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ABSTRACT

Weak lipophilic acids have been commonly used as antifungal agents to
preserve low pH foods. In low pH cultures weak acids rapidly enter the cell,
dissociating to cause intracellular acidification. The plasma membrane H*-ATPase
maintains pH homeostasis by the active extrusion of protons, but this is energetically
expensive causing reduced growth rates and biomass yield. All cells show rapid
responses when exposed to unfavourable environmental conditions which appear to
increase their ability to grow under moderately stressful conditions, or survive
conditions of more extreme stress. Yeasts, especially Zygosaccharomyces bailii, and to
a lesser extent, Saccharomyces cerevisiae, can adapt to growth in weak acids at low pH.
In S. cerevisiae, weak acids elicit strong induction of two plasma membrane proteins,
Hsp30 and Pdr12 which play a major role in this adaptive response.

Discrete gene promoter elements responsive to stress have been identified in S.
cerevisiae. Investigations carried out for this thesis were aimed at characterising the
effects of weak acids on the expression of stress gene promoters and stress promoter
elements.

Research described in chapter 3 revealed that weak acids can both inhibit the
heat shock activation of stress gene promoters and stress promoter elements in low pH
cultures or act as chemical inducers of these same sequences in the absence of heat
shock, possibly by a mechanism involving intracellular pH.

Studies on the HSP30 promoter and stress-responsive transcription factor
mutants (chapter 4) demonstrated that none of the previously characterised stress
signalling pathways are involved in the stress-induced activation of this gene. This is

proof for the existence of a novel stress response pathway.



Chapter S outlined a strategy to isolate homologues of S. cerevisiae HSP30 in
other yeast species. Although the approach used was unsuccessful Candida albicans
and Hansenula polymorpha were shown to contain DNA sequences that hybridized to

HSP30 at high stringency.
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CHAPTER 1

1. INTRODUCTION

1.1 The stress response of yeast

The survival of living cells is dependent on their ability to sense changes in the
environment and to respond appropriately to the new situation. Cells can be challenged
by variations in temperature, pH, the availability of nutrients, osmolarity or by the
presence of pro-oxidants or cytotoxic compounds (Ruis & Schiiller, 1995). Exposure to
many adverse environmental conditions evokes rapid molecular responses which assist
survival. These responses are commonly designated stress responses. They can either
increase the ability of cells for growth under moderately stressful conditions or enhance
survival under conditions of even more severe stress. Stress responses lead to the
acquisition of increased stress tolerance by enhancing the repair of molecular damage
and establishing mechanisms that limit stress-induced damage.

A large number of cellular responses to different chemical or physical stress
conditions have been described in S. cerevisiae (reviewed by Hohmann & Mager,
1997). These responses include the immediate production of compounds which protect
cellular components and the activation of signalling pathways which increase the
expression of a wide variety of protective genes (Lindquist, 1986; Mager & Moradas-
Ferreira, 1993; Mager & de Kruijff, 1995). A fundamental aspect of the yeast stress
response is the phenomenon of acquired resistance whereby cells pre-exposed to a
comparatively mild non-damaging stress can withstand a more severe form of the same
stress. For example, a mild heat shock induces the highly conserved heat shock
response which increases the capacity for the cell to withstand potentially lethal
temperatures (Coote ef al., 1991; Piper, 1993). The same has been described for pre-
treatment with sorbate (Bills et al., 1982; Holyoak et al., 1996), 0.7 M NaCl (Varela et
al., 1992) and hydrogen peroxide (Collinson & Dawes, 1992; Jamieson, 1992).
Consequently, mild stress conditions probably trigger the appropriate cellular responses
to prepare cells for more severe exposure to the same stress. Sometimes, pre-exposure
to a mild stress condition will induce resistance not only to this stress, but also tolerance
against the severe stress caused by other agents. For example, a mild treatment with
either sorbate (Coote et al., 1991), NaCl (Varela et al., 1992) or ethanol (Piper et al.,

1994) increases thermotolerance in the absence of heat stress. This cross protection may
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partly reflect the inherent overlap between certain stress responses, whereby exposure
to a particular stress may lead to tolerance against another type of stress.

In addition to specific stress responses, S. cerevisiae also has what has been
termed the "general stress response", primarily triggered by low protein kinase A levels
(Thevelein, 1994; Siderius & Mager, 1997). Some enzymes already present in non-
stressed cells, such as protein kinases and enzymes involved in trehalose metabolism,
are activated by the stress of nutrient limitation and provide an immediate stress
response (Ruis & Schiiller, 1995). The general stress response switches cells to a more
quiescent state in which they are much more resistant to practically all stresses.The
stress response of yeast is summarised in Fig. 1.1. The effect of each stress response at
the level of gene expression is complex but generally the expression of most genes is
lowered or switched off under stress conditions while the induction of a small number
of specific stress genes is enhanced (section 1.2). Miller et al. (1982) found that more
than 80 of 500 S. cerevisiae proteins examined were induced by a temperature upshift
from 23°C to 37°C, while the synthesis of a further 300 proteins was reduced. This
suggests that while the majority of genes possess stress-sensitive transcriptional
repression, stress genes contain positive control elements which enhance their
activation upon stress exposure (section 1.3). This thesis attempts to investigate in
greater detail the effects of a weak acid preservative stress on stress gene activation in

S. cerevisiae (section 1.4).
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Fig. 1.1 Different stress conditions are sensed by the yeast cell and trigger both specific
and general molecular responses. These stress responses result in changes at the level of
enzyme activities and gene expression and lead to the acquisition of stress tolerance
(modified from Siderius & Mager, 1997).
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1.2 Stress proteins

When cells from a wide variety of species are exposed to an upshift in ambient
temperature, they respond by synthesising a small number of highly conserved proteins,
the heat-shock proteins (Hsps). Hsps have been implicated in all major growth related
processes such as cell division, DNA synthesis, transcription, translation, protein
folding and transport (molecular chaperones) and membrane function (Craig et al.,
1993; Mager & Moradas Ferreira, 1993). This response is universal and has been called
the heat shock response (reviewed by Lindquist, 1986; Nagao et al., 1990; Piper, 1997).
An almost identical response is induced by ethanol exposure (Piper ef al., 1994), while
the responses to osmostress (reviewed by Serrano et al., 1997) or pro-oxidants
(Jamieson, 1992; Jamieson et al., 1994) are quite distinct from each other and from this
heat shock response, although these mechanisms cause a transient increase in the
synthesis of at least some of the Hsps. As shown in this thesis, the response to weak
acid exposure is yet another stress response (section 1.4.2).

The heat shock response was first reported as a dramatic increase in
transcriptional activity induced by a brief heat treatment of Drosophilia larvae (seen as
a new set of puffs on the salivary gland polytene chromosomes; Ritossa, 1962).
Tissiéres et al. (1974) proved the existence of heat shock proteins and soon afterwards
the heat shock genes of Drosophilia were among the first eukaryotic genes to be cloned
(Livak et al., 1978; Craig et al., 1979; Voellmy et al., 1981). Similar findings with
chicken fibroblasts (Kelley & Schlesinger, 1978), E. coli (Lemaux et al., 1978), yeast
(McAlister & Finkelstein, 1980), plants (Barnett et al., 1980) and in many other
organisms suggested that the heat shock response represents an evolutionarily
conserved genetic system which might be beneficial for the living cell. Although
Lindquist (1981) revealed that in Drosophilia a sudden heat shock both specifically
represses the translation of pre-existing mRNAs and induces the synthesis of mRNAs
encoding Hsps, a translational control mechanism is not( as prevalent in yeast.

