells wene exposed o 2% gloeose or
cEmotic stress,

RESULTS

The HOG Patleray Regulates HXTT Gene Expression by Glu-
coge ard Oemesfress—Erpression of the HXTT low affinity
glucose transporter is regulated by glucose availability, being
inhibited when glueose levels are scarce and activated in the
presence of the sugar (see Hef, 4 for review). As shown in Fig.
1, cells growing exponentially in 2% raffinose showed very low
levels of HXTI expreszion (measurad as a transcriptional fu-
sion of the HXTT promoter to the focd gene, encoding g-galac-
tosidase enzyme; see "Experimental Procedures™. After a pulse
of 2% ghicose, expression of HXTT was induced, in agresment
with what it has been reported previously (eee Refl 3 for re-
view), Howerver, HXTI induction rate was higher when cells
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Fic. 1. The Hogl MAPK plays a major role in the induction of
HXT! expression by glocose, Wild trpe (TR U and heasdfA (T K233

pells were transformed with plasmid pC-HXT -lnc¥. Translormanis
were grown Lo mid-logurithmic phase in selkcotive 50-2% mfinose plus
AL0E% gloeose medivom. B4Galactosidase acbivily wos pesyed incells G0
min after a pulse of either 2% glucose, 0.4 8 NaClL or 0.4 3 NaCl plus
2% glaeose, Values are mesn Bgalactosidoze aebivities o Buar bo six
Eranslormanis (fars represent 5,100

were subjectad simultaneously to 2% glueose plas 04 s NaCl
(Fig. 1. Similar results were obtained when 1 w sorbital was
used ingtead of MaCl (data not shownl, These results were in
agresment with data from mieroarray analyses that indicatad
that HXTT expression was enhanced after treatment with 0.4 m
Nall (333, 1w NaCl (234}, or 1 w sorbitol (38) in the presence of
ghieose, It is worth noting that no induckion of HXTT expres-
sicn was observead if cells were subjected only to osmotic stress
in the abzence of glucose (Fig, 10

To determine if the HOG pathway was responsible for over-
induction of HXTT expression in responze to gluoses plus os-
motic gtress, we analyzed HXTT-loeZ expression in a hogld
mutant strain (Fig. 1y To oar earprise, HXT T expression was
not indueed even by glumsze alone, indicating that the Hogl
protein kinase was required not only to overinduce HXTT ex-
pression by glucoee plus osmostress but also to regulate HXTE
expression by gluoose, The absence of induction by glueosein a
hogi A mutant was not due to a delay in the rate of induction,
because when cells were grown overnight in 2% glucose, hogfi
mutant cells sl showed very reduced levels of HXTT expres-
sion in comparison to wild typs cells (data not showns, A recov-
aryin the induction of HXTT by glumoes was obtained if kogfa
mutante were transformed with a plasmid carrying a wild type
Hogl kinase, but not with a plasmid with a catalytically inac-
tive form (Hog 1KS-KNi (data not showmn), indieating that the
activity of the Hogl kinaze waes necsgsary to allow induction of
HXTI expression by glucoee, Incontrast to XTI, expression of
HXT2, encoding an intermediate-affinity gluoose transporter
that is repressed by glucose, was not affectaed in a hog TA strain
{data not ghownd, indicating that the ackion of Hogl was spe-
cific on HXTI expression.

Bnfl protein kinage activity affects negatively HXTT sxpres-
gion (113 To rule out the possibility that the abeanee of Hogl
kinase could stimulate the activity of the Snfl kinase and then
inhibit HXTI expression, we studied the activity of Snfl pro-
tein kinase in a fogfA mutant by analyzing the regulation of
the expression of SUCE2 {a glueose repressed genel and found
that it was gimilar to wild type (Table I, More importantly,
induction of HXTI expression by gluoose in a double
hogiAsnflA mutant was gimilar to the hogld mutant (Table
ITh. Thess regults indieated that the defeet in the induction of
HXTI by glucose in hog fA oalle was not related to the activa-

HOG Pathiway Regulotes Yeast HXT 1 Expreasion

TauLE 11
SEnfl profeir himme is nat oofiveted in o hogld mertant
Wikl type (TRIATL anfd A foglA ol donhle srfid bog A mutant
eells were bransformed with plasmid pC-HXT -l Transfiormants

were grovn o mid-logarithmic phase in selective 20.4% glooose me-
divm; then, imvertose: and g2 gulaclezidase sctivities were messores] @
degeribesd under "Experinental Procedores” YValoes e invertase ore
mweenns From thres different tronsfocmonts (8.1, <2 1058 in ol coses ), and

vitlues for @ -gulaclesidnse are means from Bur fo six trnslrmants
(=0, = 15% in all cases)

Sirain T -l g laciosiclse (ELCE imverlnse
untls
Wil trpe 100 =1
syl 114.5 <
bogdA 104 =
sl A BorlA 13.2 =1

ticn of Snfl protein kinase and that the Hogl MAPK played a
crucial role in the regulation of HXTY induetion by glucose.

Oemosfress Consed &y Exiracellular Glucose Results in Hogl
Activafion and Induction of HXT1 Gene Expression—To ana-
lyze whether only the Hogl MAFPK or the integrity of the HOG
pathway was needed for the induction of HXTT by glucose, we
followed HXTI expression in mutants on eeveral components of
the HOG pathway. As shown in Fig. 24, deletion of the FRS2
MAPK kinase or simultansoms deletion of the thres MAPK
kinase kinages of the HOG pathway, STEID SSE2, and
SSK22, abaolished induction of HXTT by glumoes, Thus, the
integrity of the main core of the HOG pathway is required for
HXTY induction by glucoes.

Two upstream sensing mechaniems activate the core of the
HOG pathway, the Slnl “two-eomponent™ cemosensor and a
second mechanism that invelves the Shol transmembrans pro-
tein (36). Mutations in the Shol branch (double shofAsfe 1A
mutanty did not alter HXTI expression (Fig, 2A). However,
mutantz in the 5inl branch of the HOG pathway (ssh2hah22 4
ar ek A (data not showny showed a clear defect in the indoc-
ticn of HXTT by glueose (Fig. 243, Itis waorth noting that, on the
later strains, induction of HXTT wae similar to wild type anly
when both glucoee and NaCl were added (Fig. 245, Thesze re-
sulte indieate that induetion of HXTI expression by glucose is
mediatad by the Slnl branch of the HOG pathway.

Activation of the Hogl MAPEK by phosphorylation has besn
described to coour in response to oemostress (see the introdoc-
ticnd, To test whether glucose “per s or the cemotic stress
cansed by the addition of 2% gluooes to the medinm was re-
spansible for Hogl activation, we followed Heogl phosphoryla-
ticn in response to the addition of sugar. As shown in Fig. 28,
addition of 2% (110 ms) glueose or 2% galactoes to raffinose
growing cells induced Hogl phosphoarylation to the same ex-
tend as treatment with 110 mm MaCl. Moresver, addition of
higher concentratione of glucose or galactose led to higher
levels of Hogl phosphorylation (data not shomn, As expected.
phogphorylation of Hogl by sugar occurred in wild type cells
buat not in phe24 eells (Fig, 2B) Time course experiments
showed that phosphorylation of Hogl by gluooee wag transient
(Fig. 27, ag it has besn described for MaCl €135 Thos, Hegl
activation ie cansad by an inerease in extracellular osmol avity
cansed by the addition of sugar, not necessarily restricted
to gluooss.

