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The wine yeast Saccharomyces cerevisiae experiences a range of stress

conditions during wine fermentation. These stresses include osmotic stress, hypoxia,
nutrient starvation, cold stress and increasing ethanol stress as fermentable sugars are
converted to ethanol. These various stresses affect the functionality of the plasma
membrane, cell wall and subsequently the yeast’s efficiency during fermentation. Etp1,
a poorly characterized protein has been shown to have several different fermentation
related phenotypes; it is needed for the turnover of the hexose transporter Hxt3 upon a
shift from glucose to ethanol, and the transcriptional activation of the stress response
genes HSP12 and HSP26 under ethanol stress. The molecular function of Etp1 during
fermentation is not understood. This research aims to understand the molecular
mechanism of Etp1 function and its involvement in Chardonnay fermentation using the
S. cerevisiae M2 wine yeast strain.
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CHAPTER 1 -- Introduction
Overview of Saccharomyces cerevisiae
!

The budding yeast Saccharomyces cerevisiae is a eukaryotic microorganism that

is commonly used as a model organism for basic research in molecular biology and
genetics for eukaryotic systems. It is the ability of this yeast to ferment sugars such as
fructose and glucose into ethanol and carbon dioxide that has made it the most
commonly used industrial microorganism. It has application in the bread, wine, beer,
and bio-ethanol producing industries. Yeast with an increased efficiency in ethanol
production and/or an ability to: withstand stresses such as higher ethanol
concentrations; more effectively tolerate cooler temperatures; and adapt more efficiently
to osmotic change, will perform better and thereby lower production costs in the above
mentioned industries (Snowdon et al 2009, Stanley et al 2010).
1.1 Carbon metabolism
!

S. cerevisiae has three different mechanisms for attaining energy from carbon: 1)

when simple fermentable sugars (such as glucose and fructose) are in high abundance,
the yeast uses fermentation to obtain energy, with ethanol as an end product, 2) when
glucose is limited the cell will use respiration to obtain its energy, and 3) when glucose
is absent alternative carbon sources such as ethanol and glycerol are used via
respiration (Krampe et al 1998). Yeast will also ferment low concentrations of
fermentable sugars into ethanol if oxygen is not available. Glucose not only acts as an
energy source for the cell but also as a signaling molecule to determine which mode of
energy production the cell will use and which genes and proteins need to be active
under the cells current condition (Rolland et al 2002, Santangelo 2006).
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1.1.1 Glycolytic fermentation
!

When glucose is in abundance the yeast will typically ferment it to ethanol and

carbon dioxide (Johnston and Carlson 1992). The yeast will ferment glucose to ethanol
in the presence of oxygen if the concentration of glucose in the environment is higher
than 1 g/L (Heyland et al 2009). Glucose in the environment is sensed by two
membrane-spanning sensors, Rgt2 and Snf3 (Ozcan and Johnson 1999). These
proteins start a signaling cascade that leads to the transcriptional regulation of both
hexose transporter and glycolytic genes (Rolland et al 2002). Simplified versions of
these signaling pathways are shown in Figure 1 which will be discussed in more detail
below. In order to transport glucose and other fermentable sugars across the plasma
membrane into the cell, S. cerevisiae uses a family of proteins known as the hexose
transporters (Hxts) which use facilitated diffusion to transport hexose sugars. Their
transcriptional regulation is briefly shown in Figure 1A and will be discussed in more
detail below (Kruckeberg 1996, Maier et al 2002). There are 17 different hexose
transporters (Hxt1-17) and Figure 1A shows how the most studied HXTs are expressed
(Ozcan and Johnston 1999).
!

Hxts1-7 have been examined in many studies and it has been suggested that

they are the important Hxts in S. cerevisiae (excluding Hxt5) (Ozcan and Johnston
1999, Maier et al 2002). These hexose transporters are grouped into three main
categories based on the binding affinity associated with each transporter for glucose:
low affinity, moderate affinity and high affinity transporters. There have been multiple
studies done with these proteins showing how they are regulated at both transcriptional
and post-translational levels in a manner dependent on environmental factors. Hxt1 and
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Hxt3 are low affinity transporters that have been shown to be induced and active at the
beginning of a fermentation, when glucose levels are at the highest and increased
expression occurs during the growth phase (Perez et al 2005). HXT1 and HXT3 are still
expressed when glucose levels are low, their expression is inhibited by Rgt1 (Figure 1A)
when glucose is absent from the environment (Kruckeberg 1996). Snf3 and Rgt2
(Figure 1A) are responsible for sensing the amount of glucose in the environment and
initiating the regulation of transcription of HXT1-7 (Kruckeberg 1996, Ozcan and
Johnston 1999). HXT2 and HXT4 encode for high-affinity glucose transporters, and their
expression is induced when glucose concentrations are low or by a poor carbon source
such as raffinose (Greatrix and van Vuuren 2006, Ozcan and Johnston 1999). It is
thought that HXT2 is expressed towards the end of a fermentation (Luyten et al 2002).
Hxt4 is present during mid to late stages of fermentation because of it’s higher affinity
for glucose, compared to that of Hxt2 (Maier et al 2002). HXT7 encodes another highaffinity glucose transporter and has the highest affinity of any other studied hexose
transporter (Ozcan and Johnston 1999, Greatrix and van Vuuren 2006). Expression of
HXT7 is induced by low levels of glucose or the presence of non-fermentable carbon
sources such as glycerol or raffinose, and its expression is inhibited by high levels of
glucose by Mig1 and Snf3 (Figure 1A) and nitrogen starvation (Ozcan and Johnston
1999, Snowdon et al 2008). Hxt7 is required by the yeast to carry out a normal
fermentation, and is expressed towards the end of fermentation when glucose
concentrations are lower (Luyten et al 2002, Perez et al 2005). Induction of HXT7 during
a fermentation begins as cells go into stationary phase and hexose sugar
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concentrations are lower, allowing the cells to convert remaining fructose and glucose to
ethanol (Luyten et al 2002, Perez et al 2005).
!

Glycolytic genes are also expressed under high concentrations of glucose, some

of these are regulated by the Protein Kinase A (PKA) pathway (Rolland et al 2002,
Zaman et al 2008). The activation of the PKA pathway by glucose is shown in Figure 1B
in a very simplified manner for the purpose of this study. As glucose is brought in to the
cell and metabolized, glucose-6-phosphate is produced and activates the PKA signaling
cascade, starting with Ras1/2 which activates Cyr1 which prevents Bcy1 from binding to
TPK which leads to active PKA and gene expression (Rolland et al 2002, Santangelo
2006, Zaman et al 2008). The PKA pathway is active under high concentrations of
glucose, activating genes for growth and metabolism (Zaman et al 2008). The PKA
pathway is involved in cell growth and stress response such as: ribosome biogenesis,
glucose metabolism, autophagy, and lifespan, it is regulated by the availability of
glucose and other pathways such as the Target of Rapamycin (TOR) pathway which
responds to nitrogen availability (Santangelo 2006, Zaman et al 2008). The TOR
pathway, which will be discussed in more detail later, activates some of the same genes
as the PKA pathway, such as MSN2 independently of each other and TOR can regulate
PKA although the exact mechanism remains undetermined (Soulard et al 2010).
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Figure 1 - A brief overview of the cell’s response to glucose. A) is the regulation of
hexose sugar transporters and B) is a simplified schematic of the PKA pathway, which
leads to the transcription of glycolytic genes, genes associated with cell cycle
progression and the inhibition of some stress response genes.
5
Wednesday, 2 January, 13

!

Once glucose is brought into the cell it is metabolized by means of glycolysis into

two pyruvate molecules (Bakker et al 2001, Dickinson and Schweizer 2004). Depending
on oxygen availability, pyruvate can be metabolized by either of two mechanisms or
reactions (Figure 2). If the cells are grown under aerobic conditions the pyruvate will
then be further catabolized oxidatively through the TCA cycle in the mitochondria
(Bakker et al 2001, Dickinson and Schweizer 2004). As previously mentioned, the yeast
will still ferment glucose to ethanol under aerobic conditions if the glucose concentration
exceeds 1g/L (Heyland et al 2009). This is known as respiro-fermentative growth,
commonly referred to as the Crabtree effect, which is when the cells utilize the available
glucose in the environment as quickly as possible as opposed to optimal energy and
biomass production to out-compete other organisms (Dickinson and Schweizer 2004,
Heyland et al 2009). Under anaerobic conditions the cell will ferment glucose to ethanol
(Dickinson and Schweizer 2004). Following glycolysis, the pyruvate molecules are
converted to acetaldehyde and then to ethanol (Bakker et al 2001). This process does
not yield any extra ATP other than the two molecules produced from glycolysis;
however, it does yield NAD+ which can be used for subsequent metabolic reactions
(Bakker et al 2001, Dickinson and Schweizer 2004). The ethanol produced can also be
used as an energy source once all the fermentable carbon sources have been utilized
(Dickinson and Schweizer 2004).
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Figure 2 - A schematic of glucose degradation in S. cerevisiae under both aerobic and
anaerobic conditions.
1.1.2 Glucose repression

Tuesday, June 5, 2012

!

