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Abstract

The response of yeast cells to sudden temperature downshifts has received little attention
compared with other stress conditions. Like other organisms, both prokaryotes and
eukaryotes, in S. cerevisiae a decrease in temperature induces the expression of many genes
involved in transcription and translation, some of which display a cold-sensitivity phenotype.
However, little is known about the role played by many cold-responsive genes, the sensing
and regulatory mechanisms that control this response or the biochemical adaptations at or near
0°C. This review focuses on the physiological significance of cold-shock responses,
emphasising the molecular mechanisms that generate and transmit cold signals. There is now
enough experimental evidence to conclude that exposure to low temperature protects yeast
cells against freeze injury through the cold-induced accumulation of trehalose, glycerol and
heat shock proteins. Recent results also show that changes in membrane fluidity are the
primary signal triggering the cold-shock response. Notably, this signal is transduced and
regulated through classical stress pathways and transcriptional factors, the HOG MAP kinase
pathway and Msn2/4p. Alternative cold-stress generators and transducers will also be

presented and discussed.
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Introduction

Diminutions in ambient temperature are common in almost every ecological niche. A drop in
temperature may take place seasonally, daily or just unexpectedly, depending on the region,
climate and environment. The effects of low temperature on life have been studied
thoroughly, as cold influences the structural and functional properties of cellular components
negatively, both physically and chemically. A decrease in membrane fluidity and diffusion
rates, alterations in molecular topology or modifications in enzyme kinetics reportedly occur
as a consequence of low temperatures (Gast et al., 1993; Thieringer ef al., 1998; Inouye,
1999). To withstand such temperature downshifts, organisms have developed mechanisms
that enable them to adapt and survive. These mechanisms (commonly referred to as the “cold-
shock response”), have been extensively studied in bacteria and plants. In Escherichia coli,
Bacillus subtilis and other prokaryotes, a certain group of proteins is specifically (but not
uniquely) induced upon a cold shock (Thieringer ef al., 1998; Gualerzi et al., 2003). These
cold-shock proteins are involved in transcription, translation and other fundamental functions
that play a role in maintaining nucleic acid structure. However, little is known about the
mechanisms underlying the transcriptional activation of cold-responding genes. In plants,
cold-inducible genes cover a wider range of functions, and some of them also respond to
drought or high salinity (Shinozaki & Yamaguchi-Shinozaki, 1996; Seki et al., 2002a).
Moreover, it is thought that there is some cross-talk between the signal transduction pathways
responding to these stresses (Seki et al., 2002b; 2004), although an exclusive pathway for
cold-induced gene expression has also been proposed (Shinozaki & Yamaguchi-Shinozaki,
1996).

Although the cold-shock response has been widely studied in bacteria and plants, relatively
little attention has been paid to fungi, and specifically yeast. The budding yeast

Saccharomyces cerevisiae has colonized different natural and artificial environments, all of
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which can be subject to low temperatures. Yeast growing on the ground or on the surface of
grapes and other fruits are exposed to temperature downshifts like those described above. On
the other hand, when these yeasts are used in certain brewing and wine fermentations, they are
exposed to temperatures of around 10-12° Celsius, far below the physiological temperature
corresponding to this organism (25°-30°C). Moreover, yeasts, as well as other micro-
organisms, are stored at very low temperature (4°C) in industrial and laboratory conditions.
This temperature is chosen because it is generally accepted that although it is growth-
restrictive, viability is fully maintained over long periods of time.

All these features indicate that S. cerevisiae must have the necessary molecular machinery
to survive and adapt to cold, and that this is probably one of the reasons why this species is so
widespread. Therefore, the study of the cold-shock response in S. cerevisiae is of crucial
interest for both basic and technological reasons (Randez-Gil et al., 2003). The growth in high
throughput analytical techniques has led to a number of publications regarding this subject in
very recent years. Our knowledge of cold response in yeast, though limited, is expanding and
we are gaining new insight into other molecular mechanisms, signalling pathways and
regulators which, until now, were apparently unrelated to low temperature. The state-of-the-
art and some possible models for cold-signal generation, signal transduction and function of
cold-responding genes, as well as the prospects for future research, are discussed in this

article.

Time and temperature-dependent and -independent genetic responses to

cold

On analyzing the different gene expression patterns in S. cerevisiae after a downshift in
temperature, it becomes clear that there is a common response involving certain groups of

genes (Sahara ef al., 2002; Homma et al., 2003; Kandror ef al., 2004; Schade et al., 2004;
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Murata et al., 2006). Among these are the genes encoding members of the DAN/TIR family
of putative cell-wall mannoproteins, 7/P1 (temperature-shock inducible protein), TIR1/SRPI,
TIR2 and TIR4, which are induced at 10°C, 4°C (Sahara et al., 2002; Homma ef al., 2003;
Schade ef al., 2004; Panadero ef al., 2006; Murata et al., 2006) and even at 0°C (Kandror et
al., 2004). Similarly, T/R-related DNA sequences, seripauperin (PAU) family proteins
(PAUI, PAU2, PAU4, PAUS, PAU6 and PAU?7), which have been shown to display
phospholipid-interacting activity (Zhu et al., 2001) are also up-regulated after cold shock
(Homma ef al., 2003; Murata et al., 2006).

Apart from these characteristic cold-stress markers, part of the genetic response to low
temperature seems to be time-dependent. Examination of different microarray-based studies
reveals sequential changes in the transcriptional profile during the time-course of exposure to
10°C. Authors remark two (Schade et al., 2004) or even three (Sahara ef al., 2002) stages,
depending on the stress duration. Initial responses (0-2 h) include the enhanced expression of
key genes involved in phospholipid synthesis, such as INOI and OPI3, and fatty-acid
desaturation (OLET) (Sahara et al., 2002; Schade et al., 2004). Other genes that are induced
within this period are those related to transcription (RNA helicases like DBP2, RNA
polymerase subunits like RP449 and RNA processing proteins like NSR1, among others), and
an important number of ribosomal protein genes. Thus, 94 of the 323 genes found to be up-
regulated after yeast was incubated for 2 h at 10°C encode ribosomal proteins (Sahara et al.,
2002).

Remarkably, most of these transcription-related and ribosomal genes are abruptly
repressed after longer incubation periods (4-24 h) at 10°C (Sahara et al., 2002; Schade ef al.,
2004) and also at 4°C (Homma et al., 2003; Murata et al., 2006). This phase is rather
characterised by the transcriptional activation of typical stress-marker genes. Indeed, some

members of the main gene family involved in cellular protection, the HSP genes (for Heat
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Shock Proteins), are induced at this stage. Genes encoding HSPs, namely HSP12, HSP26,
HSP42, HSP104, SSA4, SSE2 and YRO2, are up-regulated after 4 to 12 h of transfer to 10° C
(Sahara et al., 2002; Schade et al., 2004), as well as at similar times at 4°C (Homma et al.,
2003; Murata et al., 2006), 0°C (Kandror et al., 2004) and -80°C (Odani et al., 2003). Other
members of the HSP family (i.e. CIS3, HMS2, HSCS82, HSP30, HSP60, HSP78, HSPS2,
HSP150, §SA1, SSA2) are repressed at 10°C (Sahara ef al., 2002), whereas at lower
temperatures their mRNA content increases (Murata et al., 2006). This discrepancy indicates
that different members of the HSP gene family are differentially regulated in both a time- and
temperature-dependent manner. The inventory of genes that are induced after 4-6 h of cold
incubation and beyond also includes genes involved in the metabolism of reserve
carbohydrate glycogen (GLGI, GSYI, GLC3, GACI, GPHI and GDBI), and trehalose (TPS1,
TPS2 and TSL1), and genes for detoxifying reactive oxygen species (ROS) and defence
against oxidative stress, such as catalase (CTT1), glutaredoxin (77R1), thioredoxin (PRX1)

and glutathione transferase (G772).

Cold sensitive mutants and the cold ribosome adaptation hypothesis

In view of the available data, it appears that yeasts adapt to temperature downshifts in terms
of the duration and the extent of the stress. This is especially evident if we consider the
opposite regulation displayed by ribosomal and transcription-related genes between short and
long incubation periods at 10°C or 4°C (Sahara et al., 2002; Schade et al., 2004; Murata ef al.,
2006), which is consistent with previous reports about cold growth defective mutants. Several
of the 106 mutants displaying growth defects at low temperatures (Hampsey, 1997)

(catalogued in http://mips.gsf.de/proj/yeast/CY GD/db/index.html) are affected in ribosomal

proteins and translation (Winzeler et al., 1999; Zhang et al., 2001), or in proteins involved in

pre-TRNA processing for ribosome biogenesis or assembly (Lee & Baserga, 1997), protein
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folding (Craig & Jacobsen, 1985), exocytosis (Lehman ef al., 1999) and nucleus-cytosol
exchange (Noguchi et al., 1997; 1999). These observations indicate the need for remodelling
the translational machinery and secondary structure of nucleic acids compromised by cold-
shock; moreover, this could support a model for cold ribosome adaptation in S. cerevisiae that
is similar to that proposed for E. coli (Jones & Inouye, 1996). At temperatures that are low,
but still permit growth, there is an up-regulation of genes that are essential for cold growth
(Fig. 1). On the other hand, such genes are expressed minimally or repressed after prolonged
periods of stress (when all the transcriptional and translational machinery has already been re-
modelled) or under severe cold conditions like 4°C (generally considered to be a growth-
restrictive temperature, although minimal growth still occurs), where low or not de novo
protein synthesis is needed (Fig. 1).

