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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 Hog1 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 Hog1 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 Hog1 dependent 

genes in non stress conditions.  One of these clones was the SMP1 gene. Smp1 

encodes for a MEF2-like transcription factor. Its overexpression induced the 

expression of osmoresponsive genes such as STL1, whereas smp1 cells were 

defective in their expression.  smp1 cells showed reduced viability upon osmotic 

shock. Smp1-Hog1 interaction was checked by coprecipitation. Moreover, 
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Smp1 was phosphorylated upon osmotic stress in a Hog1-dependent manner 

and in vitro phosphorylation experiments showed that Hog1 phosphorylated 

Smp1 at the C-terminal region.  This phosphorylation was important for Smp1 

osmoadaptation functions. 

Moreover Hog1 was implicated in cell adaptability to stationary phase through 

Smp1. 

On the other hand, microarrays studies showed that HXT1 hexose transporter 

was upregulated upon an osmotic shock in a Hog1 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-Grr1 ubiquitination complex and the Rgt1 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 

Sko1 as the transcription factor under the control of Hog1 that was modulating 

HXT1 expression. 

Our studies here have shown that both Smp1 and Sko1 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 organisms.  

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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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, controlling 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). 
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Figure1: 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.

MAPKKK

MAPKK

MAPK
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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 Ste11 MAPKKK 

to Pbs2 MAPKK restricts Ste11 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 Ste11) that are responsible for the activation of the 

MAPKK Pbs2. Once activated, Pbs2 phosphorylates and activates the Hog1 

MAPK (Brewster et al. 1760-63). 
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Hog1 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. 

 

Ypd1

Ssk2/Ssk22

Pbs2

Hog1

Osmoadaptive responses

Ssk1

Extracellular hyperosmolarity

Multistep
phosphorelay

Ste11

Cdc42/Ste20
Ste50

Sho1Sln1

Phosphatases

?

MAPK

MAPKK

MAPKKK

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
Sln1 and Sho1, The signal converges at the MAPKK Pbs2. Once Hog1 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 Ste11 MAPKKKs. These 

mechanisms are respectively, the Sln1 branch and the Sho1 branch (Maeda, 

Takekawa, and Saito 554-58). 

All available data suggest that the Sho1 and Sln1 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. 

 
Sln1 Osmosensor 
 
The Sln1 branch involves a “two-component” osmosensor, composed of the 

Sln1-Ypd1-Ssk1 proteins that conduces the signal to the redundant MAPKKKs 

Ssk2/22. 

The Sln1 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, Sln1 is the only sensor 

histidine kinase in the S. cerevisiae.  

There is strong evidence that Sln1 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 Ypd1 and Ssk1 proteins.  

Surprisingly, Sln1 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 Sln1 histidine kinase is activated 

by hypo-osmolarity (cell swelling) and inhibited by hyperosmolarity (cell 

shrinking). Under low osmolarity, Sln1 autophosphorylates itself, this phosphate is 

then transferred to the receiver domain and subsequently to a specific His on 

Ypd1 protein.  Finally, the phosphate is transferred to an Asp on Ssk1 ((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 Sln1 drops 

transiently leading to the Skk1 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 Ssk1 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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Sho1 Osmosensor 
 

Pbs2 activation can also be achieved by a second, independent mechanism 

that involves the transmembrane protein Sho1, the MAPKKK Ste11, the Ste11-

binding protein Ste50, the Ste20 p21-activated kinase (PAK) and the small 

GTPase Cdc 42 (Posas, Witten, and Saito 5788-96). Activation of Pbs2 by Ste11 

requiers the interaction of Pbs2 with Sho1 ((Reiser, Salah, and Ammerer 620-27); 

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

 

Sho1 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 Sho1 

have been isolated from other yeasts but homologs from higher eukaryotes 

have not been reported. Sho1 is not an osmosensor itself (Raitt, Posas, and Saito 

4623-31). However, the Sho1 branch certainly mediates HOG pathway 

activation upon an osmotic upshock, therefore an unidentified osmosensor 

should exist.  