Not only is glucose an energy source but it also acts as a signaling molecule

once it has been brought into the cell (Busti et al 2010, Santangelo 2006). Glycolysis
intermediates such as glucose-6-phosphate play a role in signaling as well (Figure 1B)
(Santangelo 2006). This intracellular glucose signaling can lead to the repression of
genes, such as those involved in gluconeogenesis, respiration and the metabolism of
alternative carbon sources, which are not required to be highly expressed when glucose
is abundant (Busti et al 2010). Figure 3 shows a simplified schematic of the core
signaling pathway that controls glucose repression. Snf1 is a protein kinase responsible
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for activating the transcription of genes involved in gluconeogenesis and the metabolism
of sucrose, galactose and maltose through the phosphorylation of the Mig1/2
transcriptional repressors (Busti et al 2010, Christensen et al 2009). Under high glucose
concentrations Snf1 is inactive and does not phosphorylate Mig1/2 which remain in the
nucleus repressing genes involved the metabolism of alternative carbon sources and
gluconeogenesis (Busti et al 2010, Christensen et al 2009). Glucose repression is
regulated solely by intracellular glucose and its phosphorylated states and is not
triggered by the membrane sensors Snf3 and Rgt2 (Belinchón and Gancedo 2007).
After glucose is brought into the cell it is phosphorylated by Hxk2 (Belinchón and
Gancedo 2007). This type of regulation plays a part in the typical respiro-fermentative
growth often exhibited by S. cerevisiae when there is abundant glucose (Christensen et
al 2009). By inhibiting the transcription of genes involved in respiration and
mitochondrial activities when glucose is abundant, the cell directs glucose metabolism
towards producing ethanol, acetate and glycerol as by-products instead of biomass
(Christensen et al 2009, Heyland et al 2009). Once the glucose has been utilized or
there is no longer glucose present in the environment the cell will shift its metabolism to
grow on alternate carbon sources.
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Figure 3 - Schematic of glucose repression. When glucose is abundant in the cell Snf1
is inactive and therefore cannot phosphorylate Mig1/2, preventing the exit of Mig1/2
from the nucleus thereby repressing various genes.
1.1.3 Non-fermentable carbon sources
!

Friday, June 8, 2012

When glucose is depleted the yeast can utilize ethanol, acetate and glycerol, the

typical by-products from glucose fermentation as carbon sources (Bakker et al 2001,
Christensen et al 2009). Unlike in glucose repressive conditions, Snf1 is active in the
absence of glucose and phosphorylates Mig1/2 and promotes the exit of Mig1/2 from
the nucleus (Christensen et al 2009, Dickinson and Schweizer 2004). This allows genes
associated with gluconeogenesis, alternate carbon source utilization and respiration that
were repressed by Mig1/2 to be transcribed (Christensen et al 2009, Dickinson and
Schweizer 2004). The genes associated with alternate carbon source utilization can
simply be involved with bringing in non-fermentable sugars such as sucrose, raffinose,
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and galactose into the cell (Dickinson and Schweizer 2004). Once these molecules are
in the cell they undergo enzymatic reactions that produce glucose or glucose derivatives
that can be metabolized using glycolysis or the TCA cycle depending on whether a
glucose derivative or pyruvate is produced (Dickinson and Schweizer 2004). Genes
involved with gluconeogenesis are also transcribed allowing the cell to synthesize
glucose-6-phosphate from oxaloacetate which is produced in the TCA cycle (Dickinson
and Schweizer 2004, Heyland et al 2009). S. cerevisiae also has the ability to utilize
ethanol, glycerol and acetate as carbon energy sources (Bakker et al 2001, Dickinson
and Schweizer 2004). If the cells have used all the fermentable carbon sources and are
left with nothing but the ethanol they have created, they adapt their metabolism through
a process known as the diauxic shift, and begin using the ethanol as their carbon
source (Zaman et al 2008). Ethanol can be converted to acetate which will produce
NADH and then through the investment of an ATP molecule, that acetate can be
converted to acetyl-CoA which can then proceed through the TCA cycle and produce
limited energy for the cell via oxidative phosphorylation (Bakker et al 2001).
1.2 Nitrogen metabolism
!

Nitrogen is a very important nutrient for the cell; it is used to make amino acids,

proteins, nucleic acids, etc. The levels of nitrogen in grape juice may vary due to
ammonia and amino acid content (Ribéreau-Gaynon et al 2000). Generally the levels
start off high (200-800 mg/L) but are used rapidly leading to nitrogen starvation during
the fermentation (Boulton et al 1998, Ribéreau-Gaynon et al 2000). At the start of the
fermentation amino acids are transported into the cell and stored in vacuoles. As
ethanol is produced it affects the ability of the transporters to transport amino acids by
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disrupting the proton gradient (Ribéreau-Gaynon et al 2000). The yeast can then use
the stored amino acids to support growth.
!

Just like with glucose, there is a signaling pathway responsible for sensing

nitrogen. This is the Target of Rapamycin Complex 1 (TORC1). This pathway, outlined in
Figure 4, regulates the expression of many genes, including those responsible for
amino acid transport and the catabolism, utilization and usage of poor nitrogen sources,
in response to environmental nitrogen (Dickinson and Schweizer 2004, Rowen et al
1997, Zaman et al 2008). Gln3 is a transcription factor involved in the activation of
nitrogen metabolic genes (Dickinson and Schweizer 2004, Rowen et al 1997). Ure2 is a
cytoplasmic protein that binds to Gln3 thereby preventing its entrance into the nucleus
when rich nitrogen sources are available in the environment (Dickinson and Schweizer
2004, Rowen et al 1997). When there are rich nitrogen sources present, TORC1, a
protein kinase complex made up of Tor1 and Tor2, is active and inhibits Sit4, a
phosphatase needed for de-phosphorylating Gln3 (Magasanik and Kaiser 2002, Zaman
et al 2008). Dephosphorylation of Gln3 dissociates its complex with Ure2 allowing Gln3
to enter the nucleus (Magasanik and Kaiser 2002, Zaman et al 2008). The TORC1
pathway is also associated with stress response gene activation and retrograde
response gene activation. Active TORC1 directly prevents transcription factors Msn2/4
from entering the nucleus and activating stress response genes and inactivating a
signaling cascade that leads to transcription factors Rtg1/3 entering the nucleus and
activating the retrograde response genes (Magasanik and Kaiser 2002, Zaman et al
2008). However as nitrogen is used up, there is a poor nitrogen source or the cells are
treated with rapamycin, Tor1/2 is inactive and the stress response genes are transcribed
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(Magasanik and Kaiser 2002, Zaman et al 2008). The drug rapamycin induces the
response to poor nitrogen conditions causing the cell to react as if it was being starved
of nitrogen (Heitman et al 1991, Zaman et al 2008).

Rich Nutrients

Rap

TORC1

Sit4

Rtg2

Ure2
Gln3

Mks1
Gln3

Msn2 Msn4

Rtg1 Rtg3

Ure2

Nitrogen metabolism genes

Stress response genes

Retrogade response genes

Figure 4 - The TOR signaling cascade, depicting the regulation of transcription factors
involved in stress response genes associated with nitrogen availability.
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1.3 Cell wall composition and maintenance
!

Saccharomyces cerevisiae like other fungi possesses a strong cell wall that helps

protect the cell in a variety of environments. For example, it would prevent the yeast
from lysing due to swelling in hypo-osmotic environments which the cells face in the wild
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following rainfall when growing on the surface of grapes (fruit) (Boulton et al 1998, Levin
2005). Fungal cell walls are different from plant cell walls as they contain chitin instead
of cellulose (Lipke and Ovalle 1998). The cell wall is made up of chitin, mannoproteins,
as well as beta-1,3-glucans and beta-1,6-glucans (Bulike et al 2003, Klis 1994). The
genes that encode for the production of chitin and beta-glucan assembly are regulated
by the cell cycle and by the cell wall integrity (CWI) pathway (Lesage and Bussey 2006).
!

The CWI pathway (Figure 5) is a MAP kinase cascade that is activated under

periods of cell wall stress which can be environmental such as osmotic stress, oxidative
stress, and heat stress, or it can be chemical by treating cells with Congo red, calcofluor
white, rapamycin, caffeine, SDS which are cell wall interfering agents or zymolyase
which is a cell degradation enzyme respectively (Kuranda et al 2006, Levin 2005). The
stress is sensed by proteins in the membrane which stimulate guanine exchange factors
(GEFs) Rom1/2 that activate the G-protein Rho1 to stimulate the MAP kinase cascade
(Boorsma et al 2004, Levin 2005). The terminal MAP kinase, Mpk1 activates
transcription factors Swi4/6 and Rlm1 to stimulate transcription of genes associated with
cell wall component production (Swi4/6) and maintenance (Rlm1) (Boorsma et al 2004,
Kim and Levin 2010, Levin 2005).
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Figure 5 - Different cell wall stresses are sensed at the membrane by various proteins.
Rom1 and Rom2 are then activated and send the signal down a MAP kinase cascade.
The terminal MAP kinase Mpk1 then activates transcription factors which transcribe
sday, 2 January, 13 stress response genes to help maintain cell wall integrity.
1.4 General stress response
!