The range of Hsps synthesised in yeast upon a stress challenge is éimilar to that
produced in other cells. The major Hsps can be classified into five families according to
their average apparent molecular mass, hsp100 (hsp104 in yeast; section 1.2.1), hsp90
(hsp82 in yeast; section 1.2.2), hsp70 (DnaK in E. coli; section 1.2.3), hsp60 (the
chaperonin or groEL-family; section 1.2.4) and small-size Hsps (hsp12, hsp26 and
hsp30 in yeast; sections 1.2.5 and 1.4.2.1). Several proteins homologous to Hsps are
synthesised constitutively, such as hsc82 (Parsell & Lindquist, 1993), reflecting the

important cellular roles performed by these proteins under normal growth conditions. In
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addition, the rate of synthesis of several other proteins such as ubiquitin (section 1.2.6),
some glycolytic enzymes and catalase (section 1.2.7) are strongly induced upon stress
exposure and should therefore be considered as heat shock proteins (see Table 1.1 for
summary). In S. cerevisiae, heat shock also induces the secretory glycoprotein Hsp150
which has no known function (Russo et al., 1992).

1.2.1 Hsp104

Yeast Hspl104 is a member of the heat shock protein family with a molecular
mass greater than 100 kDa (Parsell & Lindquist, 1993; Piper, 1997). The HSP104 gene
was first isolated by Sanchez & Lindquist (1990) and sequenced by Parsell et al.
(1991). Hspl104 is thought to play an important role in tolerance to extreme stress
conditions including severe heat stress and ethanol (Sanchez & Lindquist, 1990;
Sanchez et al., 1992; Lindquist & Kim, 1996). Hsp104 is not expressed during normal
growth on fermentable carbon sources, but constitutively synthesised in respiring cells
and strongly induced during heat shock, transition to stationary phase and early in
sporulation (Sanchez et al., 1992). Cells carrying mutations in the HSP104 gene grow
at the same rate as wild-type cells between 25-37°C, demonstrating that Hsp104 is
dispensable under normal growth conditions. However, within a few minutes exposure
to 50°C (after a sublethal pre-treatment at 37°C), mutant cells begin to die at 100 to
1000 times the rate of the wild-type cells, indicating that Hsp104 is essential for
induced thermotolerance (Sanchez & Lindquist, 1990). Mutant cells are not sensitive to
copper and cadmium and are only slightly more sensitive to arsenite, suggesting that
damage by these agents is different to that caused by heat (Sanchez et al., 1992).

As in other eukaryotes, Hspl04 is thought to have a nuclear localisation
(Subjeck et al., 1983). Some clues to the possible functions of Hsp104 come from the
analysis of its primary structure. The heat inducible members of the Hsp100 family
from yeast, plants, animals and bacteria share approximately 60% homology across
their entire lengths and even higher similarity in regions of two ATP-binding site
consensus elements, suggesting that they share a conserved heat-related function
(Parsell & Lindquist, 1993). Site-directed mutagenesis revealed that these binding sites
are essential for the stress protective function of Hsp104 (Parsell et al., 1991). Yeast
Hsp104 is closely related to the heat-inducible E. coli ClpB protein (Squires et al.,
1991).
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Table 1.1 Heat shock proteins of yeast (from Mager & Moradas Ferreira, 1993)

Designation Cellular localisation Function

Hspl150 (Secretory) Unknown ,
Hsp104 Nucle(ol)us Stress tolerance
Hsp83 Cystol/nucleus Chaperone

Hsp70

Ssal Cystol? Chaperone

Ssa2 Cystol Chaperone

Ssa3 Cystol Chaperone

Ssa4 Cystol Chaperone

Ssbl Unknown Chaperone

Ssb2 Unknown Chaperone

Sscl Mitochondria Chaperone

Ssd1 (Kar2) Endoplasmic reticulum Chaperone

Hsp60 Mitochondria Chaperone

Hsp30 Plasma membrane ATPase regulator?
Hsp26 Cystol/nucleus Unknown

Hsp12 Cystol Unknown
Ubiquitin Cystol Protein degradation
Enzymes

Enolase Cystol Glycolysis
Glyceraldehyde-3-P- Cystol Glycolysis
dehydrogenase

Phosphoglycerate kinase Cystol Glycolysis
Catalase | (Cttl) Cystol Antioxidative defence
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Parsell et al. (1994) revealed that vegetative cells lacking Hsp104 show enhanced
accumulation of heat-induced aggregates of vital cell structures, implying that Hsp104
may act as a catalyst of protein disaggregation or reactivation. The Hsp70 Ssal isoform
assumes an important role in tolerance to extreme temperatures in the absence of
Hsp104, while in cells with low levels of Ssal, Hspl104 assumes an important role in
growth at normal temperatures, suggesting that Hsp70 Ssal and Hspl04 have
complementary roles (Parsell et al., 1994). Lindquist & Kim (1996) showed that
HSP104 could not be deleted in AsfI-m3 cells (which have a nonsense mutation in the
HSF1I gene, section 1.3.1) because expression of heat shock factor (and the viability of
the strain) requires nonsense suppression mediated by the yeast prion [psi+], which in
turn depends upon Hsp104. The self-modifying psi+ factor becomes lost in yeast strains
with overexpression or inactivation of HSP104, suggesting a chaperone role for Hsp104
(Chernoff et al., 1995).

1.2.2 Hsp90

Like the Hsp70s, members of the Hsp90 class of Hsps are highly conserved in
bacteria, yeasts and mammals and show among eukaryotes at least 50% sequence
identity (Craig & Lindquist, 1988). Hsp90s are abundant chaperone proteins, localised
primarily in the cytoplasm; a small fraction translocates to the nucleus upon heat shock
(Schlessinger, 1990). Hsp90s differ from both Hsp60s (section 1.2.4) and Hsp70s
(section 1.2.3) in that they regulate the function of specific, substantially folded
proteins. In vertebrates Hsp90s interact with a variety of cellular proteins, including
steroid hormone receptors, several kinases and the cytoskeleton proteins actin and
tubulin (Lindquist, 1986; Mager & Moradas Ferreira, 1993; Hartl, 1996).
Glucocorticoid receptor proteins are kept in the cytoplasm in an inactive conformation
through interaction with Hsp90 which serves as a cytoplasmic anchoring protein (Hunt,
1989). In S. pombe Hsp90 participates in cell cycle control by regulating Weel protein
tyrosine kinase activity (Parsell ef al., 1991). However, in S. cerevisiae. a demonstrable
function for Hsp90 has yet to be identified.