Sho1 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. Sho1 could function as a protein that directs signal transduction 

complexes to such areas. It should also be noted that anchoring of Sho1 to the 

cell surface is necessary for signalling, but not its specific localization.   
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 It has been speculated that the Sho1 branch monitors (mainly) osmotic 

changes during cell growth and expansion, while the Sln1 branch (mainly) 

senses osmotic changes in the environment. 

 

Activation of the Sho1 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 Sho1 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 Sho1 ((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 Ste11 ((O'Rourke and Herskowitz 2874-86); (Posas and Saito 1702-05)), as 

well as Ste50, which is required for Ste11 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 Sho1 that binds 

Ste11 independently of Pbs2. Therefore, Sho1 has at least two separable 

interaction regions: one that binds Ste11 and mediates its activation, and one 

that binds Pbs2, directing Ste11 to act on Pbs2 (Zarrinpar et al. 825-32). 

The initial signalling event it is unknown. Since Sho1 does not seem to function as 

a sensor itself (Raitt, Posas, and Saito 4623-31), additional proteins are probably 
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required. Sho1 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 

Ste11. The assembly of the complex may then lead to activation of the PAK 

Ste20, phosphorylation of Ste11, and subsequently phosphorylation of Pbs2.   

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

 

Sln1 vs Sho1 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 Sho1 branch, stimulation of Hog1 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 sho1 mutant, which relies on the Sln1 branch 

only, Hog1 phosphorylation is already apparent with 100 mM NaCl and is 

maximal after 1 min with 300 mM NaCl. These data suggest that Sln1 is more 

sensitive than the sensor of the Sho1 branch. It also appears that the Sho1 

branch operates in an on-off fashion, while the Sln1 branch shows an 

approximately linear dose response up to about 600 mM NaCl.  

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 Snl1, determination of 

the sensor mechanism coupled to Sho1 could help to decipher the molecular 

identity of mammalian osmosensors. 
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Moreover a third osmosensing branch working in parallel with the Sho1 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 STE11 

dependent, still occuring in the absence of Sho1, and that this signalling requires 

Mbs2 activity.  However an ssk1 sho1 msb2 strain is more osmosensitive than an 

ssk1 sho1 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 Ste11. Phosphorylation of the substrate of Pbs2, the 

Hog1 MAP kinase, occurs in the cytosol. Dual phosphorylation on the conserved 

Thr174 and Tyr176 activates the MAP kinase Hog1 ((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 NaCl, 

Hog1 phosphorylation peaks within 1 min and disappears within about 30 min. 

With a more severe osmotic shock, for instance, 1.4 M NaCl, Hog1 

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 Hog1 in the 

nucleus, while under normal conditions Hog1 is distributed between the cytosol 

and the nucleus ((Ferrigno et al. 5606-14);  (Reiser, Ruis, and Ammerer 1147-61)). 

Nuclear concentration of Hog1-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 Hog1 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 Thr174 and Tyr176 of Hog1 by 

Pbs2 is necessary and sufficient for nuclear concentration, since mutation of one 

or both of these sites makes the subcellular localization of Hog1 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 

Hog1 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 Hog1 in the nucleus requires Gsp1 (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 Hog1 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 Hog1 in the nucleus for example, 

phosphatases. Ptp2 and Ptp3 function as nuclear and cytoplasmic anchors for 

Hog1 respectively (Mattison and Ota 1229-35). Therefore, deletion of PTP2 

diminishes Hog1 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), Hot1, and Msn1 (Rep et al. 5474-85) has been shown to 
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reduce the period of Hog1 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 Hog1 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 Hog1 and nuclear localization are transient effects. 

Depending on the severity of the osmotic shock, Hog1 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 Hog1 

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. 

Hog1 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 Hog1 also mediates regulatory effects outside the nucleus. 

Therefore, either a portion of activated Hog1 remains in the cytosol.  

 
Signal Regulation: Phosphatases  

 
The appearance of phosphorylated Hog1 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 (Ptc1 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 Ptc1, there is great direct 

evidence that they affect the HOG pathway and act upon Hog1. 