Even so, results from transcriptomic experiments reveal that several genes respond to cold
conditions regardless of exposure time and temperature. This finding suggests that not all the

cold regulated genes are involved in functions related to growth.

The freeze-protective function of cold response

Although some of the cold-responsive proteins might be essential for the cells to adapt and
resume growth under the new unfavourable environmental conditions, some evidence
suggests that the main aim of other common cold-shock responses is to protect cells against
freeze injury (Fig. 1). For example, the stability of Olelp, the only fatty-acid desaturase
known in S. cerevisiae (Stukey et al., 1989; 1990), seems to be important for cold growth
(Loertscher et al., 2006); however, overexpression of OLE] does not confer growth
advantages at low temperatures (Kajiwara et al., 2000). By contrast, production of
recombinant desaturases increased the unsaturation index and fluidity of the yeast membrane,

and positively influenced freeze tolerance of baker’s yeast cells (Rodriguez-Vargas ef al.,
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2006). These observations suggest that changes in membrane composition after a downshift in
temperature might be important in influencing cell survival upon freezing. Membrane
organization and dynamic properties are main targets of freeze injury (Wolfe & Bryant,
1999). Hence, the cold-instigated induction of fatty acid desaturases, cell-wall mannoproteins
and seripauperins are consistent with this idea. Similarly, it has been shown that, in addition
to temperature downshifts (Zhang et al., 2003), freezing and thawing generate superoxide
anions and free radicals (Park et al., 1997; Du & Takagi, 2005), which is consistent with the
cold-provoked up-regulation of genes for ROS detoxification and defence against oxidative
stress, and with genes encoding HSPs. In this sense, HSPs are molecular chaperones involved
in the response to several kinds of stress, preventing protein denaturation and misfolding
(Papp et al., 2003; Young et al., 2003).

A downshift in temperature also activates the metabolism of reserve carbohydrates. It has
been proposed that glycogen turnover occurs in response to different kinds of stress, like heat
shock or oxidative damage, because the genes for both its synthesis and degradation are
simultaneously induced, with no net accumulation of this polysaccharide (Parrou et al., 1997).
In spite of the similar transcriptional profile observed at low temperatures (Sahara et al.,
2002; Schade et al., 2004; Murata et al., 2006), such recycling does not appear to be the case
for cold stress, because glycogen is significantly accumulated in yeast after 12 h of treatment
at 10°C (Schade et al., 2004). Like glycogen, trehalose starts to accumulate after 12 h
incubation at 10°, 4° or 0°C, regardless of whether there is growth or not (Kandror et al., 2004;
Schade et al., 2004). Consistent with this, the genes involved in the biosynthesis of this
disaccharide are cold-induced after 4-8 hours incubation at 10°C. The same activation occurs
at lower temperatures, showing maximum induction levels at 0° C (Sahara ef al., 2002;
Kandror et al., 2004; Schade et al., 2004; Murata et al., 2006). Trehalose is known to

accumulate at high levels in response to different stress conditions (Estruch, 2000; Blomberg,
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2000), and several protecting roles have been proposed for this disaccharide, such as a
membrane and protein stabilizer (Singer & Lindquist, 1998; Elbein ef al., 2003; Gancedo &
Flores, 2004). Moreover, high levels of trehalose have also been correlated with freezing
resistance (Kim et al., 1996). Although trehalose is not needed for growth at 10°C (Schade et
al., 2004), the results obtained by Kandror ef al. (2004) revealed that this compound protects
cells against very cold conditions. In fact, viability of cells incubated at 0°C for 5 to 20 days,
correlated with the intracellular trehalose content, and cold-instigated accumulation of the
disaccharide protected the cells from viability losses due to freezing. Similar behaviour has
been observed with glycerol. GPD1, the gene encoding the main enzyme involved in glycerol
synthesis (Albertyn ef al., 1994) is activated upon a shift to low temperature, and cells begin
to accumulate this osmolyte, displaying higher values at 4°C than at 12°C (Panadero ef al.,
2006). Like trehalose, glycerol accumulation provides freeze-protection, although it is not
needed for growth at 12°C (Panadero ef al., 2006). Glycerol is the only osmoprotectant solute
accumulated by yeast upon hyperosmotic stress, and is also a by-product of redox
homeostasis. The protective role of glycerol against freezing is well known and has been
explained in terms of the osmotic shrinkage resulting from freezing/thawing processes (Wolfe
& Bryant, 1999; Panadero et al., 2006).

In view of the above results, there is a clear link between exposure to low temperatures and
resistance to freezing. In natural environments, frosts are often preceded by periods of very
low temperatures, so this hypothesis is meaningful from an evolutionary point of view.
However, there are still some aspects that should be clarified. For example, there is no
evidence about the possible function of glycogen in cold response, and a better explanation is
needed for the protective role of trehalose at 0°C, a temperature at which cells are not frozen.
On the other hand, the function of DAN/TIR and PAU family proteins remains unclear.

Future work will contribute to clarifying the dual aspects of cold-shock responses, as a way to
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survive, adapt and grow at low temperatures, as well as a protective mechanism for

subsequent freezing.

The cold signal and cold-sensing mechanism

For transcriptional activation to be triggered, yeast cells must sense temperature downshifts.
Evidence indicates that changes in the physical state of the membrane could be perceived as a
primary signal of a variation in temperature (Vigh ef al., 1998). This concept was first put
forward by Carratu et al. (1996), who demonstrated that a membrane lipid perturbation causes
a signal to be triggered, inducing the transcription of heat-shock genes in yeast. Based on this
finding and additional evidence, the group of Murata demonstrated that, in the cyanobacteria
Synechocystis, a drop in temperature causes a reduction of the membrane fluidity, and this
fact plays a role in the perception of cold temperatures and the subsequent signal transduction
(Los & Murata, 2004; Inaba ef al., 2003). Genetically-engineered Synechocystis cells, that
lacked genes encoding fatty acid desaturases, displayed higher membrane rigidity than the
wild type at both cold and physiological temperatures, showing enhanced cold inducibility of
gene activation (Inaba et al., 2003). In Synechocystis, expression of these desaturase genes
upon cold-shock is controlled by the histidine kinase Hik33 (Suzuki ef al., 2000; 2001) an
integral membrane protein that functions as a cold sensor. Similarly, DesK in Bacillus subtilis
(Aguilar ef al., 2001) and TRP-channels in the mammalian nervous system (McKemy ef al.,
2002; Peier et al., 2002), which are integral membrane proteins, act as cold sensors.
Furthermore, the extent to which the DesK protein senses temperature is regulated by the
rigidity of the membrane lipid bilayer (Mansilla & de Mendoza, 2005). Overall, these
observations indicate that changes in the physical state of the membrane caused by a
temperature downshift,are recognized by cold-sensors anchored in the membrane, generating

the cold-signal.
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Recently, Hik33 has been shown to regulate the expression of osmostress-inducible genes
in Synechocystis (Mikami et al., 2002), suggesting that both osmotic and cold-stress could be
perceived in this organism by common mechanisms and sensing elements. Like Hik33, Sinlp,
the only known yeast histidine kinase sensor, has recently been reported in the cold sensing
mechanism (Panadero et al., 2006). SInlp, together with Ypd1p and Ssklp forms a
phosphorelay system, which transmit the osmostress signal through different elements of the
HOG (for High Osmolarity Glycerol) pathway, the most important osmotic stress-responding
cascade in S. cerevisiae (Hohmann, 2002; Westfall ef al., 2004). Activation of the HOG
pathway was also found to be induced by the membrane-rigidifier agent dimethylsulfoxide,
DMSO (Panadero et al., 2006). Several lines of research in plants and cyanobacteria have
shown that this chemical indeed mimics the changes in membrane fluidity caused by a sharp
decrease in temperature, and triggers the activation of several cold-induced MAPKs (Orvar et
al.,2000; Sangwan et al., 2002). Thus, SInlp appears to function under either of these
stressful conditions (Panadero ef al., 2006; Hayashi & Maeda, 2006) and it is likely, therefore,
that the basic mechanism of its activation by low temperature and osmotic pressure could be
similar, or even identical.

The fluidity state of the cell membrane might be a key factor to integrate the sensing
mechanism of cold and hyperosmolarity. There is evidence that different osmosensors, like
EnvZ in E. coli or OpuA, a transmembrane transporter of Lactobacilllus lactis with
osmosensor and osmoregulator properties, are stimulated by changes in the fluidity of
membrane lipids (Tokishita & Mizuno, 1994; van der Heide & Poolman, 2000; van der Heide
et al., 2001). Moreover, studies in B. subtilis and S. cerevisiae indicate that osmotic stress
reduces cell-membrane fluidity (Lopez et al., 2000; Laroche ef al., 2001). Altogether, these
observations suggest a model in which SInlp monitors the changes in membrane fluidity

caused by different stressors. Moreover, the fact that SInlp responds to DMSO supports this
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view. However, more work is required to confirm this idea and to understand the exact

molecular mechanism of cold-signal perception.

Cold-induced transduction pathways and transcription factors

Signal transduction pathways are the link between the sensing mechanism and the genetic
response. As is the case for the cold signalling mechanism, to date there is not a signal
transduction pathway or transcription factor known to respond exclusively to low
temperatures. Although the existence of such a pathway cannot be ruled out, available data
point to known signal transduction mechanisms, operating under other kinds of stimuli, which
may also be triggered by cold stress. We shall now go on to describe putative and known

regulatory mechanisms controlling cold-instigated gene expression.