S. cerevisige contains two genes encoding Hsp90: HSPS82 and HSCS2
(Borkovich, 1989) whose products are 97% identical (Parsell & Lindquist, 1993).
HSC82 (heat shock cognate) is constitutively expressed and is only weakly induced
upon stress exposure while HSP82 has a low basal level of expression and is strongly
activated during heat shock (Borkovich, 1989), transition to stationary phase (Kurtz &
Lindquist, 1984) and early in sporulation (Kurtz et al., 1986). The elevation of Hsp90
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levels by heat shock appears to reflect a need for higher levels of Hsp90 during high
temperature growth. If either of these genes is inactivated, the cell is unable to grow at
high temperature while inactivation of both genes renders the cell inviable. The three-
dimensional structure of the 27 kDa N-terminal domain of the yeast protein containing
three of the four highly-conserved regions of Hsp90 structure and the ATP-binding

domain has recently been solved (Prodromou et al., 1997).

1.2.3 Hsp70

_ Hsp70 proteins are the most highly conserved Hsps among all species. A 50%
identity exists between Hsp70 proteins found in higher eukaryotes and the E. coli
Hsp70 DnaK, while eukaryotic proteins are between 50 and 97% identical (Lindquist &
Craig, 1988). The genes encoding Hsp70 in S. cerevisiae constitute a multigene family
consisting of eight members (Table 1.1) which are subdivided into four subfamilies,
SSA, SSB, SSC and SSD (Stress Seventy). SSA (SSA1-4) and SSB (SSBI-2) constitute
the cytoplasmic Hsp70s and are thought to be functionally distinct (Boorstein & Craig,
1990 a and b; Parsell & Lindquist, 1993; Mager & Moradas-Ferreira, 1993; Hartl,
1996). SSA gene products are important for protein translocation across the ER and
mitochondrial membranes while SSB products are associated with polysome-associated
nascent peptides (Hartl, 1996). Three of the four SSA genes are induced by heat shock
and the SSA4 subfamily is indispensable for growth. The SSB genes are repressed by heat
shock and mutations in SSB gene products result in a cold-sensitive phenotype (Parsell
& Lindquist, 1993; Mager & Moradas-Ferreira, 1993; Hartl, 1996). The SSC and SSD
subfamilies (reviewed by Craig et al., 1993) encode two organelle localised proteins:
Sscl (SSCI) in the matrix of the mitochondrion (Craig et al, 1987, 1989) and
Ssd1/Kar2 (KAR2; section 1.3.4) in the lumen of the ER (Normington et al., 1989).

It is likely that Hsp70 proteins induced upon stress exposure perform functions
similar to those under normal growth conditions, namely molecular chaperones. Hsp70
induced by heat shock is thought to mainly function in sequestering partially heat-
damaged protein until this protein can either be degraded or reactivated. In unstressed
cells a major role of the different cytoplasmic forms of the Hsp70 protein is to associate
and control the folding states of newly synthesised polypeptide chains for translocation
across the ER or mitochondrial membranes (Piper, 1997). Hsp70 proteins of both
eukaryotes and prokaryotes possess both ATPase and peptide binding activities which
are crucial for their chaperone activity (Ziegelhoffer et al., 1995). Sequence similarity

between Hsp70 proteins extends over the entire protein, particularly in conserved N-
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terminal regions where ATP binding sites are located. ATPase activity is stimulated by
binding to either unfolded proteins, synthetic peptides or a Dnal homologue, Ydjl
(Ziegelhoffer et al., 1995). The peptide-binding domain is thought to be located near the
C-terminus (Hartl, 1996). Hsp70 may also interact with the heat shock factor (section
1.3.1), thereby modulating its transcription activating potency (reviewed by Mager &
Moradas Ferreira, 1993).

1.2.4 Hsp60

The highly conserved Hsp60 protein family (chaperonins, Cpn60s) facilitate
post-translational assembly of polypeptides at normal temperatures, a cellular function
similar to that of Hsp70 (Mager & Moradas Ferreira, 1993). Hsp60s play a crucial role
in binding to unfolded proteins, catalysing ATP-dependent folding of these proteins and
assisting their assembly into higher-order protein structures (reviewed by Craig et al.,
1993; Parsell & Lindquist, 1993; Piper, 1997). Yeast Hsp60 (encoded by the essential
nuclear MIF4 gene) was first identified as a mitochondrial protein (Cheng et al., 1989),
showing 54% homology to the heat-inducible groEL of E. coli, a protein involved in
bacteriophage head assembly (McMullin & Hallberg, 1988). Hsp60 is assembled into a
typical chaperonin structure of two stacked heptameric rings (reviewed by Ellis & van
der Vies, 1991). Mutations in the MIF4 gene were first identified as conditional-lethal
mutations which prevented the correct folding and assembly of F1-ATPase, cytochrome
by and the Rieske FeS protein of complex III (Cheng et al., 1989). Although Hsp60
clearly functions in the folding and assembly of mitochondrial proteins (Ostermann et
al., 1989; Koll et al., 1992), its role in the translocation of proteins passing from the
matrix into the inner membrane space remains to be resolved. At high temperatures,
Hsp60 associates with a wide variety of proteins in yeast mitochondria. This association
presumably prevents protein aggregation and promotes refolding when cells are
returned to lower temperatures (Parsell & Lindquist, 1993). Hsp60 chaperonins have
also been implicated in the cytoplasmic protein-folding machinery but, unlike
mitochondrial Hsp60 of S. cerevisiae, they are not heat-inducible. In yeast, this
cytoplasmic complex is comprised of the essential Tcpl protein (tailless complex
polypeptide) which plays an important role in the biogenesis of tubulin and actin (Hartl,
1996).
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1.2.5 Small Hsps: Hsp12 and Hsp26

Yeast cells contain two major small Hsps: Hspl2 (Praekelt & Meacock, 1990)
and Hsp26 (Bentley et al.,, 1992) for which demonstrable functions have not been
shown (Petko & Lindquist, 1986; Susek & Lindquist, 1989). Although both of these
proteins are synthesised under many stress conditions (Praekelt & Meacock, 1990;
Bentley et al., 1992; Parsell & Lindquist, 1993; Mager & Moradas Ferreira, 1993;
Varela et al., 1995), loss of both Hspl2 and Hsp26 in S. cerevisiae produces no
apparent phenotype. However, an Hsp12 homologue of Schizosaccharomyces pombe
suppressed a mutational defect in the cdc4 gene (late septation), suggesting that Hsp12
could play a role in the formation of the F-actin contractile ring at cytokinesis (Jang et
al., 1996). The small Hsps represent a very diverse group of Hsps, which nevertheless
display conserved structural features (Lindquist & Craig, 1988) and share the ability to
form high molecular weight polymeric aggregates called heat shock granules (Tuite et
al., 1990; Bentley et al., 1992). Hsp26 shows a significant sequence similarity to o-
crystallin proteins, particularly with respect to a highly conserved hydrophobic domain
located at the C-terminus (Tuite et al., 1990). Although Jakob et al., (1993) have
recently demonstrated that mammalian small Hsps and a-crystallin molecules exhibit
chaperone activity, a function has yet to be assigned to hsp26. Unlike Hsp26, Hsp12
does not show homology to a-crystallin (Praekelt & Meacock, 1990), but shares 47%
identity to the N-terminal region of Whll, a 7.8 kDa polypeptide encoded by a gene
differentially expressed in the budding phase and hyphal-forming cells of Candida
albicans (Srikantha & Soll, 1993). A universal property of the small Hsps may also be
their developmental regulation, such that HSP12 and HSP26 are strongly stress-induced
while expression is dramatically increased following transition of cells to stationary
phase and upon induction of sporulation. The heat shock, weak acid and low pH-
induced expression of HSPI2 and HSP26 are investigated in Chapter 3. Hsp30
(Régnacq & Boucherie, 1992; Panaretou & Piper, 1992) is another small Hsp, which is