 
PTPs 
 

Overexpression of PTP2 and PTP3 suppresses inappropriate activation of the 

HOG pathway by deletion of SLN1 or constitutive activation of Sln1, 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 Hog1. Ptp2 and Ptp3 

 28



Introduction 
 

 
interact directly with Hog1 ((Jacoby et al. 17749-55); (Wurgler-Murphy et al. 

1289-97)). In ptp2 and ptp2 ptp3 mutants, tyrosine phosphorylation of Hog1 

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 Hog1 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 Hog1, because the increase in phosphatase 

activity due to increased production of the enzyme occurs after the level of 

Hog1 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 Hog1-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 Hog1 requires its catalytic activity (Wurgler-Murphy et al. 

1289-97). This suggests that Hog1 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, Ptc1 seems to be the only 

implicated in the deactivation of the HOG pathway. In mutants lacking both 

Ptc1 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 Hog1 which is hardly responsive to 

osmotic shock (Warmka et al. 51-60). Perhaps Ptp2 preferentially 

dephosphorylates Hog1 that already is dephosphorylated on Thr174.  

 
Physiological Roles of Hog1 
 
Hog1 phosphorylation results in its activation. At the same time, Hog1 

phosphorylation led to its rapid accumulation in the nucleus.  As it has been 

mentioned, Hog1 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 Hog1 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 part, 

for the metabolic adjustments required for osmostress adaptation (Hohmann 

300-72).  

 

On the other hand, Hog1 activation results in the adaptation of the cell cycle. 

Sustained activation of the Hog1 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 Hog1(Escote et al. 997-1002). Hog1 regulates 

progression at the G1 phase by a dual mechanism that involves downregulation 

of cyclin expression and direct targeting of the CDK-inhibitor protein Sic1. The 

MAPK interacts physically with Sic1 in vivo and in vitro, and phosphorylates a 

single residue at the carboxyl terminus of Sic1, which, in combination with the 

downregulation of cyclin expression, results in Sic1 stabilization and inhibition of 

cell-cycle progression (Escote et al. 997-1002). 

These results indicate that Hog1 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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Figure 3. Functions of the
MAPK Hog1. Once Hog1 
has been activated it
develops different functions
regulating cell cycle, gene 
expression and metabolic
adaptation.
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Hog1 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 .  

Hog1 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. Hog1 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 

Hog1, 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 

Hog1 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 
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(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 NaCl 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. 

 34



Introduction 
 

 
 
Induction of a number of genes after osmotic shock is mediated at least in part 

by the Hog1 signal transduction pathway (Bjorkqvist 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 

hog1 cells was different from that observed in wild type cells. However, from a 

quantitative point of view, the changes ranged from a weak effect to a virtual 

loss of the response. This indicates that the Hog1 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 Hog1 

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 hog1 

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 Hog1 kinase mediates its effects through at least five different transcription 

factors: the redundant zinc finger proteins Msn2 and Msn4 (Schuller et al. 4382-

89); Hot1 (which does not belong to a known family of transcription factors) 

(Rep et al. 5474-85); the bZIP protein Sko1 (Proft et al. 1123-33), and the MADS 

box protein Smp1 (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 Smp1, 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, Sko1 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 

Hog1 can associate with the chromatin at promoter regions of a target genes. 

Activated Hog1 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 Hog1 stimulates 

transcription by phosphorylation of specific components of the RNA pol II 

holoenzyme (Alepuz et al. 2433-42). Additionally, Hog1 has been reported to 

bind to Sko1-dependent promoter through its interaction with Sko1, 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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Gene expression
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Figure 4. Transcription factors under the control of the MAPK Hog1. At
the begining of this work there were Known five transcription factors
under the control of the MAPK Hog1. 
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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, Hog1, 

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 Hog1 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 Hog1, could confer full 

transcriptional activity to Msn2. 

Msn2/Msn4 control a subset of the Hog1-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 

 
Msn1 is distantly related to Hot1 and has been shown to affect the expression of 

GPD1 and CTT1 after osmotic shock (Ansell et al. 2179-87). However, the 

relationship of Msn1 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 

Hog1. Hot1 physically interacts with Hog1. 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 Hot1 controls Hog1-mediated osmostres 

gene expression have shown that the transcription factor interacts with Hog1, 

and this interaction is critical for recruitment of the MAPK to Hot1 dependent 

promoters and essential for their transcriptional induction upon stress (Alepuz et 

al. 767-77). 