The MOX factors

The coordinated expression of the DAN/TIR genes under anaerobic conditions reportedly
depends on the transcriptional activator MOX4, whereas their repression, in conditions of
oxygen availability, is mediated by the two repression factors MOX/ and MOX2 in a heme-
dependent fashion (Abramova ef al., 2001a). All of these factors act through the consensus
sequence AR1 (Cohen et al., 2001). Mox4p, Mox1p and Mox2p (or some factors dependent
upon them) are believed to form a heme-sensitive complex similar to the galactose-sensitive
Gal4p-Gal80p (Zenke et al., 1996; Platt & Reece, 1998). Like GAL4 regulation, MOX4
expression is autoregulated in anaerobic cells via its AR1 sequence. Interestingly, expression
of TIR genes under cold-shock was eliminated in a mox4 mutant strain (Abramova ef al.,
2001b). Furthermore, MOX4 mRNA was also more abundant in cold-shocked cells
(Abramova et al., 2001a), suggesting that induction of the activator contributes to up-

regulation of 7/R genes under this condition (Fig. 2).
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Regulation of OLE] expression and RUP processing

Unlike DAN/TIR genes, the promoter of OLE does not contain AR1 sequences. Unsaturated
fatty acids (UFAs) mediate OLE] repression via the cis transactivation element FAR (Fatty
Acid Regulated). Two genes for fatty acid synthesis (F4A41 and FAA4), the transcriptional
activator HAP1I and the acyl-CoA-binding protein Acblp, have also been reported to regulate
OLE] expression (Choi et al., 1996). In addition, Spt23p and Mga2p, two functionally and
structurally related factors, are also necessary for OLE] transcription (Zhang et al., 1999)
(Fig. 2). Spt23p appears to play a major role in fatty acid regulation, whereas Mga2p is
known to be essential for the hypoxic induction of OLE] through a consensus sequence
named LORE (for Low-Oxygen Response Element) (Jiang et al., 2001). This sequence is also
found in several genes induced by hypoxia, including 7/R1. All these genes could, therefore,
share regulation via LORE (Vasconcelles et al., 2001). The transcriptional induction of OLE1
under cold-shock is also dependent on Mga2p (Nakagawa et al., 2002), suggesting that the
LORE-binding complex could drive the expression of a subset, at least, of cold-responsive
genes (Fig. 2).

Moreover, Mga2p could also play a role as a cold-sensor, as previously postulated
(Nakagawa et al., 2002). This hypothesis was construed on the basis that a novel pathway has
been described in S. cerevisiae, the so-called “RUP (for Regulated Ubiquitin/Proteasome-
dependent) processing” pathway, which regulates the activation of Spt23p and Mga2p by
UFAs (Hoppe et al., 2000; 2001). Spt23p and Mga2p are initially created as dormant
precursors, anchored in the endoplasmic reticulum or nuclear envelope membranes by their C-
terminal tails. The shortage of UFAs leads to the ubiquitination of Spt23p and Mga2p,
releasing the N-terminal transcription factor domain into the cytosol by the action of the 26S

proteasome in a dual way: first, processing the transcriptional factor into its active form and
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second, destroying it after the activation of genes such OLE] (Auld et al., 2006). In the
processing of Mga2p, UFAs exert a modest influence, with hypoxia being the main signal that
triggers its processing (Jiang et al., 2002). In this scenario, a change in the physical state of
the membrane due to a downshift in temperature or to hypoxia conditions (Nakagawa et al.,

2003) could activate Mga2p by starting off the RUP-processing (Fig. 2).

The cAMP-PKA and General Stress Response

Thirty-two protein phosphatase genes have been identified in the S. cerevisiae genome
(Sakumoto et al., 1999). From all of them, only YVH1 was found to be induced by cold-shock
(Hampsey, 1997) and to play a role in growth at low temperatures (Sakumoto ef al., 1999).
YVHI encodes a dual-specificity protein phosphatase (DSPs), which exhibits a catalytic
domain displaying protein-tyrosine phosphatase activity and a C-terminal cysteine-rich motif
(Fauman & Saper, 1996; Muda ef al., 1999). Yvhlp shares the control of some cellular
processes like sporulation, growth, and glycogen accumulation with PKA. The cAMP-protein
kinase A (PKA) pathway in S. cerevisiae plays a major role in the control of the genetic
response to a wide variety of stresses (Thevelein & de Winde, 1999; Estruch, 2000; Wilson &
Roach, 2002; Santangelo, 2006), through the phosphorylation of the Msn2p and Msn4p
transcription factors (Griffioen & Thevelein, 2002) (Fig. 3, pathway 1). Upon stressful
conditions, Msn2/4p migrates to the nucleus and promotes the transcription of an important
number of stress-responding genes, which have the recognition sequence called STRE (for
Stress Response Element) in their promoter (Martinez-Pastor et al., 1996). It has been
suggested that Yvhlp could negatively modulate the cAMP level or a downstream component
of the PKA signalling cascade. In fact, deletion of YVHI resulted in decreased expression of a
multi-STRE reporter construction (Beeser & Cooper, 2000). Like Yvhlp, Mcklp, a

Ser/Thr/Tyr protein kinase might also be involved in the cold-shock signalling via PKA.
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Genetic data indicate that Yvhlp acts upstream of Mcklp, at least in sporulation signalling
(Beeser & Cooper, 1999). Moreover, Mckl1p is involved in the phosphorylation of Beylp
(Griffioen et al., 2003), the negative regulator of PKA. This modification occurs under
environmental stress conditions like heat shock, salt or oxidative stress and determines the
distribution of Bcylp between the nucleus and cytoplasm. The specific relocation of Beylp
could help to drive the PKA activity towards certain substrates under these conditions. In
addition, Mcklp is necessary for the proper stress response, due to its ability to indirectly
promote a DNA-Msn2p complex (Hirata et al., 2003), without the need of Msn2p
phosphorylation. Deletion of MCK1 leads to a growth defect at low temperature (de Jesus
Ferreira et al., 2001) and inhibition of STRE-dependent transcription (Hirata et al., 2003),
similar to that found in the yvi I mutant (Sakumoto ef al., 1999).

The cold signal transduction via the cAMP-PKA signalling pathway would, as anticipated,
be essential in determining the genetic response to cold. Indeed, genes induced at the late
phase of a cold-shock, like those encoding trehalose and glycogen metabolism enzymes, as
well as HSP12, HSP26, HSP42, SSA4 and the ROS-defensive genes CTT1, PRXI and TTRI,
are known to be strictly dependent on Msn2/4p (Kandror et al., 2004; Schade et al., 2004).
Expression of early responding genes like DPB2, NSRI, OPI3 and RPA49, as well as PAU
genes, whose cold-provoked induction is maintained over time, has also been reported to
depend on a functional PKA pathway (Wang ef al., 2004). Moreover, signalling through the
cAMP-PKA pathway would play a major role in providing cold-adaptation and tolerance to
freezing. Mutants lacking MSN2/MSN4 die more rapidly at 0°C or upon freezing (Kandror et
al., 2004). Mutants in RAS2, the gene for a regulatory protein in the synthesis of cAMP,
clearly showed a better freeze-thaw tolerance than the wild-type, while mutants in BCY/ were
sensitive to this stress (Park ef al., 1997). In the same line, mutants from a commercial baker’s

yeast strain, showing partial inactivation in adenylate cyclase, were better at maintaining
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freeze resistance (van Dijck ef al., 2000). These results indicate than any event involving a
decrease in the level of PKA activity improves cell tolerance to freeze stress. Consistent with
this, deletion of /RA2 encoding the Ras GTPase (an activator of the PKA pathway), led to a
freeze-sensitivity phenotype. Similarly to this, mutants in PDE?2, the high-affinity
phosphodiesterase encoding gene, also showed impaired freezing tolerance (Park et al.,

2005a).

The PKC pathway

Signalling through the so-called PKC pathway (for a review see Levin, 2005) is triggered
under conditions that jeopardize cell-wall stability, including heat-shock (Kamada ef al.,
1995) and hypo-osmotic stress (Davenport ef al., 1995). Activation of the G-protein Rhol, the
master regulator of the pathway, triggers a linear MAPK signalling cascade that starts with
Pkclp, a homologue to the mammalian protein kinase C, and finish with the SIt2p/Mpkl1p
kinase. The PKC pathway controls important cell functions, such as cell-wall maintenance
and actin polarisation. Also, Pkclp regulates additional targets that are separated from the
MAPK cascade (Levin, 2005). Activation of Rholp is stimulated by Rom2p, which has
GDP/GTP exchanging activity. Disruption of ROM?2 leads to temperature-sensitive growth
defects at both high (37°C) and low (11°C) temperature (Manning et al., 1997). These defects
include failure to form normal bud polarisation and sensitivity to the microtubule
depolymerising drug benomyl. Although the activation of the PKC pathway by heat stress is
well documented (Kamada et al., 1995; Heinisch et al., 1999), the phenotype of the rom2 null
mutant suggests a general function of PKC in perceiving and signalling changes in
environmental temperature. Some collateral observations support this idea. For example,
mutants in several genes encoding proteins related to actin polarisation are cold sensitive.