In the wild or in a fermentation yeast can encounter a variety of stresses that

without the proper adaptation could severely inhibit their growth. Various stresses affect
the folding and function of proteins; if function is altered or becomes obsolete due to
miss-folding, cellular growth can become inhibited or cell death may even result (Haitini
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and Takagi 2008). When yeast cells encounter either heat stress, high osmolarity,
nitrogen starvation, ethanol or membrane damage, a stress-response begins that aids
the cell in adapting to the stress (Durchschlag et al 2004, Hohmann and Mager 2003,
Zaman et al 2008). The transcription factors Msn2/4 and Hsf1 are needed for the
induction of stress-response genes, such as the HSPs, genes needed for trehalose
production and the activation of Yak1 and Rim15 which lead to cell cycle arrest (Haitini
and Takagi 2008, Zaman et al 2008, Ding et al 2009).
!

Hsf1 is regulated by the PKA pathway, although the exact mechanism is still

unknown (Zaman et al 2008). Msn2/4 are regulated and their activities are induced in
environmental stress. The PKA and the TOR pathways inhibit Msn2/4, the PKA pathway
suppresses Msn2/4 by direct phosphorylation, preventing it from entering the nucleus,
whereas TOR pathway signals affect the function of Msn2 (Durchschlag et al 2004,
Zaman et al 2008). TORC1 is responsible for the nuclear export of Msn2/4; under
nitrogen starvation or treatment with rapamycin TORC1 is inactivated and Msn2/4 is
able to accumulate in the nucleus (Zaman et al 2008). Msn2/4 and Hsf1 bind to stress
response elements found in the promoters of stress response genes, but first have to
get into the nucleus in order to bind to these genes (Haitani and Takagi 2008).
!

The CWI pathway is also involved in stress response (Figure 5). The CWI

pathway is active when the yeast is exposed to cell wall stresses such as calcflour
white, Congo red, SDS, and caffeine, as well as at different stages of the cell cycle
(Hohmann and Mager 2003, Jung and Levin 1999, Levin et al 1990). There is even
evidence that the CWI pathway cross talks with both the High-Osmolarity Glycerol
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(HOG) pathway and the TORC1 pathway (Fuchs and Mylonakis 2009, Kuranda et al
2006, Levin 2005).
1.4.1 Fermentation stress
!

One of the most popular uses for S. cerevisiae is ethanol fermentation. Yeast is

naturally found on the grape where they have to deal with very few nutrients, aerobic
growth conditions, varying temperatures and changes in osmotic stress due to rain
(Boulton et al 1998, Levin 2005). On the other hand, most fermentations are inoculated
using active dry yeast (ADY) (Zuzuarregui and del Olmo 2004). ADY cells have to cope
with oxidation, osmotic stress, nutrient limitation, desiccation and ionic stress, raised
temperatures, organic acids as well as alcohols (Zuzuarregui and del Olmo 2004).
Before they are dried they are grown in aerobic conditions with low amounts of glucose
to stimulate biomass production (Boulton et al 1998). When ADY are used there is
osmotic shock associated with rehydration as they are rehydrated with water and
nutrients to get the cells growing (Boulton et al 1998, Zuzuarregui and del Olmo 2004).
!

During a wine fermentation there are various stresses that the yeast has to face

such as: growth temperatures between 10℃ and 18℃ under anaerobic conditions for
whites and up to 25℃ in red wines, increasing ethanol concentrations, nitrogen
starvation and osmotic stress (Boulton et al 1998, Pizarro et al 2008, Zuzuarregui and
del Olmo 2004). When the yeast is first inoculated into the grape must there is an
abundance of fermentable sugars and nitrogen sources as well as some dissolved
oxygen (Boulton et al 1998). As the yeast start fermenting the small amount of oxygen
present is quickly utilized creating an anoxic environment (Boulton et al 1998, Merico et
al 2007). As the glucose and fructose are fermented, ethanol accumulates in the
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environment (Ding et al 2009). As the fermentation continues the nitrogen is quickly
consumed leading to nitrogen starvation and can cause a stuck or sluggish fermentation
(Boulton et al 1998, Ribéreau-Gaynon et al 2000). In many cases in the industry
nitrogen may be added while the fermentation is underway to prevent this (RibéreauGaynon et al 2000).
1.4.3 Osmotic stress
!

At the start of a wine fermentation the grape juice contains a large amount of

glucose and fructose, sometimes more than 200 g/l which induces hyperosmotic shock
(Zuzuarregui and del Olmo 2004). The cell responds to this stress by activating the High
Osmolarity Glycerol (HOG) signaling pathway depicted in Figure 6 (Montañés et al
2011). This pathway is activated within minutes of the cells entering hyperosmotic shock
(Hohmann and Mager 2003). The extracellular osmolarity is sensed by the membranebound Sln1 and Sho1 proteins (Reiser et al 1999). Sln1 senses the osmolarity and by
interacting with the Ypd1 and Ssk1 signal transducers, the signal is passed down to
MAP kinase kinases Ssk2 and Ssk22 activating the signaling cascade converging at
Pbs2 (Hohmann and Mager 2003, Reiser et al 1999). Pbs2 activates the MAP kinase
Hog1 (Reiser et al 1999). Hog1 itself then has a massive impact via phosphorylation on
the regulation of various transcription factors: Msn2/4 involved in general stress
response is activated; Sko1, a repressor which is in-activated by Hog1; Hot1 is
activated and involved in the activation of genes involved in glycerol uptake and
metabolism, and Smp1 is activated and involved with Hog1 in directly inducing the
transcription of GPD1/2 for glycerol production (Hohmann 2002, Hohmann et al 2007,
Reiser et al 1999). The production of glycerol helps maintain turgor pressure, and
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balances out the osmolarity of the cell in hyperosmotic environments (Hohmann 2002,
Schuller et al 1994). The glycerol can then be transported in and/or out of the cell by the
Fps1 glycerol channel, or the glycerol can be metabolized for energy (Hohmann 2002).
It has also been shown that the HOG pathway interacts with the CWI pathway
(Hohmann 2002, Levin 2005).

Sln1

Sho1

Ypd1
Ssk1
Cell Membrane

Ssk2 Ssk22
Pbs2

Rck2

Hot1

Hog1

Sko1

Msn2

Msn4

Smp1
Nucleus

Glycerol production
GPD1/2

Figure 6 - A schematic of the HOG pathway showing the regulation of various
transcription factors that lead to the expression of stress response genes and glycerol
Wednesday, 2 January,
13
production.
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1.4.4 Cold stress and anaerobiosis
!

Industrial fermentations are generally carried out between 10℃ and 18℃,

sometimes with the temperature being adjusted within this range depending on the
stage of the fermentation (Pizarro et al 2008, Zuzuarregui and del Olmo 2004). Also as
the cells begin to grow in a fermentation, what little oxygen was present is quickly used
and the environment becomes hypoxic (Pizarro et al 2008, Zuzuarregui and del Olmo
2004). The response to both of these stresses will be discussed in this section.
!

In yeast cold stress is still not fully understood, considering that temperature is

such a large player in wine fermentations (Salvadó et al 2012). It is known that cold
stress affects enzyme kinetics, cell membrane rigidity, ATPase activity, proton motive
force, protein translation, and the secondary structure stability of proteins (HernándezLópez et al 2011, Salvadó et al 2012). Various gene expression experiments have been
done and it has been shown that genes in the DAN/TIR as well as the PAU family are
induced; the PAU genes were found in some studies to be expressed in both anaerobic
and cold stress, as well as fermentations, some suggested that they were mainly
expressed due to anaerobic stress only (Aguilera et al 2007, Luo and van Vuuren 2009,
Rachidi et al 2000). The DAN/TIR genes encode putative cell wall mannoproteins, the
ones involved in cold-shock are the temperature-shock inducible protein TIP1, TIR1/
SRP1, TIR2 and TIR4 (Aguilera et al 2007). The PAU genes encode a group of
seripauperin proteins related to the DAN/TIR family; PAU1, PAU2, PAU4, PAU5, PAU6
and PAU7 are known to be up-regulated after cold shock (Aguilera et al 2007). Other
genes found to be induced after cold shock were related to transcription such as RNA
helicases, RNA polymerase subunits and RNA processing proteins (Aguilera et al
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2007). There is still little known about the 24 homologous PAU genes, each encoding
proteins around 120 amino acids in length (Rachidi et al 2000). Many PAU genes are
expressed under the stressful conditions of a fermentation, specifically with cold and
anaerobic cold conditions (Luo and van Vuuren 2009). Rachidi et al (2000) examined
PAU expression by studying 3 of the genes and showed that it is the absence of oxygen
in the environment that is the main trigger for the PAU genes and that their expression
during other stresses such as cold stress is stronger if oxygen is absent. It is thought
that the PAU genes are secreted into the environment during these periods of stress
since they lack a C-terminal anchor sequence but have a N-terminal leader sequence
(Rachidi et al 2000). The DAN/TIR genes possess C-terminal anchor sequences and
are located to the membrane during periods of expression (Rachidi et al 2000).
!

