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1. Introduction

Yeasts are nowadays relevant microorganisms in both biotechnology, with important
economic impact in several fields, and fundamental research where Saccharomyces cerevisiae
appears as one of the most used and versatile eukaryotic cell models. In industrial
fermentations, yeasts are subjected to different stress conditions, such as those imposed by
low water activity and by the presence of cytotoxic compounds. Yeast cells react to adverse
conditions by triggering a stress response, enabling them to adapt to the new environment.
However, upon a severe cell cue the elicited stress responses may be insufficient to
guarantee cell survival and cell death may occur. The simplicity of yeast and its amenability
to manipulation and genetic tractability make this unicellular eukaryotic microorganism a
powerful tool in deciphering the mechanisms of eukaryotic cellular processes and their
modes of regulation. Despite the differences in signalling pathways between yeast and
higher eukaryotes current knowledge on cellular stress responses and programmed cell
death confirms that several steps are phylogenetically conserved and therefore yeasts are
ideal model systems to study the molecular pathways underlying these processes.

In this chapter we focus on the molecular mechanisms associated with stress response and
cell death in yeast triggered by acetic acid. We start with a general introduction devoted to
the physiological responses to acetic acid, and to the high resistance of the food spoilage
yeast Zygosaccharomyces bailii to this acid in comparison with S. cerevisize and other yeast
species. Basic aspects of programmed cell death are also covered. The subsequent sections
are dedicated to an overview of ours and other authors’ studies highlighting the kinetics,
components and pathways already identified in acetic acid-induced cell death.

1.1 Acetic acid physiological responses

Acetic acid is a normal by-product of the alcoholic fermentation carried out by S. cerevisiae
and of contaminating lactic and acetic acid bacteria (Du Toit & Lambrechts, 2002; Pinto et al.,
1989; Vilela-Moura et al., 2011) or it can be originated from acid-catalyzed hydrolysis of
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74 Cell Metabolism — Cell Homeostasis and Stress Response

lignocelluloses (Lee et al., 1999; Maiorella et al., 1983). Above certain concentrations
accepted as normal (0.2 to 0.6 g/1), acetic acid has a negative impact on the organoleptic
qualities of wine and may affect the course of fermentation, leading to sluggish or arrested
fermentations (Alexandre & Charpentier, 1998; Bely et al., 2003; Santos et al., 2008). In
bioethanol production from lignocellulosic acid hydrolysates, acetic acid may also be
associated with the inhibition of alcoholic fermentation, limiting the productivity of the
process (Lee et al., 1999; Maiorella et al.,, 1983; Palmqvist & Hahn-Hé&gerdal, 2000).
Therefore, acetic acid has a negative impact on yeast performance, restraining the
production efficiency of wine, bioethanol or of products obtained by heterologous
expression with engineered yeast cells under fermentative conditions. On the other hand,
the cytotoxic effect of acetic acid is exploited in food industry, where it is used as a
preservative. Some non-Saccharomyces species such as Z. bailli are highly resistant to acetic
acid. Understanding the molecular determinants underlying such acid resistance phenotype
is relevant for the design of strategies aiming at the genetic improvement of industrial S.
cerevisiae strains, and the prevention of food and beverage spoilage by resistant species.

In most strains of S. cerevisiae, acetic acid is not metabolized by glucose-repressed yeast cells
and enters the cell in the non-dissociated form by simple diffusion. Inside the cell, the acid
dissociates and, if the extracellular pH is lower than the intracellular pH, this will lead to an
intracellular acidification and to the accumulation of its dissociated form (which depends on
the pH gradient), affecting cellular metabolism at various levels (Casal et al., 1996; Guldfeldt
& Arneborg, 1998; Ledao & van Uden, 1986, Pampulha & Loureiro, 1989;). Intracellular
acidification caused by acetic acid leads to trafficking defects, hampering vesicle exit from
the endosome to the vacuole (Brett et al., 2005). Though acetic acid induces plasma
membrane ATPase activation (50 mM, pH 3.5), this enhanced activity is not enough to
counteract cytosolic and vacuolar acidification (Carmelo et al., 1997). The toxic effects of the
undissociated form of the acid also translate into an exponential inhibition of growth and
fermentation rates (Pampulha & Loureiro, 1989; Phowchinda et al., 1995). Studies on glucose
transport and enzymatic activities showed that the sugar uptake is not inhibited and that
enolase is the glycolitic enzyme most affected by acetic acid, presumably resulting in a
limitation of glycolytic flux (Pampulha & Loureiro-Dias, 1990). As revealed by the
proteomic analysis of acetic acid-treated cells, carbohydrate metabolism is strongly affected,
in agreement with a decreased glycolytic rate. Levels of the glycolytic proteins
phosphofructokinase (Pfk2p) and fructose 1,6-bisphosphate aldolase (Fbalp) were
decreased whereas the pyruvate decarboxylase isoenzyme (Pdclp) suffered several post-
translational modifications (Almeida et al., 2009). Growth in batch cultures following
cellular adaptation to acetic acid is associated not only with a decrease in the maximum
specific growth rate and in the ATP yield, but also with a recovery in intracellular pH and
an increase in the specific glucose consumption rate, indicating that metabolic energy was
diverted from metabolism (Pampulha & Loureiro-Dias, 2000). Using anaerobic chemostat
cultures, it was shown that higher trehalose contents induced by lower growth rates or by
the presence of ethanol are related to higher tolerance of S. cerevisiae to acetic acid (Arneborg
et al., 1995, 1997). However, internal acidification caused by the acid can lead to the
activation of trehalase (Valle et al., 1986). Hypersensitivity to acetic acid was observed in
auxotrophic mutants with requirements for aromatic amino acids. Consistently,
prototrophic S. cerevisiae strains are more resistant to acetic acid treatment (Gomes et al.,
2007). Though there is no direct evidence, these phenotypes are probably explained by an

www.intechopen.com



Stress and Cell Death in Yeast Induced by Acetic Acid 75

inhibition of the amino acid uptake, since sensitivity is suppressed by supplementing the
medium with high levels of tryptophan (Bauer et al., 2003). Accordingly, it was recently
shown that acetic acid causes severe intracellular amino-acid starvation (Almeida et al.,
2009), as referred below (section 4.4.). In another study, it was found that deletion of FPSI,
coding for an aquaglyceroporin channel, abolishes acetic acid accumulation at low pH
(Mollapour & Piper, 2007). This observation was explored to improve acetic acid resistance
and fermentation performance of an ethanologenic industrial strain of S. cerevisiae through
the disruption of FPS1 (Zhang et al., 2011). The acetic acid-tolerance phenotype of the
disrupted mutant was mainly explained by the preservation of plasma membrane integrity,
higher in vivo activity of the H*-ATPase, and lower oxidative damage after acetic acid
treatment.

1.2 The high resistance of Zygosaccharomyces bailii to acetic acid

Acetic acid, due to its toxic effects, is used in food industry as a preservative against
microbial spoilage. As a weak monocarboxylic acid with a pK, of 4.76, its toxicity is strongly
dependent on the pH of the medium, exerting an antimicrobial effect mainly at low pH
values (below pK), where the protonated form predominates. However, there are some
yeast species that are able to spoil foods and beverages due to their capacity to survive and
grow under these stress conditions where other microorganisms are not competitive. Z. bailli
is one of the most widely represented spoilage yeast species, particularly resistant to organic
acids in acidic media with sugar (Thomas & Davenport, 1985). Another interesting feature of
Z. bailii is its ability to grow under strictly anaerobic conditions (with trace amounts of
oxygen) in complex medium, whereas in synthetic medium under strictly anaerobic
conditions Z. bailii displays an extremely slow and linear growth compatible with oxygen-
limitation (Rodrigues et al., 2001). These differential requirements for anaerobic growth,
different from those associated with Tween 80 and ergosterol, are still a matter of debate
(Rodrigues et al., 2005). This species is much more tolerant to acetic acid than S. cerevisiae
and is able to grow in medium with acetic acid concentrations well above those tolerated by
the later yeast, a phenotype that seems to be related to the metabolism of the acid. Glucose
respiration and fermentation in Z. bailii and S. cerevisiae express different sensitivity patterns
to ethanol and acetic acid. Inhibition of fermentation is much less pronounced in Z. bailii
than in S. cerevisiae, and the inhibitory effects of acetic acid on Z. bailii are not significantly
potentiated by ethanol (Fernandes et al., 1997).

One of the peculiar traits of Z. bailii is the mechanism underlying the transport of acetic acid
into the cell and its regulation, the first step of acid metabolism. Either glucose or acetic acid
grown cells display activity of mediated transport systems for acetic acid (Sousa et al., 1996).
This is in contrast with what has been described so far in other yeast species, namely S.
cerevisiae, Candida utilis, and Torulaspora delbrueckii where active transport of acetate by a H*-
symport is inducible and subject to glucose repression (Casal & Ledo, 1995; Cassio et al.,
1987, 1993; Leao & van Uden, 1986). Additionally, in the presence of glucose, Z. bailii
displays a reduced passive permeability to the acid when compared with S. cerevisiae (Sousa
et al., 1996). Unlike most strains of S. cerevisiae, which are unable to metabolize acetic acid in
the presence of glucose, Z. bailii is able to simultaneous use the two substrates due to the
high activity of the enzyme acetyl-CoA synthetase (Sousa et al., 1998). Thus, it appears that
in Z. bailii both membrane transport and acetyl-CoA synthetase could assume particular
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physiological relevance in regards to the high resistance of this yeast species to
environments containing mixtures of sugars and acetic acid, such as those often present
during wine fermentation. Under these conditions, both the membrane transport flux and
the intracellular metabolic flux of the acid seem to be regulated in such a way that cell can
cope with the cytotoxic effects of the acid. These physiological traits have been related to the
high resistance of Z. bailii to acidic media containing ethanol since this alcohol inhibits the
mediated transport of the acid (Sousa et al., 1998).

1.3 A brief overview of programmed cell death: From multicellular organisms to yeast

The designation “Programmed Cell Death” (PCD) was first introduced by Lockshin
(Gewies, 2003). Though PCD was initially related to the physiological cell death during
organism’s development, it has been generalised to alternative suicide processes that cells
activate in response to various environmental aggressions. The term active cell death means
that the process is genetically regulated in opposition to passive or accidental death, which
is an uncontrolled death that occurs after exposure to an excessive dose of the lethal agent.
These processes play an important role in the normal development, homeostasis
mechanisms and disease control of multicellular organisms. Among the different forms of
PCD (Kromer et al.,, 2009), namely apoptosis, autophagic cell death and programmed
necrosis, apoptosis is the most common morphological expression of PCD. The main
morphological features of an apoptotic cell, since the initial description by Kerr, Wyllie and
Currie (1972), are the reduction of cellular volume (pyknosis), chromatin condensation and
nuclear fragmentation (karyorrhexis) and engulfment by resident phagocytes (in vivo). All
these changes take place in cells which display little or no ultrastructural modifications of
cytoplasmic organelles and maintain plasma membrane integrity until the final stages of the
process. Exposure of posphatidylserine on the outer leaflet of the plasma membrane of
apoptosing cells, which promote phagocytosis by scavenging macrophages, is often an early
event of apoptosis. Though not exclusive of apoptosis, other biochemical and functional
changes such as oligonucleosomal DNA fragmentation, and the presence of proteolytically
active caspases (cysteine-dependent aspartate-specific proteases) or of cleavage products of
their substrates, may accompany the dismantling of the apoptotic cell. While in some
settings apoptosis occurs independently of caspases, in others these proteases are key
regulators of the death process and responsible for morphological and biochemical
alterations typical of apoptosis (e.g., cellular blebbing and shrinkage, DNA fragmentation,
and plasma membrane changes), as well as for the rapid clearance of the dying cell
(Hengartner, 2000).

At least two major apoptotic pathways have been described in mammalian cells. One
requiring the participation of mitochondria, called “intrinsic pathway,” and another one
in which mitochondria are bypassed and caspases are activated directly, called “extrinsic
pathway” (Hengartner, 2000; Matsuyama et al., 2000). Regarding the mitochondrial
pathway, two main events have been proposed as integral control elements in the cell’s
decision to die, namely, the permeabilization of the mitochondrial membrane and the
release of several apoptogenic factors like cytochrome c (cyt c), apoptosis inducing factor
(AIF), endonuclease G (Endo G), HtrA2/OMI and Smac/DIABLO (Hengartner, 2000;
Matsuyama et al., 2000). Release of cyt ¢ to the cytosol drives the assembly of a high-
molecular-weight complex, the apoptosome, that activates caspases (Adrian & Martin,
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2001). Translocation of cyt ¢ to the cytosol is, therefore, a pivotal event in apoptosis. Cyt ¢
is a soluble protein loosely bound to the outer face of the inner mitochondrial membrane,
and its release is associated with an interruption of the normal electron flow at the
complex III site, that could divert electron transfer to the generation of superoxide (Cai &
Jones, 1998).