Although Hot1 is phosphorylated by the Hog1, this direct phophorylation of Hot1 

by the MAPK is indeed not critical for the regulation and activation per se. Thus 

activation of the gene expression by Hot1 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-II enzyme 

(Alepuz et al. 2433-42). 

Deletion of HOT1 partially suppresses the lethality caused by over activation of 

the HOG pathway. This indicates that Hot1 is partially mediating the HOG-

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

SKO1 

 
Sko1 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. Sko1 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 NaCl stress, Sko1 is localized at the entire cell. 

Sko1 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 Sko1 activity for the proper expression of 

different subset of genes.  

The nature of the genes regulated by Sko1 is diverse. Sko1 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) (Sko1 DNA binding sites) (Proft and 

Serrano 537-46)). In contrast in ENA1 and HXT1 promoters, Sko1 is implicated in 

coordination with other transcription factors and signalling pathways to regulate 

properly gene expression.  

The Hog1 dependent molecular mechanism for Sko1 activity was described 

some time ago. Sko1 is phosphorylated directly by Hog1 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 Sko1p-Ssn6-Tup1-Hog1, 

in GRE2, HAL1 promoters, recruits SWI/SNF and SAGA chromatin modifying 
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complexes which promote RNA polymerase II binding and transcriptional 

activation (Proft and Struhl 1307-17). The ability of Sko1-Ssn6-Tup1 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 Sko1 and this phosphorylation 

seems to increase the repressor activity of Sko1.  

Figure 5. Osmotic-regulated transcriptional activation of the GRE2 gene 
by the transcription factor Sko1. (A) During basal conditions Sko1 recruits
Tup1-Ssn6 complex and repress expression. (B) After an osmotic stress, 
Hog1 phosphorylates Sko1 becoming an activator and recruiting SAGA  
and SWF/SNF complex and RNApol II complex.
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Targeting the MEF2-Like Transcription Factor Smp1 by the Stress-
Activated Hog1 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 Hog1. Hog1 activation results in the 

regulation of gene expression. One of the most common mechanisms by which 

Hog1 and other SAPKs regulate gene expression is by modification of specific 

transcription factors (Kyriakis and Avruch 807-69); Sko1, Msn2, Msn4 and Hot1 are 

some of the transcription regulators that have been proposed to be controlled 

by the Hog1 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 Hog1 dependent manner after an osmotic stress. Moreover a 

hot1, msn1, 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 Hog1 were regulating gene expression in osmostress.  

Our goal was to identify some of these transcription factors.  

 
Identification of Smp1 as an Osmostress Regulator 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 Hog1 dependent genes in non stress conditions. One of the genes 

identified encoded for the MEF2-like protein Smp1. 

Overexpression of SMP1 resulted in the increase of the expression of the STL1 

gene. On the other hand, smp1 cells showed a decreased in expression of STL1. 

The same pattern was observed for the osmoresponsive gene CWP1. In fact 

Smp1 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 Smp1 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 Smp1 (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. 

Smp1 is a Direct Substrate of the Hog1 MAPK 

It is commonly accepted that after an osmotic stress, Hog1 is activated and it is 

able to phosphorylate other proteins. Sko1 is a clear example of this situation. 

Under nonstress conditions, Sko1 is repressing some osmostress genes. After an 

osmotic shock, Hog1 phosphorylates Sko1, and the transcription factor changes 

its repression activity and becomes an activator (Proft and Struhl 1307-17). To 

determine if Smp1 showed a similar pattern of activation, we studied whether 

Smp1 was modified upon an osmotic stress. Indeed, Smp1 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 

Smp1 and Hog1 interacted. For that purpose, two hybrid analysis and in vivo 

coimmunoprecipitation assays were performed.  Both tests suggested that Smp1 

and Hog1 interact.  In vitro phosphorylation confirmed Smp1 as a direct 

substrate of Hog1. 