Because the presence of glucose was alwaye necegsary to
stimulate HXTI expression and because in the absence of an
active HOG pathway noinduction of HXT was obesrved (Figs.
1 and 2%, we suggest the possibility that the addition of 2%
glueose to raffinose growing oells would elicit two different
signals, one that would be transmitted through the glucose
induction pathway (ses below) and another, where glucose
wionld act as an asmolite that would activate the Slnl tranch of
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FiG. 2. Activation of the Hogl
MAFK by glucose involves the Sknl
osmosenzor. A, induction of HXT gene
expression by glaeose requires the Slnl
biranch of the HOG pathway, Wild type
ITR141) and several mutants of the
HOWG  pathway,  phe2h CTRIZGO),
sheld Tk AmkB24 (FPHO), snb2hmb2EA
(TMZETS, arel shollstel A (FPSTI con-
taining approprinied centromere pHXT1-
L plasmids, were grown to mid-legn-
rithmic phase in selective B0.2%
raffincss plus 0L0E% gluemse mediom.
B-Galaciosidase activity was assayes] in
vells B0 min after a pulse of cither 2%
glueose or 0.4 8 MaCl phoe 2% ghese, B,
high sugar moneentrabion results in acti-
viation af the Fogl MAPK. Wild iype
ITM141Y or pheZ24 (TMZ200) cells were
gromn ns ind ard subjectes] to 2% gluecse
el 2% galactose (G, or 110 mw
MaClL After 10 min, Hogl phosphoryla-

f-Galactosidase activity (Units)

tion (Megd-F) was deteciesd by immuno-
bilot analysis using anbibodies anti-phos-
pho-pdE MAPEK; anti-Hogl was ased ns
kinding vontral, O, transient phosphoryl-

atiom of Hogl by external glooose Wild
Eypes (TRILAL D eells, grown ns in B, were
subjected 1o 2% gloeose for the indicaked

pericd of time and phspharylates] Hiogl
(Hagi-F) was detectbed by immuonohlob
mnnlysis,

the HOG pathway, more sensitive to osmotic changes in the
anviromment (1375

Induction of HXTI Expression wpon Glueose Plus Oamolic
Skress Depends on the Integrilfy of the tHlucose Signaling Path-
try—Induction of AXTT by glucose depends on the glicose
signaling pathway (3. Then, we wanted to test whether inbeg-
rity of the glucose eignaling pathway was required to allow
overinduction HXTT in responge to glumes plus csmostress,
Inactivation of the membrane glucose sensors Snf? and Rgtl,
and the SCF-Grrl ubiquitination ecmplex abolished FXTT ex-
pression by both glucose and osmostrese (Fig. 240, In contrast,
deletion of the MTHI and STDJ gense, known regulators of
Rgtl transeriptional represzor (81, resulted in eonstitutive ex-
pression of HXTT. However, in the double séd T Amihl A mutant,
osmogtrese but not glucose, was able to induce HXTT expres-
gion at even higher levels in a Hogl-dependent manner ¢ Fig.
A0 Thus, integrity of the main core of the glueose signaling
pathway (SnfdHgt? and SCF-Grrl)is eseential to allow over-
induction of HXTI in response to glhicose plug osmostress. If
repreesing properties of Bgtl are avoided istadlimébiA mu-
tantzy, then the HOG pathway may overinduce HXTT expres-
sion in responge to opmostrass.

Deletion of RGTT repressor resulted in amild deregulation of
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HXTT expression in abgenece of ghicose and no further indoe-
tion by glueose (Ref. 3 and Fig. 3R In contrast, a clear indue-
tion of HXTI expression wag cbeervad by NaCl alone or by
glucose plug MaCl (Fig. 2B}, Thess effects were dependent on
the presence of Hogl kinase, bacanzs in the double rgd IAbog I A
mutant no induction of HXTT wae doserved under any condi-
tion (Fig. A8 Thus, in the abeence of the Retl tranecriptional
repressor, activabion of the HOG pathway by cemostress leads
to full HXTT induction, even in the absence of glucose,

An alternative explanation for the results presented so far
was that the function of Bgtl could be regulated directly by the
Hogl kinase, However, this was unlikely, bacangs when we
tested the transcriptional properties of a LezA-Retl fusion,
these werse gimilar in both wild type and hogld matant
{Tahle [T

Regulation of HXTI Expression &y the HOG and Giucose
Signofing Pathwaye f= Exerfed at Different Sites on the HXTI
Promoter—As shown aborve, induckion of HXTT by glucose and
oemostress requires the activation of two independent signal-
ing pathwaye, glucoss induction and HOG pathwayzs. To iden-
tify sequences in the upstream control region of HXT that are
important for regulation by any of thess pathways, we inves-
tigated the expression of a set of eegments of the HXTT pro-
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Fic. &. Regualation of HXTI expres
sion by glarose and osmostress de
pends on the glucose signaling path-
way. A, integrity of the gloeose signnling
pathway is requined for AT expression.
Yeast mubtnnts snfFAnei2h (MEY441),
grrihi (ENY.calB0-Bbi, std lAmihis
(RISY 1), e sid PAamedb I AR A, were
transfrmed with appropriated eenbro
meric pHETL -lac plasmids. Transkor-
mants were grown to mid-logarithmic
phase in seloctive SC2% raffinose plus
0.06% glueose medium. B-Galactosid nse
melivity was aszaved in cells 80 min after
a pulse of sither 2% ghcose, 004 80 RMaCl,
or 0.4 M MaCl plus 2% gloeose, Values ame
mean E-gulactosilaze aetivities from foor
o six transformanks (bers represent
000 The corresponding wild fypes
MEYA0L and ENY. WA-1LA showed similar
vahis of AT ewpresszion o TRI141 in
all the conditions idata not shownl &, the
Egil transcriptionnl repressor bloeks in-
duction af AT by csmostress in the ab-
senee of gloeose, Wild bype (WAA-1A),
gt A, and rgtfdhapdh eells ontaining
appraprisfed centromerie pHXT1 -LacE
plasmicls were groven and Ereates] as in A,

[-Galactosidase activity (WUnits)

TaHLE 111
Trorewifating properifes of 8atd are pod offeated in a boglA mestant

Wild type CTRLA 1) e eged A CTRIZAAS eells were bransformes] wikh

plasmicd  pSH1EE foontaining  GlexAop-lacEl and  either plasmid
pEGZE (Lexd) or pEG20ZEgt]l (LexA-Rgtlh Transformonts wers
grown to mid-logarithmie phoze in selective 204% gloosse mediom.
Waloes are mean B-galacdtosidase activities Fom foor o six transfor.
marits (5,00, = 155 in all coses)

tlexfop-lacds 2-plncimsidoz

Laxh LexA-Fai1
mmelE
Wild trpe =1 150
B ih =1 2133

moter fuged to the foeZ gene, in cells growing in raffinose and
then pulsed with glusose, NaCl, or gluosss plus NaCl, ae above
iFig. 4). Insertion of a fragment of ~ 200 bp from —223 o ATG)
to the YIpASER reporter vector gave high levels of g-galacto-
sidage activity in any of the conditions tested, whereas inser-
tion of larger fragments (1200 to ATG or —821 to ATG)
resulted in strong repression under basal conditions (raffinose
growing cellsi and strong indueckion in responge to glucose or to
ghicose plus NaCl (Fig. 451 Thesa results indicated that reg-