Beside caspases, members of the Bcl-2 protein family are key regulators of apoptosis,
playing a crucial role in the regulation of the mitochondrial apoptosis pathway in
vertebrates (Roset et al., 2007). The Bcl-2 family members have been identified and classified
accordingly to their structure and function. At first, this family was usually divided in anti-
and pro-apoptotic members. Currently, with new results obtained for a sub-group of this
family, the BH-3 only proteins, they are divided into four categories (Chipuk et al., 2010).
The anti-apoptotic Bcl-2 proteins (A1, Bcl-2, Bel-w, Bel-xL and Mcl-1), Bcl-2 effector proteins,
(Bak and Bax), direct activator BH3-only proteins (Bid, Bim and Puma) and sensitizer/de-
repressor proteins (Bad, Bik, Bmf, Hrk and Noxa). Complex interactions between members
of this family control the integrity of the mitochondrial outer membrane (Green et al., 2002).
The pro-apoptotic members of this family (Bax and Bak) are critical for mitochondrial
membrane permeabilization, since deletion of both proteins impairs this event (Wei et al.,
2001). Multicellular organisms have developed different regulatory complex mechanisms
that coordinate cell death and cell proliferation and guarantee tissue homeostasis and
normal development. Dysfunction of apoptosis is associated with severe human pathologies
such as cancer and neurodegenerative diseases. Therefore, the identification of components
of the different apoptotic pathways and the understanding of mechanisms underlying their
regulation is critical for the development of new strategies for prevention and treatment
against those diseases.

For several years, Caenorhabditis elegans and Drosophila melanogaster have been chosen as core
models for cell death research, and until a decade ago it was not conceivable that unicellular
organisms including yeast could possess a PCD process. This assumption was supported by
the absence of key regulators of mammalian PCD in yeast, as indicated by plain homology
searches and by the difficulty to explain the sense of cell suicide and its evolutionary
advantage in a unicellular organism. However, in the late 1990s early 2000s, evidence
indicating the presence of some basic features characteristic of an apoptotic phenotype in S.
cerevisine was reported (Madeo et al., 1997). This study showed that the expression of a
point-mutated CDC48 gene (cdc48%565G), essential in the endoplasmic reticulum (ER)-
associated protein degradation pathway, leads to a characteristic apoptotic phenotype. Later
on it was shown in S. cerevisiae that depletion of glutathione or exposure to low external
doses of H>O; triggers the cell into apoptosis, whereas depletion of reactive oxygen species
(ROS) or hypoxia prevents apoptosis (Madeo et al., 1999). In addition, an intracellular
accumulation of ROS was detected in the cell cycle mutant cdc485565G of S. cerevisiae and in
yeast cells expressing mammalian Bax (Ligr et al.,, 1998). These results allowed the
identification of ROS production as a key cellular event common to the known scenarios of
apoptosis in yeast and animal cells (Madeo et al., 1999). Subsequent studies revealed that
acetic induces apoptosis in S. cerevisiae through the involvement of mitochondria, indicating
the conservation in yeast of an intrinsic death pathway (Ludovico et al., 2001, 2002). These
former studies led to the emergence of a new research field that profited from the
recognized advantages of yeast for the study of biological processes. Currently, there is

www.intechopen.com



78 Cell Metabolism — Cell Homeostasis and Stress Response

increasing evidence that apoptotic-like cell death pathways exist in unicellular organisms
such as yeast and that this ability confers selective advantage in adapting to adverse
environmental conditions and thus ensuring survival of the clone (Herker et al., 2004).
Therefore, it is consensual that yeast can undergo cell death with typical markers of
mammalian apoptosis in response to different stimuli and possess orthologs of mammalian
apoptosis regulators, supporting the existence of a primordial apoptotic machinery similar
to that present in higher eukaryotic cells (for a revision see Carmona-Gutierrez et al., 2010;
Pereira et al., 2008).

2. Stress response pathways and key components

Under unfavourable environmental conditions, the yeast cell induces a common set of
functional changes as a broad response to stress. These changes include, on one hand,
reduction in activities linked with cell proliferation and protein synthesis, anabolic
pathways and other processes associated with high energy expense, and, on the other,
increase in activities related to protection and repair of damage of different molecules
(DNA, proteins and lipids) and cellular structures. Gasch et al. (2000) reported that there are
changes in a common set of about 900 genes (termed “environmental stress response” - ESR)
in response to 12 different adverse environmental transitions, which mainly depend on the
transcription factors Yapl, Msn2 and Msn4. From the 900 genes of the ESR, =600 are
repressed and ~ 300 are induced. The last set incorporates approximately 50 genes
previously described as part of general stress response and which bear the stress response
element (STRE) promoter sequence recognized by Msn2p and Msn4p. The different
environmental conditions not only produce a set of common changes, probably accounting
for the cross-resistances to different unrelated stress, but also generate specific responses
reflecting the particular cell targets for each stress. Genome-wide functional analyses using
the yeast disruptome, as well as gene expression profiling, have been exploited to identify
key components of stress response induced by different weak carboxylic acids, namely
sorbic, citric, benzoic, propionate, lactic and acetic acids (Abbot et al., 2008; Kawahata et al.,
2006; Mira et al., 2009, 2010; Mollapour et al., 2004; Schuller et al., 2004). The first studies
combining the two approaches were performed with sorbic acid. They were used to identify
key players in biological response to the acid and to differentiate the essential genes from
those displaying expression changes but which were not critical, or even relevant, for the
ability of the cell to cope with a particular stress (Schuller et al., 2004). In this line, it was
observed that although most of the genes induced by sorbic acid stress were dependent on
the Msn2/4 transcription factors, the double knockout mutant was not more sensitive to
sorbate stress. Resistance to sorbic acid, on the other hand, is predominantly associated with
the activities of the previously described efflux pump Pdr12 (Piper et al., 1998) and of its
dedicated transcription factor Warlp. Oxidative stress-sensitive mutants, as well as mutants
defective in mitochondrial function, vacuolar acidification and protein sorting (vps),
ergosterol biosynthesis (erg mutants) and in actin and microtubule organization were also
identified as sorbate-sensitive by genome-wide screening (Mollapour et al., 2004). Sorbate
resistance increased with deletion of 34 genes categorize in several different functions,
including TPK2, coding for one of the protein kinase A (PKA) isoforms, and the genes
coding for the Yap5 transcription factor, two B-type cyclins (Clb3p, Clb5p), and a plasma
membrane calcium channel activated by endoplasmic reticulum stress (Cchlp/Midlp).
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Lawrence et al. (2004) combined genome-wide phenotypic studies, expression profiling and
proteome analysis to investigate citric acid stress. These authors described for the first time
the involvement of mitogen-activated protein kinase (MAPK) high-osmolarity glycerol
(HOG) pathway in the regulation of stress induced by a weak acid. Sixty nine mutants
displaying sensitivity to 400 mM citric acid (pH 3.5) were detected in the screening, but no
resistant strains were found. Citric acid up-regulated many stress response genes. However,
in accordance with the results from the sorbic acid study, little correlation is observed
between gene deletions associated with the citric acid-sensitive phenotype and those with
measurable changes in the levels of transcript or protein expressed, although they belong to
the same gene ontology families. Also, as found for sorbic acid, vacuolar acidification seems
to be crucial for adaptation to citric acid. Transcription factors mediating glucose
derepression, enzymes involved in amino acid biosynthesis and a plasma membrane
calcium channel seem essential for adaptation to citric acid as well.

Applying genome-wide functional analysis and gene expression profiling to the study of
acidic stress caused by lactic and acetic acid revealed a connection between Aftlp-regulated
intracellular metal metabolism and resistance (Kawahata et al., 2006). As for sorbic and citric
acids, vacuolar acidification and the Hoglp pathway seem to be important for resistance to
lactic and acetic acid at low pH. In accordance, a sub-lethal growth inhibitory concentration
of acetic acid was shown to promote the phosphorylation of Hoglp and Slt2p, two MAP
kinases in Saccharomyces cerevisiae (Mollapour & Piper, 2006). However, from the 101 viable
kinase mutants of the Euroscarf collection, only hoglA, pbs2A, ssk1A and ctk2A exhibited
deficient growth in the presence of acetic acid. Activation of Hoglp by acetic acid was
shown to depend on the presence of SSK1 and PBS2, but not of SHO1 or STE11. In the same
screening, loss of the cell integrity MAP kinase (Slt2p/Mpklp) was found to slightly
increase acetate resistance. In what concerns the known plasma membrane sensors of MAPK
pathways, acetate-induced Hoglp activation appears to involve the Slnlp, as also found for
citric acid (Lawrence et al.,, 2004), whereas Slt2p activation was dependent on Wsclp
(Mollapour et al., 2009). It was also shown that the activation of Hoglp by acetic acid causes
the removal of protein-channel Fpslp from the plasma membrane and limits the
accumulation of the acid (Mollapour & Piper, 2007). The transcription factor Haalp was also
associated with resistance to acetic acid in glucose medium, where the knockout mutant
displayed an increased lag phase (A. R. Fernandes et al.,, 2005). This effect was mainly
attributed to the downregulation of genes coding for the plasma membrane multidrug
transporters, TPO2 and TPO3, and for the cell wall glycoprotein, YGP1. Genome-wide
screening of the S. cerevisiae Euroscarf mutant collection identified 650 determinants of acetic
acid tolerance, clustering essentially in the functional categories of carbohydrate
metabolism, transcription, intracellular trafficking, ion transport, biogenesis of
mitochondria, ribosome and vacuole, and nutrient sensing and response to external
stimulus (Mira et al., 2010). Accordingly, a proteomic analysis of S. cerevisiae cells treated
with  acetic acid revealed that proteins from amino-acid biosynthesis,
transcription/translation machinery, carbohydrate metabolism, nucleotide biosynthesis,
stress response, protein turnover and cell cycle are affected (Almeida et al., 2009). Twenty
eight transcription factors were identified as required for acetic acid resistance, from which
Msn2p, Skn7p and Stb5p were found to have the highest percentage of targets among the
genes required for acetic acid tolerance. The transcription factor Rim10lp, previously
described to counteract propionic acid-induced toxicity (Mira et al., 2009), was also found to
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be necessary for acetic acid resistance. Differential transcriptome profiling in response to
acetic acid revealed changes in the expression of 227 genes (Li & Yuan, 2010). The
downregulated genes are associated with mitochondrial ribosomal proteins and with
carbohydrate metabolism and regulation, whereas those related to arginine, histidine, and
tryptophan metabolism were upregulated. Data indicated that acetic acid disturbs
mitochondprial functions at translation, electron transport chain and ATP production levels,
interrupts reserve metabolism (glycogen and trehalose metabolism and glucan synthesis),
and regulates the central carbon metabolism and amino acid biosynthesis in yeast.

3. Cell death induced by acetic acid and its dependence on the temperature

Temperature profiles are an expression of the temperature dependence of growth and death
in batch culture. Metabolites that accumulate in the medium and added drugs of industrial,
medical or general scientific interest may profoundly change the temperature profile of
yeast. Analysis of such modified profiles may shed light on the nature and localization of
the targeted sites. Moreover, this analysis allows for predictions of the temperature-
dependence of yeast performance in industrial fermentations and the effects of the
temperature on the cytoxicity of preservatives on yeast in food, wine and other beverages
(van Uden, 1984). It was shown that in S. cerevisiae, under certain conditions, acetic acid
compromises cell viability and ultimately results in two types of cell death, high (HED) and
low enthalpy (LED) cell death (Pinto et al., 1989). At concentrations similar to those that may
occur during vinification and other alcoholic yeast fermentations, acetic acid and other weak
acids enhance thermal death, causing a shift of the lethal temperatures of glucose-grown cell
populations of S. cerevisine to lower values. This type of cell death (HED) represents a
thermal death enhanced exponentially by the acid which predominates at lower acetic acid
concentrations (<0.5%, w/v) and higher temperatures. The knowledge acquired by the
study of HED is of practical importance since the HED contributes to the so called "heat-
sticking" of alcoholic yeast fermentations, particularly of red wine and fuel ethanol
fermentations in warm countries in the absence of efficient temperature control. The second
type of death (LED) induced by acetic acid occurred at intermediate and lower temperatures
at which thermal death is not detectable, and could be considered a consequence of the
cytoplasm acidification. Ethanol and other alkanols also induced these types of cell death,
but acetic acid is over 30-times more toxic than ethanol. Cell death induced by acetic acid
alone or with ethanol is strongly dependent not only on growth phase and pre-culture
conditions of the cells before exposure to acetic acid, but also on the experimental
conditions. Culture parameters such as temperature, pH, oxygen and nutrient availability,
and, in particular, glucose concentration which determines the proportion between
fermentative and respiratory metabolism, influence the percentage of dead cells in response
to a given dose of acetic acid.