Among them, Numlp (Revardel & Aigle, 1993) interacts with Bnilp, a formin that nucleates
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the assembly of linear acting filaments in response to activation by the PKC pathway (Levin,
2005). In addition, some mutants in Rho3p, a homologue of Rholp which is involved in
Bnilp activation during bud growth, also confer sensitivity to low temperatures (Imai et al.,
1996).

PKC may also play a role in connexion with the cAMP-PKA pathway. Evidence of this
interaction has been provided by Park and co-workers (Park et al., 2005b). These authors
demonstrated that Rom2p can negatively regulate the Ras-cAMP pathway by controlling the
cAMP levels. Thus, a rom2 null mutant showed sensitivity to freeze stress, a phenotype that
was suppressed by additional mutation of RAS2 or in a tpkl tpk2 background. On the
contrary, the absence of either /R42 or PDE?2 exacerbated the freeze-sensitivity phenotype of

the single rom2 mutant.

The TOR pathway

In plants, cold acclimation is associated with rapid and reversible changes in the
phosphorylation status of specific pre-existing proteins that allow the expression of CAS
(cold-acclimated specific) genes (Monroy et al., 1993). The type 2A Ser/Thr protein
phosphatase (PP2A) is involved in basic cellular processes, such as metabolism, transcription
and signal transduction (Arifio ef al., 1993). One of the signals regulated by PP2A is a
downshift in temperature (Monroy et al., 1998). The composition of PP2A subunits
determines its specificity, activity and subcellular localisation. In plants, 74P46 codes for a
PP2A regulatory subunit, and is induced by cold-shock, suggesting that Tap46p targets PP2A
under this condition (Harris et al., 1999). In S. cerevisiae, the homologue to plant 7AP46 is
TAP42. As in plants, Tap42p associates to PP2A catalytic subunits, Sit4p or Pph21/22p (di
Como & Arndt, 1996; Jiang & Broach, 1999). This association depends on the Tor proteins,

phosphatidylinositol kinase-related kinases, which are members of the TOR signalling
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cascade, a pathway that controls cellular functions necessary for cell growth and metabolism
in response to environmental cues (Schmelzle & Hall, 2000; Wullschleger et al., 2006). On
the contrary, inhibition of yeast TOR activity leads to transcriptional activation of genes so
they can adapt to nutrient depletion (di Como & Arndt, 1996; Jiang & Broach, 1999; Rohde ef
al., 2004). Recently, it has been shown that inactivation of Tap42p prolongs the up-regulation
of several Msn2/4p-dependent genes after heat shock (Diivel ef al., 2003). Therefore, a
functional TOR pathway would be involved in nuclear export of the transcription factors
under non-stressing conditions, a fact that has already been demonstrated for Msn2p
(Santhanam et al., 2004). Phosphorylated Tap42p competes with Cdc55p/Tpd3p for binding
to the catalytic subunit Pph21/22p, increasing protein synthesis under these conditions (Jiang
& Broach, 1999). Interestingly, disruption of either 7PD3 or CDC55 causes cold sensitivity
(Healy et al., 1991). These data strongly suggest that, like in plants, PP2A via Tap42p,
Cdc55p and Tpd3p may play a role in cold response, and that the transcription factors
Msn2/4p mediate the TOR signalling (Fig. 3, pathway 2). Hence, the cold-provoked induction
of Msn2/4p-dependent genes would be signalled through TOR, as well as via the PKA
pathway. In this respect, it has recently been proposed that the cAMP-PKA pathway is a TOR
effector branch (Schmelzle et al., 2004) involved in Msn2p localisation and other readouts
that are not controlled by Tap42p/Sitdp.

Further evidence that the TOR pathway is involved in cold response comes from the
functional analysis of distinct TOR complexes (Loewith et al., 2002; Wullschleger et al.,
2006). As well as its shared role with Torlp in cell growth, Tor2p displays a unique function
in the organization of cytoskeleton. Thus, for2 mutants exhibit abnormal polarized
distribution of the actin cytoskeleton, a phenotype that is rescued by overexpression of the
actin-specific TCP-1 chaperone (Schmidt ef al., 1996). Interestingly, mutants in genes

encoding different subunits of this chaperone (Stoldt ef al., 1996), as CCT2, CCT3 and TCP1,
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or in all the components of its co-chaperone, the GimC complex (Siegers et al., 1999),
showed clear cold-sensitive phenotypes (Chen et al., 1994; Geissler et al., 1998). This
suggests a Tor2p-mediated activation of protein complexes involved in maintaining the
cytoskeleton under cold stress. Moreover, the abnormal actin polarization displayed by for2
mutants was reverted by enhanced expression of PKC1, ROM?2 and other effectors of the PKC
pathway (Helliwell et al., 1998). Hence, it seems clear that maintenance of an adequate cell
polarisation upon cold-shock requires interplay between TOR and PKC pathways.

However, we can not discard the possibility of an indirect effect of low temperatures in the
activity of the TOR pathway. Changes in the physical state of the plasma membrane due to
abrupt shifts in temperature could significantly alter the activity of membrane-associated
enzymes and transporters, lowering nutrient uptake, and leading to TORC1 complex
inactivation. For example, stress conditions, such as heat shock, have been reported to cause a
severe decrease in amino acid import (Schmidt et al., 1998; Chung ef al., 2001). This drop is a
consequence of the vacuolar degradation of high affinity amino acid permeases such as Tat2p
or Furdp (Skrzypek et al., 1998; Bultynck et al., 2006), an event that is also stimulated by a

downshift in environmental temperature (Abe & Horikoshi, 2000).

Role of the HOG pathway

As mentioned above, the histidine kinase SInlp induces signalling through the HOG pathway
in response to a downshift in temperature (Panadero ef al., 2006; Hayashi & Maeda, 2006).
The HOG pathway, one of the five MAP kinase pathways discovered in S. cerevisiae (Gustin
et al., 1998; Schwartz & Madhani, 2004), has traditionally been thought to be involved in the
genetic response to hyperosmotic stress alone ( Hohmann, 2002; Westfall ef al., 2004).
However, recent findings have established novel roles for this pathway, such as adaptation to

citric acid stress (Lawrence et al., 2004), heat-shock (Winkler ez al., 2002), methylglyoxal
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resistance (Aguilera ef al., 2005), distribution of proteins within the Golgi (Reynolds et al.,
1998) or cell-wall maintenance (Garcia-Rodriguez et al., 2000). Recently, results obtained by
our group (Panadero ef al., 2006) have revealed that downstream elements of the HOG-
pathway are also involved in cold-signal transduction. The transcription factor Hoglp, which
is the last step of the MAPK cascade, is phosphorylated after a downshift in temperature, a
fact that is prevented in mutants lacking upstream elements of the pathway. Signalling
through HOG causes the activation of GPD1, GLO! and other Hoglp-dependent osmotically
activated genes in response to cold shock (Panadero et al., 2006) (Fig. 4). These results are in
good concordance with previously reported data regarding other organisms. The Arabidopsis
MKK?2 pathway mediates signal transduction upon both saline and cold stress (Teige ef al.,
2004). In the fission yeast Schizosaccharomyces pombe, the homolog pathway to HOG
(named SAPK) is also involved in the cold-shock response (Soto et al., 2002). Similarly,
activation by hypothermic stress of mammalian MAPK family members, including JNK (c-
Jun N-terminal kinase) and p38, the functional homologues to Stylp and Hoglp (de Nadal ef
al., 2002), has been evidenced in human cells (Gon et al., 1998; Ohsaka et al., 2002; Roberts
et al.,2002). Both JNK and p38 are also activated during natural freezing and thawing of the
wood frog (Greenway & Storey, 2000). This result strongly suggests that cold-stress
responses by MAPKSs, particularly p38 and relatives, may be adaptive in dealing with freeze
stress, as recently reported (Panadero ef al., 2006). In fact, a yeast strain lacking HOG1
showed impaired viability after freezing and frozen storage as compared with the wild-type

(Panadero et al., 2006).
Concluding remarks

Although S. cerevisiae cold-sensitive mutants were first described over 10 years ago, only

very recent studies have started to reveal the existence of cold-shock and freezing-protective
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responses in this organism, giving some clues about their physiological significance. Many
genes with up- or down-regulated expression at low temperatures are known to participate in
cellular adaptation to other kinds of stressful situations, like thermal stress, high osmolarity,
oxidation or presence of certain poisons. This phenomenon is very well known in yeast and
has been called the General Stress Response. Hence, it is not surprising that exposure to low
or sub-freezing temperatures are also included in the scope of this systemic mechanism.
Similarly, known sensing molecules, signal transduction machinery and transcription factors
that mediate the genetic response to other stressful conditions, appear to be involved in cold
response. However, cold activation of several signalling pathways might be indirect. In this
way, the loss in membrane fluidity, as a physical consequence of exposure to low
temperatures, would diminish the protein mobility of integral membrane proteins, like amino
acid transporters, and be interpreted by the cells as a situation of nutrient starvation.
Diversification of the functional roles of transcription pathways, which were initially
believed to respond exclusively to one kind of stress, is an idea supported by an increasing
number of new studies, especially in the case of the HOG pathway. Moreover, links between
hyperosmotic stress, UFAs/SFAs ratio and membrane rigidification lead one to speculate
about a scenario in which the level of membrane fluidity is the physical perturbation sensed
by the cell that triggers the response to different kinds of stresses. However, not the whole
cold-induced response is referred to multi-stress related genes. This is the case of the T/P/TIR
genes, whose function and activation mechanism have yet to be clarified. Hence, the existence
of an exclusive mechanism for cold response in yeast can not be discarded. Given the
increasing interest shown by several groups in this field, one can expect that related works in

the near future will shed light on the currently speculative aspects of this response.