p-Galactosidase actvity (Units)
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ulation of HXTI expression congists mainly of a derepreseion
process, Because we observed a similar derepression pattern
when we assayed a fragment containing from —821 to ATG in
comparigon to full-length HXTT promoter from — 1200 to
ATG), we suggest that the fragment comprised between —821
to —228 contained the main regulatory elements of HXTT.
Further deletion analysie showed that a fragment containing
from —521 to ATG was not induced by glucose, indicating that
in the —821 to —521 region there must be sequences related to
the induction of HXTI by glueose. We also observed that this
=521 to ATG fragment was not induced by NaCl alone, buat it
was fully induced by gluooes plus NaCliFig. 4B Interestingly,
deletion of RGTE allowed full induction of this —521 to ATG
fragment by NaCl in the absence of glumoss (Fig, 40, what
indicated that Rgtl was still able to black csmostress induection
of this fragment in wild type cells. & fragment containing from
—425 to ATG, which showed higher basal expreszion in raffi-
nose and no glums: induction, euggesting a lack of Rgtl re-
pression, showed strong induckion by NaCl in the absence of
glucose in both wild type and redfA strains (Fig, 4, B and O
Thees regults supportad the idea that Bgtl was blocking esmo-
stregs induction of HXTT by interacting with a promoter region
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repoter  plasmids (s *Experimental 426 bp h .

Fic. 4. Regulation of HXT! expres
sion by gluooses or osmostress is ex-

prometer. A, schematic diagrom of the
HET! promoter. Patative REgbl binding
sites (spoeed] CGG pairsl are depicted in

strenm region irelicated on the feff wers
irmserted into YIpAEER or YIpdG&lk feed

Prowedures") Corsbmicks wers inkrodoced
into wild type CWE0ELAT LS or rgd {A G
wells, which were grown in mffinose and

Lacs

zo0ee [IEHEIEHN 1] —
821 bp || ] | —
521 bp e —
426bp L —

[ —

223 bp

Wild type

o

— 1T

. MaCl

T3 Ge.+ Ma|

then pulsed with cither 2% glucose, 04 M 223 bp :I
|

MaClL or 0.4 8 WaCl plos 2% gloeose.
B-Galaciosidase aotivity Cunits’mg) was
measured in eell extracks, 80 min ofber

the pulses, mre it i= the result of the mess-
uremeik in briplicabe of three independ-
enik transformants (fers represent 8,100 c
12
g
5
@
)

loeated bebween —&521 and —426 and that the HOG pathway
affected ancther putative repregsor that interacted with a pro-
moter region located between — 425 and — 223,

Shol Traonscription Foclor Regudfades HXTI Expression un-
der the Control of the HOG Pofleoay—As just mentioned, anal-
yeis of the HXTI promoter suggested the presence of an un-
characterized transcription factor regulated by HOG pathway
that repressed HXTT expression. Inspection of the HXTT pro-

T T T T
o 100 gy bl ] 40

fi- galactesidase activity (Units/mag)

rgitid
[N

=-_ B ac

3 b HaiCl
P 1 iuc Had)
{

1 bp
E1hp't:::ELlllllll!Fllll ;
26 bp t:::Hllllllllllllllllgggpllllh*
23 bp |

160 200 :u:'m qﬁn
= galactosidase activity (Linits'mag)

=

moter did not yield any sequence known to be repulated by
specific transcription factors other than stress respones ele-
ments, STRE elements are known to be binding sites for Msn2
and Mend transcription factors (371, However, when we tested
HXTI expreesion in yeast cells deficient in both MSN2 and
MENE genes, we obgerved a similar pattern of HXTT expres-
sion, comparad with the wild type strain (data not shownd.

To identify the additional repressing factor that regulates
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Fic. B, The Shol-Tupl-Ssn ocom- E
plex controls X T expression under
the conirol of the Hogl MAPE. A, L1
Hogl repulales HEXT expression through
thee 2kal transeriptional facter. Wild
Eype (WIA-IA), shalA Reogid, and
shoilAhorfd strains (A), ond wild type
WA 1A tuplA and fepdAhasid cells Wil skt A FogTa skold Pogla
L) werne Eranslormed with the appropri-
ated centromeric pHXTL-lacE plasmids. E
Translformants were breabed and ana-
Wyeed as= in Fig. 1. In A: values are mean
B-galaviosidase activities om foor o sis
transformants expressesd in Miller units.
In 8: g-palaciosidoss pctivity unitsing) .
was measinesd in cell extrocts; values are 1000 s R TH
mean Bgulnctosidase activities from oor Ml
o six transformonts (ders represent = T = Gax, + MaC
=100, E ‘
£ 800
=
=
=
= 600
: |
|
a
B 400 -
=
]
g
= 300
3
0 - —
W fupiA tupT4 hoglAa

HXTI expression, we conducted a mutant screening on the
basis of the assumption that simoltanesus inactivabion of
RGTI and the unknown transcriptional repressor wonld
render HXTI expression constitutively activated. Briefly, ngéis
cells growing on raffincse and containing an integrated HXTI-
focd reporter construct were mutagenized with MNNG, and
positive clones were selected by their ability to induce HXTI
exprassion and, therefore, to produce g-galactosidass on X-gal-
containing  plates (degcribad under "Experimental Proce-
dures™l. In this way, 30 positive clones were identified from
~65 000 colonies. Recesgive mutants were selacted and clasei-
fied into a mumber of complementation groups. Three of the
largest complementation gronps were identified as asné, fupd,
and sizad mutants by complementation eloning.

We then tested the effect of the deletion of SEO in celle
carrying the centromeric HXTI-facd reporter construct. As
shown in Fig. 54, deletion of SEQJ resulted in cells able to
induce HXTT expression in regponge to gluoose, but no further
induction of HXTT expression was observed by the combined
action of glucose plus csmogtrese. Moreover, a double shofa
hogi A mutant strain showed the eame pattern of expression as

thesko A strain, indicating that the lack of expression of HXTT
in a hogfd in response to glueose (Fig, 10 wag caugad by the
inability of this strain to release Skol repression. Therefore,
Bhol mediates Hogl regulation of HXTT expression.

Apart from skod mmtants, we identified in our soreening
mutationg in TUPI and SSNG genes, It is known that the
Tupl-Ssns general co-repregsar complex interacts with Skol to
repress wranscription of cemostregs-regulated genss (17, 183 In
addition, it is also known that the Tup1-S2n6 complex interacts
with REgtl to repress transcription of HXTI in low glucose
conditions (11, 281, Consistent with thess oheervations, muta-
ticns in TUFD or SSNG resulted in constitutive expression of
HXT{ that was not significantly enhanced by addition of glu-
coge or NaCliFig. 58; data not shown for the sarSA mutanti. As
expected, deletion of HOGT in a tupld strain did not atfect
HXTY expression. Therefore, our data suggest that two tran-
seriptional repregsors, Skol and Bgtl, are controlling HXTE
gene expression by their binding to the Tupl-Ssnb complex.