; found in the plasma membrane,

1.2.6 Ubiquitin

Conjugation of ubiquitin (Ub) to short-lived or damaged proteins mediates their
selective degradation (Finley et al., 1987). Ubiquitin, a highly conserved 76 amino acid
protein, acts by becoming covalently attached to the free amino acid groups of target

proteins through its C-terminal glycine residue, an attachment catalysed by the ubiquitin
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ligases (reviewed by Finley & Chau, 1991). Proteins targeted by ubiquitination are then
degraded by the proteosome (proteinase YscE) (reviewed by Heinemeyer et al., 1991).
In yeast, Ub is encoded by four genes (UBII-4). UBII-3 code for hybrid proteins in
which Ub is fused to unrelated amino acid sequences. Polyubiquitin, a protein encoded
by the UBI4 gene in yeast (containing five tandem Ub repeats), is thought to be a heat
shock protein since it displays a strongly enhanced rate of synthesis under stress
conditions (Finley et al., 1987). Also, production of the Ubc4/5 Ub conjugating
enzymes is heat shock-inducible (Seufert & Jentsch, 1990). This probably indicates a
much greater requirement for turnover of unfolded and non-functional proteins in cells
recovering from heat shock and other forms of stress. In several cases, it has been
shown that the proteolytic signal takes the form of a multi-Ub chain in which successive
Ub molecules are linked tandemly at various lysine residues, a process strongly
dependent on the presence of Ubc4/5 (Arnason & Ellison, 1994).

Strains carrying deletions in UBI4, or UBC4 plus UBCS display a considerably
reduced resistance to starvation, an increased sensitivity to high temperatures, amino
acid analogues and alkylating agents, and a block on the sporulation of a/o. ubi4/ubi4
diploid cells (Finley et al., 1987; Tanaka et al., 1988; Treger et al., 1988; Fraser et al.,
1991). This reveals the importance of ubiquitination in the cellular response to stress.
Also, the proteosome is important in the stress response since deletion of a gene
. encoding a subunit of this protease causes sensitivity to stress conditions and

accumulation of ubiquitin-protein conjugates (Heinemeyer et al., 1991)

1.2.7 Other proteins involved in the yeast stress response

Apart from the classical Hsps, proteins of unstressed cells of yeast and other
organisms play a part in the stress response. Some of these exhibit significantly
increased levels of expression following a stress treatment (Mager & Moradas-Ferreira,
1993). Heat shock increases the activities of at least two enzymes important for
protection against oxidative damage. These are cytoplasmic catalase T (encoded by
CTTI) and the mitochondrial manganese superoxide dismutase, MnSOD (encoded by
SOD2) (Wieser et al., 1991; Costa et al., 1993). Heat shock-induced transcriptional
activation of CT7/ and SOD?2 is controlled by the stress response element, STRE
i (section 1.3.2). Strains carrying a deletion in CT7I show reduced thermotolerance in
‘ both proliferating and stationary cells except when PKA levels are high (Wieser et al.,
1 1991). Loss of SOD2 also renders the cell more sensitive to the lethal effects of heat

(Davidson et al., 1996).
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|

| The effects of these antioxidant defence enzymes on thermotolerance are thought to
reflect the more severe oxidative damage to cellular proteins, nucleic acids and lipids

‘cati‘sed by reactive oxygen species at higher temperatures, especially in respiratory

| cultures (Moradas-Ferreira et al., 1996).

Several enzymes of the glycolytic pathway are induced upon heat treatment of
yeast cells. One of the genes encoding glyceraldehyde-3-phosphate dehydrogenase
(Lindquist & Craig, 1988), enolase (lida & Yahara, 1985) and phosphoglycerate kinase
(Piper et al., 1986) are induced following a heat shock. Heat stress imposes large
demands for energy (ATP) generation by the cell (Findley et al., 1983). Increased
glycolytic flux may assist stressed cells to restore intracellular ATP levels, although
these enzymes are present in such large amounts in unstressed cells, they are not
limiting for glycolytic flux. A further consequence of heat shock and other stress
challenges on yeast cells is the transient dissipation of the electrochemical pH gradient
across the plasma membrane, leading to a decrease in intracellular pH, activation of
plasma membrane H*-ATPase (section 1.4.1.1) and induction of a 30 kDa plasma
membrane heat shock protein (section 1.4.2.1).

It is well known that glycogen and trehalose accumulate in yeast under nutrient
starvation and entry to stationary phase, while high levels of trehalose are found in heat
shocked cells (reviewed by Francois et al., 1997). In yeast, trehalose is a stress-
protectant rather than a reserve carbohydrate since it is one of the most effective
substances known for in vitro preservation of membrane structures and enzyme
activities during desiccation, freezing or heating (Hottiger et al., 1994). Heat shock
causes the rapid accumulation of a large cytoplasmic pool of trehalose (up to 100-fold)
(Hottiger et al., 1987). There is a good correlation between trehalose levels and
thermotolerance in stationary phase and nonfermentative yeast cultures, although no
such correlation exists in fermentative yeasts (De Virgilio et al., 1994; van Dijck et al.,
1995). The mechanism of heat-induction of trehalose is readily reversible since the

trehalose accumulated with heat shock is rapidly mobilised with a subsequent
temperature downshift (Neves & Frangois, 1992). The genes involved in glycogen and
trehalose metabolism exhibit stress regulation, being induced by nutrient starvation,
temperature, osmotic and oxidative stresses (Winderickx et al., 1996; Parrou et al.,

1997). Almost all genes encoding the enzymes involved in the metabolism of these two

reserve carbohydrates contain single and multiple copies of the STRE (section 1.3.2).
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Recently, Parrou et al., (1997) demonstrated that the stress activation of the genes
encoding glycogen synthase (GSY2) and trehalose-6-phosphate synthase (7PSI) is
dependent on STREs, although the levels of transcription varies considerably.
Mobilisation of trehalose with temperature-downshift is defective in strains with low
Hsp70 levels (Hottiger et al., 1992) and mutants defective in 7PS1 do not show normal
levels of Hsp synthesis with heat shock (Hazell et al., 1995), suggesting that the
induction of Hsps and trehalose in the heat shock response may be linked.