Acknowledgments

ScholarOne Support211434/817—2040 ext 167



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

FEMS Microbiology Reviews

We want to specially thank to all members of the IATA Baker’s Yeast Lab for their
contributions towards several aspects of this work. Our research described in this manuscript
was supported by the Comision Interministerial de Ciencia y Tecnologia projects (AGL2000-
0524; AGL2001-1203; AGL2004-462). J.A. is supported by an I3P grant from the Spanish

Ministry of Education and Science. English text was revised by F. Barraclough.

References

Abe F & Horikoshi K (2000) Tryptophan permease gene 7472 confers high-pressure growth
in Saccharomyces cerevisiae. Mol Cell Biol 20: 8093-8102.

Abramova N, Cohen BD, Sertil O, Kapoor R, Davis KJA & Lowry CV (2001a) Regulatory
mechanisms controlling expression of the DAN/TIR mannoprotein genes during anaerobic
remodelling of the cell wall in Saccharomyces cerevisiae. Genetics 157: 1169-1177.

Abramova N, Sertil O, Mehta S & Lowry CV (2001b) Reciprocal regulation of anerobic and
aerobic cell wall mannoprotein gene expression in Saccharomyces cerevisiae. J Bacteriol
183: 2881-2887.

Aguilar PS, Hernandez-Arriaga AM, Cybulski LE, Erazo AC & de Mendoza D (2001)
Molecular basis of thermosensing: A two-component signal transduction thermometer in
Bacillus subtilis. EMBO J20: 1681-1691.

Aguilera J, Rodriguez-Vargas S & Prieto JA (2005) The HOG MAP kinase pathway is
required for the induction of methylglyoxal-responsive genes and determines
methylglyoxal resistance in Saccharomyces cerevisiae. Mol Microbiol 56: 228-239.

Albertyn J, Hohmann S, Thevelein JM & Prior BA (1994) GPD1, which encodes glycerol-3-
phosphate dehydrogenase, is essential for growth under osmotic stress in Saccharomyces
cerevisiae, and its expression is regulated by the high-osmolarity glycerol response

pathway. Mol Cell Biol 14: 4135-4144.

ScholarOne Support212434/817—2040 ext 167

Page 22 of 43



Page 23 of 43 FEMS Microbiology Reviews

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Arifio J, Pérez-Callejon E, Cunillera N, Camps M, Posas F & Ferrer A (1993) Protein
phosphatases in higher plants: multiplicity of type 2A phosphatases in Arabidopsis
thaliana. Plant Mol Biol 21: 475-485.

Auld KL, Brown CR, Casolari JM, Komili S & Silver PA (2006) Genomic association of the
proteasome demonstrates overlapping gene regulatory activity with transcription factor
substrates. Mol Cell 21: 861-871.

Beeser AE & Cooper TG (1999) The dual-specificity protein phosphatase Yvhlp acts
upstream of the protein kinase Mck1p in promoting spore development in Saccharomyces
cerevisiae. J Bacteriol 181: 5219-5224.

Beeser AE & Cooper TG (2000) The dual-specificity protein phosphatase Yvhl1p regulates
sporulation, growth, and glycogen accumulation independently of catalytic activity in
Saccharomyces cerevisiae via the cyclic AMP-dependent protein kinase cascade. J
Bacteriol 182: 3517-3528.

Blomberg A (2000) Metabolic surprises in Saccharomyces cerevisiae during adaptation to
saline conditions: questions, some answers and a model. FEMS Microbiol Lett 182: 1-8.

Bultynck G, Heath VL, Majeed AP, Galan JM, Haguenauer-Tsapis R & Cyert MS (2006)
Slm1 and slm2 are novel substrates of the calcineurin phosphatase required for heat stress-
induced endocytosis of the yeast uracil permease. Mol Cell Biol 26: 4729-4745.

Carratu L, Franceschelli S, Pardini CL, Kobayashi GS, Horvath I, Vigh L & Maresca B
(1996) Membrane lipid perturbation modifies the set point of the temperature of heat shock
response in yeast. Proc Natl Acad Sci USA 93: 3870-3875.

Chen X, Sullivan DS & Huffaker TC (1994) Two yeast genes with similarity to TCP-1 are
required for microtubule and actin function in vivo. Proc Natl Acad Sci USA 91: 9111-

9115.

ScholarOne Support213434/817—2040 ext 167



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

FEMS Microbiology Reviews Page 24 of 43

Choi J-Y, Stukey J, Hwangs S-Y & Martin CE (1996) Regulatory elements that control
transcription activation and unsaturated fatty acid-mediated repression of the
Saccharomyces cerevisiae OLEI gene. J Biol Chem 271: 3581-3589.

Chung N, Mao C, Heitman J, Hannun YA & Obeid LM (2001) Phytosphingosine as a specific
inhibitor of growth and nutrient import in Saccharomyces cerevisiae. J Biol Chem 276:
35614-35621.

Cohen BD, Sertil O, Abramova NE, Davies KJ & Lowry CV (2001) Induction and repression
of DAN1 and the family of anaerobic mannoprotein genes in Saccharomyces cerevisiae
occurs through a complex array of regulatory sites. Nucleic Acids Res 29: 799-808.

Craig EA & Jacobsen K (1985) Mutations in cognate genes of Saccharomyces cerevisiae
hsp70 result in reduced growth rates at low temperatures. Mol Cell Biol 5: 3517-3524.

Davenport KR, Sohaskey M, Kamada Y, Levin DE & Gustin MC (1995) A second
osmosensing signal transduction pathway in yeast. Hypotonic shock activates the PKC1
protein kinase-regulated cell integrity pathway. J Biol Chem 270: 30157-30161.

de Jesus Ferreira MC, Bao X, Laizé V & Hohmann S (2001) Transposon mutagenesis reveals
novel loci affecting tolerance to salt stress and growth at low temperature. Curr Genet 40:
27-39.

de Nadal E, Alepuz PM & Posas F (2002) Dealing with osmostress through MAP kinase
activation. EMBO Rep 3: 735-740.

di Como CJ & Arndt KT (1996) Nutrients, via the Tor proteins, stimulate the association of
Tap42 with type 2A phosphatases. Genes Dev 10: 1904-1916.

Du X & Takagi H (2005) N-Acetyltransferase Mprl confers freeze tolerance on
Saccharomyces cerevisiae by reducing reactive oxygen species. J Biochem 138: 391-397.

Diivel K, Santhanam A, Garrett S, Schneper L & Broach JR (2003) Multiple roles of Tap42 in

mediating rapamycin-induced transcriptional changes in yeast. Mol Cell 11: 1467-1478.

ScholarOne Support214}434/817—2040 ext 167



Page 25 of 43 FEMS Microbiology Reviews

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Elbein AD, Pan YT, Pastuszak [ & Carroll D (2003) New insights on trehalose: a
multifunctional molecule. Glycobiology 13: 17R-27R.

Estruch F (2000) Stress-controlled transcription factors, stress-induced genes and stress
tolerance in budding yeast. FEMS Microbiol Rev 24: 469-486.

Fauman EB & Saper MA (1996) Structure and function of protein tyrosine phosphatases.
Trends Biochem Sci 21: 413-417.

Gancedo C & Flores CL (2004) The importance of a functional trehalose biosynthetic
pathway for the life of yeasts and fungi. FEMS Yeast Res 4: 351-359.

Garcia-Rodriguez LJ, Duran A & Roncero C (2000) Calcofluor antifungal action depends on
chitin and a functional high-osmolarity glycerol response (HOG) pathway: evidence for a
physiological role of the Saccharomyces cerevisiae HOG pathway under noninducing
conditions. J Bacteriol 182: 2428-2437.

Gast K, Damaschun G, Damaschun H, Misselwitz R & Zirwer D (1993) Cold denaturation of
yeast phosphoglycerate kinase: kinetics of changes in secondary structure and compactness
on unfolding and refolding. Biochemistry 32: 7747-7752.

Geissler S, Siegers K & Schiebel E (1998) A novel protein complex promoting formation of
functional a- and y-tubulin. EMBO J 17: 952-966.

Gon Y, Hashimoto S, Matsumoto K, Nakayama T, Takeshita I & Horie T (1998) Cooling and
rewarming-induced IL-8 expression in human bronchial epithelial cells through p38 MAP
kinase-dependent pathway. Biochem Biophys Res Commun 249: 156-160.

Greenway SC & Storey KB (2000) Activation of mitogen-activated protein kinases during
natural freezing and thawing in the wood frog. Mo/ Cell Biochem 209: 29-37.

Griffioen G & Thevelein JM (2002) Molecular mechanisms controlling the localisation of

protein kinase A. Curr Genet 41: 199-207.

ScholarOne Support21§434/817—2040 ext 167



10

11

12

13

14

15

16

17

18

19

20

21

22

23

FEMS Microbiology Reviews Page 26 of 43

Griffioen G, Swinnen S & Thevelein JM (2003) Feedback inhibition on cell wall integrity
signaling by Zds1 involves Gsk3 phosphorylation of a cAMP-dependent protein kinase
regulatory subunit. J Bio/ Chem 278: 23460-23471.

Gualerzi CO, Giuliodori AM & Pon CL (2003) Transcriptional and post-transcriptional
control of cold-shock genes. J Mol Biol 331: 527-539.