Skod Confrols HXTI Trorscripbion &y Direct Binding fo the
Fromoter—Chromatin  immunoprecipitation (ChIP) analyses
have shown that the Hogl MAPK is actively recruited bo os-
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A

Fic. 6. Both Rgtl and Skol are
boand to the HYTI promoter under
low ghicose conditions as detected
by ChIF snaly=sis. Strains contnining
geramic tags of Bkol-HA (A) or Bgt1-HA
() were grown in the presenee of raffi-
nose, anid samples for ChIP annlrses were
taken befiore { Ralfinose) or afber 15 min of
m pulse of 2% ghieose (fee), 0.4 50 NaCl
(Ml or 2% ghyvose plos 004 W0 NalCl
(ffme + NaCT), Immunoprecipitations
were performed by using mouse anti-FLA
monie lonal antibodies. PCR was per-
formed with primers spanning the pro-
moter region of AT, GREZ, snd eonteal
olignnueleotides spanning the (ALY gene
region, The exact primer s=uenees are
meailnble upon request. Confral fones
shia DA amplified from estracts from
pells withont tagged protein (Coredrall, or
prior to immunoprecipibation (WOCE, rep-
resents whole cell extract dilubed 15000,
Data represents -fld inerense over oone-
trol withoul bag. Guoankification was per-
formed vsing Cuankity One software From
Bio-Fad.

mogtress responsive promoters (14, 215, Consistently, our ChIP
analyeas showed that Hogl was also recruited to HXTI pro-
moter in response to osmostress (data not shownd, To test
whether Skol was also prezent at the FXTT promoter, we also
ukilized ChIF analysis. As ehownin Fig. 64, Skol was present
at the XTI promoter in cells growing in raffinose. Addition of
NaCl resulted in a decreass of Skol binding, which was more
pronounced than the one obgerved by glueose treatment. Bind-
ing of Skal to HXTT promoter had the eame properties as the
binding of the repressor to the GRE2 promoter, a gene known
to be regulated by Skol (Fig. 8475 (210

ChIP analysee from eeveral groupe have deseribed the pree-
ance of Rgtl at the XTI promoter in the abzence of glicose
and itz release in response to a pulee of glucoes 7, 12, 200
Conzistent with these results, we found Rgtl present at the
HXTI promoter in celle growing in raffinose, but its bhinding
was not affectad by asmostress (Fig. 650, As expectad, hinding
of Bgtl tothe HXTT promoter was diminigshed in the pregence
of glucose plus Nall iFig. 6B). Taking all these results to-
gether, we sugzest that in cells growing in low glueose condi-
tionge, kol and Rgtl are present at the HXTI promoter and
CO-TEpress gene franscription.

Regulalfion of HXTI Expression Iz Medioted by the Coordi-
nated Regulotion of Retl and Skol Trapscripiional Activifies—
Analysis of the HXTT promoter (see above) showed that a small
region between —521 to —2223 contained possible Bgtl and
Skol regulatory elements that eould be critical to understand
the relationship bebwesn the HOG and glucase signaling path-
ways in the regulation of HXTT expression. To analyze this
relationship at the promoter level, we investigated a promoter
fragment of XTI containing from —521 to —220in a C¥CI-
foc reporter vector under the same growth eonditions as
above, As shown in Fig. 7, this 301-bp fragment was able to
repress transeription of the CYCT-locd system in low ghicose
medium and derepregsed transeription in responss to ghicose
ar togluense plus NacCl, similarly to what we obgerved when we
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ugad the full -length promoter in a wild type strain (Fig. 1. Bgtl
was still able to play a negative role in the repulation of thiz
fragment in low glucose, becanse deletion of RGTT inmreased
expreesion under thie condition. Interestingly, csmostress, but
not glucose, fully induced expressgion of the reporter in an sgiid
strain, indicating that, when there is no Rgtl, the releaze of
Skol by the activation of the HOG pathway results in full
expression of the reporter. Consistently, the lack of Skol re-
sulte in defective derepression by NaCl and no overinduction of
the reporter by the combined action of gluooge plus osmostress,
In addition, the eimultansonmzs deletion of RETT and SEOT 1ed
to constitutive expression of the reporter construct under any
condition. Therefore, Rgtl and Skol acted independ ently but
coordinately to regulate expression of HXTT in response to
glucose and oemostress. Our resulte also euggest that full
HXTI expreesion requires the activity of both glucose induction
and HOG eignaling pathways to eliminate both repressing
activities, Rgtl and Skol.

DISCLSSION

Yeast cells are able to adjust cellular metaboliem, gene ex-
pression, and growth in response to environmental stimuli. In
this eense, S, cerevisfioe can deal with an extremely broadrange
of sugar concentrations and can metabolize glueose, its most
preferable earbon source, from higher than 1.5 w {ag in drying
froits) down to micramaolar concentrations. To be adapted to
any environmental sugar condition, yeast have devaloped an
unusual diversity of glicose transporter proteins (17 different
Hzxt's) with specific individual properties and kinefics. S, cer-
coigfoe hag from low affinity glucoee trensporters such as HXTI
and HXTS (K from 50 to 100 ma), that function when thers iz
a good supply of sugar, to intermediate affinity transporters
such as HXT2 and HXTY (K, around 10 ms, and high affinity
transporters such as HXTS and HXT7 (K arond 1 me, that
function when the amomt of the sugar is becaming searoe.
Expression of all thess transporter genes is tightly regulated at
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000 4

Fi. 7. The HXTI promoter is rega-
lated coordinately by the HOG and
the glucose signaling pathways. An
emply veztor pJE205 (pech) or 8 vector
vontaining the region of the promoter of
FEAT! that comprises from =521 to —220
into pa=205 was translormed into several
veast strains. Transformants were
treated and analyecsd as in Fig, 4. g0
lnetosidmse activiby (unit='mg) woas memns-
ured in eell extmo= B0 min afier the
pulses, and it is the resalt of the measares
ment in triplicabe of three independent
tran=formants (fars represent 8.00.0.

1500

1000 4

~Galactosidase activity

a0 1

the transeriptional level by the amount of substrate in the
enviromnent. Thus, the expression of HXTI, a low affinity
ghieose transporter, ie induced in the presence of glucoes,
whereas the expression of HXT2 dintermediate affinity) and
HXTE low affinity’ glucose transporters is represegad by the
presence of the sugar (see Hefs. 3, 40, 41 for review).

In this report, we show that full induction of HXTT expres-
gicn requires the coordinated action of two independent signal-
ing pathwaye, the ghicose signaling and HOG eignaling path-
ways. A plansible interpretation of this result could be that by
increasing the expression of XTI by hyperosmotic conditions,
yeast conld provide more substrate (glucose) for the synthegis
of the oemoprotectant glycerol (ses Ref, 13 for review on glyc
arol biogynthesig) to cope with the csmostress conditions, Acti-
vation of the glucose gignaling pathway is mediated by the
transmembrans glueose gensors Snf3d and Ret2. On the other
hand, activation of the HOG pathway can be mediated by two
independent gensing eysteme: the two-component sansor that
invaolves the SInl histidines kinase and the Shol sensing system
{350, It has been shown that both systemes are capable of lead-
ing to Hogl activation in response to changes in the extracel-
lalar cemolarity, however, they sesm to react slightly different.
The Slnl eensor is able to sense small changes in the environ-
ment and induce progressive Hogl activation, whereas the
Shol sensing system induees full response but anly onee a
threzhold level of csmotic stress in the environment is reachad
(22). The different ssnsitivity of the two cemosensing eystams
was already etudied under laboratory eonditions, but the phye-
iological meaning of this different sensitivity hae not been
completely understood. Here, we ghow that small changes in
extracellular sugar concentration, which result in small
changes in extracellular csmolarity, are sufficient to induce
Slnl-mediated Hogl activation, whereas these changes are not
high encugh to induce the Shol-sensing system (Fig. 23 This
different gensitivity of the two signaling eystems might have a
sigrnificant phy=iolagical role, becavse if under specific condi-
ticne only a partial activation of Hogl MAPK is required, afine
tuning mechanism would avoid full induction of adaptive re-
sponeee that might be too energy-consuming for the cell.