Finally, recent evidence suggests that Ca2*-activated enzymes and signal
transduction pathways are strongly stimulated by heat stress (reviewed by Piper, 1997).
Weakness of cell walls at high temperatures might be detected by systems responding
to plasma membrane stretch, such as ion channels (Kamada et al., 1995), which in turn
lead to Ca2* influx. Cystolic Ca2* may then activate Ca2*-regulated enzymes such as
phospholipase C (PI-PLC), protein kinase C (PKC) and Ca?*/calmodulin-dependent
protein kinase. Strains that lack PI-PLC progressively lose viability and eventually lyse
after a shift to 37°C (Payne & Fitzgerald-Hayes, 1993; Flick & Thorner, 1993; Yoko-o
et al., 1993). Mutants defective in the PKC pathway (Kamada et al., 1995) and mutants
lacking Ca2*/calmodulin-dependent protein kinase (Iida et al., 1995) all show impaired
acquisition of thermotolerance with heat shock. There is no evidence that induction of
Hsps is impaired in these mutants, suggesting that these pathways contribute to a Hsp-
independent mechanism of thermotolerance. Also, the stress-activated cell membrane
H*-ATPase possesses potential phosphorylation sites for the Ca2*/calmodulin-

dependent protein kinase (section 1.4.1.1).

1.3 Stress-induced changes in yeast gene expression

The promoter regions of yeast stress genes contain various positive
transcriptional control elements that are activated by stress conditions: heat shock
elements (HSEs; section 1.3.1), stress response elements (STREs; section 1.3.2),
pleiotropic drug resistance elements and AP-1 responsive elements (PDREs and AREs
respectively; section 1.3.3) and unfolded protein response elements (UPREs; section
1.3.4). Some stress proteins encoded by HSE-regulated genes are necessary for growth
of yeast at high temperatures (37-39°C), products of STRE-activated genes seem to be
involved in survival under severe stress, PDRE-controlled genes confer tolerance to a
range of cytotoxic compounds, ARE-induced genes mainly function during stresses
which generate H,03  free radicals and in response to heavy metal ions, while

UPRE-expressed genes counteract the effects of compounds which cause the
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accumulation of unfolded secretory and transmembrane proteins in the endoplasmic
reticulum (ER).

1.3.1 Heat shock elements (HSEs)

In prokaryotes, the heat shock response is mediated by a specific heat-induced
32 kDa sigma factor, 632, which is a product of the rpoH gene (Grossman et al., 1985).
This factor binds to the RNA polymerase holoenzyme (RNAP) and directs it to heat
inducible promoters located upstream of heat shock genes. The promoters of these heat
shock genes are not recognised by the RNAP carrying the ¢70 subunit, which
undertakes most transcription in the cell at normal growth temperatures. At least 13 heat
shock promoters are known to be transcribed by RNAPo32. These differ from regular
promoters in their -35 region (consensus sequence, TCTCNCCCTTGAA), their -10
region (consensus sequence, CCCCATNTA), and the length of the spacer (13 to 17
nucleotides) that separate these two regions (Cowing et al., 1985). In general, these
promoters are recognised by RNAP632 and not by RNAPc?0in vitro (Zhou et al.,
1988). The mechanisms of heat shock-induced transcription in prokaryotes has been
reviewed by Mager & De Kruijff, 1995.

In contrast, transcriptional activation of (most but not all) eukaryotic heat-shock
genes by elevated temperature and other forms of physiological stress is mediated by
the binding of a transcriptional transactivator, heat shock factor (Hsfl ), to a short
highly conserved DNA sequence, the heat shock element (HSE), (reviewed by Sorger,
1991; Mager & Moradas Ferreira, 1993). The HSFI gene encoding the 833 amino acid
protein, Hsfl was first isolated from S. cerevisiae, and shown to be essential for
viability at all temperatures (Wiederrecht et al., 1988; Sorger & Pelham, 1988). In
higher eukaryotes activation of the Hsfl requires induction of DNA-binding activity
(Sorger, 1991). In yeast, however, Hsfl exists as a trimer which is constitutively
bound to HSEs of target genes irrespective of their transcriptional state (Sorger &
Pelham, 1987). Hsfs are composed of a DNA-binding domain at their N-terminus, an
adjacent cluster of hydrophobic amino acids (leucine zippers) and a distally located
heptad repeat near the C-terminus (Mager & De Kruijff, 1995). Hsfs from different
species show only limited sequence homology, the similarity being mainly confined to
the DNA-binding and trimerisation domains. In S. cerevisiae, Hsfl becomes highly
phosphorylated following heat shock and although this correlates with the

transcriptional activity of the factor over a range of temperatures it is not what
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determines activity (Flick et al., 1994). Also, under nonstress conditions Hsfl remains
in an inactive conformation, possibly through the interaction of Hsp70 with a conserved
heptapeptide element, RXLLKNR, located near the activator region (Jakobsen &
Pelham, 1991). It has been proposed that upon stress exposure Hsp70 is either released
from the complex or causes a conformational change in the Hsfl' binding domain, thus
enabling the factor to change into an active transcription complex (Mager & Moradas
Ferreira, 1993). At present, the mechanism by which the Hsfl stimulates transcription
of heat shock genes remains poorly understood.

HSEs, the DNA binding sites for Hsfl . that are essential for the heat shock
activation of many heat shock genes, are contiguous repeats of at least three copies of
the 5 bp sequence, nGAAn arranged in alternating orientations (n denotes less strongly
conserved nucleotides that may be involved in DNA-protein interactions). Each repeat
comprises at least one half-turn of the DNA double helix (Sorger, 1991). The distance
between HSEs can differ considerably as well as their location from the transcriptional
start site. Also, the degree of homology of the bases in each 5 bp unit to the standard
nGAAn motif can influence the affinity with which Hsfl' binds to HSEs (Mager & De
Kruijff, 1995). Bonner et al., (1994) investigated the interactions between DNA-bound
trimers of the yeast Hsfl. They found that Hsfl' can bind DNA with the sequence
nGAAnnTTCn or with the sequence nTTCnnGAAn, with little preference for either
sequence over the other. Therefore, a single Hsfl multimer can establish contact with
an HSE containing a minimum of two 5 bp units. However, (nGAAnnTTCn), was
found to be considerably less active as a HSE than (nTTCnnGAAn),. This difference
was attributed to the fact that (nGAAnnTTCn); is capable of binding only one Hsfl:
trimer while (nTTCnnGAAn); is capable of binding two trimers. HSE/Hsfl has also
been implicated in activation of the yeast metallothionein gene (CUPI) in response to
glucose starvation (Tamai et al., 1994) and oxidative stress (Lin & Thiele, 1996). Also,
Boorstein & Craig, (1990 a) demonstrated that mutations in two overlapping heat shock
elements 156 bp upstream of the SSA3 gene reduced the diauxic-shift-induced
expression of the promoter by 71% compared to the wild-type sequence. Although the
HSE alone exhibited no diauxic shift activation, the element was shown to act
positively with a post-diauxic shift upstream activating sequence similar to the general

stress response element (section 1.3.2).
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1.3.2 Stress response elements (STREs)