Studies focusing on anaerobic stress have also found genes from the DAN/TIR

family and the PAU family to be actively transcribed (Cohen et al 2001, Rachidi et al
2000). These genes are not so much activated by anaerobic conditions, but are
repressed when oxygen is present in the environment (Cohen et al 2001, Rachidi et al
2000). Most genes expressed under anaerobic conditions encode for the production of
cellular machinery to help utilize what little oxygen remains in the environment or are
involved in oxygen-utilizing pathways (Rachidi et al 2000). Genes activated in anaerobic
stress conditions from the DAN/TIR family are DAN1, DAN2, DAN3, DAN4, TIR1, TIR2,
TIR3, and TIR4 (Cohen et al 2001). These genes are activated by the transcriptional
activator Upc2 under hypoxic conditions (Hickman et al 2011, Vik and Rine 2001). Upc2
is involved in the activation of the PAU genes under these conditions (Hickman et al
2011, Vik and Rine 2001).
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1.4.5 Ethanol stress
!

In the wild, when fermentation is used as the main source of energy production

ethanol is able to diffuse or evaporate into the environment thereby causing little stress
to the organism. In a lab or industrial setting however, the ethanol remains present in
the environment putting stress on the yeast (Ding et al 2009, Hohmann and Mager
2003). Even at low concentrations of ethanol, such as 4-6%, the yeast’s growth rate is
slowed (Kubota et al 2004). This is because the ethanol acts as an inhibitor of cell
growth. At 7.5%, this is the concentration considered to be ethanol stress despite effects
occurring as low as 2.5% (Piper 1995, Kubota et al 2004, Stanley et al 2010). Yeast are
known to survive in ethanol concentrations as high as 15%; however, there is an
increase in the cell death rate as the vitality of the cell decreases (Kubota et al 2004,
Stanley et al 2010).
!

Ethanol stress predominantly affects the cellular membrane in structure and

function (Ding et al 2009, Stanley et al 2010). When ethanol is present it accumulates in
the phospholipid head groups of lipids, increases the fluidity of the cell membrane,
disrupting the normal composition and breaking down proteins responsible for forming
structure within the membrane (Aguilera et al 2006, Ding et al 2009). It has been
suggested that there is a relationship between the fatty acid composition of the
membrane and ethanol tolerance in S. cerevisiae (Aguilera et al 2006, Ding et al 2009).
!

Ethanol increases the activity of ATPase, a protein essential for creating a proton

gradient at the plasma membrane (Aguilera et al 2006). The proton gradient is used to
couple ATP hydrolysis with transport of molecules across the membrane; when protons
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move across the membrane creating an electrochemical gradient which drives
secondary transport of molecules across the membrane (Aguilera et al 2006).
!

Ethanol stress also causes improper folding of proteins in cell membranes, the

endoplasmic reticulum, and soluble proteins in the cytoplasm (Stanley et al 2010) . In
addition, it affects vacuole morphology from smaller segregated organelles to the
formation of one large organelle (Stanley et al 2010).
!

The most common stress response to maintain stability in the membrane is to

alter the composition of the membranes and to increase the expression of various heatshock proteins (HSPs) (Roberts and Hudson 2006, Ding et al 2009). HSPs are
responsible for helping to maintain the plasma membrane, because they act as
molecular chaperones to aid in the correct folding of proteins associated with membrane
stability (Ding et al 2009). HSP12 encodes for a protein that protects the integrity of the
liposomal membrane from desiccation caused by the ethanol (Stanley et al 2010). Other
mechanisms for protecting the membrane from desiccation are increasing the amount of
unsaturated fatty acids in the membrane which increases membrane fluidity, production
of ergosterol to stabilize the membrane by adding rigidity, and the accumulation of
trehalose which functions as a chemical chaperone aiding in the proper folding of
proteins (Ding et al 2009). Cells that are grown in the presence of inositol reduces
cellular ion leakage from the membranes which helps maintain intracellular pH, allowing
ATPase/H+ to function relatively normal (Aguilera et al 2006, Ding et al 2009).
Supplementing isoleucine, methionine, and phenylalanine into the environment has also
shown an increase in ethanol tolerance by directly incorporating these amino acids into
the plasma membrane aiding in stabilization against the fluidity caused by ethanol (Ding
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et al 2009). As an osmoprotectant L-proline helps protect cells when it is accumulated
intracellularly by enhancing stability of proteins and membranes when there is low water
activity (Ding et al 2009).
1.5 ETP1
!

The uncharacterized yeast protein Yhl010c was recently found to be vital for the

growth and budding of yeast in ethanol stress or when ethanol is the sole carbon source
(Snowdon et al 2009). The protein was named Ethanol tolerance protein 1 (Etp1)
(Snowdon et al 2009). Etp1 was first mentioned by Li et al (1998). Who found that
Yhl010c has 62% homology to the zinc-finger domain of the human Brap2 protein,
which binds to the nuclear localization signal (NLS) of Brca1. Li et al showed that a
deletion of the zinc-finger domain in human Brap2 led to the inability of the protein to
bind to the NLS of Brca1, suggesting that the zinc ring finger domain is essential for
binding to proteins that travel in and out of the nucleus.
!

The molecular mechanism of action of Etp1 during fermentation has not been

studied. It is known that the etp1Δ mutant has inhibited growth in the presence of
ethanol (Snowdon et al 2009). Msn2/4 and Hsf1 are transcriptional activators of stress
response genes in yeast during ethanol stress, heat shock, osmotic stress and nutrient
starvation; all stresses that are present during a wine fermentation (Garreau et al 2000,
Ding et al 2009). Important genes that are regulated by Msn2/4 and Hsf1 during ethanol
stress would be HSPs (Ding et al 2009). These proteins play an important role in the
stabilization of the cell membrane as well as intracellular proteins. Snowdon et al (2009)
found that the etp1Δ mutant showed no difference compared to the wild type when
these strains were grown without ethanol stress; however, once ethanol stress was
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present there was a significant decrease in the ethanol-induced levels of HSP12 and
HSP26 mRNA in the etp1Δ mutant. This suggested that Etp1 is needed for the
transcriptional activation of ethanol stress-induced genes, although the mechanism by
which this occurs is not understood. !
!

During a systematic identification of all the protein complexes that exist in S.

cerevisiae, Etp1 was shown to interact with Moh1, Nha1, Ykr017c and ubiquitin in rich
nutrient conditions (Ho et al 2002). Moh1 is a relatively uncharacterized protein, and Ho
et al showed that Moh1 interacts with the Vid30 complex as well. The Vid30 complex is
also known as the glucose-induced degradation (GID) protein complex and is needed
for both the degradation of FBPase when glucose is replenished after the cells have
been under glucose starvation conditions, as well as the turnover of Hxt7 in response to
nitrogen starvation conditions (Regelmann et al 2003, Snowdon et al 2008). Regelmann
et al investigated the involvement of six proteins shown by Ho et al (2002) to interact
with Gid2, a protein component in the Vid30 complex, for their involvement in glucoseinduced FBPase turnover. Moh1 was included in this study and it was shown that Moh1
was not involved in FBPase turnover (Regelmann et al 2003). Nha1 is a Na+/H+
antiporter responsible for maintaining pH inside the cell (Sychrova et al 1999). Nha1
was shown to be controlled in some way by Etp1 (Snowdon et al 2009). This regulation
does not occur at a transcriptional level, and the exact role of Etp1 in this regulation has
not been determined yet (Snowdon et al 2009). Ykr017c still remains an
uncharacterized protein. Knock out mutants of both Ykr017c and Moh1 showed similar
growth phenotypes as the wild type under both ethanol stress and when ethanol was
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the sole carbon source (Snowdon et al 2009). This indicates that Moh1 and Ykr017c are
not vital for cell growth in the presence of ethanol.
!

Etp1 was also shown to be involved in the turnover of Hxt3 upon a shift from

glucose to ethanol (Snowdon et al 2009). Hxt3 undergoes ubiquitination in order to be
turned over or degraded (Peng et al 2003). With that being said, Ho et al (2002) showed
that ubiquitin interacts with Etp1, and Etp1 possess a zinc-finger ubiquitin domain that is
homologous to ubiquitin hydrolases in higher eukaryotic cells (Cherry et al 1998). This
data suggests that Etp1 may be involved in the ubiquitination process in response to
ethanol in the environment. Etp1 may have a role in regulating other proteins in a
ubiquitin-dependent manner.
Research objectives and rationale
!

Ethanol production is one of the primary industrial applications of S. cerevisiae.

Understanding the role of Etp1 during fermentations could provide insight into the
development of strains that better withstand the various fermentation stresses endured
in both the wine and bio-ethanol industries.
!