Activation of the gluooee signaling pathway by the presence
af glucose leads to regulation of the Bgtl transcriptional re-
pressor, However, regulation of Bgtl is not sufficient toinduace
gene expression by glucose without simultanesus activation of
the HOG pathway., We also present strong evidence that the
action of the HOG pathway is conducted via the Hogl MAFE
and the Skol transeriptional repressor. Our resulte also sog-
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Fic. &. Bohematic disgram of the glucoses signaling pathway
and HOG pathways that regulate HXT! expression. The errsps
do not necessarily indicate direct interactions (see fest for details),

gest that both repressors, Egtl and Skol, interact with differ-
ant regions of the HXTT promoter. We suggest that Rgtl inter-
actz, atleast, with a promoter region located between —521 and
— 426, In fact this region is included in the fragment that was
ugad to demongtrate a divect interaction of Rgtl with HXTI
promoter by either DNA binding (281 or ChIP (7} analyses
(fragment from —648 to —261). Thiz region contains an spaced
COG pair sequence (~00G-X,,- ™O0G) that fulfils the
requirements of the consensus sequence identified to be neces-
sary for Hgtl binding (350, Hewever, additional eites for Rgtl
binding must exizt, becanse a promoter fragment containing
anly from —521 to ATG was not able to be properly indueed by
gluense, Bacause we have demonstrated that a promoter region
from —821 to ATG contains all the regulatory regions of HXTI,
we suggest that additional Rgtl binding sites must be located
in this —821 to —&821 region. In fact we identified eeveral
spaced OG0 pairs in this region (¥S00G-X,- 7 00G;
OOG-Ky- T 00G), Thus, the —821 to ATG fragment
would contain at least three spaced CGG pairs, in agreement
with the described requirements for proper REgtl binding (300
We aleo suggest that Skol interacts with a promoter region
located bebwesn —426 and — 225, However, we did not find any
consensus Skol-CRE site (TGACGTCAN N this region. Becanse
the AL promoter contains a degenerated CRE sits CTTACG-
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TAA) that binds Skol functionally (19, we looked for degens-
ated sequences resembling the CRE; .y, site and found one
related saquence MUATACGTAA '™ We mutagenized this
site to ATATTTAA to test its functionality, but we only ob-
sarved aslight increaze in the induction of XTI by glucoes in
commparison to the wild type promoter, Consistently, a hoglh
mutant eontaining this mutated promoter improved only
slightly the induction of HXTY by glucase (data not shown.
These regults indicated that either this site was not fully func-
ticnal or that there were additional cAMP-responze element-
like =zites in the sequence where Skol was able to bind.

O ChIP analyses data indicate that there iz a positive
interaction of Skol with the HXTT promoter in low glucose
conditions. The addition of NaCl decreases the binding of Skol
to the HXTY promoter and improves the binding of the Hogl
MAPEK, similarly to what it has been deseribed for other osme-
stress-inducible genes (20, 215, Rgtl also binds to XTI pro-
moter in low glucose conditions, but addition of MaCl does not
affact ite binding. Because BEgtl binding is only decreased by
glhuecse (7, 12, A0, we suggest that the addition of glucase to
raffinose growing cells would have a duoal effect. On one hand,
it would relesss Rgtl from the promoter and, on the other
hand, acting glucose as an osmolite, it wonld activate the HOG
pathway and would release Skol from the promoter, allowing
in thiz way the derepression of HXTI. Consistent with this
suggestion we have found that the addition of higher concen-
trations of glucose (4% or the combined acthion of 2% ghicose
plus 0.4 u Mall improved AXTI expression.

It has been described that Skol inhibits transeription of
saveral cemostress-inducible genes through recruitment of the
general eo-repressor compler Tupl-Ssns (17-197. Skol is phoe-
phorylated by the Hogl MAPK upon strees, and this is crocial
to switch Skol-Tupl-B=nb from a repressor to an activator
complex (20, 215 At the same time, it is knosm that the Tupl-
HSenb complexr interacts with Bgtl and plays a major mle in
repressing expression of HXTI under low glucose conditions
(11, 383, Therefore, the Tupl-Sent coreprassor complex sesms
toplay a dual male in the regulation of HXTI expression. Onone
hand, it helps Skol to repress transeription under non-csmotic
stress conditiong and, on the other hand, it helps Bgtl to
reprees transcriptionin the absanee of glucoes, Consistent with
thess suggestions, mutations in TUPT or SSNG resulted in
constitutive expression of HXTT that was not significantly en-
haneed by the addition of either glucose, NaCl, ar both.

Taking all the results together, we proposs the following
miodel for HXTT gene regulation (Fig. 83, Under normal eondi-
ticne Clow ghieose and no asmostress), HXTT promoter would be
repregsad by two independent repregsors, Retl and Skol. In
regponse to glueose addition, two different pathways wonld
activate HXTT gene expression. Glucose would directly activate
the glucose zignaling pathway, which would mediate regula-
ticn of the Rgtl repressor, and the oemostrese caused by the
addition of glucose would result in activation of the Hogl
MAPK that would result in regulation of the Skol repressor by
the MAPK. Thus, the activity of two independent signaling
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pathways would converge in the regulation of HXTT expression
by glucoes and asmostress,
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Targeting the MEF2-Like Transcription Factor Smp1l by the Stress-
Activated Hogl Mitogen-Activated Protein Kinase

MOLECULAR AND CELLULAR BIOLOGY
Jan. 2003, p. 229-237 Vol. 23, No. 1

Summary

Yeast cells respond to increases in osmolarity in the extracellular environment
activating the stress-activated MAPK Hogl. Hogl activation results in the
regulation of gene expression. One of the most common mechanisms by which
Hogl and other SAPKs regulate gene expression is by modification of specific
transcription factors (Kyriakis and Avruch 807-69); Skol, Msn2, Msn4 and Hotl are
some of the transcription regulators that have been proposed to be controlled
by the Hogl MAPK. However, other transcription regulators must exist since these
regulators show different DNA binding specificities and a profile of gene
induction that can not explain the regulation of the genes that modified its
expression in a Hogl dependent manner after an osmotic stress. Moreover a
hotl, msnl, msn2, and msn4 mutant strain is not osmosensitive (Rep et al. 5474-
85).

All these data suggest that additional unidentified transcription factors under
the control of the MAPK Hogl were regulating gene expression in osmostress.

Our goal was to identify some of these transcription factors.

Identification of Smpl as an Osmostress Requlator of the Gene

Expression

A genetic screen was performed to look for unknown transcription factors. We

searched for clones from a multicopy genomic library able to induce the
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expression of Hogl dependent genes in non stress conditions. One of the genes
identified encoded for the MEF2-like protein Smpl.