It has become apparent that the Hsfl -HSE cis-trans combination is not the
only pathway mediating stress-induced transcription. Smith & Yaffe (1991) proved that
the S. cerevisiae Hsfl ' is not essential for the induction of resistance to severe heat
stress. A nonsense mutation in the HSF gene (hsfI-m3) causing temperature sensitivity
was found to block the induction of the major heat shock proteins at 37°C, but had no
effect on the acquisition of thermotolerance at 50°C. This suggests that Hsfl - is needed
for growth during moderate stress but is not required for the induction of tolerance
against severe stress. In S. cerevisiae, Hsfl -independent control elements have been
identified in the promoter regions of a DNA damage-responsive gene DDR2
(Kobayashi & McEntee, 1990; 1993), a gene encoding the cytoplasmic catalase T
CTT1, (Wieser et al., 1991; Marchler et al., 1993), a gene encoding a small heat shock
protein of unknown function HSPI2 (Varela et al., 1995) and genes involved in
trehalose synthesis (Winderickx et al., 1996). This alternative promoter element is
activated by multiple stress conditions including heat shock, low external pH, weak acid
preservatives, ethanol, osmotic and oxidative stress and nitrogen starvation (Belazzi et
al., 1991; Marchler et al., 1993; Schiiller et al., 1994) and was therefore called the
general stress response element (STRE). Its core consensus is AGGGG or CCCCT
(Kobayashi & McEntee, 1990; Wieser et al., 1991). From analysis of promoter
sequences for the AGGGG element, many putative STRE-controlled genes activated by
multiple stresses have now been identified (Varela et al., 1995; Mager & De Kruijff,
1995, Siderius & Mager, 1997) but the STRE sequences in their promoter regions have
mostly yet to be proven functional. A few years ago, Boorstein & Craig, (1990 a)
revealed that the SSA3 gene for Hsp70 contains a variant of the STRE element which is
activated during diauxic growth and under stationary phase conditions. This post-
diauxic shift element (PDSE) (consensus T(A/T)AGGGAT) contains the AGGGA
sequence compared to the AGGGG core consensus displayed in STREs. However, in
contrast to the STRE, the PDSE is not activated by heat stress.

Kobayashi & McEntee (1993) revealed that the CCCCT element bound a single
140 kDa polypeptide distinct from Hsfl in yeast crude extracts, but these results were
not reproducible. Recently, two zinc finger proteins, Msn2 and Msn4 (Estruch &
Carlson, 1993) were shown to bind specifically to STREs (Martinez-Pastor et al., 1996;
Schmitt & McEntee, 1996). Zinc fingers are a 30 amino acid sequence motif (arranged:
O-X-Cys-X3.5-Cys-X3-0-X5-0-Xo-His-Xp_s-His, where X=any amino acid, ®=a
hydrophobic residue, Cys=cysteine and His=histidine), DNA binding minidomain
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folded around a central zinc ion with tetrahedral arrangement of cysteine and histidine
residues (reviewed by Klug & Schwabe, 1995). Tandem repetition of structurally
similar small finger domains with different DNA recognition sites is widely used in
biological systems for modular recognition of specific DNA sequences. Disruption of
both the MSN2 and MSN4 genes results in an increased sensitivity to carbon source
starvation, heat shock and severe osmotic and oxidative stresses (Martinez-Pastor et al.,
1996). Also, Northern analysis indicated that both MSN2 and MSN4 are required for the
stress activation of the CTTI, DDR2, HSP12 and TPS2 genes whose induction is
mediated via STREs (Martinez-Pastor et al., 1996; Schmitt & McEntee, 1996). In
contrast, MSN2 and MSN4 are not required for the activation of the SS43 gene under
identical stress conditions (Martinez-Pastor et al., 1996). This suggests that the PDSE
requires an as yet, unidentified DNA-binding protein and does not behave as a
functional STRE. Also, Msn2 and Msn4 are specific to the AGGGG motif of the
STRE. At present, the factor(s) binding to PDSEs remain to be elucidated. In addition,
it is possible that more factors can bind to the STRE and may compete with Msn2 and
Msn4 under certain conditions. Recent computer analyses by Béhm et al. (1997)
detected a possible 53 yeast C2H2 zinc finger proteins, most of those being of unknown
function. The mechanisms by which cells sense stress conditions and transmit signals to
stress genes remain poorly understood. It has been proposed that the STRE may
function as the element whereby all these signals are integrated with the response
leading to general stress resistance (Ruis and Schiiller, 1995). Two key pathways have
been identified which influence the expression of STRE-controlled genes: the high
osmolarity glycerol (HOG) mitogen-activated protein (MAP) kinase pathway (section
1.3.2.1) and the RAS-protein kinase A (PKA) pathway (section 1.3.2.2).

1.3.2.1 The role of the high osmolarity glycerol (HOG) MAP kinase pathway in
STRE regulation

When yeast cells are confronted with increases in external osmolarity, they
induce the synthesis of glycerol to increase their internal osmolarity (Varela et al.,
1992). Osmotic stress inactivates the Slnl -Ypdl -Sskl two-component membrane-
bound osmosensor (Maeda et al., 1994; Posas et al., 1996) which in turn leads to
activation of the high osmolarity glycerol (HOG) MAP kinase cascade composed of the
Ssk2 and Ssk22 MAP kinase kinase kinases (MAPKKKSs), the Pbs2 MAPKK and
the Hogl MAPK (Brewster et al., 1993). Osmotic stress also activates a second
osmosensor, Shol' (Maeda et al., 1995), which activates Pbs2 and Hogl via the
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Stell MAPKKK (Posas & Saito, 1997). Although Stell is an integral component of
the mating pheromone-responsive MAPK cascade (reviewed in Herskowitz, 1995),
there was no detectable cross talk between these two pathways (Posas & Saito, 1997).
Ruis & Schiiller, (1995) have suggested that two different osmosensors with different
concentration dependence and response kinetics may be required.

Recent investigations have revealed that defects in PBS2 and HOGI almost
completely abolish the transcriptional activation of CT71, DDR2, HSP12 or a STRE-
lacZ reporter gene by osmotic stress, showing that STREs are specific targets of the
HOG pathway (Schiiller et al., 1994; Varela et al., 1995). This group further
demonstrated that induction of STREs by other stress factors (section 1.3.2) appears to
be HOG pathway independent. HOGI-dependent accumulation of CTTI transcripts
occurred independently of protein synthesis and could be detected rapidly after an
increase of tyrosine phosphorylation of Hogl' triggered by high osmolarity. This is
consistent with transcriptional activation being triggered directly by Hogl. At present,

there is no evidence to suggest that Hogl interacts directly with the Msn2 or Msn4

proteins. Furthermore, STRE-mediated transcription in msn2 msn4 cells reaches
induction levels comparable to that in wild type cells in response to high osmolarity
stress. However, elimination of HOG pathway activity in a msn2 msn4 mutant

background completely eliminates high osmolarity induction of STRE-dependent

- transcription, suggesting that additional factors may bind the STRE (Martinez-Pastor et