Based on what is known about ETP1. We hypothesize that Etp1 is vital for wine

yeast to completely ferment sugars to ethanol, and for the transcriptional response of
yeast to ethanol stress in a wine yeast strain. Three main objectives were developed. 1)
generate and analyze industrial homozygous and heterozygous etp1Δ mutants in a
fermentation, 2) characterize the effect of ETP1 deletion on the transcriptional profile
during a fermentation, and 3) perform follow-up experiments to validate any findings in
objective 2.
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CHAPTER 2 -- Materials and Methods
2.1 Strains used in this study
!

This study was performed in the industrial Saccharomyces cerevisiae strain M2.

In order to procure an etp1Δ/etp1Δ mutant in the M2 strain, the strain had to be created.
There is detail on this strain’s (GVY592) construction in the next section of this chapter.
Table 1 - A list of strains used in this study, with a detailed description of the genetic
background.
Lab Code

Strain

Genetic
Background

Origin

GVY331

Wild type M2
industrial strain

MATa/MAT∝

GvdM Lab

GVY332

M2 derivative

GVY331 URA3/
ura3 HO/
ho::hphMX

GvdM Lab

GVY520

ETP1/etp1Δ

GVY332 ETP1/
etp1::kanMX6

GvdM Lab

GVY592

etp1Δ/etp1Δ

etp1::kanMX6/
etp1::kanMX6

GvdM Lab

GVY295

BY4742, an
S288C derivative
strain

MAT∝ his3∆
leu2∆ lys2∆
ura3∆

Open Biosystems

GVY90

BYhog1Δ

BY4742
hog1::kanMX6

Open Biosystems

GVY249

BYmpk1Δ

BY4742
mpk1::kanMX6

GvdM Lab

2.1.1 Strain construction
!

A PCR-based method coupled with integrative transformation was used to

generate the etp1Δ/etp1Δ knockout strain in M2. Firstly, a deletion cassette needed to
be constructed. The deletion cassette contains a selection marker, in this case an
26

antibiotic resistance gene for resistance to geneticin (G418) (kanMX6) with homologous
regions flanking the DNA of the open reading frame of ETP1 in the yeast genome. This
was done using PCR. Figure 7 shows a cartoon of how a deletion cassette theoretically
works. The antibiotic resistance marker is on a plasmid, in this case pML1 was used
(Longtine et al 1998). Using primers of ~25 base pairs that bind to homologous regions
flanking ETP1 and the flanking regions of the resistance marker, PCR was used to
amplify the resistance marker to have homologous regions to facilitate the replacement
of ETP1 with kanMX6 in the yeast genome. Once the cassette was made
electroporation of competent yeast cells was performed to insert the deletion cassette
and knock out ETP1.

Yeast Genome

ETP1
Homologous
regions
KANMX6

PCR cassette

Integrative transformation

KANMX6

Yeast Genome

Figure 7 - The strategy used for generating the etp1Δ/etp1Δ mutant. Using primers with
homologous regions to both ETP1 and kanMX6 a kanMX6 deletion cassette can be
made using PCR. Then grow up cells and make them chemically competent, can use
electroporation to switch out ETP1 with the kanMX6 gene thereby deleting ETP1.
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Table 2 - A list of primer sequences used in this study. Lower case letters correspond to
the homologous regions of the deletion cassette plasmid (in this case pML1 Longtine et
al 1998).
Primer Name

Sequence

ETP1 MLF1

5‘GGAAAACACATAGAGGCAATAACGGAATAGTA
GCATTGAATGTATTACTTTCTGGTTGGCCCTCA
CATCcggatccccgggttaattaa’3

ETP1 MLR1

5‘CCTGCCGTACACAGAGATATAATAAATTTAGAA
TGCAAGAATGGTATGGCGGTGATGAAGATAAga
attcgagctcgtttaaac’3

ETP1 deletion confirmation 5‘CCTCTATGGTCCTGGAAA’3
F’
KANMX6 confirmation R’

!

5‘GACATTATCGCGAGCCC’3

GVY332, a derivative of the industrial M2 strain with HO/ho::hphMX, which

allowed for tetrad dissection upon successful transformation was used. An overnight
culture of GVY332 was used to inoculate 50 mL of YPD broth to an OD600nm of 0.25 and
cells were grown for 4 hours. Cells were harvested by centrifugation (4000 RPM for 5
minutes) and re-suspended in 8 mL of sterile deionized water. The addition of 1 mL of
10X TE buffer (100 mM Tris-Cl, 10 mM EDTA) was added, the mixture was swirled and
then 1 mL of 1 M lithium acetate was added, the mixture was swirled again to mix
thoroughly. Once the lithium acetate was added, it was shaken at 30℃ for an hour and
a half. Then 1 mL of 1 M DTT was added to cell suspension and shake at 30℃ for
another 15 minutes. Cells were then washed prior to electroporation. For the first wash,
40 mL of sterile deionized water was added to cell suspension and cells were harvested
(4000 RPM for 5 minutes), the supernatant was discarded, and cells were resuspended
in 10 mL of ice cold sterile deionized water for the second wash. Cells were harvested
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and the pellet resuspended in 3 mL of ice cold sterile 1 M sorbitol; the cells were
harvested again and finally resuspended in 0.5 mL of the ice cold sorbitol.
!

For electroporation, 40 μL of competent cells were combined with 5 μL of

deletion cassette in a microcentrifuge tube. The suspension was then transferred to an
ice cold electroporation cuvette (0.2 cm gap) and pulsed at 1.5 kV, 25 μF, 200 ohms (the
setting for yeast). The cell suspension was then resuspended in 1 mL of ice cold YPD
broth and transferred to a 2 mL microcentrifuge tube for incubation at 30℃, with
shaking for 2-4 hours. Once the cells incubated for at least 2 hours, they were plated
onto solid YPD media containing G418 at a concentration of 300 μg/mL and incubated
at 30℃. Transformants were re-streaked onto the selective media again prior to
genomic DNA extraction (outlined below) and confirmed by PCR. Confirmation PCR
was conducted using a forward primer that is homologous to the promoter region of
ETP1 and a reverse primer that is homologous to a region within the kanMX6 gene.
These PCR products were then analyzed/separated a gel and a positive band size of
~700 kb indicated a successful transformation.
!

Since the M2 industrial strain is diploid, a positive confirmation of the ETP1

deletion cassette integration was likely only heterozygous. To truly see the impact of an
ETP1 deletion a homozygous knockout needed to be made. Knowing this GVY332 was
used; it is a strain of M2 with a HO heterozygous knockout. HO is an endonuclease
needed for a haploid yeast to undergo mating type switching and become a diploid cell
again. This heterozygous deletion allows the strain to be sporulated and tetrads
dissected out allowing for two of those spores to undergo mating type switching to
become diploid again and the other two spores remaining haploid as a mating type a
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and a mating type α. To induce sporulation an overnight culture of GVY520 was
prepared in YPD and 0.5 mL was spun down the next day. The cells were washed twice
with sterile water to remove all YPD and cells were resuspended in 200 μL of sterile
water. This suspension was then plated on to sporulation media (1% potassium acetate,
2% agar) and incubated for 2-3 days at room temperature. Plates were checked for
tetrad formation by light microscopy. Tetrad dissection was carried out when the
sporulation efficiency (tetrad formation) exceeded 60%. A sterilized wire loop was used
to collect tetrads and suspended in sterile water. Tetrads were harvested and as much
water as possible was removed using a pipette. Spores were resuspended in 50 μL of 1
M sorbitol and 2.5 μL of zymolyase (2 mg/mL in 1 M sorbitol) was added. The
zymolyase was added to aid in ascus digestion to make tetrad dissection easier. The
suspension was incubated at room temperature for 5 minutes after the the addition of
zymolyase. Then 10 μL of the suspension was removed and diluted in 300 μL of 1 M
sorbitol and 20 μL of the dilution was plated onto YPD. The suspension was allowed to
dry and then using the micromanipulator, the tetrads were dissected.
!

Once tetrads were dissected, the spores were incubated at 30℃ for 1 day before

replica plating onto selective media, in this case YPD plates containing G418, YPD plus
hygromycin, and synthetic complete media minus uracil. Given that genetic migration
occurred properly, only 2 spores grew and 2 were inhibited on each plate. Strain
GVY592 which was the etp1Δ/etp1Δ mutant strain used throughout the study was
selected as a spore that grew on the uracil minus plates and the G418 plates but not on
hygromycin, indicating that it was a diploid, homozygous etp1Δ/etp1Δ knockout. The
etp1Δ/etp1Δ knockout was confirmed by PCR using both the deletion cassette
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confirmation primers as well as reactions with both forward and reverse primers that are
inside the ETP1 open reading frame (which had no band present).
2.2 Media and growth conditions
!

All overnight pre-cultures were grown in 5% (w/v) yeast peptone dextrose (YPD)

broth. These pre-cultures were grown at 30℃ with shaking. For continued strain growth
cells were kept on YPD agar plates. These plates contained 2% (w/v) agar.
2.2.1 Fermentation conditions
!