Overexpression of SMP1 resulted in the increase of the expression of the STL1
gene. On the other hand, smp1l cells showed a decreased in expression of STL1.
The same pattern was observed for the osmoresponsive gene CWP1. In fact
Smp1l regulation of CWP1 has been reported in other works (Lamb and Mitchell
677-86). No altered pattern of expression was observed for other genes such
ALD3 or HXT1. Therefore, the activity of Smpl seems to affect the expression to a
subset of osmostress genes.

Further analysis of the promoter of these genes showed a conserved sequence
similar to the predicted DNA binding site for Smpl (Dodou and Treisman 1848-
59) on STL1 and CWP1 but not HXT1 and ALD3 genes. These data support the
previous finding about the regulation of both genes by this new transcription

factor.

Smpl is a Direct Substrate of the Hogl MAPK

It is commonly accepted that after an osmotic stress, Hogl is activated and it is
able to phosphorylate other proteins. Skol is a clear example of this situation.
Under nonstress conditions, Skol is repressing some osmostress genes. After an
osmotic shock, Hogl phosphorylates Skol, and the transcription factor changes
its repression activity and becomes an activator (Proft and Struhl 1307-17). To
determine if Smpl showed a similar pattern of activation, we studied whether
Smpl was modified upon an osmotic stress. Indeed, Smp1l was modified after an
osmotic upshift. Moreover, the nature of this modification consisted in a

phosphorylation since treatment of protein extracts with phosphatases reverted
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the mobility shift observed by western blot. The obvious next step was to study if
Smpl and Hogl interacted. For that purpose, two hybrid analysis and in vivo
coimmunoprecipitation assays were performed. Both tests suggested that Smpl
and Hogl interact. In vitro phosphorylation confirmed Smpl as a direct
substrate of Hogl.

Smp1l phosphorylation sites were mapped by subsequent analysis of fragments
of Smp1l. At the end, four sites within 28 aminoacids in the C terminus of Smpl
were identified. This location is similar to that found in the Smpl yeast homolog
RIm1. In this transcription factor its activator domain is located in the C-terminal
domain (Dodou and Treisman 1848-59). Moreover, it was proposed that this
region could be phophorylated by the MAPK Mpk1/Sti2 inducing its transcription
activity (Dodou and Treisman 1848-59).

In addition, this arrangement resembles the three phosphorylation sites for Skol
clustered within 19 amino acids (Proft et al. 1123-33). Phosphorylation of several
closed aminoacids could modulate a certain conformational change that
could alter the protein activity. In other words, phosphorylation of the
transcription factor by the kinase would produce a conformational change of
the transcription factor altering its transcriptional activity.

More intriguing were the different levels of phosphorylation that were observed
among the different Smpl fragments. A full-length Smpl was less
phosphorylated than the C terminal domain of the protein. A possible
explanation is that a region of Smp1 could be limiting the access of the MAPK to

the phosphorylation sites.
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In accordance with this observation, simultaneous incubation of the C-terminal
domain and the N terminal domain of Smpl resulted in a decreased of C-
terminal phosphorylation. It is plausible that other activator mechanisms may

act over Smp1l before the MAPK could modify the transcription factor.

Smpl Phosphorylation by the Hogl MAPK is Important for its

Biological Function

Previous experiments had demonstrated that Smpl was phosphorylated by
Hogl upon an osmotic stress. The next step was to clarify if this phosphorylation
had a biological meaning. With that objective, a Smpl mutant was designed in
which the four phosphorylation sites were mutagenized to Ala, so this mutant
allele of Smpl was unable to be phosphorylated. This Smpl mutant was
analyzed for its transcriptional activity. The altered protein was unable to
regulate gene expression suggesting that proper phosphorylation was necessary
for optimal function of the transcription factor. Therefore Smpl function is
compromised when Smpl is not phosphorylated by Hogl. This mechanisms is not
exclusive from Smpl, other MEF2 transcription factors show the same
mechanism of activation. For example RIml. As Smpl, RIml transcriptional
activity depends on its phosphorylation by the MAPK SIt2/Mpkl. Moreover its
phosphorylation site is very similar to Smpl phosphorylation site ((Dodou and
Treisman 1848-59); (Watanabe et al. 2615-23)).

In mammals, regulation of MEF2A and MEF2C factors has been shown to be
under the control of the p38 MAPKs, among other kinases ((Kyriakis and Avruch

807-69); (McKinsey, Zhang, and Olson 40-47)). Phosphorylation of the
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transcriptional activator domain of these factors by p38 stimulates MEF2 activity,
which is analogous to the mechanism proposed for the yeast Smp1.

These data suggest that Smpl would follow a well established mechanism of
activation, similar to that observed for homologous transcription factors in yeast
and in mammals.

In addition, phosphorylation regulation is the most common known mechanisms
of regulation of the MAPK Hogl. As Smpl, Skol activity is modulated by

phosphorylation upon an osmotic stress, becoming an activator.

Hogl Controls the Process for Cell Viability in Stationary Phase

Through Smpl Activity

Localization studies of Smpl-GFP fusion protein showed that no detectable
changes were observed by osmotic stress. Smpl was distributed between the
cytoplasm and the nucleus of the cell as in non stress conditions. However, in
cells growing on stationary phase, Smpl was accumulated in the nucleus. This
accumulation was not observed in hogl mutant cells. This suggested that Smp1
was implicated in osmoadaptation process in addition to some process of the
stationary phase. Moreover, this predicted function developed in the stationary
growth would be dependent on the Hogl MAPK, since the presence of the
MAPK was necessary for the proper localization of the transcription factor.
Further analysis showed a lost of cell viability in smpl and hogl cells upon entry
into stationary phase. Double mutant cells, smpl hogl cells showed no
increased in the lost of viability, indicating that Hogl is required for some specific
process for this phase. This process would be mainly under the control of Smp1l,
since no additional effect is observed in the double mutant. The lost of viability
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of hogl cells is not surprised since a similar phenotype has been observed for
the Spcl/Styl MAPK, the Hogl homolog in Schizosaccharomyces pombe
((Shiozaki and Russell 2276-88); (Wilkinson et al. 2289-301)). Although the
molecular mechanism(s) of this deficiency it is unclear, it has been proposed

that the lost of transcription of some genes compromised cell viability.

All these data suggest that Smpl is a direct target of the Hogl MAPK. Hogl
activation results in Smpl phosphorylation, essential for gene expression
regulation of a subset of genes. A part from the role in the osmoadaptation
process, Smpl would be implicated in some adaptation process of the
stationary phase. In this situation phosphorylation from Hogl is not relevant, but

its presence determinates proper Smpl localization in the nucleus.

Summary and Perspective

This work describes a new transcription factor under the control of the Hogl
MAPK. Although its relationship with the MAPK is well established (direct
substrate of the MAPK, well mapped phosphorylation sites and a possible
biological function described) its transcription function needs to be clarify. The
subset of genes whose transcription is affected must be identified (in this report
we propose two genes but it is easy to predict that other genes under the
control of Smpl may exist). Microarrays could be a powerful technique to
determine the cluster of genes affected.