al., 1996).
1.3.2.2 The role of the RAS-protein kinase A (PKA) pathway in STRE regulation
S. cerevisiae cells are able to modulate their metabolic activity, their growth rate
and the cell cycle in response to the nutritional conditions (reviewed by De Winde ef
al., 1997). cAMP has been implicated as an important secondary messenger in
transduction of the nutrient signal to various intracellular sites (Matsumoto et al., 1985;
Bollag & McCormick, 1991). The nutrient sensing mechanisms of yeasts have not been
fully elucidated. It has been demonstrated that the S. cerevisiae Rasl and Ras2 proteins
are activated by glucose, these then activate adenylate cyclase and trigger an increase in
cellular cAMP levels. cAMP then activates the PKA (encoded by TPKI, TPK2 and
TPK3) by binding to its regulatory subunit (encoded by BCYI). The PKA cascade then
phosphorylates a number of target proteins which then trigger a variety of responses at
the transcriptional and metabolic level, stimulating cell growth when nutrient status is
favourable (Thevelein, 1994). PKA can also be activated in a cAMP-independent

manner, provided there is some glucose present (The fermentable-growth medium
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induced, FGM pathway; Thevelein, 1994). Low cAMP levels, reflecting nutrient
limitation and poor growth conditions, cause an alternative pattern of transcription and
metabolism which triggers entry of cells into a resting state (De Winde et al., 1997).

Nutrient limitation activates the general stress response leading to the
transcription of a number of S. cerevisiae genes under STRE and PDSE control,
particularly SS43 (Boorstein & Craig, 1990 a), CTT1 (Belazzi et al., 1991) and HSPI2
(Varela et al., 1995). Also, Engelberg et al. (1994) demonstrated that the PKA pathway
controls the transcription of heat shock genes via a mechanism not involving Hsfl.
When the nutrient status is favourable, PKA activity is high, growth rate is maximal
and stress gene transcription is repressed, but when PKA activity drops, the
transcription of many stress genes is derepressed (Thevelein, 1994). Basal and induced
levels of STRE and PDSE-dependent transcription are enhanced in ras2 mutants with
low PKA activity and dramatically reduced in bcy/ mutants with high constitutive PKA
activity (Boorstein & Craig, 1990 a; Belazzi et al., 1991; Marchler et al., 1993; Varela
et al., 1995). Consequently, the STRE and PDS elements are under negative control by
PKA. It is thought that PKA does not transmit a stress signal directly to the STRE, but
exerts its effects by modulating the expression of STRE-controlled stress proteins under
favourable or sub-optimal growth conditions or in stationary phase (Ruis & Schiiller,
1995). Also, Schiiller et al., (1994) revealed that high osmolarity-induced expression of
an STRE-lacZ reporter gene is not significantly affected by the ras2 mutation,
suggesting that the PKA and HOG pathways act in parallel.

1.3.3 Pleiotropic drug resistance elements (PDREs) and AP-1 responsive elements
(AREs)

Multidrug resistance is a generalised resistance to a broad spectrum of
functionally and structurally unrelated drugs. The PDR (pleiotropic drug resistance)
network consists of genes influencing the expression of membrane translocator proteins
which confer tolerance to a range of cytotoxic compounds, heavy metals or compounds
generating superoxide free radicals (reviewed by Balzi and Goffeau, 1994; 1995). The
encoded gene products identified so far can be classified into three major classes:
membrane transport proteins belonging to either the ATP-binding cassette (ABC)
superfamily, or to the major facilitator superfamily (MFS) and factors for transcription
regulation.

The ABC proteins function as ATPase driven multidrug transporters and share a

common structure comprising of four domains, two hydrophobic (each with six
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transmembrane spans) and two hydrophilic (each with a conserved cassette of about
200 amino acids) with ATP binding motifs. S. cerevisiae displays induction of the
ABC-cassette multidrug transporter Pdr12 - (170 kDa) when exposed to sorbic acid at
low pH (section 1.4.2.2). This protein is highly homologous to two previously-studied
ABC-cassette transporters (Snq2 and Pdr5 ). Pdr12 has been shown to contribute
significantly to weak organic acid adaptation (P.W. Piper, unpublished results). The
MFS proteins catalyse the specific uni-, sym- and antiport of sugars, organic acids or
drugs. They consist of two-times six transmembrane helical segments separated by a
central cytoplasmic loop which does not have the ATP binding cassette of the ABC
transporters. The ATRI gene is thought to encode an MFS-type aminotriazole and 4-
nitroquinoline-N-oxide pump (Kanazawa et al., 1988; G6mpel-Klein & Brendel, 1990).

Many of these genes for membrane proteins are controlled by specific
transcription factors. Two PDR loci, PDR! and PDR3 were found to encode
homologous transcription regulators containing a Zn2C6 binuclear cluster motif as
DNA binding domain (Balzi et al., 1987) and have been shown to control the
transcription of the multidrug pump gene PDR5 (Meyers et al., 1992; Katzmann et al.,
1994). A mutation of the PDRI locus (prdI-3) was shown to cause hyper resistance to
more than 20 structurally unrelated inhibitors of both cytoplasmic and mitochondrial
functions, since it causes overexpression of several drug transporters (reviewed by Balzi
and Goffeau, 1991). Single disruptions in PDRI or PDR3 are generally associated with
hypersensitivity to drugs such as cycloheximide, but a double disruption resulted in a
more drastic effect, indicating that the two genes are essential in the control of
multidrug resistance (Delaveau et al., 1994). Progressive deletions of the PDRS5
promoter and a [-galactosidase reporter gene have demonstrated that the Pdr3 protein
binds to the 5'-TCCGCGGA-3' motif ("PDRE-box") which was also shown to bind
Pdrlp (Katzmann et al., 1994).

A number of yeast genes induced by hydrogen peroxide or compounds
generating superoxide free radicals are controlled by the Yapl - and the homologous
Yap2 transcriptional activator proteins, related to the mammalian c-Jun (AP1)
regulators (Moye-Rowley et al., 1989), of which Gen4 is also a member (Hinnebusch,
1988; Pain, 1994; Stephen et al., 1995). These proteins share similar DNA-binding
domains and leucine zipper dimerization domains and bind to yAREs (yeast API-
responsive elements with a 5'-TTA(C/G)TAA-3' motif). Yapl. plays a significant role
in the resistance of yeast cells to oxidative stress by inducing expression of a number of
antioxidant genes including TRX2 and GSHI (Kuge & Jones, 1994; Grey & Brendel,

30



1994; Stephen et al., 1995), which are important in maintaining thioredoxin and
glutathione levels respectively. Yaplp also mediates the induction of YCFI which
encodes an ABC cassette transporter (Li ef al., 1996). Yapl has also been implicated
in the response to the toxic divalent cation Cd2* (Hirata et al., 1994), although
induction of HSPI2 by cadmium and hydrogen peroxide occurs by a Yapl /Yap2

independent mechanism (Varela et al., 1995). A MAP kinase recognition motif is
present in Yapl (Hirata et al., 1994) while Gounalaki and Thireos (1994) showed that
Yapl was essential for the stress induction of an STRE-/acZ reporter but did not show
any direct STRE/Yapl interaction. As well as the Yap proteins, other as yet
uncharacterised transcription factors seem to be involved in the oxidative and toxic

metal ion stress response.