All fermentations were conducted using Chardonnay juice from Niagara College’s

2010 harvest. The juice was filter sterilized prior to inoculation. All fermentation bottles
were autoclaved and rubber stoppers for the fermentation locks were rinsed in ethanol
prior to being placed in the neck of the bottles. Cells were grown in YPD over night and
the volume of cell suspension needed to inoculate the fermentation to an OD600nm of
0.25 was calculated. The required volume of cell suspension was removed, cells were
collected, washed and resuspended in 1 mL of sterile water to be inoculated into
fermentation vessel. Once inoculated the fermentations were incubated at 18℃ without
shaking.
2.2.1.1 Fermentation weight loss
!

Fermentations were prepared as previously described (2.2.1) in a volume of 80

mL. There were three biological replicates for both the wild type M2 and the etp1Δ/
etp1Δ mutant strains, meaning that each pre-culture was inoculated from a different
colony for each replicate and strain. Each fermentation was weighed once a day around
the same time each day with the fermentation locks on, until the weight loss eventually
stopped for the wild type M2 strain, after 18 days. The weight loss was then calculated
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and graphed as cumulative weight loss to examine the fermentation efficiency for each
strain.
2.2.1.2 Fermentation for microarray analysis
!

Fermentations were set up as previously described (2.2.1) in a volume of 2000

mL. There were four biological replicates for both the wild type M2 strain and the etp1Δ/
etp1Δ mutant. These replicates allowed for biological and statistical relevance since the
experiment was set up to compare gene expression in the M2 wild type and etp1Δ/
etp1Δ mutant strains. Various samples were collected at 10h, 24h, 48h, 84h and 144h
which correspond to 0%, 15%, 30%, 50% and 85% of the sugars fermented respectively
for RNA extraction. These time points were determined after calculating the percentage
of glucose utilized by the wild type M2 strain during a Chardonnay fermentation using
the Glucose assay kit (Megazyme).
!

The Megazyme Glucose assay measures the amount of glucose in a sample by

using a spectophotometer to read the absorbance of the reaction pre and post addition
of a hexokinase and glucose-6-phosphate dehydrogenase solution at 340 nm. This
solution converts glucose to glucose-6-phosphate which is then converted to
gluconate-6-phosphate with a production of NADPH. The presence of NADPH
increases the absorbance at 340 nm.
!

For this assay a blank reaction was set up along with a reaction for each sample

with the only difference being a lack of sample in the blank. The sample reaction
consisted of 2 mL of distilled water (2.10 mL in the blank reaction), and 0.10 mL of
sample, 0.10 mL of Buffer plus 0.02% (w/v) sodium azide pH 7.6, 0.10 mL of NADP+/
ATP solution. The reactions were mixed and incubated for 3 minutes before the initial
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absorbance was read at 340 nm. 0.02 mL of the enzyme solution was then added and
once again the reaction was mixed and incubated for 5 minutes and the absorbance
was read again. The concentration of glucose in each sample can then be calculated
according to the manufacturer’s instructions. Figure 8A shows the average glucose
concentrations for each time point. The time points for the microarray experiment are
indicated by arrows in Figure 8B showing 15%, 30%, 50% and 85% of the glucose
fermented.
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Figure 8 - The glucose concentrations in g/L seen in A and percentage of glucose
utilized in B. Arrows in B indicate time points reflecting 15%, 30%, 50% and 85% of the
glucose fermented.
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2.2.2 Growth conditions for spot assays and growth curves
!

For both spot assays and the growth curves 5 mL overnight cultures were grown

in YPD at 30℃ with shaking. For the spot assays, with over night culture 5 mL of YPD
was inoculated to an OD600nm of 0.15 and cells were grown until an OD600nm of ~0.5 was
reached. Then 1 mL of cell culture was centrifuged (4000 RPM for 5 minutes) and the
pellet resuspended in 400 μl of sterile water. OD600nm was read and the stock was
diluted until an OD600nm of ~1.0 was reached; this was the 10-1 stock. From there 100
μL of the stock was added to 900 μL of sterile water, this became the 10-2 dilution and
100 μL from this tube was added to another tube with 900 μL of sterile water for the 10-3
dilution. From these various dilutions 2.5 μL was plated onto selected plates and
incubated at 30℃ for 1-2 days. For temperature based spot plates, cells were spotted
onto YPD plates and incubated at 10℃ and 18℃ to test for cold stress.
!

For the growth curves, 5 ml of YPD was inoculated to an OD600nm of 0.25 from

the overnight culture. These cells were grown at 30℃ with shaking for 4 hours. The
growth curves were completed in Costar 96 well plates using a Nephelostar to measure
the scattering of light as the cells grew. The 96 well plates were filled with desired media
to a volume of 200 μL. Using the fresh culture of cells the 200 μL of media was
inoculated to an OD600nm of 0.1. The Nephelostar can read a maximum of 200 cycles,
and the curves were measured over 24 hours so cycles were 86400 seconds long and
the machine can shake plates for a maximum of 300 seconds. The Nephelostar was set
for 30℃ with a reading of the scattered light every 432 seconds with 300 seconds of
shaking prior to each measurement.
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2.3 Fermentation metabolite analysis
!

The metabolites examined at the end of the fermentation included the amino

acids, glucose, fructose, ethanol and glycerol. These were examined in order to
characterize the differences between the etp1Δ/etp1Δ mutant and the wild type M2
strains. All metabolites were examined using HPLC.
!

After setting up the fermentations, 50 mL of the Chardonnay juice was collected

to remain unfermented and stored at -20℃. This was done so that the initial
components of the juice could be compared to the fermented juice at the end of
fermentation. The fermentations were set up with three biological replicates for both
strains, the same as for the weight loss experiment. The fermentation was stopped on
the 18th day, the same as the weight loss experiment and 10 mL of sample was taken
from each fermentation. Aliquots of 2 mL were then filter sterilized and used for reverse
phase HPLC analysis using an Agilent Zorbax Eclipse AAA 4.6 x 150 mm 3.5 micron
column, 30 mM Na3PO4 pH 7.8 mobile phase and eluted with a 16 minute gradient of
45% methanol, 10% acetonitrile and water up to 57% (Dr. Barry Shelp’s lab).
!

Samples for the mixed carbon HPLC analysis were set up with 400 μL of sample

and 10 μL for each internal control. These samples were run using a Bio-Rad HPX-87H
column on an Agilent HPLC with a refractive index detector. The mobile phase was 5
mM H2SO4 at a flow rate of 0.6 ml/minute. A standard curve for each carbon source was
also created to allow for the calculation of concentrations for ethanol, glycerol, fructose
and glucose in each sample using the peak heights of the chromatogram. Formic acid
was used as an internal control for glycerol, glucose and fructose and isopropanol was
used as an internal control for ethanol.
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2.4 Extraction of yeast genomic DNA
!

This protocol was adapted from “Short Protocols in Molecular Biology: a

compendium of methods from Current protocols in molecular biology” 2002. A 5 ml
overnight culture was grown in YPD of desired strains for confirmation PCR. Between
2-4 mL of cells were harvested (4000 RPM for 5 minutes) and washed. The pellet was
then resuspended in 200 μL of breaking buffer (2% (v/v) Triton X-100, 1% (w/v) SDS,
100 mM NaCl, 10 mM Tris-Cl pH 8.0, 1 mM EDTA pH 8.0), and 0.3 g of glass beads
were added to the suspension. In a fume hood, 200 μL of phenol/chloroform/isoamyl
alcohol was added and the suspension was mixed using a vortex at high speed for 3
minutes to break open cells. Then 200 μL of TE buffer (10 mM Tris-Cl pH 8.0, 1 mM
EDTA pH 8.0) was added and the suspension was mixed by vortexing briefly. The
suspension was then centrifuged at high speed for 5 minutes. The aqueous layer was
then removed to a clean sterile microcentrifuge tube in the fume hood, and 1 mL of
100% ethanol was added to the aqueous supernatant. The suspension was then mixed
by inversion 6-10 times and centrifuged at high speed for 3 minutes. Supernatant was
removed and pellet was resuspended in 0.4 mL of TE buffer. 30 μL of 1 mg/mL RNase
A (DNase free) was added, mixed and incubated at 37℃ for 5 minutes to remove RNA.
10 μl of 4 M ammonium acetate and 1 mL of 100% ethanol were added and mixed by
inversion 6-10 times. The suspension was centrifuged at high speed for 3 minutes and
supernatant was removed, 1 mL of 70% ethanol was added, mixed by inversion and
spun again. The final supernatant was removed and the pellet was dried in the fume
hood. Once the pellet was dry, it was resuspended in 100 μL of TE buffer. These
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genomic extractions are ready to be used for confirmation PCR or can be stored at
-20℃ (long term) or 4℃ (short term).
2.5 Extraction of yeast total RNA for Microarray analysis
!