At the same time, it seems quite clear that, although Smpl helps to explain

another portion of the Hogl gene regulation, other transcriptional regulators
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must exist. May be a new genetic screening with different reporter genes or a

different strategy would be necessary to find this regulators.
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Expression of the HXT1 Low Affinity Glucose Transporter
Requires the Coordinated Activities of the HOG and Glucose
Signalling Pathways

THE JOURNAL OF BIOLOGICAL CHEMISTRY
Vol. 279, No. 21, Issue of May 21, pp. 22010-22019, 2004

Summary

Increases in extracellular osmolarity results in a transient induction of the
expression of stress protective genes. Among them there are genes encoding
proteins involved in carbohydrate metabolism, these include genes responsible
for the synthesis of glycerol : such as GPD1 and GPD2, but also genes encoding
plasma membrane sugar transporters, such as STL1, HXT10, HXT1, and HXT5
(Posas et al. 17249-55). The induction of these transporters is Hogl dependent.
Hxts are hexose transporters. Saccharomyces cerevisiae has 20 HXTs genes
((Bisson et al. 259-308); (Boles and Hollenberg 85-111); (Kayano et al. 15245-
48),(Kruckeberg 283-92)). These Hxts proteins belong to the major facilitator
superfamily (MFS) of transporters ((Marger and Saier, Jr. 13-20); (Pao, Paulsen,
and Saier, Jr. 1-34)) and transport their substrates by passive, energy-
independent facilitated diffusion, with glucose moving down a concentration
gradient (Bisson et al. 259-308).

The way by HXT genes are transcriptionally regulated in response to glucose
correlate with the affinity of the specific transporter for the hexose. For instance
HXT1 transcription is induced only by high concentrations of glucose (it encodes
a low-affinity transporter).

Briefly, glucose induction of HXT1 (and from HXT1 to HXT4) gene is due to a

repression mechanism mediated by the Rgtl repressor. Rgtl inhibits expression
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of the HXT genes in the absence of glucose. Glucose concentrations are sensed
by Snf3 and Rgt2 (Ozcan, Dover, and Johnston 2566-73), two glucose
transporter-like proteins that serve as glucose sensors for low and high
concentrations of glucose, respectively. Through an undetermined mechanism,
the signal arrives to the Grrl protein. Grrl is required for glucose inhibition of Rgtl
function, and the Stdl and Mthl proteins are implicated in this inhibition
((Tomas-Cobos et al. 22010-19); (Flick et al. 3230-41); (Ozcan et al. 5520-28)).

Moreover, maximal HXT1 expression requires a high glucose-induced
mechanism whose components were not known at the beginning of this work
(OZCAN, JOHNSTON). Coupling of this regulatory pathway with the Rgtl-
mediated mechanism causes HXT1 to be expressed only in cells growing on high
levels of glucose (Ozcan and Johnston 554-69). From the microarrays data
arised the hypothesis that may be the HOG pathway could be implicated in the

induction of HXT1.

The HOG Pathway Requlates HXT1 Gene Expression on Glucose and

Osmostress

Initial experiments tried to reproduce these microarray data. Certainly, HXT1
gene expression was regulated by glucose availability, being inhibited in the
absence of glucose and activated in the presence of the sugar (Ozcan and
Johnston 554-69). Cells growing on raffinose showed very low levels of HXT1
expression. After a pulse of glucose, expression of HXT1 was induced. HXT1
induction rate was higher when cells were subjected simultaneously to glucose
plus NaCl. Similar results were obtained when 1 M sorbitol was added. Then full

induction of HXT1 expression could be increased after the addition of glucose
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plus salt, showing that there is another pathway taking part in its expression. As
the NaCl and sorbitol are the responsible of this increase, it seemed reasonable
to think that the pathway acting over HXT1 expression was the HOG signalling
pathway. Moreover, it suggested that there was another molecular mechanism
(under the control of the HOG pathway) regulating HXT1 expression apart from

those belonging to the glucose signalling pathway.

The activity of the HOG pathway increase less HXT1 expression than glucose
induction. However, the presence of the pathway was absolutely necessarily
since no induction of HXT1 was observed in any of the induction conditions in
hogl mutant cells. It could be concluded that the HOG pathway it is essential
for HXT1, not only in osmosstress conditions, but also for the induction caused by
glucose.

Correspondingly, Hogl phosphorylation was observed after the addition of 2%
of glucose or 2% of galactose to cells growing on raffinose to the same extend
as treatment with 110 mM NacCl. This phosphorylation was not observed in pbs2
cells. Thus, Hogl activation was caused by an increase in extracellular
osmolarity caused by the addition of sugar, not necessarily restricted to glucose.
Moreover, increased concentration of glucose concentration, resulted in an
increased in Hogl phosphorylation. Therefore, the severity of the osmotic stress
(in this case caused by the glucose) determined the level of Hogl
phosphorylation.

Two upstream sensing mechanisms activate the core of the HOG pathway, the

SInl1 branch and the Shol branch (36). Mutations in the Shol branch (double
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sholstell mutant) did not alter HXT1 expression. However, mutants in the Sinl
branch of the HOG pathway, for instance ssk2 ssk22, showed a clear defect in
the induction of HXT1 by glucose.

It has been report that the SInl sensor is able to sense small changes in the
environment and induce progressive Hogl activation, whereas the Shol sensing
system functions more in an on-off fashion only once a threshold level of osmotic
stress in the environment is reached (22). This suggests that small changes in
extracellular sugar concentration, which result in small changes in extracellular
osmolarity, are sufficient to induce SInl-mediated Hogl activation whereas
these changes are not high enough to induce the Shol-sensing system.

This different sensitivity of the two signalling systems might have a significant
physiological role, because if under specific conditions only a partial activation
of Hogl MAPK is required, a fine tuning mechanism would avoid full induction of

adaptive responses that might be too energy-consuming for the cell.

Induction of HXT1 Expression upon Glucose plus Osmotic Stress

Depends on the Integrity of the Glucose Signalling Pathway

The HOG pathway activity was not sufficient for gene expression of HXT1 without
the activation of the glucose signalling pathway, and it seems reasonable, since
expression of a glucose transporter would not be necessary in the absence of
the hexose.

As it has been described, activation of the glucose pathway by the presence of
glucose leads to regulation of the Rgtl transcriptional repressor. However,

regulation of Rgtl was not sufficient to induce gene expression by glucose
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without simultaneous activation of the HOG pathway. Looking carefully at HXT1
expression on different mutants from the glucose pathway, it could be observed
that glucose repression activity impeded Hogl effects on HXT1 expression.
Therefore, the glucose signalling pathway must release Rgtl from the promoter
to observe the HOG pathway effects.

Therefore, two independent pathways act together for the appropriate
expression of the hexose transporter. Moreover, both pathways must be
functional since the absence of signalling from one pathway blocks the

expression of HXT1.

The glucose signalling elements acting over HXT1 were well described, but the
clue element implicated in HXT1 expression and under the control of Hogl
remained unknown. A genetic screening and a promoter analysis identified
Skol as the element we were looking for, and Tupl and Ssn6 complex repressor

as the general repressor machinery implicated in the repression of HXT1.

Sko1l Transcription Factor Regulates HXT1 expression

To identify this new element, we designed a genetic screening. We assumed
that the inactivation of the Rgtl repressor and the unknown element would let
to the constitutive activation of the HXT1 gene. We subjected rgtl cells with the
HXT1:.LacZ reporter gene integrated, to MNNG treatment and we plated these
cells on X-gal plate. Blue cells (those that had inactivation of both repressor

elements) were transformed with a monocopy genomic library and those clones
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that were able to recover the phenotype were sequenced and identify as Skol,

Tupl and Ssn6.