Gustin MC, Albertyn J, Alexander M & Davenport K (1998) MAP kinase pathways in the
yeast Saccharomyces cerevisiae. Microbiol Mol Biol Rev 62: 1264-1300.

Hampsey M (1997) A review of phenotypes in Saccharomyces cerevisiae. Yeast 13: 1099-
1133.

Harris DM, Myrick TL & Rundle SJ (1999) The Arabidopsis homolog of yeast TAP42 and
mammalian a4 binds to the catalytic subunit of protein phosphatase 2A and is induced by
chilling. Plant Physiol 121: 609-617.

Hayashi M & Maeda T (2006) Activation of the HOG pathway upon cold stress in
Saccharomyces cerevisiae. J Biochem (Tokyo) 139: 797-803.

Healy AM, Zolnierowick S, Stapleton AE, Goebl M, DePaoli-Roach AA & Pringle JR (1991)
CDC55, a Saccharomyces cerevisiae gene involved in cellular morphogenesis:
identification, characterization, and homology to the 3 subunit of mammalian type 2A
protein phosphatase. Mol Cell Biol 11: 5767-5780.

Heinisch 1J, Lorberg A, Schmitz HP & Jacoby JJ (1999) The protein kinase C-mediated MAP
kinase pathway involved in the maintenance of cellular integrity in Saccharomyces
cerevisiae. Mol Microbiol 32: 671-680.

Helliwell SB, Howald I, Barbet N & Hall MN (1998) TOR?2 is part of two related signaling

pathways coordinating cell growth in Saccharomyces cerevisiae. Genetics 148: 99-112.

ScholarOne Support21§434/817—2040 ext 167



Page 27 of 43 FEMS Microbiology Reviews

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Hirata Y, Andoh T, Asahara T & Kikuchi A (2003) Yeast glycogen synthase kinase-3
activates Msn2p-dependent transcription of stress responsive genes. Mol Biol Cell 14: 302-
312.

Hohmann S (2002) Osmotic stress signalling and osmoadaptation in yeasts. Microbiol Mol
Biol Rev 66: 300-372.

Homma T, Iwahashi H & Komatsu Y (2003) Yeast gene expression during growth at low
temperature. Cryobiology 46: 230-237.

Hoppe T, Matuschewski K, Rape M, Schlenker S, Ulrich HD & Jentsch S (2000) Activation
of a membrane-bound transcription factor by regulated ubiquitin/proteasome-dependent
processing. Cell 102: 577-586.

Hoppe T, Rape M & Jentsch S (2001) Membrane-bound transcription factors: regulated
release by RIP or RUP. Curr Opin Cell Biol 13: 344-348.

Imai J, Toh-e A & Matsui Y (1996) Genetic Analysis of the Saccharomyces cerevisiae RHO3
gene, encoding a Rho-type small GTPase, provides evidence for a role in bud formation.
Genetics 142: 359-369.

Inaba M, Suzuki I, Szalontai B, Kanesaki Y, Los DA, Hayashi H & Murata N (2003) Gene-
engineered rigidification of membrane lipids enhances the cold inducibility of gene
expression in Synechocystis. J Biol Chem 278: 12191-12198.

Inouye M (1999) Cold-shock response and adaptation. J Mol Microbiol Biotechnol 1: 191.

Jiang Y & Broach JR (1999) Tor proteins and protein phosphatase 2A reciprocally regulate
Tap42 in controlling cell growth in yeast. EMBO J 18: 2782-2792.

Jiang Y, Vasconcelles MJ, Wretzel S, Light A, Martin CE & Goldberg MA (2001) MGA?2 is
involved in the low-oxygen response element-dependent hypoxic induction of genes in

Saccharomyces cerevisiae. Mol Cell Biol 21: 6161-6169.

ScholarOne Support217434/817—2040 ext 167



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

FEMS Microbiology Reviews

Jiang Y, Vasconcelles MJ, Wretzel S, Light A, Gilooly L, McDaid K, Oh C-S, Martin CE &

Goldberg MA (2002) Mga2p processing by hypoxia and unsaturated fatty acids in

Saccharomyces cerevisiae: impact on LORE-dependent gene expression. Eukaryot Cell 1:

481-490.

Jones PG & Inouye M (1996) RbfA, a 30S ribosomal binding factor, is a cold-shock protein
whose absence triggers the cold-shock response. Mol Microbiol 21: 1207-1218.

Kajiwara S, Aritomi T, Suga K, Ohtaguchi K & Kobayashi O (2000) Overexpression of the
OLE] gene enhances ethanol fermentation by Saccharomyces cerevisiae. Appl Microbiol
Biotechnol 53: 568-574.

Kamada Y, Jung US, Piotrowski J & Levin DE (1995) The protein kinase C-activated MAP
kinase pathway of Saccharomyces cerevisiae mediates a novel aspect of the heat shock
response. Genes Dev 9: 1559-1571.

Kandror O, Bretschneider N, Kreydin E, Cavalieri D & Goldberg AL (2004) Yeast adapt to
near-freezing temperatures by STRE/Msn2,4-dependent induction of trehalose synthesis
and certain molecular chaperones. Mol Cell 13: 771-781.

Kim J, Alizadeh P, Harding T, Hefner-Gravink A & Klionsky DJ (1996) Disruption of the
yeast ATH1 gene confers better survival after dehydration, freezing and ethanol shock:
potential commercial applications. App! Environ Microbiol 62: 1563-1569.

Laroche C, Beney L, Marechal PA & Gervais P (2001) The effect of osmotic pressure on the
membrane fluidity of Saccharomyces cerevisiae at different physiological temperatures.
Appl Microbiol Biotechnol 56: 249-254.

Lawrence CL, Botting CH, Antrobus R & Coote PJ (2004) Evidence of a new role for the
high-osmolarity glycerol mitogen-activated protein kinase pathway in yeast: regulating

adaptation to citric acid stress. Mol Cell Biol 24: 3307-3323.

ScholarOne Support218434/817—2040 ext 167

Page 28 of 43



Page 29 of 43 FEMS Microbiology Reviews

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Lee SJ & Baserga SJ (1997) Functional separation of pre-rRNA processing steps revealed by
truncation of the U3 small nucleolar ribonucleoprotein component, Mpp10. Proc Nat!
Acad Sci USA 94: 13536-13541.

Lehman K, Rossi G, Adamo JE & Brennwald P (1999) Yeast homologues of tomosyn and
lethal giant larvae function in exocytosis and are associated with the plasma membrane
SNARE, Sec9. J Cell Biol 146: 125-140.

Levin DE (2005) Cell wall integrity signaling in Saccharomyces cerevisiae. Microbiol Mol
Biol Rev 69: 262-291.

Loertscher J, Larson LL, Matson CK, Parrish ML, Felthauser A, Sturm A, Tachibana C, Bard
M & Wright R (2006) Endoplasmic reticulum-associated degradation is required for cold
adaptation and regulation of sterol biosynthesis in the yeast Saccharomyces cerevisiae.
Eukaryot Cell 5: 712-722.

Loewith R, Jacinto E, Wullschleger S, Lorberg A, Crespo JL, Bonenfant D, Oppliger W,
Jenoe P & Hall MN (2002) Two TOR complexes, only one of which is rapamycin
sensitive, have distinct roles in cell growth control. Mol Cell 10: 457-468.

Lopez CS, Heras H, Garda H, Ruzal S, Sanchez-Rivas C & Rivas E (2000) Biochemical and
biophysical studies of Bacillus subtilis envelopes under hyperosmotic stress. Int J Food
Microbiol 55: 137-142.

Los DA & Murata N (2004) Membrane fluidity and its roles in the perception of
environmental signals. Biochim Biophys Acta 1666: 142-157.

Manning BD, Padhmanabha R & Snyder M (1997) The Rho-GFP Rom2p localizes to sites of
polarized cell grow and participates in cytoskeletal functions in Saccharomyces cerevisiae.
Mol Biol Cell 8: 1829-1844.

Mansilla MC & de Mendoza D (2005) The Bacillus subtilis desaturase: a model to understand

phospholipid modification and temperature sensing. Arch Microbiol 183: 229-235.

ScholarOne Support219434/817—2040 ext 167



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

FEMS Microbiology Reviews Page 30 of 43

Martinez-Pastor MT, Marchler G, Schiiller C, Marchler-Bauer A, Ruis H & Estruch F (1996)
The Saccharomyces cerevisiae zinc finger proteins Msn2p and Msn4p are required for
transcriptional induction through the stress response element (STRE). EMBO J 15: 2227-
2235.

McKemy DD, Neuhausser WM & Julius D (2002) Identification of a cold receptor reveals a
general role for TRP channels in thermosensation. Nature 416: 52-58.

Mikami K, Kanesaki Y, Suzuki I & Murata N (2002) The histidine kinase Hik33 perceives
osmotic stress and cold stress in Synechocystis sp. PCC 6803. Mol Microbiol 46: 905-915.

Monroy AF, Sarhan F & Dhindsa RS (1993) Cold-induced changes in freezing tolerance,
protein phosphorylation, and gene expression. Evidence for a role of calcium. Plant
Physiol 102: 1227-1235.

Monroy AF, Sangwan V & Dhindsa RS (1998) Low temperature signal transduction during
cold acclimation: protein phosphatase 2A as an early target for cold-inactivation. Plant J
13: 653-660.