Smp1 phosphorylation sites were mapped by subsequent analysis of fragments 

of Smp1. At the end, four sites within 28 aminoacids in the C terminus of Smp1 

were identified. This location is similar to that found in the Smp1 yeast homolog 

Rlm1. 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/Stl2 inducing its transcription 

activity (Dodou and Treisman 1848-59). 

In addition, this arrangement resembles the three phosphorylation sites for Sko1 

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 Smp1 fragments. A full-length Smp1 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 Smp1 resulted in a decreased of C-

terminal phosphorylation. It is plausible that other activator mechanisms may 

act over Smp1 before the MAPK could modify the transcription factor. 

 
Smp1 Phosphorylation by the Hog1 MAPK is Important for its 

Biological Function 
Previous experiments had demonstrated that Smp1 was phosphorylated by 

Hog1 upon an osmotic stress. The next step was to clarify if this phosphorylation 

had a biological meaning. With that objective, a Smp1 mutant was designed in 

which the four phosphorylation sites were mutagenized to Ala, so this mutant 

allele of Smp1 was unable to be phosphorylated. This Smp1 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 Smp1 function is 

compromised when Smp1 is not phosphorylated by Hog1. This mechanisms is not 

exclusive from Smp1, other MEF2 transcription factors show the same 

mechanism of activation. For example Rlm1. As Smp1, Rlm1 transcriptional 

activity depends on its phosphorylation by the MAPK Slt2/Mpk1. Moreover its 

phosphorylation site is very similar to Smp1 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 Smp1 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 Hog1. As Smp1, Sko1 activity is modulated by 

phosphorylation upon an osmotic stress, becoming an activator. 

 

Hog1 Controls the Process for Cell Viability in Stationary Phase 

Through Smp1 Activity 
Localization studies of Smp1-GFP fusion protein showed that no detectable 

changes were observed by osmotic stress.  Smp1 was distributed between the 

cytoplasm and the nucleus of the cell as in non stress conditions. However, in 

cells growing on stationary phase, Smp1 was accumulated in the nucleus. This 

accumulation was not observed in hog1 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 Hog1 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 smp1 and hog1 cells upon entry 

into stationary phase. Double mutant cells, smp1 hog1 cells showed no 

increased in the lost of viability, indicating that Hog1 is required for some specific 

process for this phase. This process would be mainly under the control of Smp1, 

since no additional effect is observed in the double mutant. The lost of viability 
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of hog1 cells is not surprised since a similar phenotype has been observed for 

the Spc1/StyI MAPK, the Hog1 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 Smp1 is a direct target of the Hog1 MAPK. Hog1 

activation results in Smp1 phosphorylation, essential for gene expression 

regulation of a subset of genes. A part from the role in the osmoadaptation 

process, Smp1 would be implicated in some adaptation process of the 

stationary phase. In this situation phosphorylation from Hog1 is not relevant, but 

its presence determinates proper Smp1 localization in the nucleus.  

  
Summary and Perspective 
 
This work describes a new transcription factor under the control of the Hog1 

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 Smp1 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 Smp1 helps to explain 

another portion of the Hog1 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 Hog1 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 Rgt1 repressor. Rgt1 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 Grr1 protein. Grr1 is required for glucose inhibition of Rgt1 

function, and the Std1 and Mth1 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 Rgt1-

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 Regulates 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 

hog1 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, Hog1 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 NaCl.  This phosphorylation was not observed in pbs2 

cells. Thus, Hog1 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 Hog1 phosphorylation. Therefore, the severity of the osmotic stress 

(in this case caused by the glucose) determined the level of Hog1 

phosphorylation.  

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

Sln1 branch and the Sho1 branch (36). Mutations in the Sho1 branch (double 
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sho1ste11 mutant) did not alter HXT1 expression. However, mutants in the Sln1 

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 Sln1 sensor is able to sense small changes in the 

environment and induce progressive Hog1 activation, whereas the Sho1 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 Sln1-mediated Hog1 activation whereas 

these changes are not high enough to induce the Sho1-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 Hog1 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 Rgt1 transcriptional repressor. However, 

regulation of Rgt1 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 Hog1 effects on HXT1 expression. 