It was also observed that acetic acid and other weak acids enhanced death in glucose-grown
cells of the spoilage yeast Z. bailii, but the effects were much lower than those described for
S. cerevisiae, and only detectable at higher acid concentrations (Fernandes et al., 1999). Z.
bailii is more resistant than S. cerevisiae to short-term intracellular pH changes caused by
acetic acid (Arneborg et al., 2000). Furthermore, while in S. cerevisize the enhancement of
death by weak acids at intermediate temperatures could be considered a consequence of the
acidification of the cytoplasm, in Z. bailii the intracellular acidification induced by weak
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acids is less pronounced and appears not to have a significant role in death at such
temperature range. This reinforces the idea that in Z. bailii, as opposed to S. cerevisiae, weak
acids in general and acetic acid in particular only enhance thermal death and not LED,
which may occur at lower temperatures. Furthermore, significant HED at these lower
temperatures requires rather high concentrations of the toxic compounds, which, at least in
the case of acetic acid, are much less realistic for alcoholic fermentations than the ones that
induced significant death of this type in S. cerevisinze. As a consequence, it could be
postulated that cell viability of Z. bailii will not be significantly affected, even at the end of
the normal alcoholic fermentation processes, where the concentration of ethanol is high.
Specifically in wine, this property of Z. bailii may be associated with its presence at the end
of the process where the environmental conditions are too severe to allow survival of S.
cerevisiae. As referred above the ability of Z. bailii to use acetic acid simultaneously with
glucose, even at low pH values such as 3.5, in contrast to S. cerevisiae, which is often unable
to metabolize the acid under these conditions, probably contributes to those different
patterns of behavior between the two species (Sousa et al., 1998). The responses of the yeast
to stress conditions could be considered using both non- and adapted cells. Adaption of cells
to acetic acid in the growth medium modifies the cell death sensitivity pattern to acid
environments. In Z. bailii, the negative effects induced by acetic acid in cell viability were
only slightly lower in adapted than in non-adapted cells, which is consistent with the fact
that in Z. bailii transport and intracellular acetic acid metabolism operate independently of
the presence of glucose in the growth medium.

4. Acetic acid as an inducer of programmed cell death

In previous sections we focused on the cytotoxic effects of acetic acid and on the cellular
responses triggered by the acid. This section encompasses the characterization of the cell
death process induced by acetic acid, and covers the main molecular components/pathways
involved and their regulation.

4.1 Molecular components and pathways

The first studies regarding the assessment of cell structural and functional changes
associated with acetic acid-induced cell death in populations of S. cerevisize were performed
by flow cytometry multiparametric analysis combining different viability dyes (Prudéncio et
al., 1998). Kinetic changes in esterase activity, intracellular dye processing, and membrane
integrity were monitored, and to detect those changes three assays involving fluorescein
diacetate hydrolysis, FUN-1 processing, and propidium iodide exclusion, were used,
respectively. This approach allowed establishing the temporal order of appearance of the
cell changes that pointed to the decrease in the ability to process FUN-1, which preceded the
decrease in esterase activity, and was followed by the loss of cell membrane integrity after
incubation with acetic acid. Together, these results suggested an intracellular localization of
the acetic acid cellular target(s) in an early phase of cell death, rather than on the cellular
membrane which occurred much later. Nevertheless, the flow cytometric analysis of
mitochondrial membrane potential, A¥m, (determined by rhodamine 123 staining) and
plasma membrane integrity (determined by PI staining) showed that in S. cerevisiae acetic
acid treatment (1.0% and 1.8% v/v, pH 3.0 for 130 min.) affects the proliferative capacity
that is followed by the loss of plasma membrane integrity, and later by the loss of ability
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of mitochondria to specifically stain with Rh123. In contrast, acetic acid treatment (1.8% and
3% v/v, pH 3.0 for 130 min.) of Z. bailii cells affects much less the ability of mitochondria to
specifically stain with Rh123, and the loss of plasma membrane integrity observed for
higher acetic acid concentrations is correlated with the loss of proliferative capacity
(Ludovico 1999). Altogether these results clearly indicate that plasma membrane and
mitochondria are targeted by acetic acid in S. cerevisiae at lower concentrations than in Z.
bailii cells in accordance with the higher resistance phenotypes of the latter species. As
mentioned above, acetic acid induces a PCD process in S. cerevisine which shares common
features with an apoptotic phenotype (Ludovico et al., 2001). It was found that acetic acid in
concentrations between 20 and 120 mM induces a cycloheximide-inhibitable PCD process in
exponentially growing S. cerevisiae cells that displays the most common apoptotic hallmarks,
such as: (i) chromatin condensation along the nuclear envelope verified by transmission
electron microscopy and DAPI staining; (ii) exposure of phosphatidylserine on the surface
of the cytoplasmic membrane revealed by the FITC-annexin V reaction; and (iii) occurrence
of internucleosomal DNA fragmentation demonstrated by the terminal deoxynucleotidyl
transferase-mediated dUTP nick end labeling (TUNEL) assay. Exposure of cells to a higher
acetic acid concentration (200 mM) resulted in cell death that was not inhibited by
cycloheximide and was accompanied by ultrastructural alterations typical of necrosis.
Pulsed field gel electrophoresis of chromosomal DNA from stationary phase cells dying by
apoptosis after exposure to acetic acid (175 mM) revealed DNA breakdown into fragments
of several hundred kilobases, consistent with the highly order chromatin degradation
preceding DNA laddering in apoptotic mammalian cells (Ribeiro et al., 2006).

Caspases (cysteine aspartic proteases), key components of the mammalian apoptotic
machinery, have a crucial role in cell dismantling. The metacaspase Ycalp, the only yeast
ortholog of mammalian caspases identified so far, is activated in cells undergoing acetic
acid-induced apoptosis in a manner strongly dependent on the cell growth phase (Pereira et
al., 2007). Kexlp has been characterized as a serine carboxypeptidase B-like protease
responsible for processing of prepro-factor (mating pheromone) as well as K1 and K2 killer
toxin precursors (Bussey 1988; Fuller et al., 1988) while traversing the secretory pathway.
This protease, besides being involved in PCD caused by defective N-glycosylation
(Hauptmann et al., 2006), also contributes to the active cell death program induced by acetic
acid stress. In fact, during cell death induced by acetic acid, the deletion of KEX1 led to
increased survival of cells and also a reduced production of ROS (Hauptmann et al., 2008).
Though, as referred above, Ycalp was shown to be involved in acetic acid induced cell
death, a caspase-independent route was also postulated (Guaragnella et al., 2006). Kex1p
may be engaged in and contribute to this pathway, albeit its precise function in the cascade
remains to be determined. The role of the proteasome in PCD is rather controversial. While
proteosome inhibition has been found to induce PCD in certain mammal and plant cell
contexts (Shinohara et al.,, 1996, Kim et al.,, 2003), transient proteasome activation is
necessary for protein degradation during acetic acid-induced apoptosis in yeast (Valenti et
al., 2008).

Similar to S. cerevisiae, acetic acid also induces in Z. bailii either an apoptotic or a necrotic
death process, depending on the acid concentration. However, in Z. bailii the PCD process
was found to occur at higher acetic acid concentrations (320-800 mM), described to be
necrotic for S. cerevisiae. This is consistent with the higher resistance of Z. bailii compared to
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that of S. cerevisine as discussed above. The observation that acetic acid-induced PCD can
occur not only in S. cerevisiae but also in Z. bailii (Ludovico et al., 2003) and Candida albicans
(Phillips et al., 2003) reinforces the concept of a physiological role of the PCD in the normal
yeast life cycle and raises the possibility that this mode of cell death is generalized in yeast.

4.2 The involvement of mitochondria

Like in mammalian cells, the PCD process triggered by acetic acid in yeast can be mediated
by mitochondria (Ludovico et al., 2002). Biochemical and molecular evidence provided by
such studies included the accumulation of mitochondrial reactive oxygen species (ROS),
transient hyperpolarization followed by depolarization, decrease in cytochrome oxidase
activity (COX) linked to a specific decrease in the amounts of COX II subunit, affecting
mitochondprial respiration, and release of lethal factors like cytochrome c (cyt c). Though in
apoptosis induced by hyperosmotic shock (Silva et al., 2005) a causal relationship between
cyt ¢ release and caspase activation was established, this has not been shown for most of the
apoptotic scenarios in yeast. Moreover, components downstream release of cyt ¢ have not
yet been identified in yeast. Therefore, the formation of a mammalian apoptosome-like
structure in yeast and the precise role of cyt c release in cells undergoing apoptosis need
further research. The acetic acid-induced PCD process was found to be independent of
oxidative phosphorylation because it was not inhibited by oligomycin treatment. The
inability of S. cerevisize mutant strains (lacking mitochondrial DNA, heme lyase, or ATPase)
to undergo acetic acid-induced PCD and the absence of cyt ¢ release in the ATPase mutant
(knockout in ATPI10) provides further evidence that the process is mediated by a
mitochondria-dependent apoptotic pathway (Ludovico et al., 2002). Accordingly, disruption
of the genes CYC1 and CYC?7 rescued cells against acetic acid-induced PCD (Guaragnella et
al., 2010a). ROS, in particular hydrogen peroxide, are mediators rather than by-products in
S. cerevisiae cells committed to apoptosis triggered by acetic acid (Guaragnella et al., 2007).
This interpretation was further confirmed by the protection against acetic acid-induced PCD
afforded by the overexpression of cytosolic catalase (Guaragnella et al.,, 2008). As
aforementioned, mitochondrial outer membrane permeabilization (MOMP) is a crucial step
in the apoptotic pathway. This triggers the release of proteins from the mitochondrial
intermembrane space into the cytosol, where they ensure propagation of the apoptotic
cascade and execution of cell death. Opening of a mitochondrial pore called the
permeability transition pore complex (PTPC), which leads to the swelling of mitochondria
and rupture of the mitochondrial outer membrane, has been put forward as one of the
mechanisms underlying mammalian MOMP. Although the molecular composition of the
pore is not completely defined, it has been proposed that its major components are the
adenine nucleotide transporter (ANT), the voltage dependent anion channel (VDAC) and
cyclophilin D (for a review see Kinnally et al., 2011). Yeast genetic approaches revealed that
while deletion of POR1 (yeast VDAC) enhances apoptosis triggered by acetic acid, absence
of ADP/ATP carrier (AAC) proteins (yeast orthologs of ANT) protects cells exposed to
acetic acid (Pereira et al., 2007). Absence of AAC proteins and the consequent impairment of
cyt ¢ release do not completely prevent acetic acid-induced apoptosis, suggesting that
alternative cyt c-independent pathways are involved. One such pathway may be the
translocation of Aiflp, the yeast apoptosis inducing factor, from the mitochondria to the
nucleus in response to acetic acid (Wissing et al., 2004). Mammalian AIF is a bifunctional
NADH oxidase which has a pro-survival role when localized in the mitochondrial
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intermembrane space through its involvement in mitochondrial respiration, and a lethal
function upon translocation to the nucleus through a caspase-independent apoptotic process
(Vahsen et al., 2004 ; Susin et al., 1999). Yeast Aiflp shares the same localization and death
executing pathways as mammalian AIF, and dependence on cyclophilin A (CypA) but is
partially dependent on caspase action (Wissing et al., 2004). It was recently shown that
mammalian AIF mediates a programmed necrosis pathway independent of apoptosis and
involving other molecules such as poly(ADP-ribose) polymerase PARP-1, calpains, Bax, Bcl-
2, histone H2AX, and cyclophilin A (Delavallée et al., 2011). The yeast Ycalp is required for
cyt ¢ release (Guaragnella et al.,, 2010b) and the antioxidant N-Acetyl-L-cysteine (NAC)
prevents acetic acid induced cell death by scavenging hydrogen peroxide, and inhibiting cyt
c release and caspase activation (Guaragnella et al., 2010a). This supports the occurrence of a
ROS-dependent acetic acid induced PCD. Because NAC does not prevent cells lacking
Ycalp and cyt ¢ to undergo PCD induced by acetic acid, it was proposed that a ROS-
independent PCD can also be induced by the acid.