Tubes were stored on ice at all times. The cell pellets collected from fermentation

samples were resuspended in cold DEPC treated water (0.1% v/v of DEPC, autoclaved
after 24 hours) then split into 3 o-ring containing 2 ml microcentrifuge tubes. The cells
were harvested and the supernatant was removed. The cells were resuspended in 300
µl of cold STE buffer (25% w/v sucrose, 50 mM Tris-Cl pH 8.0, 100 mM EDTA pH 8.0),
then 0.3 g of glass beads and 300 µl of phenol/chloroform/isoamylalcohol were added.
The suspension was vortexed for a minimum of 3 to 5 minutes to mix, for no more than
2 minutes at a time to minimize RNA degradation and kept on ice in between vortexing.
50 µl of 10% (w/v) SDS were added and the suspension was incubated on ice for 15
minutes followed by centrifugation for 20 minutes at 13000 RPM at 4℃. The aqueous
layer was extracted to a clean and sterile 1.5 ml microcentrifuge tube. Then 1/50 the
volume of the aqueous layer of 5 M NaCl and 2 volumes of ice-cold 95% ethanol were
added to the aqueous layer and incubated on ice for 30 minutes to help precipitate the
RNA. The suspension was centrifuged at 13000 RPM for 15 minutes at 4℃ and the
supernatant was discarded with a pipette. The pellet was resuspended in 100 µl of
water from the Qiagen RNEasy kit. The sample was disrupted and 1 volume of 70%
ethanol was added and left for an hour at -20℃ to insure maximal RNA precipitation.
The RNA was further purified using a Qiagen RNEasy kit according to the
manufacturer’s recommendations. The suspension was transferred to a RNEasy
column in a 2 ml tube and centrifuged at 8000 x g for 15 seconds and the flow through
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was discarded. Then 700 µl of RWI buffer included in the kit was added and spun the
same way again and the flow through was discarded followed by the addition of 500 µl
of RPE buffer included in the kit and then spun again for 2 minutes. The column was
placed in a new 1.5 ml microcentrifuge tube and 30-50 µl of RNase free water from the
kit was added and spun, the eluate was kept and contained the RNA.
2.5.1 Microarray
!

The microarray experiment was set up to obtain a better understanding of what

was happening in the M2 and etp1Δ/etp1Δ mutant strains during fermentation on a
transcriptional level. Before samples could be sent for analysis the concentrations were
calculated using a nano-drop to determine the concentration and quality of the samples.
The measurements at 260/280 and 230/260 for phenol and protein contamination were
recorded to indicate the purity of the samples. The samples were analyzed on an
agarose gel to check for degradation. The samples were sent to the Microarray facility
at the University Health Network (UHN) in Toronto. Once samples were received, PCR
was conducted using T7 oligo primers and reverse transcriptase to create the Firststrand copy DNA (cDNA) followed by the synthesis of Second-Strand cDNA using
GeneChip 3’ IVT Express Kit by Affymetrix. IVT biotin labelled aRNA (poly A RNA) was
synthesized from cDNA using a thermocycler. The aRNA is then purified and
fragmentation is performed. An Affymetrix Yeast 2.0 chip was used. Hybridization and
washing was then conducted and the chip was scanned by a computer. The
fluorescence was measured indicating the absolute expression for that gene.
!

The chips used also contained genes for Schizosaccharomyces pombe and

some quality control probes for bacterial genes. These genes were eliminated from the
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results by a program created by Kyrylo Bessonov, a MSc student in Bioinformatics in
our lab at the time. His program also aligned the Affymetrix codes for the genes on the
chip with their proper names, ORF numbers and gene descriptions if applicable.
!

Basic statistics were performed on the data to ensure statistical relevance.

Averages, standard deviations, p-score cut-off of 0.05 and a two-tailed t-test were all
conducted to allow for further analysis to be done on genes that were statistically
significant with little variation from one biological replicate to another. Expression values
were given in log2 format. To determine absolute expression values 2 to the power of
expression value provided was calculated. Once absolute expression values were
calculated the fold differences were calculated by dividing the higher expression value
by the lower, it was then determined whether or not this was a down or up-regulation in
the etp1Δ/etp1Δ mutant by a positive or negative value for the t-score, respectively.
2.7 Extraction of whole cell lysates
!

This protocol has been adapted from “Short Protocols in Molecular Biology: a

compendium of methods from Current protocols in molecular biology”. Sample pellets
were resuspended in 1 mL of sterile water and transferred to a 2 mL microcentrifuge
tube. Cells were harvested at 4000 RPM for 5 minutes, the water was removed and 0.3
g of glass beads and 400 μL of RIPA buffer (50 mM Tris-Cl, 0.5% (w/v) deoxycholate,
1% (v/v) NP-40, 150 mM NaCl, 50 μM N-ethylmaleimide, 1 μM EDTA, 1 mM PMSF)
with the addition of a protease inhibitor tablet (cOmplete EDTA-free Protease Inhibitor
tablet Roche) and the addition of phosphatase inhibitors (100 mM sodium
orthovanidate, and 1M sodium fluoride) were added. Cells were lysed by vortexing on
high for 2 minutes and then centrifuged on high for 5 minutes. The supernatant was
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transferred to a clean tube and centrifuged again on high for 20 minutes. The
supernatant was transferred to a clean tube again and samples were frozen at -20℃ for
storage.
2.8 SDS-PAGE and Western blot analysis
!

This method was adapted from “Short Protocols in Molecular Biology: a

compendium of methods from Current protocols in molecular biology”. 20 μg of total
protein from cell lysate was combined with 10 μL of SDS sample buffer (15% (v/v)
glycerol, 0.125 M Tris-Cl pH 6.8, 5 mM EDTA, 2% (w/v) SDS, 0.1% (w/v) bromophenol
blue, 1% (v/v) 2-mercaptoethanol). The cell lysate and sample buffer solution were then
placed in a boiling water bath for 5 minutes. Samples were then stored on ice until they
were loaded in to a SDS-PAGE gel.
!

Samples were then loaded in a 7.5% gel, filling any unloaded wells with sample

buffer to distribute charge evenly. After electrophoresis proteins were transferred to a
nitrocellulose membrane. The membrane was then incubated overnight in blocking
buffer (10 ml of 10X TBS (24.2 g Tris base, 80 g NaCl and water to 1000 ml pH 7.6, 1 ml
of 10% Tween 20, 5 g Carnation skim milk powder and water to 100 ml) without shaking
at 4℃.
!

Antibody treatments were all done at room temperature with gentle shaking. After

blocking, two quick washes followed by one 15 minute wash and two 5 minute washes
were performed. Wash buffer was 100 ml of 10X TBS, 10 ml of 10% Tween 20, 2.5 g of
Carnation skim milk powder and water to 1000 ml. Membranes were incubated with
primary antibody (anti-Mpk1 at 1:1000; anti-Hog1 at 1:1000; anti-Phospho44/42 at
1:1000; anti-Adh 1:5000) in 10 ml of wash buffer for an hour. Membranes were then
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washed; two quick, one 15 minute and two 5 minute washes. The secondary antibody
(anti-rabbit at 1:5000 for anti-Mpk1, anti-Phospho44/42 and anti-ADH; anti-goat 1:2500
for anti-Hog1) was incubated for an hour with shaking at room temperature and then
followed by three quick washes, one 15 minute and two 5 minute washes. Blots were
developed using a chemiluminescent signal (AmershamTM ECLTM Western Blotting
Analysis System by GE Healthcare).
CHAPTER 3 -- ETP1 is needed for a normal fermentation to occur in Chardonnay
fermentation
3.1 Introduction
!

S. cerevisiae is commonly used for alcohol production, wine, beer, bread and

ethanol for biofuel or sanitation. The process by which wine is made is very stressful to
the yeast cell. These fermentations are often carried out between 10℃ and 18℃ in the
absence of oxygen, the juice has a high concentration of fermentable sugars that cause
hyperosmotic shock, the juice is acidic, the available nitrogen is quickly utilized, and as
the sugars are fermented the ethanol concentration increases (Boulton et al 1998,
Merico et al 2006, Pizarro et al 2008, Zuzuarregui and del Olmo 2004). As the yeast
encounters these stresses various signaling pathways, including the CWI, TOR, HOG,
and PKA pathways, are activated to induce a stress response ultimately leading to the
activation of stress response genes (Boulton et al 1998, Dickinson and Schweizer
2004).
!

It was recently shown that the poorly characterized gene ETP1 was needed for

the normal growth under ethanol stress and when ethanol is the sole carbon source
(Snowdon et al 2009). The authors also found that ETP1 was needed for the normal
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turnover and degradation of Hxt3 upon a shift from glucose to ethanol as the sole
carbon source. Hxt3 is a low affinity hexose transporter, it brings glucose into the cell via
facilitated diffusion; is present in the cell membrane when glucose concentrations are
high and is rapidly internalized and degraded when cells are shifted to ethanol as the
sole carbon source (Greatrix and van Vuuren 2006, Kruckeberg 1996, Snowdon et al
2009). The human Brap2 protein binds via a zinc finger domain, to the nuclear
localization signal (NLS) of Brca1, a protein when bound to Brap2 is found in the
cytoplasm instead of the nucleus of breast cancer cells (Li et al 1998). Deletion of the
zinc-finger domain in human Brap2 led to the inability of the protein to bind to the Brca1
NLS suggesting that the zinc finger domain is essential for binding to proteins that travel
in and out of the nucleus (Li et al 1998). These authors also showed that ETP1 has 62%
homology to the zinc finger domain to Brap2. Snowdon et al (2009) also showed by
Northern blot analysis that the deletion of ETP1 decreased the levels of HSP12 and
HSP26 under ethanol stress compared to the wild type. This suggests that ETP1 may
bind to NLS of nuclear proteins, such as Msn2/4 in yeast, to control/impact gene
expression.
!