1.3.4 The unfolded protein response element (UPRE)

Accumulation of unfolded secretory and transmembrane proteins in the lumen
of the endoplasmic reticulum (ER) triggers the transcriptional induction of certain
molecular chaperones localised in the ER. In mammalian cells these are called glucose-
regulated proteins (GRPs) since they are also induced by glucose starvation. Yeasts
possess an intracellular signalling pathway from the ER to the nucleus, called the
unfolded protein response (UPR), induced by tunicamycin, 2-deoxyglucose and 2-
mercaptoethanol (Shamu et al., 1994). In S. cerevisiae, this induction is mediated by a
single 22 bp unfolded protein response element (UPRE) first identified in the K4AR2
promoter (Shamu et al., 1994). Extensive mutational analysis has revealed that the
UPRE contains a partial palindrome with a spacer of one nucleotide (CAGCGTG) that
is essential for its function. Also the ERN4 gene which encodes a basic leucine zipper
protein (Ern4 ) was found to specifically bind the UPRE and activate transcription of
the KAR2 gene (Mori et al., 1996).
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Table 1.2 Summary of stress response pathways in yeast

Stress2 Tfb DNA Consensusd Stress genes®
element®
HS Hsfl HSE nGAAmTTCn HSP70
HS, OX, OS, | Msn2 , Msn4 STRE CCCCT or AGGGG CTTI, DDA2,
WA, NS, S HSP12, HSP104
CC, HM Pdrl , Pdr3 PDRE TCCGCGGA PDRS5, SNQ2
00X, CD Yapl yARE TTA(C/G)TAA TRX2, GSHI
PDS ? PDSE T(A/T) AGGGAT SSA3
TC, DG, ME Ern4 UPRE CAGCGTG KAR2

(a) stress inducer:- HS= heat shock, OX= oxidative stress, OS= osmotic stress, WA=
weak acid stress, NS= nitrogen starvation, S= stationary phase, CC= cytotoxic
compounds, HM= heavy metals, CD= cadmium, PDS= post-diauxic shift, TC=
tunicamycin, DG= deoxyglucose and ME= 2-mercaptoethanol.

(b) Tf= trans-acting transcription factor (or transcriptional activator), ?=unknown T¥.

(c) DNA element= cis-acting promoter element (upstream activating sequence, UAS).

(d) consensus= (5' — 3") of the DNA element.

(e) examples of stress genes controlled by the various stress response pathways.
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1.4 Weak acid preservatives

Yeasts, moulds and lactic acid bacteria have been implicated in the fermentative
spoilage of foods and beverages of low pH, high sugar content and reduced water
activity (Aw) (Smittle & Flowers, 1982; Fleet, 1992; Neves et al.,, 1994). The
environmental conditions characteristic of such foods inhibit the growth of many
bacteria and provide a non-competitive situation promoting the growth of yeasts
(Beuchat, 1982). Weak lipophilic acids such as sorbate, benzoate, acetate and sulphur
dioxide have been commonly used to preserve low pH foods including mayonnaise,
pickles, fruit concentrates, soft drinks and wines (Sofos & Busta, 1981; Restaino et al.,
1982; Pilkington er al., 1988). The antifungal action of weak acid preservatives is
discussed in greater detail in section 1.4.1. Essentially these compounds cause cell
stasis rather than cell death. However, microbial spoilage of these products occasionally
does occur despite the maximum permitted level of preservative and good
manufacturing practice (Pitt, 1974; Golden & Beuchat, 1992). Exposure to a mild weak
acid stress at acid pH evokes a discrete stress response which leads to improved
resistance against a more severe weak acid stress (section 1.4.2). When grown in the
presence of moderate amounts of benzoate, Zygosaccharomyces bailii in particular, as
well as several other yeasts including S. cerevisiae adapt to tolerate higher levels of the
acid. Adaptation of S. cerevisiae to growth in the presence of sodium benzoate
increased its tolerance from 100 to 175 mg/l and increased the tolerance of Z. bailii
from 600 to 1300 mg/l (Warth, 1988).

Spoilage of foods and beverages containing preservatives is caused by relatively
few species of yeast (Fleet, 1992). The major spoilage organism is the osmotolerant
yeast, Z bailii (Thomas & Davenport, 1985), which can become tolerant of
preservative concentrations in excess of those legally permitted (Splittstoesser et al.,
1978). Unlike bacteria, it is able to acquire resistance to lipophilic acids (section 1.4.3).
Neves et al., (1994) found that two strains of Z. bailii tolerated 800 mg/] of sorbate at
pH values less than the pK of the preservative. This organism has become a universal
problem to the food industry in food products which rely on acidic and/or osmophilic
conditions for preservation. It is apparent that resistance to one of the common
preservatives is often associated with resistance to one or more of the others. In
particular, species resistant to benzoate are often resistant to sorbate and also appear to
tolerate acetate (Warth, 1985).
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1.4.1 Mode of action of weak acid preservatives

Although benzoate and other weak acid type preservatives have been used to
preserve acidic foods, beverages and pharmaceuticals for many years, there is
uncertainty about which biochemical events are important in inhibiting cell growth
under conditions of food preservation. Preservatives may accumulate on the
cytoplasmic membrane, thus interfering with substrate transport and oxidative
phosphorylation (Freese & Levin, 1978). This may account for their effectiveness in
preventing the growth of many sensitive bacteria and yeasts under some conditions, but
it is not a likely cause of growth inhibition under conditions such as anaerobic
fermentation and nutrient rich foods (Warth, 1985).

The antimicrobial effect of weak acids is greatly pH dependant. It is increased
by lowering the pH of the suspending medium, being less effective as pH increases
(Macris, 1975; Eklund, 1983). In aqueous solutions, weak acids are present as
undissociated weak acid and the weak acid ion, the percentage distribution of these

forms at any pH being according to the Henderson-Hasselbalch equation:

[ base ]
pH = pK + log
[acid ]

The differences in antimicrobial activity between weak acid preservatives can be
explained by considering their dissociation constants (pK) (Sofos & Busta, 1981).
Consequently, at low external pH (< 5.0) weak acids exist predominantly in an
undissociated molecular form (Beuchat, 1981). Eklund (1983) investigated the
antimicrobial effects of dissociated and undissociated sorbate (pK,= 4.74) and found
that the inhibitory action of the undissociated acid was 10-600 times greater than that of
the dissociated acid. Nevertheless, it was found that the anion caused more than 50% of
the growth inhibition at pHs above 6.0. Also, Burlini et al. (1993) demonstrated that
weak acids elicit a set of metabolic effects on sugar metabolism at medium pH values
of 6.8, preventing the glucose-induced switch from a gluconeogenic to a glycolytic
state. Undissociated weak lipophilic acids are highly soluble in the lipid component of
the plasma membrane and as a consequence, cells in acid cultures are generally very
permeable to the undissociated form of the preservative (Warth, 1985). Weak acids

continue to enter the cell until the concentrations inside and outside the cell reach
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