Therefore, the glucose signalling pathway must release Rgt1 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 Hog1 

remained unknown. A genetic screening and a promoter analysis identified 

Sko1 as the element we were looking for, and Tup1 and Ssn6 complex repressor 

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

 
Sko1 Transcription Factor Regulates HXT1 expression 
 
To identify this new element, we designed a genetic screening. We assumed 

that the inactivation of the Rgt1 repressor and the unknown element would let 

to the constitutive activation of the HXT1 gene. We subjected rgt1 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 Sko1, 

Tup1 and Ssn6. 

 

Sko1 is a transcriptional repressor regulated by Hog1 (Proft et al. 1123-33). After 

an osmotic stress, Sko1 is phosphorylated by Hog1 and converts the repressor 

into an activator ((Proft and Struhl 1307-17)).  

Deletion of SKO1 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 sko1 hog1 mutant strain showed the same pattern of 

expression as the sko1 strain, indicating that hog1 cells were unable to release 

Sko1 from the promoter, blocking HXT1 expression. 

By chromatin immunoprecipitation (ChIP) assays Sko1 was detected at the HXT1 

promoter. Addition of NaCl resulted in decreased Sko1 signal, indicating that 

there was a decrease in Sko1 binding to the promoter. This reduction was 

accompanied by the improvement of the Hog1 MAPK binding, as it has been 

described for other osmostress inducible genes ((Proft et al. 1123-33); (Proft and 

Struhl 1307-17)). 

Rgt1 also binds to HXT1 promoter in low glucose conditions, but addition of NaCl 

did not affect its binding. Because Rgt1 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 Rgt1 from the promoter and, second in which glucose would 

be acting as an osmolite, activation the HOG pathway, releasing Sko1 from the 

promoter, allowing HXT1 desrepression.  
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Analysis of the HXT1 promoter 
 
Once Sko1 and Rgt1 were defined as the transcription factors that were 

regulating the HXT1 promoter, we perfomed an analysis of HXT1 promoter in 

order to find Sko1 and Rgt1 interacting sites. This analysis showed that Rgt1 and 

Sko1 interacted with different regions of the HXT1 promoter.  

Rgt1 interacts, at least, with a promoter region located between 521 and 426. 

This region is included in the fragment that showed direct interaction of Rgt1 

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 Rgt1 binding (a spaced CGG pair sequence) (Kim 

et al. 111-19). However, additional sites for Rgt1 binding must exist, because a 

promoter fragment containing only from 521 to ATG was not able to be properly 

induced by glucose.  

Sko1 binding region was mapped between -426 and -223. However, we did not 

find any consensus Sko1-CRE site (TGACGTCA) in this region. Because the HAL1 

promoter contains a degenerated CRE site (TTACGTAA) that binds Sko1 

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 Sko1 was able to bind.  This region of Sko1 interaction was confirmed 

by ChiPs analysis. 
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Tup1 and Ssn6 
 
Two other proteins were identified in the genetic screening as regulators of HXT1 

expression: Tup1 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 Sko1 and the Tup1-Ssn6 complex it was described 

some time ago. Tup1-Ssn6 general co-repressor complex interacts with Sko1 to 

repress transcription of osmostress-regulated genes ((Marquez et al. 2543-53); 

(Proft and Serrano 537-46)). Sko1 is phosphorylated by the Hog1 MAPK upon 

stress, and this is necessary to switch Sko1-Tup1-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 Tup1-Ssn6 complex interacts with Rgt1 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, Sko1 and Rgt1, are 

controlling HXT1 gene expression by their binding to the Tup1-Ssn6 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, Rgt1 and Sko1. 

Glucose addition would let to the activation of the glucose pathway and the 

HOG pathway, removing Rgt1 and Sko1 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 Rgt1 repression regulation; from the 

other side, glucose addition would be sensed as an osmostress, resulting in Hog1 

MAPK activation. As a consequence, the Sko1 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 Hog1 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 Snf1 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 Sko1 is 

implicated in the induction of the hexose transporter. And that this induction is 

essential for HXT1 expression. 
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