Muda M, Manning ER, Orth K & Dixon JE (1999) Identification of the human YVH1
protein-tyrosine phosphatase orthologue reveals a novel zinc binding domain essential for
in vivo function. J Biol Chem 274: 23991-23995.

Murata Y, Homma T, Kitagawa E et al. (2006) Genome-wide expression analysis of yeast
response during exposure to 4°C. Extremophiles 10: 117-128.

Nakagawa Y, Sakumoto N, Kaneko Y & Harashima S (2002) Mga2p is a putative sensor for
low temperature and oxygen to induce OLE] transcription in Saccharomyces cerevisiae.
Biochem Biophys Res Commun 291: 707-713.

Nakagawa Y, Ueda A, Kaneko Y & Harashima S (2003) Merging of multiple signals
regulating A9 fatty acid desaturase gene transcription in Saccharomyces cerevisiae. Mol

Gen Genomics 269: 370-380.

ScholarOne Support3l(—)434/817—2040 ext 167



Page 31 of 43 FEMS Microbiology Reviews

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Noguchi E, Kayashi N, Nakashima N & Nishimoto T (1997) Yrb2p, a Nup2p-related yeast
protein, has a functional overlap with Rnalp, a yeast Ran-GTPase-activating protein. Mol
Cell Biol 17: 2235-2246.

Noguchi E, Sayito Y, Saber S & Nishimoto T (1999) Disruption of the YRB2 gene retards
nuclear protein export, causing a profound mitotic delay, and can be rescued by
overexpression of XPO1/CRM1I. J Biochem 125: 574-585.

Odani M, Komatsu Y, Oka S & Iwahashi H (2003) Screening of genes that respond to
cryopreservation stress using yeast DNA microarray. Cryobiology 47: 155-164.

Ohsaka Y, Ohgiya S, Hoshino T & Ishizaki K (2002) Phosphorylation of c-Jun N-terminal
kinase in human hepatoblastoma cells is transiently increased by cold exposure and further
enhanced by subsequent warm incubation of the cells. Cell Physiol Biochem 12: 111-118.

Orvar BL, Sangwan V, Omann F & Dhindsa RS (2000) Early steps in cold sensing by plant
cells: the role of actin cytoskeleton and membrane fluidity. Plant J 23: 785-794.

Panadero J, Pallotti C, Rodriguez-Vargas S, Randez-Gil F & Prieto JA (2006) A downshift in
temperature activates the high osmolarity glycerol (HOG) pathway, which determines
freeze tolerance in Saccharomyces cerevisiae. J Biol Chem 281: 4638-4645.

Papp E, Nardai G, Soti C & Csermely P (2003) Molecular chaperones, stress proteins and
redox homeostasis. Biofactors 17: 249-257.

Park JI, Grant CM, Attfield PV & Dawes IW (1997) The freeze-thaw stress response of the
yeast Saccharomyces cerevisiae is growth phase specific and is controlled by nutritional
state via the RAS-cyclic AMP signal transduction pathway. App! Environ Microbiol 63:
3818-3824.

Park JI, Grant CM & Dawes IW (2005a) The high-affinity cAMP phosphodiesterase of

Saccharomyces cerevisiae is the major determinant of cAMP levels in stationary phase:

ScholarOne Support3ll434/817—2040 ext 167



(\S]

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

FEMS Microbiology Reviews Page 32 of 43

involvement of different branches of the Ras-cyclic AMP pathway in stress responses.
Biochem Biophys Res Commun 327: 311-319.

Park J1I, Collinson EJ, Grant CM & Dawes IW (2005b) Rom2p, the Rhol GTP/GDP exchange
factor of Saccharomyces cerevisiae, can mediate stress responses via the Ras-cAMP
pathway. J Biol Chem 280: 2529-2535.

Parrou JL, Teste MA & Francois J (1997) Effects of various types of stress on the metabolism
of reserve carbohydrates in Saccharomyces cerevisiae: genetic evidence for a stress-
induced recycling of glycogen and trehalose. Microbiology 143: 1891-1900.

Peier AM, Moqrich A, Hergarden AC ef al. (2002) A TRP channel that senses cold stimuli
and menthol. Cel/l 108: 705-715.

Platt A & Reece RJ (1998) The yeast galactose genetic switch is mediated by the formation of
a Gal4p-Gal80p-Gal3p complex. EMBO J 17: 4086-4091.

Randez-Gil F, Aguilera J, Codén A, Rincon AM, Estruch F & Prieto JA (2003) Baker’s yeast:
challenges and future aspects. Functional genetics of industrial yeasts (de Winde JH, ed.),
pp. 57-97, Springer-Verlag, Heidelberg.

Revardel E & Aigle M (1993) The NUM1 yeast gene: length polymorphism and physiological
aspects of mutant phenotype. Yeast 9: 495-506.

Reynolds TB, Hopkins BD, Lyons MR & Graham TR (1998) The high osmolarity glycerol
response (HOG) MAP kinase pathway controls localization of a yeast golgi
glycosyltransferase. J Cell Biol 143: 935-946.

Roberts JR, Rowe PA & Demaine AG (2002) Activation of NF-.B and MAP kinase cascades
by hypothermic stress in endothelial cells. Cryobiology 44: 161-169.

Rodriguez-Vargas S, Sanchez-Garcia A, Martinez-Rivas JM, Prieto JA & Randez-Gil F
(2006) Fluidization of Membrane Lipids Enhances Tolerance of Freezing and Salt Stress

by Saccharomyces cerevisiae. Appl Environ Microbiol (doi:10.1128/AEM.01360-06).

ScholarOne Support312434/817—2040 ext 167



Page 33 of 43 FEMS Microbiology Reviews

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Rohde JR, Campbell S, Zurita-Martinez SA, Cutler NS, Ashe M & Cardenas ME (2004) TOR
controls transcriptional and translational programs via Sap-Sit4 protein phosphatase
signaling effectors. Mol Cell Biol 24: 8332-8341.

Sahara T, Goda T & Ohgiya S (2002) Comprehensive expression analysis of time-dependent
genetic responses in yeast cells to low temperature. J Biol Chem 277: 50015-50021.

Sakumoto N, Mukai Y, Uchida K ef al. (1999) A series of protein phosphatase gene
disruptants in Saccharomyces cerevisiae. Yeast 15: 1669-1679.

Sangwan V, Orvar BL, Beyerly J, Hirt H & Dhindsa RS (2002) Opposite changes in
membrane fluidity mimic cold and heat stress activation of distinct plant MAP kinase
pathways. Plant J 31: 629-638.

Santangelo GM (2006) Glucose signaling in Saccharomyces cerevisiae. Microbiol Mol Biol
Rev 70: 253-282.

Santhanam A, Hartley A, Diivel K, Broach JR & Garrett S (2004) PP2A phosphatase activity
1s required for stress and Tor kinase regulation of yeast stress response factor Msn2p.
Eukaryot Cell 3: 1261-1271.

Schade B, Jansen G, Whiteway M, Entian KD & Thomas DY (2004) Cold adaptation in
budding yeast. Mol Biol Cell 15: 5492-5502.

Schmelzle T & Hall MN (2000) TOR, a central controller of cell growth. Cell 103: 253-262.

Schmelzle T, Beck T, Martin DE & Hall MN (2004) Activation of the RAS/cyclic AMP
pathway suppresses a TOR deficiency in yeast. Mol Cell Biol 24: 338-351.

Schmidt A, Kunz J & Hall MN (1996) TOR2 is required for organization of the actin
cytoskeleton in yeast. Proc Natl Acad Sci USA 93: 13780-13785.

Schmidt A, Beck T, Koller A, Kunz J & Hall MN (1998) The TOR nutrient signalling
pathway phosphorylates NPR1 and inhibits turnover of the tryptophan permease. EMBO J

17: 6924-6931.

ScholarOne Support313434/817—2040 ext 167



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

FEMS Microbiology Reviews Page 34 of 43

Schwartz MA & Madhani HD (2004) Principles of MAP kinase signaling specificity in
Saccharomyces cerevisiae. Annu Rev Genet 38: 725-748.

Seki M, Narusaka M, Ishida J et al. (2002a) Monitoring the expression profiles of 7000
Arabidopsis genes under drought, cold and high-salinity stresses using a full-length cDNA
microarray. Plant J 31: 279-292.

Seki M, Ishida J, Narusaka M et al. (2002b) Abstract Monitoring the expression pattern of
around 7,000 Arabidopsis genes under ABA treatments using a full-length cDNA
microarray. Funct Integr Genomics 2: 282-291.

Seki M, Satou M, Sakurai T ef al. (2004) RIKEN Arabidopsis full-length (RAFL) cDNA and
its applications for expression profiling under abiotic stress conditions. J Exp Bot 55: 213-
223.

Shinozaki K & Yamaguchi-Shinozaki K (1996) Molecular responses to drought and cold
stress. Curr Opin Biotechnol 7: 161-167.

Siegers K, Waldmann T, Leroux MR, Grein K, Shevchenko A, Schiebel E & Hartl FU (1999)
Compartmentation of protein folding in vivo: sequestration of non-native polypeptide by
the chaperonin-GimC system. EMBO J 8: 75-84.

Singer MA & Lindquist S (1998) Thermotolerance in Saccharomyces cerevisiae: the Yin and
Yang of trehalose. Trends Biotechnol 16: 460-468.