It was observed that during a variety of apoptotic scenarios in mammalian cells the
interconnected mitochondrial network converts into punctiform morphology at early times,
a process known as thread-grain transition (see reviews Parone et al., 2006; Scorrano et al,;
2005; Youle et al.,, 2005). This apoptotic fragmentation was proposed to be due to the
activation of the physiological fission machinery, which proved also to influence the path of
apoptosis (Frank et al., 2001). Inhibition of the mitochondrial fission machinery in mammals,
including Drpl, ortholog of yeast Dnmlp, and Fislp, impairs not only apoptotic
fragmentation of the mitochondrial network but also cyt c release and the process of death
itself (Frank et al.,, 2001; James et al., 2003). In yeast apoptosis induced by different
compounds (Fannjiang et al., 2004; Kitagaki et al., 2007; Pozniakovsky et al., 2005) or upon
heterologous Bax expression (Kissova et al., 2006) mitochondria also undergo extensive
fragmentation suggesting it to be a general feature of yeast PCD. The mitochondrial fission
protein Dnmlp and its two interactors, Mdvlp and Fislp, have been implicated in the
execution of the yeast apoptotic program induced by acetic acid (Fannjiang et al., 2004).
Deletion of DNM1 or MDV1/NET2 inhibits cell death induced by acetic acid. Interestingly,
Dnm1lp-deficiency protected cells from death more efficiently than from mitochondrial
fragmentation. This suggests that the absence of Dnmlp in yeast might confer protection
against cell death also by mechanisms other than those related to fission of the
mitochondria. In S. cerevisiae, Fislp is evenly distributed along the mitochondrial surface,
where it functions as a receptor to recruit Dnmlp from the cytosol to mitochondria (Modzi
et al., 2000). The fact that the double mutant dnm1Afis1A behaved like dnm1A led Fannjiang
et al. (2004) to propose that Fislp inhibits the action of Dnm1p, thus promoting cell survival.
The pro-survival role of Fislp in yeast was a surprise since in mammalian cells
overexpression of FIST not only triggers mitochondrial fission but also cyt c release and
apoptosis (James et al., 2003). Nevertheless, a recent study revealed that deletion of FIS1
essentially selects for a secondary mutation in the stress-response gene WHI2 that confers
sensitivity to cell death (Cheng et al., 2006).

Nuclp, the yeast ortholog of the mammalian endonuclease G, also mediates apoptosis
induced by acetic acid (Buttner et al., 2007). This protein shares with other
mitochondrially located yeast cell-death regulators, like cyt ¢ and Aiflp, and with their
mammalian counterparts, a role in cell proliferation and in cell death. Furthermore, it was
found that Nuclp-mediated death is independent of Ycalp and Aiflp. Instead, the Aac2p,
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karyopherin Kap123p, and histone H2B interact with Nuclp and are required for cell
death upon Nuclp overexpression, suggesting a pathway in which mitochondrial pore
opening, nuclear import, and chromatin association are successively involved in EndoG-
mediated death (Buttner et al., 2007). Ysp2p is another mitochondrial protein with a direct
function in mitochondria-mediated PCD, since its absence hinders mitochondrial thread-
to-grain transition and confers resistance to acetic acid-induced PCD (Sokolov et al., 2006).

4.3 The involvement of the vacuole

In the last decade, it has been demonstrated that organelles other than mitochondria are also
engaged in the regulation of mammalian cell death processes (for a revision see Boya et al.,
2008; Johansson et al., 2010; Repnik et al., 2010). Mammalian cells in response to different
death stimuli may entail mitochondrial membrane permeabilization associated with the
release of pro-apoptotic factors into the cytosol, as well as lysosomal membrane
permeabilization (LMP) coupled with the release of cathepsins. Cathepsin D (CatD) has
emerged as a central player in the apoptotic response. It was found that, following LMP,
CatD is released into the cytosol and triggers a mitochondrial apoptotic cascade. However,
CatD can have anti-apoptotic effects in some cellular types and specific contexts. Indeed, it
is generally accepted that CatD is overexpressed and plays an important role in cancer cells
(Masson et al.,, 2010). Pro-CatD outside the cells induces proliferation, angiogenesis,
invasion and metastasis (Benes et al., 2008). Additionally, it was demonstrated that
inhibition of CatD with pepstatin A induces caspase-dependent apoptosis in neuroblastoma
cell lines (Kirkegaard & Jddtteld, 2008) and that overexpression of intracellular CatD in
mouse xenografs using rat derived cell lines inhibits apoptosis (Masson et al., 2010). It was
also reported that CatD downregulation sensitizes neuroblastoma cells to doxorubicin-
induced apoptosis, while the opposite effect is observed for CatD overexpression
(Sagulenko et al., 2008). In contrast, CatD mediates cyt ¢ release and caspase activation in
staurosporin-induced apoptosis in human fibroblasts (Johansson et al., 2003). It is therefore
apparent that CatD can have opposite roles in apoptosis and that the lysosome is
intrinsically connected to apoptosis through LMP.

In yeast, the vacuole seems to play a similar role to lysosomes in the regulation of apoptosis.
The first study on the involvement of the vacuole in yeast apoptosis, concerns the
translocation of the vacuolar protease Pep4p, the ortholog of the human CatD, into the
cytosol during H2O»-induced apoptosis (Mason et al., 2005). It was found that, in an early
phase of cell death, ROS levels and nuclear permeability increase while cell viability drops.
In a later phase, the vacuolar membrane becomes permeable and provides access of the
protease to nucleoporin substrates. Similar to the partial lysosomal membrane
permeabilization observed during mammalian apoptosis, the release of Pep4p-EGFP from
the vacuole is not linked to a rupture of the vacuolar membrane, as evidenced by a vacuolar
lumen morphologically distinct from the cytosol. However, PEP4 deleted cells are not
protected from H>O»-induced cell death. This may be explained by the fact that migration of
Pep4p out of vacuoles and nucleoporin degradation occurs only after the cells are nonviable.
Release of Pep4p from the vacuolar compartment is also observed in an End3p deficient
mutant displaying actin cytoskeleton stabilization-induced apoptosis (Gourlay et al., 2006).
However, a role for this protease in actin-stabilized dying cells was not ascertained by the
authors. Another study also documented the involvement of the vacuole in yeast apoptosis.
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Deletion of class C vacuolar protein sorting genes results in drastically enhanced sensitivity
of yeast to treatment with acetic acid and leads to a necrotic death, whereas death is mainly
apoptotic in the wild type strain. These data indicate that a functional vacuole is required for
a regulated cell death process through apoptosis (Schauer et al., 2009).

The occurrence of mitochondrial degradation following apoptosis induction is a common
feature of mammalian cells and is often considered critical for its progression (reviewed in
Tolkovsky et al., 2002). This event is generally mediated by lysosomes and usually occurs
through an autophagic process that shows selectivity for mitochondria, termed mitophagy
(Lemasters, 2005). Recent evidence supports the view that the PTP could be the trigger for
mitochondrial degradation (Kim et al., 2007; Rodriguez-Enriquez et al., 2006). However,
removal of mitochondria is not always dependent on the autophagic machinery (Matsui et
al., 2006). In yeast cells undergoing apoptosis, mitochondrial degradation has been reported
(Fannjiang et al., 2004). Heterologous expression of Bax (Kissova et al., 2007), mitochondrial
dysfunction (Priault et al.,, 2005), osmotic swelling (Nowikovsky et al., 2007) and
homeostasis of stationary phase cells (Tal et al., 2007) were also associated to selective
removal of mitochondria. It was recently found that autophagy is not active during acetic
acid-induced apoptosis (Pereira et al., 2010). Indeed, no increase in the amount of Atg8p, an
essential autophagosome component, or in the activity of a truncated form of alkaline
phosphatase, which activation is dependent on the induction of autophagy, is detected
during acetic acid-induced apoptosis. Accordingly, deletion of ATG5, another component of
the yeast autophagic machinery, did not affect cell survival. Alternatively to autophagy, the
vacuolar protease Pep4p, ortholog of the human Cat D, was translocated to the cytosol and
played an important role in mitochondrial degradation. Transmission electron microscopy
analysis of the dying cells showed that vacuolar membrane integrity was preserved and
plasma membrane integrity was maintained. Hence, Pep4p release seems to involve partial
permeabilization of the vacuolar membrane rather than an extensive permeabilization
typical of necrotic death. Taken together, these results suggested that Pep4p could have a
role in apoptotic cell death similar to that of mammalian CatD. Instead, deletion of Pep4p
confers higher susceptibility to acetic acid (Pereira et al., 2010) and leads to combined
apoptotic and necrotic cell death during chronological aging (Carmona-Gutierrez et al.,
2011) pointing to a function in cell protection rather than in the execution of cell death.
Sustaining this hypothesis, cells overexpressing Pep4p displayed a higher resistance to
acetic acid (Pereira et al., 2010) and an extension of chronological aging particularly through
the anti-necrotic function of this protease rather than through its anti-apoptotic role
(Carmona-Gutierrez et al., 2011). Pep4p deficient cells, like the wild type strain, exhibit
mitochondrial dysfunction but are delayed in mitochondrial degradation during acid-
induced apoptosis. On the other hand, Pep4p overexpression slightly enhanced
mitochondrial degradation under the same conditions. Therefore, the process of removing
damaged mitochondria apparently has a protective role in acetic acid-treated cells, although
it is likely not the only factor affecting cell viability. Though the involvement of the vacuole
and Pep4p in mitochondrial degradation is autophagy-independent, the precise mechanism
is unknown. It is however apparent that this process also involves non-vacuolar proteins.
Indeed, AAC-deficient cells show a decrease in mitochondrial degradation in response to
acetic acid as well, and are not defective in Pep4p release. Therefore, AAC proteins seem to
affect mitochondrial degradation at a step downstream to Pep4p release, possibly triggering
degradation through their involvement in mitochondrial permeabilization. Accordingly, the
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sensitization of cells to acetic acid by deletion of PEP4 was dependent on AAC proteins,
again suggesting these proteins act downstream of Pep4p in the apoptotic cascade
(unpublished results). Moreover, it was proposed that the AAC proteins relay a signal of
mitochondrial dysfunction, targeting their destruction. Taken together, the aforementioned
observations suggest that vacuole and mitochondria destabilization, as measured by Pep4p
and cyt c release, respectively, are events in the cell death cascade. Even though CatD, the
mammalian ortholog of Pep4p, was shown to have a role in cell death by triggering
mitochondrial dysfunction and subsequent release of mitochondrial proteins, some studies
have shown an inhibitory role for CatD in apoptosis. Since autophagy is not active in cells
undergoing acetic acid-induced apoptosis, vacuolar membrane permeabilization associated
with the release of Pep4p may act as an alternative mitochondrial degradation process. The
cytosolic acidification induced by acetic acid, associated with inhibition of autophagy may
favor the activity of Pep4p after its release from the vacuole. These results unveil a complex
regulation and interplay between mitochondria and the vacuole in yeast PCD.

Acetic acid has also been shown to induce apoptosis in a mammalian cell model. It has been
demonstrated that the short chain fatty acids (SCFA) acetic and propionic acids produced by
dietary propionibacteria in the human intestine induce cell death in colorectal carcinoma cell
lines (CRC) by a mitochondrial-dependent apoptotic pathway (Jan et al., 2002; Lan et al.,
2007) as described for yeast cells (Ludovico et al.,, 2001, 2002). SCFA induced nuclei
shrinkage, chromatin condensation, nuclei fragmentation into apoptotic bodies and
activation of pro-caspase 3. Moreover, it was shown that the mitochondrial dysfunctions
induced by SCFA in CRC cells are similar to those observed in yeast, and can also be
partially inhibited by expression of anti-apoptotic members of the Bcl-2 protein family (Jan
et al., 2002; Saraiva et al., 2006). Jan and co-workers determined that the adenine nucleotide
transporter (ANT), a putative component of the mammalian PTPC, was a potential SCFA
target. Likewise, AAC proteins, the yeast orthologs of ANT, are targets in the acetic acid-
induced apoptosis pathway (Pereira et al., 2007). The observation that acetic acid triggers a
mitochondrial apoptotic pathway in both yeast and CRC cells further supports the use of the
yeast model system to provide insights towards enhanced understanding of the function of
mitochondria in cell death. It would be interesting to assess whether acetic acid induces
LMP and release of CatD in CRC cell lines. This may provide valuable insights into the
enhanced understanding of the function of lysosomes in cell death and their crosstalk with
mitochondria.

The peroxisome is another organelle that is involved in cell death in yeast (Jungwirth et al.,
2008). Indeed, cells lacking PEX6, encoding a peroxisomal membrane protein involved in a
key step of peroxisomal protein import, display an increased accumulation of reactive
oxygen species and an enhanced loss of viability upon acetic acid treatment associated with
markers of necrosis. Nevertheless, it remains to be elucidated whether this necrotic death is
a regulated process.

4.4 Apoptotic signaling pathways

To date, few reports on the apoptotic-related signal transduction pathways have been
published in yeast. Indeed, most studies regarding yeast apoptosis have encompassed
mainly the identification of different apoptotic triggers and the components/regulators of
apoptotic death. Several functional genetic analysis and pharmacological-based approaches
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allowed identifying components of yeast signalling cascades that, similarly to their
mammalian counterparts, are engaged in conveying the information to the apoptotic
apparatus. Not surprisingly, cell death signalling pathways in high eukaryotes are
conserved and involved in the modulation of apoptosis in yeast.