Sko1l is a transcriptional repressor regulated by Hogl (Proft et al. 1123-33). After
an osmotic stress, Skol is phosphorylated by Hogl and converts the repressor
into an activator ((Proft and Struhl 1307-17)).

Deletion of SKOL1 resulted in cells able to induce HXT1 expression in response to
glucose, but no further induction was observed after the addition of NaCl.
Moreover, a double skol hogl mutant strain showed the same pattern of
expression as the skol strain, indicating that hogl cells were unable to release
Sko1l from the promoter, blocking HXT1 expression.

By chromatin immunoprecipitation (ChIP) assays Skol was detected at the HXT1
promoter. Addition of NaCl resulted in decreased Skol signal, indicating that
there was a decrease in Skol binding to the promoter. This reduction was
accompanied by the improvement of the Hogl MAPK binding, as it has been
described for other osmostress inducible genes ((Proft et al. 1123-33); (Proft and
Struhl 1307-17)).

Rgtl also binds to HXT1 promoter in low glucose conditions, but addition of NaCl
did not affect its binding. Because Rgtl binding is only decreased by glucose
((Mosley et al. 10322-27); (Flick et al. 3230-41); (Kim et al. 111-19)), we suggest
that the addition of glucose to raffinose growing cells would have a dual effect.
First, released of Rgtl from the promoter and, second in which glucose would
be acting as an osmolite, activation the HOG pathway, releasing Skol from the

promoter, allowing HXT1 desrepression.
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Analysis of the HXT1 promoter

Once Skol and Rgtl were defined as the transcription factors that were
regulating the HXT1 promoter, we perfomed an analysis of HXT1 promoter in
order to find Skol and Rgtl interacting sites. This analysis showed that Rgtl and
Sko1l interacted with different regions of the HXT1 promoter.

Rgtl interacts, at least, with a promoter region located between 521 and 426.
This region is included in the fragment that showed direct interaction of Rgtl
with HXT1 promoter by either DNA binding (Ozcan et al. 12428-32) or ChIP
(Mosley et al. 10322-27) analyses. This region contains the consensus sequence
identified to be necessary for Rgtl binding (a spaced CGG pair sequence) (Kim
et al. 111-19). However, additional sites for Rgtl binding must exist, because a
promoter fragment containing only from 521 to ATG was not able to be properly
induced by glucose.

Skol binding region was mapped between -426 and -223. However, we did not
find any consensus Skol-CRE site (TGACGTCA) in this region. Because the HAL1
promoter contains a degenerated CRE site (TTACGTAA) that binds Skol
functionally (19), we looked for similar degenerated sequence. Only one similar
sequence was found. However, when the effect of a mutagenized sequence
was analyzed, only a slight increase in the induction of HXT1 was observed.
These results indicated that either this site was not fully functional or that
there were additional cAMP-response element like sites in the sequence
where Skol was able to bind. This region of Skol interaction was confirmed

by ChiPs analysis.

7



Discussion

Tupl and Ssn6

Two other proteins were identified in the genetic screening as regulators of HXT1
expression: Tupl and Ssn6.

The Tup1-Ssn6 corepressor forms one of the largest and most important gene-
regulatory circuits in budding yeast. The Tup-Ssn6 complex is attract by a DNA
binding protein (a transcription factor) thereby localizing it to the regulatory
regions of specific genes, where it brings transcriptional repression (Rebecca L.
Smith and Alexander D. Johnson 2000).

The relationship between Skol and the Tupl-Ssn6 complex it was described
some time ago. Tupl-Ssn6 general co-repressor complex interacts with Skol to
repress transcription of osmostress-regulated genes ((Marquez et al. 2543-53);
(Proft and Serrano 537-46)). Skol is phosphorylated by the Hogl MAPK upon
stress, and this is necessary to switch Skol-Tupl-Ssn6 from a repressor to an
activator complex ((Proft et al. 1123-33); (Proft and Struhl 1307-17)) inducing
transcription.

In addition, it is also known that the Tupl1-Ssn6 complex interacts with Rgtl to
repress transcription of HXT1 in low glucose conditions ((Tomas-Cobos and Sanz
657-63); (Ozcan et al. 12428-32)).

These relationships would explain why mutations in TUP1 or SSN6 resulted in
constitutive expression of HXT1 that was not significantly enhanced by addition
of glucose or NaCl. Therefore two transcriptional repressors, Skol and Rgtl, are

controlling HXT1 gene expression by their binding to the Tupl-Ssn6é complex.
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Model

With all these evidence, we propose the following model for HXT1 gene
regulation. Under normal conditions (low glucose and no osmostress), HXT1
promoter would be repressed by two independent repressors, Rgtl and Skol.
Glucose addition would let to the activation of the glucose pathway and the
HOG pathway, removing Rgtl and Skol from the promoter with the subsequent
HXT1 gene expression.

The hexose would transmit two types of signals. From one side, it would activate
the glucose signalling pathway, mediating Rgtl repression regulation; from the
other side, glucose addition would be sensed as an osmostress, resulting in Hogl
MAPK activation. As a consequence, the Skol repressor would be
phosphorylated by the MAPK converting it in to an activator. The addition of
glucose plus NaCl would increase the osmostress signal, increasing the

magnitude of the signal, and subsequently gene expression.

Perspective

The HOG pathway regulates the expression of a great deal of genes with a very
different nature. Most of these genes are expressed in other situations (as
nutrient induction) or stresses (as oxidative stress), but at the same time they
seem necessary for osmotic surviving or adaptation. Then, a multiple regulation
mechanism integrating both inputs is necessary. The HXT1 is a good example of
this situation. The hexose transporter is need in the presence of high
concentrations of glucose and a molecular mechanism, more or less
understood, regulates the appropriate expression. At the same time, the
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glucose per se is an osmosstress, and a molecular mechanism under the control
of Hogl regulates either the appropriate expression of the transporter.

Glucose and HOG signalling pathways act coordinately for HXT1 expression,
establishing a rank of priorities: glucose specificity imposes its action over the
effects of the HOG signalling pathway. Since a biological point of view, the
increase of HXT1 expression by hyper osmotic conditions could provide more
substrate (glucose) for the synthesis of the osmoprotectant glycerol (Hohmann
300-72). This scheme could be reproducible for other genes with a very similar
pattern of expression.

In addition, this would be against the individual activity of the signalling
pathways of the yeast and in agreement with a more interconnected signalling
view where a stimulus would be sense in different manners activating different

signalling pathways leading to the appropriate adaptability of the organism.

On the other hand, HXTs have been studied for years. They serve as a model to
understand how the glucose transporters in mammals could be regulated and
expressed. Recently many papers have been trying to elucidate the different
mechanisms that regulate HXT1 expression. Other hexoses transporters, as HXT2
are well known, but for HXT1 although many regulators have been proposed,
the specific activity of them it is still obscure. For instance, it has been
desmotrated that Hxk2 is implicated in HXT1 induction, and that Snfl plays a role
in the HXT1 repression (Tomas-Cobos and Sanz 657-63), but how these proteins

are acting it is not known.
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At the same time, it was quite established (Ozcan and Johnston 554-69) the
existence of an activator mechanisms whose nature was unknown. In this report
we show that the HOG pathway through its repressor transcription factor Skol is
implicated in the induction of the hexose transporter. And that this induction is

essential for HXT1 expression.
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