Skrzypek MS, Nagiec MM, Lester RL & Dickson RC (1998) Inhibition of amino acid
transport by sphingoid long chain bases in Saccharomyces cerevisiae. J Biol Chem 273:
2829-2834.

Soto T, Beltran FF, Paredes V, Madrid M, Millar JBA, Vicente-Soler J, Cansado J & Gacto M
(2002) Cold induces stress-activated protein kinase-mediated response in the fission yeast

Schizosaccharomyces pombe. Eur J Biochem 269: 5056-5065.

ScholarOne Support3lé}434/817-2040 ext 167



Page 35 of 43 FEMS Microbiology Reviews

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Stoldt V, Rademacher F, Kehren V, Ernst JF, Pearce DA & Sherman F (1996) Review: the
Cct eukaryotic chaperonin subunits of Saccharomyces cerevisiae and other yeasts. Yeast
12: 523-529.

Stukey JE, McDonough VM & Martin CE (1989) Isolation and characterization of OLE1, a
gene affecting fatty acid desaturation from Saccharomyces cerevisiae. J Biol Chem 264:
16537-16544.

Stukey JE, McDonough VM & Martin CE (1990) The OLE! gene of Saccharomyces
cerevisiae encodes the A9 fatty acid desaturase and can be functionally replaced by the rat
stearoyl-CoA desaturase gene. J Biol Chem 265: 20144-20149.

Suzuki I, Los DA, Kanesaki Y, Mikami K & Murata N (2000) The pathway for perception
and transduction of low-temperature signals in Synechocystis. EMBO J 19: 1327-1334.

Suzuki I, Kanesaki Y, Mikami K, Kanehisa M & Murata N (2001) Cold-regulated genes
under control of the cold sensor Hik33 in Synechocystis. Mol Microbiol 40: 235-244.

Teige M, Scheikl E, Eulgem T, Doczi R, Ichimura K, Shinozaki K, Dangl JL & Hirt H (2004)
The MKK2 pathway mediates cold and salt stress signaling in Arabidopsis. Mol Cell 15:
141-152.

Thevelein JM & de Winde JH (1999) Novel sensing mechanisms and targets for the cAMP-
protein kinase A pathway in the yeast Saccharomyces cerevisiae. Mol Microbiol 33: 904-
918.

Thieringer HA, Jones PG & Inouye M (1998) Cold shock and adaptation. BioEssays 20: 49-
57.

Tokishita S & Mizuno T (1994) Transmembrane signal transduction by the Escherichia coli
osmotic sensor, EnvZ: intermolecular complementation of transmembrane signalling. Mol

Microbiol 13: 435-444.

ScholarOne Support3l§434/817—2040 ext 167



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

FEMS Microbiology Reviews Page 36 of 43

van der Heide T & Poolman B (2000) Osmoregulated ABC-transport system of Lactococcus
lactis senses water stress via changes in the physical state of the membrane. Proc Natl
Acad Sci USA 97: 7102-7106.

van der Heide T, Stuart MC & Poolman B (2001) On the osmotic signal and osmosensing
mechanism of an ABC transport system for glycine betaine. EMBO J 20: 7022-7032.

van Dijck P, Ma P, Versele M, Gorwa M-F, Colombo S, Lemaire K, Bossi D, Loiez A &
Thevelein JM (2000) A baker’s yeast mutant (fi//) with a specific, partially inactivating
mutation in adenylate cyclase maintains a high stress resistance during active fermentation
and growth. J Mol Microbiol Biotechnol 2: 521-530.

Vasconcelles MJ, Jiang Y, McDaid K, Gilooly L, Wretzel S, Porter DL, Martin CE &
Goldberg MA (2001) Identification and characterization of a low oxygen response element
involved in the hypoxic induction of a family of Saccharomyces cerevisiae genes. J Biol
Chem 276: 14374-14384.

Vigh L, Maresca B & Harwood JL (1998) Does the membrane’s physical state control the
expression of heat shock and other genes? Trends Biochem Sci 23: 369-374.

Wang Y, Pierce M, Schneper L, Guldal CG, Zhang X, Tavazoie S & Broach JR (2004) Ras
and Gpa2 mediate one branch of a redundant glucose signaling pathway in yeast. PLoS
Biol 2: 610-622.

Westfall PJ, Ballon DR & Thorner J (2004) When the stress of your environment makes you
go HOG wild. Science 306: 1511-1512.

Wilson WA & Roach PJ (2002) Nutrient-regulated protein kinases in budding yeast. Cell 111:
155-158.

Winkler A, Arkind C, Mattison CP, Burkholder A, Knoche K & Ota I (2002) Heat stress
activates the yeast high-osmolarity glycerol mitogen-activated protein kinase pathway, and

protein tyrosine phosphatases are essential under heat stress. Eukaryot Cell 1: 163-173.

ScholarOne Support3l§434/817—2040 ext 167



Page 37 of 43 FEMS Microbiology Reviews

10

11

12

13

14

15

16

17

18

19

20

21

22

Winzeler EA, Shoemaker DD, Astromoff A ef al. (1999) Functional characterization of the S.
cerevisiae genome by gene deletion and parallel analysis. Science 285: 901-906.

Wolfe J & Bryant G (1999) Freezing, crying, and/or vitrification of membrane-solute-water
systems. Cryobiology 39: 103-129.

Waullschleger S, Loewith R & Hall MN (2006) TOR signalling in growth and metabolism.
Cell 124: 471-484.

Young JC, Barral JM & Hartl FU (2003) More than folding: localized functions of cytosolic
chaperones. Trends Biochem Sci 28: 541-547.

Zenke FT, Engles R, Vollenbroich V, Meyer J, Hollenberg CP & Breunig KD (1996)
Activation of Gal4p by galactose-dependent interaction of galactokinase and Gal80p.
Science 272: 1662-1665.

Zhang S, Skalsky Y & Garfinkel DJ (1999) MGA2 or SPT23 is required for transcription of
the A9 fatty acid desaturase gene, OLE1, and nuclear membrane integrity in
Saccharomyces cerevisiae. Genetics 151: 473-483.

Zhang L, Ohta A, Horiuchi H, Takagi M & Imai R (2001) Multiple mechanisms regulate
expression of low temperature responsive (LOT) genes in Saccharomyces cerevisiae.
Biochem Biophys Res Commun 283: 531-535.

Zhang L, Onda K, Imai R, Fukuda R, Horiuchi H & Ohta A (2003) Growth temperature
downshift induces antioxidant response in Saccharomyces cerevisiae. Biochem Biophys
Res Commu 307: 308-314.

Zhu H, Bilgin M, Bangham R et al. (2001) Global analysis of protein activities using

proteome chips. Science 293: 2101-2105.

ScholarOne Support3l?434/817-2040 ext 167



FEMS Microbiology Reviews Page 38 of 43

Figure legends

Fig. 1. Main responses of Saccharomyces cerevisiae to decreasing temperatures. At
mid-low temperatures, specific transcriptional and translational machinery is up-regulated in
order to enable cold-adapted growth. These mechanisms are switched off when the
temperature is low enough to be growth-restrictive. On the other hand, freeze-protective
mechanisms, like fatty acid desaturation and synthesis of osmolytes, are triggered even at
permissive temperatures, and intensified at near-freezing conditions, a situation in which

further protection systems, like HSPs, are also activated.

Fig. 2. Cold-instigated activation of the MOX factors and the RUP processing. 1,
when the repressor complex Mox1p-Mox2p is released, the Mox4p factor promotes the
transcription of 7/P/TIR genes. The cold-provoked induction of these genes is eliminated in a
mox4 mutant, suggesting that low temperatures are able to release the repressor complex. 2,
the transcriptional induction of OLE! under cold-shock is dependent on the transcription
factor Mga2p, which is released from the nuclear envelope by proteasome-dependent
deubiquitination provoked by the action of the RspSp factor. This action could therefore be

triggered by cold stress (see text for details).

Fig. 3. cAMP-PKA and TOR pathways. 1, mutants in the Tpk1/2/3p (PKA) negative
regulators Yvhlp and Mcklp show growth defects at low temperatures, indicating the
involvement of the cAMP-PKA pathway in the cold response. This pathway starts with the
formation of the GDP-binding complex Ras1/2p/Iral/2p/Cdc25p, which activates Cyrlp for
cAMP synthesis. Inhibition of this synthesis by cold, in addition to Yvhlp and Mcklp

activation, would prevent Tpkl/2/3p-mediated phosphorylation of the transcription factors

ScholarOne Support318434/817—2040 ext 167



Page 39 of 43 FEMS Microbiology Reviews

Msn2/4p, avoiding their nuclear export. 2, disruption of either 7PD3 or CDC55 causes cold
sensitivity. Inhibition of Tap42p phosphorylation caused by cold would prevent the formation
of the complex Tap42p/Php21/22p//Tpd3p/Cdc55p, also blocking the exportation of Msn2/4p
from the nucleus, with the subsequent induction of genes encoding trehalose, glycerol and
other STRE genes. On the other hand, localisation of Msn2/4p is regulated by PKA in a
TORC1-dependent manner, whereas the TORC2 complex acts on Rom2p activation (see text

for details).

Fig. 4. The HOG pathway. Sensitivity of the SInlp/Ypdlp/Ssklp histidine kinase
complex to membrane rigidification caused by low temperature generates a signal that is
transduced through the MAPK phosphorylation cascade. Hoglp is phosphorylated and
migrates into the nucleus, promoting the transcription of genes for glycerol synthesis, among

others (see text for details).
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