The first evidence linking RAS/cAMP/cAMP-dependent protein kinase (PKA) pathway
signalling to acetic acid-induced apoptosis in yeast came from the study by Phillips et al.
(2006) with Candida albicans. Mutations that block Ras-cAMP-PKA signalling (ras1A, cdc35A,
tpk1A, and tpk2A) suppress or delay the apoptotic response, whereas mutations that
stimulate signalling (RASIvall3 and pde2A) accelerate the rate of entry into apoptosis.
Consistently, pharmacological inhibition or stimulation of Ras signalling delay or promote
apoptosis. Similar to the C. albicans ras1 mutant, RAS2 deletion is able to decrease cell death
induced by acetic acid in S. cerevisize (Ramsdale, 2006; Burtner et al., 2009). Transient
mitochondrial hyperpolarization and ROS production (Ludovico et al., 2002) together with
an increase in intracellular Ca2* concentration (Pereira, C., Sousa, M.]. & Corte-Real M.,
unpublished data) was found in response to acetic acid, pheromone and amiodarone. This
indicates that these three stimuli converge into common death pathways. Moreover, since
both pheromone- and acetic acid-induced apoptosis are inhibited by cycloheximide, it
presumes transcriptional activation of target genes by upstream signalling cascades. Indeed,
pheromone activates a calmodulin/calcineurin-controlled MAPK pathway (Severin et al.,
2002) and the Ras pathway signals yeast apoptosis induced by harsh environmental stress,
such as acetic acid (Phillips et al., 2003). Intracellular Ca2* increase and ROS production are
common features in these three scenarios, whereas intracellular acidification was only
reported when death is induced by weak carboxylic acids, including acetic acid (Cardoso &
Leao, 1992; Sokolov et al., 2006). Notably, death during chronological aging, measured as
the loss of cell viability over time of stationary phase cells, is associated with acidification of
the medium, and its neutralization by pH buffering compounds abolishes death. Sod2p and
signalling through Ras-cAMP-PKA, including the transcription factors Msn2 and Msn4,
were also shown to play a crucial role in the regulation of yeast chronological aging and
death program (Fabrizio et al.,, 2004). Recently, a model for acetic acid as a cause of
chronological aging has been proposed based on the observation that many modifiers of
chronological life span also modulate acetic acid resistance. Most relevant, and besides
Ras2p referred above, deletion of Sch9p kinase increases both CLS and acetic acid resistance
in a Rim15p and Gislp dependent manner (Burtner et al., 2009).

More recently, the combination of a proteomic approach using 2-DE and MS for the analysis of
total cellular extracts, together with functional studies of S. cerevisiae cells treated with acetic
acid, indicated that acetic acid causes severe intracellular amino-acid starvation, involving the
general amino-acid control system as well as the TOR pathway (Almeida et al., 2009). Indeed,
cells lacking Gendp/Gen2p and Torlp displayed a higher resistance to acetic acid, which in the
latter case was associated with a TUNEL negative phenotype and lower ROS levels. In
addition, cells lacking downstream mediators of the TOR pathway revealed that apoptotic
signaling involves the phosphatases Pph21p and Pph22p but not Sit4p.

5. Conclusion

Acetic acid was early recognised as a common toxic agent present in different
biotechnological processes associated with negative effects on the fermentative yeast. As
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mentioned above, knowledge on yeast stress mechanisms in response to acetic acid has
already had an impact on the construction of industrial strains with improved performance
in biotechnological processes (Zhang et al., 2011). However, most studies on stress response,
including the latest on the evaluation of resistance to acetic acid at a genome-wide scale,
have only been focused on the ability of yeast to divide and grow in the presence of toxic
agents. Studying the effect of gene deletions on cell growth, however, does not provide the
full picture of the determinants for stress resistance and survival under stress. In the last
decade, acetic acid has been identified as an inducer of a programmed cell death (PCD)
process. The recognition that different lethal stimuli, such as acetic acid, trigger a regulated
death in yeast provides a new basis for future breeding strategies of industrial strains with
improved cell survival. Thus far, the occurrence in yeast of a regulated cell death has not
been exploited to control yeast performance in industrial processes. Moreover, no genome-
wide studies have been performed until now regarding the elucidation of the mechanisms
underlying acetic acid-induced PCD and of its regulatory pathways. Therefore, a complete
picture of the main executors and regulators involved in acetic acid-induced PCD in yeast is
still missing. A new genome-wide analysis could allow identifying genes involved in the
execution of acetic acid induced-PCD and also of those involved in its regulation. This high-
throughput approach will likely provide information on new putative targets for the control
of acetic acid-induced PCD and ultimately will allow improving the performance of
industrial yeast strains, and to design new strategies for food preservation by inhibiting or
activating the PCD process, respectively. An overview of the current knowledge on targets
and pathways underlying PCD induced by acetic acid is shown in Fig. 1.
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Fig. 1. Current knowledge on targets and pathways underlying PCD induced by acetic acid
in Saccharomyces cerevisiae.
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A major challenge in the future regarding stress and PCD in response to acetic acid will be
to get a clearer picture on the different activated signalling pathways and of the crosstalk
between them, and to comprehend how multiple cell targets and different types of damage
lead the yeast cell to commit to a regulated form of suicide. As discussed above, different
signalling pathways share several components, allowing the cell to convey the signal
through a complex communication network. Regarding PCD induced by acetic acid, it was
already shown that it targets mitochondria and the vacuole and probably other organelles,
and induces different types of damage. It would be important to clarify how these
organelles communicate and the different types of damage interact to ultimately trigger cell
death, and whether they act in an independent, additive or synergistic manner.
Understanding how the distinct stress signalling pathways communicate and how different
types of death-associated damage contribute to cellular dysfunction in yeast is likely to
prove informative about mammalian stress responses and PCD induced by acetic acid.
Although acetic acid has been shown to target mitochondria and induce several damages in
CRC cells, so far no stress signalling pathways have been identified.

The non-dissociated form of the acid enters glucose repressed cells by simple diffusion.
Once inside the cell acetic acid dissociates and if the extracellular pH is lower than the
intracellular pH this will lead to the accumulation of acetate and to the acidification of the
intracellular environment. The effects promoted by these events are diverse but include
inhibition of amino acid uptake and carbohydrate metabolism. Acetic acid also affects
mitochondria function and dynamics triggering the release to the cytosol of mitochondria
resident apoptogenic molecules such as cyt ¢ and Aifp, the latter leading to DNA
fragmentation. Partial permeabilization of the vacuolar membrane and release of Pep4p also
occur during acetic acid-induced PCD. The link between vacuolar release of Pep4p and
mitochondria degradation is still elusive. Once released, Pep4p could be directly or
indirectly involved in the proteolytic degradation of mitochondria. However, mitochondria
could be the first organelle affected by acetic acid, promoting a subsequent vacuole
permeabilization followed by Pep4p release. Finally, acetic acid could act directly and
simultaneously at the vacuole and mitochondria, which may further amplify the signal by a
positive feedback mechanism. Broken arrows represent hypothetical pathways.

S. cerevisiae, the common baker’s yeast, is a unicellular fungus of the ascomycete family. This
unicellular eukaryote is one of the best established experimental model organisms and has
been extensively used to unveil the mechanisms of eukaryotic cellular processes and their
modes of regulation, including cell cycle control (Mclnerny, 2011), ageing, stress responses
(Gasch & Werner-Washburne, 2002) and programmed cell death (Carmona-Gutierrez et al.,
2010). More recently, it has been used as a valuable tool to understand the development of
some human diseases such as degenerative disorders, including Huntington’s and
Parkinson’s disease (Petranovic et al., 2008). The features that make this simple eukaryote a
model system of choice are numerous: i) its cultivation is simple, fast and inexpensive; ii) it
is a haplodiplont enabling sexual crossing and clonal division; iii) genetic manipulations,
such as gene disruption, insertion or mutation are easy to perform, owing to the presence of
a very efficient homologous recombination pathway; iv) heterologous expression of genes
either from an episomal plasmid or from chromosomal integration can be achieved; v) the
genome sequence and a collection of single deletion mutants for diploid cells and for non-
essential genes of haploid cells is available. Moreover, S. cerevisiae is the organism with the
most comprehensive datasets gathered from high-throughput data collected by functional
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genomic tools including transcriptome, proteome, metablome, interactome, locasome and
flux analysis (see Petranovic et al., 2008). Moreover, there is a high degree of conservation
between yeast and higher eukaryotes, with respect to numerous basic biological processes,
and approximately half of the genes involved in human hereditary diseases are predicted to
have yeast homologues (Hartwell, 2004). Nonetheless, it has to be mentioned that yeast also
harbours some relevant differences comparatively with other organisms. For instance, yeast
is highly specialized to grow on glucose medium and, unlike higher eukaryote cells, it easily
forms respiratory deficient mutants which have little or none mitochondrial respiration.
This ability to survive under conditions in which mitochondrial respiration is impaired or
absent represents an ideal model, specifically with regard to the study of the involvement of
mitochondrial proteins in PCD. Despite the vast differences in complexity between yeast
and humans, the study of stress responses and PCD in yeast has provided insights into
pathways that modulate response to stress and PCD in mammals. Thus, advances in the
elucidation of cell death in yeast not only assume relevance in terms of biotechnological
processes, but also in biomedicine. The studies that many yeast biologists have performed
contributed to establish S. cerevisiae as an accepted model and will allow it to continue at the
forefront of model organisms used to answer to many relevant biological questions.

6. Acknowledgments

This work was supported by Fundacao para a Ciéncia e Tecnologia (FCT), Portugal grants
FCOMP-01-0124-FEDER-007047 and PTDC/ AGR-ALI/102608/2008.

7. References

Abbott, D.A., Suir, E., van Maris, A.J. & Pronk, J.T. (2008). Physiological and transcriptional
responses to high concentrations of lactic acid in anaerobic chemostat cultures of
Saccharomyces cerevisiae. Appl Environ Microbiol, Vol. 74, No. 18, pp. 5759-5768

Adrian, C. & Martin, S.J. (2001). The mitochondrial apoptosome: a killer unleashed by the
cytochrome seas. Trends Biochem Sci, Vol. 26, pp. 390-397

Alexandre, H. & Charpentier, C. (1998). Biochemical aspects of stuck and sluggish
fermentation in grape must. | Ind Microbiol Biotechnol, Vol. 20, pp. 20-27

Almeida, B., Ohlmeier, S., Almeida, A.J.,, Madeo, F., Ledo C., Rodrigues, F. & Ludovico, P.
(2009). Yeast protein expression profile during acetic acid-induced apoptosis
indicates causal involvement of the TOR pathway. Proteomics, Vol. 9, pp. 720-732

Arneborg, N., Jesperson, L. & Jakobsen, M. (2000). Individual cells of Saccharomyces cerevisiae
and Zygosaccharomyces bailii exhibit different short-term intracellular pH responses
to acetic acid. Arch Microbiol, Vol. 174, pp. 125-128

Arneborg, N., Moos, M.K. & Jakobsen, M. (1995). The effect of acetic acid and specific
growth rate on acetic acid tolerance and trehalose content of Saccharomyces
cerevisiae. Biotechnol Lett, Vol. 17, pp. 1299-1304

Arneborg, N., Moos, M.K. & Jakobsen, M. (1997). Induction of acetic acid tolerance and
trehalose accumulation by added and produced ethanol in Saccharomyces cerevisiae.
Biotechnol Lett, Vol. 19, No 9, pp. 931-933

Bauer, B.E., Rossington, D., Mollapour, M., Mamnun, Y., Kuchler, K. & Piper, P.W. (2003).
Weak organic acid stress inhibits aromatic amino acid uptake by yeast, causing a

www.intechopen.com



92 Cell Metabolism — Cell Homeostasis and Stress Response

strong influence of amino acid auxotrophies on the phenotypes of membrane
transporter mutants. Eur | Biochem, Vol. 270, pp. 3189-3195

Bely, M., Rinaldi, A. & Dubourdieu, D. (2003). Influence of assimilable nitrogen on volatile
acidity production by Saccharomyces cerevisiae during high sugar fermentation. |
Biosci Bioeng, Vol. 96, pp. 507-512

Benes, P., Vetvicka, V. & Fusek, M. (2008). Cathepsin D - Many functions of one aspartic
protease. Crit Rev Oncol Hematol, Vol. 68, pp. 12-28

Boya, P. & Kroemer G. (2008). Lysosomal membrane permeabilization in cell death.
Oncogene, Vol. 27, pp. 6434-6451

Brett, C.L., Tukaye, D.N., Mukherjee, S. & Rao, R. (2005). The yeast endosomal Na+(K+)/H+
exchanger Nhx1 regulates cellular pH to control vesicle trafficking. Mol Biol Cell,
Vol. 16, pp. 1396-1405

Bussey, H. (1988). Proteases and the processing of precursors to secreted proteins in yeast.
Yeast, Vol. 4, pp. 17-26

Burtner, C.R.,, Murakami, C.J.,, Kennedy, B.K. & Kaeberlein, M. (2009). A molecular
mechanism of chronological aging in yeast. Cell Cycle, Vol. 8, pp. 256-270

Buttner, S., Eisenberg, T., Carmona-Gutierrez, D., Ruli, D., Knauer, H., Ruckenstuhl, C,,
Sigrist, C., Wissing, S., Kollroser, M., Frohlich, K.U., Sigrist, S. & Madeo, F. (2007).
Endonuclease G regulates budding yeast life and death. Mol Cell, Vol. 25, pp 233-
246

Cai, J. & Jones, D.P. (1998). Superoxide in apoptosis. Mitochondrial generation triggered by
cytochrome c loss. | Biol Chem, Vol. 273, pp. 11401-11404

Cardoso, H. & Ledo, C. (1992). Mechanisms underlying low and high enthalpy death
induced by short-chain monocarboxylic acids in Saccharomyces cerevisiae. Appl
Microbiol Biotechnol, Vol. 38, pp. 388-392

Carmelo, V., Santos, H. & Sa-Correia, 1. (1997). Effect of extracellular acidification on the
activity of plasma membrane ATPase and on the cytosolic and vacuolar pH of
Saccharomyces cerevisiae. Biochim Biophys Acta, Vol. 1325, pp. 63-70

Carmona-Gutierrez, D., Eisenberg, T., Biittner, S., Meisinger, C., Kroemer, G. & Madeo, F.
(2010). Apoptosis in yeast: triggers, pathways, subroutines. Cell Death Differ, Vol.
17, pp. 763-773

Carmona-Gutierrez, D., Bauer, M.A., Ring, ], Knauer, H., Eisenberg, T., Biittner, S,
Ruckenstuhl, C., Reisenbichler, A., Magnes, C., Rechberger, G.N., Birner-
Gruenberger, R., Jungwirth, H., Frohlich, K.U., Sinner, F., Kroemer, G. & Madeo, F.
(2011). The propeptide of yeast cathepsin D inhibits programmed necrosis. Cell
Death Dis, 2, €161; doi:10.1038/cddis.2011.43

Casal, M. & Ledo, C. (1995). Utilization of short-chain monocarboxylic acids by the yeast
Torulaspora delbrueckii: specificity of the transport systems and their regulation.
Biochim Biophys Acta, Vol. 1267, pp. 122-130

Casal, M., Cardoso, H. & Leao, C. (1996). Mechanisms regulating the transport of acetic acid
in Saccharomyces cerevisiae. Microbiology, Vol. 142, pp. 1385-1390

Cassio, F., Corte-Real, M. & Ledo, C. (1993). Quantitative analysis of proton movements
associated with the uptake of weak-carboxylic acids. The yeast Candida utilis as a
model. Biochim Biophys Acta, Vol. 1153, pp. 59-66

www.intechopen.com



Stress and Cell Death in Yeast Induced by Acetic Acid 93

Cassio, F., Ledao, C. & van Uden, N. (1987). Transport of lactate and other short-chain
monocarboxylates in the yeast Saccharomyces cerevisiae. Appl Environ Microbiol, Vol.
53, pp. 509-513

Cheng, W.C,, Teng, X., Park, H.K., Tucker, C.M., Dunham, M.J. & Hardwick JM. (2008). Fis1
deficiency selects for compensatory mutations responsible for cell death and
growth control defects. Cell Death Differ, Vol. 15, pp. 1838-1846

Chipuk, J.E., Moldoveanu, T., Llambi, F., Parsons, M.]. & Green, D.R. (2010). The Bcl-2
family reunion. Mol Cell, Vol. 37, pp. 299-310

Delavallée, L., Cabon, L., Galan-Malo, P., Lorenzo, H.K. & Susin, S.A. (2011). AIF-mediated
caspase-independent necroptosis: a new chance for targeted therapeutics. IUBMB
Life, Vol. 63, pp. 221-232

Du Toit, W.J. & Lambrechts, M.G. (2002). The enumeration and identification of acetic acid
bacteria from south african red wine fermentations. Int | Food Microbiol, Vol. 74, pp.
57-64

Fabrizio, P., Pletcher, S.D. Minois, N., Vaupel, ] W. & Longo, V.D. (2004). Chronological
aging independent replicative life span regulation by Msn2/Msn4 and Sod2 in
Saccharomyces cerevisiae. FEBS Lett, Vol. 557, pp. 136-142

Fannjiang, Y., Cheng, W.C,, Lee, S.J., Qi, B., Pevsner, J., McCaffery, ].M., Hill, R.B., Basanez,
G. & Hardwick, J.M. (2004). Mitochondrial fission proteins regulate programmed
cell death in yeast. Genes Dev, Vol. 18, pp. 2785-2797

Fernandes, A.R., Mira, N.P., Vargas, R.C., Canelhas, I. & Sa-Correia, 1. (2005). Saccharomyces
cerevisiae adaptation to weak acids involves the transcription factor Haalp and
Haalp-regulated genes. Biochem Biophys Res Comm, Vol. 337, pp. 95-103

Fernandes, L., Corte-Real, M., Loureiro, V., Loureiro-Dias, M.C. & Ledo, C. (1997). Glucose
respiration and fermentation in Zygosaccharomyces bailii and Saccharomyces cerevisiae
express different sensitivity patterns to ethanol and acetic acid. Lett Appl Microbiol,
Vol. 25, No. 4, pp. 249-253

Fernandes, L., Corte-Real, M. and Ledo, C. (1999). A peculiar behaviour for cell death
induced by weak carboxylic acids in the wine spoilage yeast Zygosaccharomyces
bailii. Lett Appl Microbiol, Vol. 28, pp. 345-349

Frank, S., Gaume, B., Bergmann-Leitner, E.S., Leitner, W.W., Robert, E.G., Catez, F., Smith,
C.L. & Youle, R]. (2001). The role of dynamin-related protein 1, a mediator of
mitochondrial fission, in apoptosis. Dev Cell, Vol 1, pp. 515-525

Fuller, R.S., Sterne, R.E. & Thorner, J. (1988). Enzymes required for yeast pheromone
processing. Annu Rev Physiol, Vol. 50, pp. 345-362

Gasch, A.P. & Werner-Washburne, M. (2002). The genomics of yeast responses to
environmental stress and starvation. Funct Integr Genomics, Vol. 2, pp. 181-192

Gasch, A.P., Spellman, P.T., Kao, C.M., Carmel-Harel, O., Eisen, M.B., Storz, G., Botstein, D.
& Brown, P.O. (2000). Genomic expression programs in the response of yeast cells
to environmental changes. Mol Biol Cell, Vol. 11, pp. 4241-4257

Gewies, A. (2003). ApoReview - Introduction to Apoptosis, retrieved from
www.celldeath.de/encyclo/aporev/aporev.htm

Gomes, P., Sampaio-Marques, B., Ludovico, P., Rodrigues, F. & Ledo, C. (2007). Low
auxotrophy-complementing amino acid concentrations reduce yeast chronological
life span. Mech Ageing Dev, Vol. 128, pp. 383-391

www.intechopen.com



94 Cell Metabolism — Cell Homeostasis and Stress Response

Gourlay, CW. & Ayscough, K.R. (2006). Actin-induced hyperactivation of the Ras signaling
pathway leads to apoptosis in Saccharomyces cerevisiae. Mol Cell Biol, Vol. 26, pp.
6487-501

Green, D.R. & Evan, G.I. (2002). A matter of life and death. Cancer Cell, Vol. 1, pp. 19-30

Guaragnella, N., Antonacci, L., Giannattasio, S., Marra, E. & Passarella, S. (2008). Catalase T
and Cu, Zn-superoxide in the acetic acid-induced programmed cell death in
Saccharomyces cerevisiae. FEBS Lett, Vol. 582, pp. 210-214

Guaragnella, N., Antonacci, L., Passarella, S., Marra, E. & Giannattasio, S. (2007). Hydrogen
peroxide and superoxide anion production during acetic acid-induced yeast
programmed cell death. Folia Micrbiol, Vol. 52, pp. 237-240

Guaragnella, N., Antonacci, L., Passarella, S., Marra, E. & Giannattasio, S. (2010a). Knock-out
of metacaspase and/or cytochrome c results in the activation of a ROS-independent
acetic acid-induced programmed cell death pathway in yeast. FEBS Lett, Vol. 584,
pp. 3655-3660

Guaragnella, N., Bobba, A., Passarella, S., Marra, E. & Giannattasio, S. (2010b). Yeast acetic
acid-induced programmed cell death can occur without cytochrome c release which
requires metacaspase YCAI. FEBS Lett, Vol. 584, pp. 224-228

Guaragnella, N., Pereira, C., Sousa, M.]., Antonacci, L., Passarella, S., Corte-Real, M., Marra,
E. & Giannattasio, S. (2006). YCA1 participates in the acetic acid induced yeast
programmed cell death also in a manner unrelated to its caspase-like activity. FEBS
Lett, Vol. 580, pp. 6880-6884

Guldfeldt, L.U. & Arneborg, N. (1998). Measurement of the Effects of acetic acid and
extracellular pH on intracellular pH of nonfermenting individual Saccharomyces
cerevisiae cells by fluorescence microscopy. Appl Environ Microbiol, Vol. 64, pp. 530-
534

Hartwell, L.H. (2004). Yeast and cancer, Biosci. Rep. Vol. 24 523-544

Hauptmann, P., Riel, C., Kunz-Schughart, L.A., Frohlich, K.U, Madeo, F. & Lehle, L. (2006).
Defects in N-glycosylation induce apoptosis in yeast. Mol Microbiol, Vol. 59, pp.
765-778

Hauptmann, P. & Lehle, L. (2008). Kex1 protease is involved in yeast cell death induced by
defective N-glycosylation, acetic acid, and chronological aging. | Biol Chem, Vol.
283, pp. 19151-19163

Hengartner, M.O. (2000). The biochemistry of apoptosis. Nature, Vol. 407, pp. 770-776

Herker, E., Jungwirth, H., Lehmann, K.A., Maldener, C., Frohlich, K.U., Wissing, S. Biittner,
S., Fehr, M., Sigrist, S. & Madeo, F. (2004). Chronological aging leads to apoptosis in
yeast. | Cell Biol, Vol. 164, pp. 501-507

James, D.I,, Parone, P.A., Mattenberger, Y. & Martinou, J.C. (2003). hFis1, a novel component
of the mammalian mitochondrial fission machinery. | Biol Chem, Vol. 278, pp.
36373-36379

Jan, G., Belzacq, A.S., Haouzi, D., Rouault, A., Métivier, D., Kroemer, G. & Brenner, C.
(2002). Propionibacteria induce apoptosis of colorectal carcinoma cells via short-
chain fatty acids acting on mitochondria. Cell Death Differ, Vol. 9, pp. 179-88

Johansson, A.C., Appelqvist, H., Nilsson, C., Kagedal, K., Roberg, K. & Ollinger, K. (2010).
Regulation of apoptosis-associated lysosomal membrane permeabilization.
Apoptosis, Vol. 15, pp. 527-540

www.intechopen.com



Stress and Cell Death in Yeast Induced by Acetic Acid 95

Johansson, A.C., Steen, H., Ollinger, K. & Roberg, K. (2003). Cathepsin D mediates
cytochrome c release and caspase activation in human fibroblast apoptosis induced
by staurosporine. Cell Death Differ, Vol. 10, pp. 1253-1259

Jungwirth, H., Ring, J., Mayer, T., Schauer, A., Buttner, S., Eisenberg, T., Carmona-Gutierrez,
D., Kuchler, K. & Madeo, F. (2008) Loss of peroxisome function triggers necrosis.
FEBS Lett, Vol. 582, pp. 2882-2886

Kawahata, M., Masaki, K., Fujii, T. & lefuji, H. (2006). Yeast genes involved in response to
lactic acid and acetic acid: acidic conditions caused by the organic acids in
Saccharomyces cerevisiae cultures induce expression of intracellular metal
metabolism genes regulated by Aftlp. FEMS Yeast Res, Vol. 6, pp. 924-936

Kerr, J.F., Wyllie, A.H. & Currie, A.R. (1972). Apoptosis: a basic biological phenomenon with
wide-ranging implications in tissue kinetics. Br | Cancer, Vol. 26, pp. 239-257

Kim, I, Rodriguez-Enriquez, S. & Lemasters, ].J. (2007). Selective degradation of
mitochondria by mitophagy. Arch Biochem Biophys, Vol. 462, pp. 245-253

Kim, M., Ahn J.W,, Jin, U.H., Choi, D., Paek, K.H. & Pai, H.S. (2003). Activation of the
programmed cell death pathway by inhibition of proteasome function in plants. |
Biol Chem, Vol. 278, pp. 19406-19415

Kinnally, K.W., Peixoto, P.M., Ryu, S.Y. & Dejean, L.M. (2011). Is mPTP the gatekeeper for
necrosis, apoptosis, or both? Biochim Biophys Acta, Vol. 1813, No. 4, pp. 616-622

Kirkegaard, T. & Jadtteld, M. (2008). Lysosomal involvement in cell death and cancer.
Biochim Biophys Acta, Vol. 1793, pp. 746-754

Kissova, I., Plamondon, L.T. Brisson, L., Priault, M., Renouf, V., Schaeffer, J., Camougrand,
N. & Manon, S. (2006). Evaluation of the roles of apoptosis, autophagy, and
mitophagy in the loss of plating efficiency induced by Bax expression in yeast. | Biol
Chem, Vol. 281, pp. 36187-36197

Kissova, I, Salin, B., Schaeffer, J., Bhati, S., Manon, S. & Camougrand, N. (2007). Selective
and non-selective autophagic degradation of mitochondria in yeast. Autophagy, Vol.
3, pp. 329-336

Kitagaki, H., Araki, Y., Funato, K. & Shimoi, H. (2007). Ethanol-induced death in yeast
exhibits features of apoptosis mediated by mitochondrial fission pathway. FEBS
Lett, Vol. 581, pp. 2935-2942

Kroemer, G., Galluzzi, L., Vandenabeele, P., Abrams, J., Alnemri, E.S., Baehrecke, E.H.,
Blagosklonny, M.V., El-Deiry, W.S., Golstein, P., Green, D.R., Hengartner, D.R,,
Knight, R.A., Kumar, S., Lipton, S.A., Malorni, W., Nunez, G., Peter, M.E., Tschopp,
J., Yuan, J., Piacentini, M., Zhivotovsky, B. & Melino, G. (2009). Classification of cell
death: recommendations of the Nomenclature Committee on Cell Death 2009. Cell
Death Differ, Vol. 16, pp. 3-11

Lan, A., Lagadic-Gossmann, D., Lemaire, C., Brenner, C. & Jan, G. (2007). Acidic
extracellular pH shifts colorectal cancer cell death from apoptosis to necrosis upon
exposure to propionate and acetate, major end-products of the human probiotic
propionibacteria. Apoptosis, Vol. 12, pp. 573-591

Lawrence, C.L., Botting, C.H., Antrobus, R. & Coote, P.J. (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, Vol. 24, pp. 3307-3323

Ledo, C. & van Uden, N. (1986). Transport of lactate and other monocarboxylates in the
yeast Candida utilis. Appl Microbiol Biotechnol, Vol. 23, pp. 389-393

www.intechopen.com



96 Cell Metabolism — Cell Homeostasis and Stress Response

Lee, Y.Y,, Iyer, P. & Torget, R.W. (1999). Dilute-acid hydrolysis of lignocellulosic biomass.
Adv Biochem Eng Biotechnol, Vol. 65, pp. 93-115

Lemasters, J.J. (2005). Selective mitochondrial autophagy, or mitophagy, as a targeted
defense against oxidative stress, mitochondrial dysfunction, and aging.
Rejuvenation Res, Vol. 8, pp. 3-5

Li, B.-Z. & Yuan, Y.-]. (2010). Transcriptome shifts in response to furfural and acetic acid in
Saccharomyces cerevisiae. Appl Microbiol Biotechnol, Vol. 86, pp. 1915-1924

Ligr, M., Madeo, F., Frohlich, E., Hilt, W., Frohlich, K.U., Wolf, D.H. (1998). Mammalian Bax
triggers apoptotic changes in yeast. FEBS Lett, Vol. 438, pp 61-65

Ludovico, P. (1999). Efeitos do acido acético no potencial de membrana mitocondrial e sua
relagdo com a perda de integridade e viabilidade celular em Zygosaccharomyces bailii
e Saccharomyces cerevisiae. Estudos por citometria de fluxo e espectrofluorimetria.
Tese de Mestrado, Universidade do Minho

Ludovico, P., Sansonetty, F., Silva, M.T. & Corte-Real, M.. (2003). Acetic acid induces a
programmed cell death process in the food spoilage yeast Zygosaccharomyces bailii,
FEMS Yeast Res, Vol. 3, pp. 91-96

Ludovico, P., Rodrigues, F., Almeida, A., Silva, M.T., Barrientos, A. & Corte-Real, M. (2002).
Cytochrome ¢ release and mitochondria involvement in programmed cell death
induced by acetic acid in Saccharomyces cerevisiae. Mol Biol Cell,Vol. 13, pp. 2598-
2606

Ludovico, P., Sousa, M.]., Silva M.T., Ledo, C. & Corte-Real, M. (2001). Saccharomyces
cerevisize commits to a programmed cell death process in response to acetic acid.
Microbiology, Vol. 147, pp. 2409-2415

Madeo, F., Frohlich, E. & Frohlich, K.U. (1997). A yeast mutant showing diagnostic markers
of early and late apoptosis. | Cell Biol, Vol. 139, pp. 729-734

Madeo, F., Frohlich, E., Ligr, M., Grey, M., Sigrist, S.]., Wolf, D.H. & Frohlich, K.U. (1999).
Oxygen stress: a regulator of apoptosis in yeast. | Cell Biol, Vol. 145, pp. 757-767

Madeo, F., Herker, E., Maldener, C., Wissing, S., Lachelt, S., Herlan, M., Fehr, M., Lauber, K.,
Sigrist, S.J., Wesselborg, S. & Frohlich, K.U. (2002). A caspase related protease
regulates apoptosis in yeast. Mol Cell, Vol. 9, pp. 911-917

Maiorella, B., Blanch, HW. & Wilke, C.R. (1983). By-product inhibition effects on ethanolic
fermentation by Saccharomyces cerevisiae. Biotechnol Bioeng, Vol. 25, pp. 103-121

Mclnerny, C.J. (2011), Cell cycle regulated gene expression in yeasts. Adv Genet, Vol. 73, pp.
51-85

Mason, D.A., Shulga, N., Undavai, S., Ferrando-May, E., Rexach, M.F. & Goldfarb, D.S.
(2005). Increased nuclear envelope permeability and Pep4p-dependent degradation
of nucleoporins during hydrogen peroxide-induced cell death. FEMS Yeast Res,
Vol. 5, pp. 1237-1251

Masson, O., Bach A.S., Derocq, D., Prébois, C., Laurent-Matha, V., Pattingre, S. & Liaudet-
Coopman, E. (2010). Pathophysiological functions of cathepsin D: targeting its
catalytic activity versus its protein binding activity? Biochemie, Vol. 92, pp. 1635-
1643

Matsui, M., Yamamoto, A., Kuma, A., Ohsumi, Y. & Mizushima, N. (2006). Organelle
degradation during the lens and erythroid differentiation is independent of
autophagy. Biochem Biophys Res Commun, Vol. 339, pp. 485-489

www.intechopen.com



Stress and Cell Death in Yeast Induced by Acetic Acid 97

Matsuyama, S., Llopis, J., Deveraux, Q.L., Tsien, R. & Reed, J.C. (2000). Changes in
mitochondrial and cytosolic pH: early events that modulate caspase activation
during apoptosis. Nat Cell Biol, Vol. 2, pp. 318-325

Mira, N.,P., Lourenco, A.B., Fernandes, A.R., Becker, J.D. & Sa-Correia, I. (2009). The RIM101
pathway has a role in Saccharomyces cerevisine adaptive response and resistance to
propionic acid and other weak acids. FEMS Yeast Res, Vol. 9, No. 2, pp. 202-216

Mira, N.P., Palmam, M., Guerreiro, ].F. & Sa-Correia, 1. (2010). Genome-wide identification
of Saccharomyces cerevisine genes required for tolerance to acetic acid. Microb Cell
Fact, Vol. 9, pp. 79

Mollapour, M. & Piper, P.W. (2006). Hoglp mitogen-activated protein kinase determines
acetic acid resistance in Saccharomyces cerevisine. FEMS Yeast Res, Vol. 6, No. 8, pp.
1274-1280

Mollapour, M. & Piper, P.W. (2007). Hogl mitogen-activated protein kinase
phosphorylation targets the yeast Fpsl aquaglyceroporin for endocytosis, thereby
rendering cells resistant to acetic acid. Mol Cell Biol, Vol. 27, pp. 6446-6456

Mollapour, M., Fong, D., Balakrishnan, K., Harris, N., Thompson, S., Schuller, C., Kuchler,
K. & Piper, P.W. (2004). Screening the yeast deletant mutant collection for
hypersensitivity and hyperresistance to sorbate, a weak organic acid food
preservative. Yeast, Vol. 21, pp. 927-946

Mollapour, M., Shepherd, A. & Piper, P.W. (2009). Presence of the Fpslp aquaglyceroporin
channel is essential for Hoglp activation, but suppresses Slt2(Mpkl)p activation,
with acetic acid stress of yeast. Microbiology, Vol. 155, pp. 3304-3311

Mozdy, A.D., McCaffery, ].M. & Shaw, ].M. (2000). Dnm1p GTPase-mediated mitochondrial
fission is a multi-step process requiring the novel integral membrane component
Fislp. J Cell Biol, Vol. 151, pp. 367-380

Nowikovsky, K., Reipert, S., Devenish, R]J. & Schweyen, R.J. (2007). Mdm38 protein
depletion causes loss of mitochondrial K+/H+ exchange activity, osmotic swelling
and mitophagy. Cell Death Differ, Vol. 14, pp. 1647-1656

Palmgqvist, E. & Hahn-Héagerdal, B. (2000). Fermentation of lignocellulosic hydrolysates. I:
inhibition and detoxification. Bioresour Technol, Vol. 74, pp. 17-24

Pampulha, M.A. & Loureiro-Dias, M.C. (1989). Combined effect of acetic acid, pH and
ethanol on intracellular pH of fermenting yeast. Appl Microbiol Biotechnol, Vol. 31,
pp. 547-550

Pampulha, M.A. & Loureiro-Dias, M.C. (1990). Activity of glycolytic enzymes of
Saccharomyces cerevisiae in the presence of acetic acid. Appl Microbiol Biotechnol, Vol.
34, pp. 375-380

Pampulha, M.A. & Loureiro-Dias, M.C. (2000). Energetics of the effect of acetic acid on
growth of Saccharomyces cerevisine. FEMS Microbiol Lett, Vol. 184, pp. 69-72

Parone, P.A. & Martinou, J.C. (2006). Mitochondrial fission and apoptosis: an ongoing trial,
Biochim Biophys Acta, Vol. 1763, pp. 522-530

Pereira, C., Camougrand, N., Manon, S., Sousa, M.]. & Corte-Real, M. (2007). ADP/ATP
carrier is required for mitochondrial outer membrane permeabilization and
cytochrome c release in yeast apoptosis. Mol Microbiol, Vol. 66, pp. 571-582

Pereira, C., Silva, R.D., Saraiva, L., Johansson, B., Sousa, M.]. & Corte-Real, M. (2008).
Mitochondria dependent apoptosis in yeast. Biochim Biophys Acta, Vol. 1783, 1286-
1302

www.intechopen.com



98 Cell Metabolism — Cell Homeostasis and Stress Response

Pereira, C., Chaves, S., Alves, S., Salin, B., Camougrand, N., Manon, S., Sousa, M.J. & Corte-
Real, M. (2010). Mitochondrial degradation in acetic acid-induced yeast apoptosis:
The role of Pep4 and the ADP/ATP carrier. Mol Microbiol, Vol. 76, pp. 1398-1410

Petranovic, D. & Nielsen, J. (2008). Can yeast systems biology contribute to the
understanding of human disease? Trends Biotechnol, Vol. 26, pp. 584-590

Phillips, A.J., Crowe, ].D. & Ramsdale, M. (2006). Ras pathway signaling accelerates
programmed cell death in the pathogenic fungus Candida albicans. Proc Natl Acad
Sci USA, Vol. 103, pp. 726-731

Phillips, A.J., Sudbery, I. & Ramsdale, M. (2003). Apoptosis induced by environmental
stresses and amphotericin B in Candida albicans. Proc Natl Acad Sci U S A, Vol. 100,
25 pp. 14327-14332

Phowchinda, O., Délia-Dupuy, M.L. & Strehaiano, P. (1995). Effects of acetic acid on growth
and fermentative activity of Saccharomyces cerevisiae. Biotechnol Lett, Vol. 17, pp.
237-242

Pinto, I, Cardoso, H. & Ledo, C. (1989). High enthalpy and low enthalpy death in
Saccharomyces cerevisiae induced by acetic acid. Biotechnol Bioeng, Vol. 33, pp. 1350-
1352

Piper, P., Mahé, Y., Thompson, S., Pandjaitan, R., Holyoak, C., Egner, R., Miihlbauer, M.,
Coote, P. & Kuchler, K. (1998). The Pdr12 ABC transporter is required for the
development of weak organic acid resistance in yeast. EMBO ], Vol. 17, pp. 4257-
4265

Pozniakovsky, A.L, Knorre, D.A., Markova, O.V., Hyman, A.A, Skulachev, V.P. & Severin,
F.F. (2005). Role of mitochondria in the pheromone- and amiodarone-induced
programmed death of yeast. | Cell Biol, Vol. 168, pp. 257-269

Priault, M., Salin, B., Schaeffer, J., Vallette, F.M., di Rago, J].P. & Martinou, J.C. (2005).
Impairing the bioenergetic status and the biogenesis of mitochondria triggers
mitophagy in yeast. Cell Death Differ, Vol. 12, pp. 1613-1621

Prudéncio, C., Sansonetty, F. & Corte-Real, M. (1998). Flow cytometric assessment of cell
structural and functional changes induced by acetic acid in the yeasts
Zygosaccharomyces bailii and Saccharomyces cerevisiae. Cytometry, Vol. 31, pp. 307-313

Ramsdale, M. (2006). Programmed Cell Death and Apoptosis in Fungi, In: The Mycota XIII,
Fungal Genomics, Alistair J.P. Brown, pp. 113-146, Springer-Verlag, Berlin
Heidelberg

Repnik, U., & Turk, B. (2010). Lysosomal-mitochondrial cross-talk during cell death.
Mitochondrion, Vol. 10, pp. 662-669

Ribeiro, G.F., Corte-Real, M. & Johansson, B. (2006). Characterization of DNA damage in
yeast apoptosis induced by hydrogen peroxide, acetic acid, and hyperosmotic
shock. Mol Biol Cell, Vol. 17, pp. 4584-4591

Rodrigues, F., Corte-Real, M., Ledo, C., van Dijken, J.P. & Pronk, J.T. (2001). Oxygen
requirements of the food spoilage yeast Zygosaccharomyces bailii in synthetic and
complex media. Appl Environ Microbiol, Vol. 67, pp. 2123-2128

Rodrigues, F., Ludovico, P. & Leao, C. (2005). Sugar Metabolism in Yeasts: an Overview of
Aerobic and Anaerobic Glucose Catabolism. In: Biodiversity and Ecophysiology of
Yeasts, Carlos A. Rosa & Gébor Péter, pp. 101-121, Springer Springer Lab Manuals,
Germany

www.intechopen.com



Stress and Cell Death in Yeast Induced by Acetic Acid 99

Rodriguez-Enriquez, S., Kim, I., Currin, R.T., & Lemasters, ].J. (2006) Tracker dyes to probe
mitochondrial autophagy (mitophagy) in rat hepatocytes. Autophagy Vol. 2, pp. 39-
46

Roset, R., Ortet, L. & Gil-Gomez, G. (2007). Role of Bcl-2 family members on apoptosis: what
we have learned from knock-out mice. Front Biosci, Vol. 12, pp. 4722-4730

Sagulenko, V., Muth, D., Sagulenko, E., Paffhausen, T., Schwab, M. & Westermann, F. (2008).
Cathepsin D protects human neuroblastoma cells from doxorubicin-induced cell
death. Carcinogenesis, Vol. 29, pp. 1869-1877

Santos, J., Sousa, M.J., Cardoso, H., Inacio, J., Silva, S., Spencer-Martins, 1. & Leao, C. (2008).
Ethanol tolerance of sugar transport and the rectification of stuck wine
fermentations. Microbiology, Vol. 154, pp. 422-430

Saraiva L., Silva R.D., Pereira G., Gongalves J. & Corte-Real M. (2006). Specific modulation of
apoptosis and Bcl-xL phosphorylation in yeast by distinct mammalian protein
kinase C isoforms. ] Cell Sci, Vol. 119, pp. 3171-3181

Schauer, A., Knauer, H., Ruckenstuhl, C., Fussi, H., Durchschlag, M., Potocnik, U. &
Frohlich, K.U. (2009). Vacuolar functions determine the mode of cell death. Biochim
Biophys Acta, Vol. 1793, pp. 540-545

Schuller, C., Mamnun, Y.M., Mollapour, M., Krapf, G., Schuster, M., Bauer, B.E., Piper, P.W.
& Kuchler, K. (2004). Global phenotypic analysis and transcriptional profiling
defines the weak acid stress response regulon in Saccharomyces cerevisiae. Mol Biol
Cell, Vol. 15, pp. 706-720

Scorrano, L. (2005). Proteins that fuse and fragment mitochondria in apoptosis: con-fissing a
deadly con-fusion? ] Bioenerg Biomembr, Vol. 37, pp. 165-170

Severin, F.F. & Hyman, A.A. (2002). Pheromone induces programmed cell death in S.
cerevisiae. Curr Biol, Vol. 12, pp. 233-235

Shinohara, K., Tomioka, M., Nakano, H., Tone, S., Ito, H. & Kawashima, S. (1996). Apoptosis
induction resulting from proteasome inhibition. Biochem ], Vol. 317, pp. 385-388

Silva, R.D., Sotoca, R., Johansson, B., Ludovico, P., Sansonetty, F., Silva, M.T., Peinado, ].M.
& Corte-Real, M. (2005). Hyperosmotic stress induces metacaspase- and
mitochondria-dependent apoptosis in Saccharomyces cerevisiae. Mol Microbiol, Vol.
58, pp. 824-834

Sokolov, S., Knorre, D., Smirnova, E., Markova, O., Pozniakovsky, A., Skulachev, V. &
Severin, F. (2006). Ysp2 mediates death of yeast induced by amiodarone or
intracellular acidification, Biochim Biophys Acta, Vol. 1757, pp. 1366-1370

Sousa, M.J., Miranda, L., Corte-Real, M. & Ledo, C. (1996). Transport of acetic acid in
Zygosaccharomyces bailii: effects of ethanol and their implications on the resistance of
the yeast to acid environments. Appl Environ Microbiol, Vol. 62, pp. 3152-3157

Sousa, M.J., Rodrigues, F., Corte-Real, M. & Ledo, C. (1998). Mechanisms underlying the
transport and intracellular metabolism of acetic acid in the presence of glucose by
the yeast Zygosaccharomyces bailii. Microbiology, Vol. 144, pp. 665-670

Susin, S.A., Lorenzo, H. K., Zamzami, N., Marzo, 1., Snow, B.E., Brothers, G.M., Mangion, J.,
Jacotot, E., Costantini, P., Loeffler, M., Larochette, N., Goodlett, D.R., Aebersold, R.,
Siderovski, D.P., Penninger, ].M. & Kroemer, G. (1999). Molecular characterization
of mitochondrial apoptosis-inducing factor. Nature, Vol. 397, pp. 441-446

www.intechopen.com



100 Cell Metabolism — Cell Homeostasis and Stress Response

Tal, R.,, Winter, G., Ecker, N., Klionsky, D.J. & Abeliovich, H. (2007). Auplp, a yeast
mitochondrial protein phosphatase homolog, is required for efficient stationary
phase mitophagy and cell survival. | Biol Chem, Vol. 282, pp. 5617-5624

Thomas, S. & Davenport, R.R. (1985). Zygosaccharomyces bailii, a profile of characteristics and
spoilage activities. Food Microbiol, Vol. 2, pp. 157-169

Tolkovsky, A.M., Xue, L., Fletcher, G.C. & Borutaite, V. (2002). Mitochondrial disappearance
from cells: A clue to the role of autophagy in programmed cell death and disease?
Biochimie, Vol. 84, pp. 233-240

Vahsen, N., Cande, C,, Briere, ].J., Benit, P., Joza, N., Larochette, N., Mastroberardino, P.G.,
Pequignot, M.O., Casares, N., Lazar, V. Feraud, O., Debili, N., Wissing, S,
Engelhardt, S., Madeo, F., Piacentini, M., Penninger, ].M., Schagger, H., Rustin, P. &
Kroemer, G. (2004). AIF deficiency compromises oxidative phosphorylation. EMBO
J, Vol. 23, pp. 4679-4689

Valenti, D., Vacca, R.A., Guaragnella, N., Passarella, S., Marra, E. & Giannattasio, S. (2008).
A transient proteasome activation is needed for acetic acid-induced programmed
cell death to occur in Saccharomyces cerevisiae. FEMS Yeast Res, Vol. 8, pp. 400-404

Valle, E., Bergillos, L., Gascon, S., Parra, F. & Ramos, S. (1986). Trehalase activation in yeasts
is mediated by an internal acidification. Eur | Biochem, Vol. 154, pp. 247-251

van Uden, N. (1984). Temperature profiles of yeasts. Adv Microb Physiol, Vol. 25, 195-251

Vilela-Moura, A., Schuller, D., Mendes-Faia, A., Silva, R.D., Chaves, S.R., Sousa, M.]. &
Corte-Real, M. (2011). The impact of acetate metabolism on yeast fermentative
performance and wine quality: reduction of volatile acidity of grape musts and
wines. Appl Microbiol Biotechnol, Vol. 89, pp. 271-280

Wei, M.C,, Zong, W.X., Cheng, EH., Lindsten, T., Panoutsakopoulou, V., Ross, A.]., Roth,
K.A., MacGregor, G.R., Thompson, C.B. & Korsmeyer, S.J. (2001). Proapoptotic
BAX and BAK: a requisite gateway to mitochondrial dysfunction and death.
Science, Vol. 292, pp. 727-730

Wissing, S., Ludovico, P., Herker, E., Buttner, S., Engelhardt, S.M., Decker, T., Link, A.,
Proksch, A., Rodrigues, F., Corte-Real, M., Frohlich, K.U., Manns, J., Cande, C,,
Sigrist, S.J., Kroemer, G. & Madeo, F. (2004). An AIF orthologue regulates apoptosis
in yeast. | Cell Biol, Vol. 166, pp. 969-974

Youle, R.J. & Karbowski, M. (2005). Mitochondrial fission in apoptosis, Nat Rev Mol Cell Biol,
Vol. 6, pp. 657-663

Zhang, ].G., Liu, X.Y., He, X.P., Guo, X.N., Lu, Y. & Zhang, B.R. (2011). Improvement of
acetic acid tolerance and fermentation performance of Saccharomyces cerevisiae by
disruption of the FPS1 aquaglyceroporin gene. Biotechnol Lett, Vol. 33, pp. 277-284

www.intechopen.com



Cell Metabolism - Cell Homeostasis and Stress Response
Edited by Dr. Paula Bubulya

ISBN 978-953-307-978-3

Hard cover, 208 pages

Publisher InTech

Published online 25, January, 2012
Published in print edition January, 2012

A global research community of scientists is teasing out the biochemical mechanisms that regulate normal
cellular physiology in a variety of organisms. Much of current research aims to understand the network of
molecular reactions that regulate cellular homeostasis, and to learn what allows cells to sense stress and
activate appropriate biochemical responses. Advanced molecular tools and state-of-the-art imaging techniques
discussed in this book continue to provide novel insights into how environmental changes impact organisms,
as well as to develop therapeutic interventions for correcting aberrant pathways in human disease.

How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:

M. J. Sousa, P. Ludovico, F. Rodrigues, C. Ledo and M. Cérte-Real (2012). Stress and Cell Death in Yeast
Induced by Acetic Acid, Cell Metabolism - Cell Homeostasis and Stress Response, Dr. Paula Bubulya (Ed.),
ISBN: 978-953-307-978-3, InTech, Available from: http://www.intechopen.com/books/cell-metabolism-cell-

homeostasis-and-stress-response/stress-and-cell-death-in-yeast-induced-by-acetic-acid

INTECH

open science | open minds

InTech Europe InTech China

University Campus STeP Ri Unit 405, Office Block, Hotel Equatorial Shanghai

Slavka Krautzeka 83/A No.65, Yan An Road (West), Shanghai, 200040, China

51000 Rijeka, Croatia FE EETmERFERKESS _ EBEFF R ARIRE M AKI0582TT
Phone: +385 (51) 770 447 Phone: +86-21-62489820

Fax: +385 (51) 686 166 Fax: +86-21-62489821

www.intechopen.com



© 2012 The Author(s). Licensee IntechOpen. This is an open access article
distributed under the terms of the Creative Commons Atiribution 3.0
License, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.