Based on the previous experiments on ETP1 in lab strains, we hypothesized that

ETP1 is needed for efficient alcohol-producing fermentation. To test this hypothesis an
etp1Δ/etp1Δ knock out mutant was made in the M2 industrial yeast background to
examine the fermentation efficiency of the mutant compared to the wild type in
Chardonnay must. Metabolite analyses were performed on the final wines produced by
the two yeast strains to gain insight into the impact of ETP1 on yeast metabolism.
Finally, a microarray experiment was conducted on a fermentation to compare the
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transcription profiles of the wild type and etp1Δ/etp1Δ mutant strains to gain insight into
the participation of ETP1 in the adaptation of yeast to fermentation stresses. The data
generated support an important role for ETP1 in combating early fermentation stresses
imposed on industrial yeast.
3.2 Results
3.2.1 Deleting ETP1 significantly decreases the fermentation efficiency of
industrial yeast
!

Since the etp1Δ lab strain showed a decreased growth phenotype in the

presence of ethanol, decrease in Hxt3 turnover and degradation and a decrease in
expression of HSP12 and HSP26 (Snowdon et al 2009), it was decided to examine an
industrial knock out in a fermentation setting to determine if ETP1 had an impact on a
wine fermentation in the M2 strain and to examine if the growth phenotype was present
in an industrial etp1Δ/etp1Δ mutant strain. To examine the ethanol growth phenotype a
set of growth assays on solid media were performed. It is clear that overall the industrial
strains grow at a faster rate than the lab strains both in YPD and the presence of
ethanol (Figure 9). The lab strains supported the previously known phenotype from
2009 with the etp1Δ mutant lab strain showing a decreased growth phenotype
particularly at 7.5% and 10% ethanol. The industrial strains appear to have no
difference in growth at either ethanol concentration, there is arguably a decrease in
growth for the industrial etp1Δ/etp1Δ mutant strain at 10% ethanol.
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Figure 9 - ETP1 is not involved in ethanol resistance in an industrial strain. Spot plates
to test the wild type M2 strain and mutant M2 etp1Δ/etp1Δ strain under growth in the
Thursday, 21 February,
13
presence
of various ethanol concentration. Cells were grown to exponential phase,
harvested and resuspended to an OD600 of 1.0, serial dilutions were made and then
spotted to media. The lab strains, BY4742 (wild type) and the BYetp1Δ mutant strains
were used as controls since the lab etp1Δ mutant strain provided the ethanol growth
phenotype originally.
!
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!

As glucose and fructose are converted to ethanol, carbon dioxide is released

resulting in a net weight loss of the fermentation. This weight loss is measured every
day and demonstrates how efficiently the yeast is fermenting these sugars. Figure 10
shows the weight loss for each strain’s fermentation. The etp1Δ/etp1Δ strain ferments
much slower than the wild type. This phenotype is already noticeable on the second
day; while the wild type fermentation rate increases, the etp1Δ/etp1Δ strain has a
slower fermentation rate, at around 40% less than the wild type. These findings suggest
that the sugar metabolism of M2 is much more efficient than that of the etp1Δ/etp1Δ
mutant early in the fermentation.
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FigureMonday,
1018-February,
ETP1
is needed for efficient Chardonnay fermentation. A weight-loss
experiment was performed using 3 biological replicates for both the wild type M2 and
etp1Δ/etp1Δ strains. As the fermentable sugars are converted to ethanol and carbon
dioxide, the weight decreases as the carbon dioxide is released allowing the
fermentation efficiency to be measured.
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Figure 11 - ETP1 is needed for the normal uptake and or metabolism of various amino
acids. The concentrations are in pmol and compare the unfermented Chardonnay juice
to both the wild type M2 and the mutant etp1Δ/etp1Δ strains’ final fermentation products
from Day 18 of the fermentation. Statistically significant data is indicated with an
asterisk (p-value < 0.05).
Monday, 18 February, 13
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3.2.2 Deletion of ETP1 effects amino acid uptake and carbon metabolism
!

To further understand the fermentation phenotype mentioned above the initial

and final glucose, fructose, and amino acid concentrations were examined using HPLC.
The concentrations of ethanol and glycerol were also examined in this manner. The
unfermented Chardonnay juice was sampled to determine the initial amino acid, glucose
and fructose concentrations in the juice.
!

The amino acid content profile of the fermented grape juice changes over the

course of the fermentation; the concentration of each amino acid in wine produced by
either the M2 or etp1Δ/etp1Δ strains are compared to that present in the unfermented
Chardonnay juice (Figure 11). A paired t-test was conducted for the data for each amino
acid to determine if there was a significant difference between the amino acid
concentrations between the M2 wild type and etp1Δ/etp1Δ mutant strains (Table 2). In
most cases the etp1Δ/etp1Δ mutant is utilizing less of the available amino acids, as is
the case with serine, threonine, tyrosine, histidine, alanine and valine. Aspartic acid,
glutamic acid, asparigine and glutamine are also utilized more by the wild type M2
strain; however, the difference is not as great as those mentioned earlier. Surprisingly,
both the etp1Δ/etp1Δ mutant and M2 strains appear to produce arginine during the
fermentation. This data suggests that amino acid uptake and or metabolism during
fermentation is dependent on the presence of ETP1. The phenotypes associated with
the decreased uptake of amino acids could just be due to the decreased fermentation
efficiency since the strains are possibly at different stages of the fermentation. Perhaps
if the fermentation for the etp1Δ/etp1Δ mutant was allowed to continue longer the levels
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would be similar. Alternatively, the decreased uptake of these amino acids could be the
reason for the decreased fermentation efficiency.
Table 3 - The p-values concluding significance of data in Figure 11. After a paired t-test
was conducted p-values were obtained to determine if the data differed significantly
from one strain to the other.

Aspartate
Gutamate
Asparagine
Serine
Glutamine
Histidine
Glycine
Threonine
Arginine
Alanine
GABA
Tyrosine
Cysteine
Valine
Methionine
Phenylalanine
Isoleucine
Leucine
Lysine

p-value
p ≤ 0.0006
p ≤ 0.0014
p ≤ 0.0001
p ≤ 0.0003
p ≤ 0.0067
p ≤ 0.0005
p ≤ 0.0016
p ≤ 0.0002
p ≤ 0.3105
p ≤ 0.0003
p ≤ 0.0208
p ≤ 0.0001
p ≤ 0.1597
p ≤ 0.0001
p ≤ 0.0356
p ≤ 0.0307
p ≤ 0.5200
p ≤ 0.0081
p ≤ 0.0042

!
!

Upon examination of carbon metabolism related compounds by HPLC there was

again a difference between the M2 and etp1Δ/etp1Δ mutant strains (Figure 11). The
corresponding p-values for each data set can be found in Table 3. As expected from the
weight loss results, there was a considerable amount of both fructose and glucose
remaining in the etp1Δ/etp1Δ mutant’s fermentation; 5.8% and 2.1% respectively. The
wild type M2 strain utilizes nearly all the glucose decreased to 0.19% and most of the
fructose decreased to 1.56% from 13.67% and 13.33% respectively. This yielded an
49

ethanol concentration of 14.5% (v/v). Again, with glucose and fructose remaining in the
etp1Δ/etp1Δ mutant fermentation, the ethanol produced was 10.4%. The p-value for
glucose is 0.0545, just over the cut-off suggesting that the difference between the two
strains is not significant to suggest a phenotype. These observations suggest that ETP1
is needed for the efficient conversion of fermentable sugars to ethanol.
!

An interesting carbon compound to note is glycerol, which is produced by the

yeast under stressful conditions such as fermentation. The glycerol levels are slightly
elevated in the etp1Δ/etp1Δ mutant with 0.66% in the mutant and 0.53% in the wild
type. The statistics showed that the p-value was equal to 0.0075, confirming a
statistically significant difference between the two strains and suggesting a phenotype.
This may indicate that the etp1Δ/etp1Δ mutant is not responding to the stresses
associated with fermentation as well as the M2 strain, supporting the weight loss
results. This could also mean that ETP1 is involved in regulating glycerol production.
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Figure 12 - The etp1Δ/etp1Δ mutant has an increase in the amount of fructose and
glucose left in the wine at the end of the fermentation resulting in a lower ethanol
Wednesday, 20 February, 13
concentration
than the M2 wild type strain. The concentrations were measured by
percentage for both the wild type M2 strain and the etp1Δ/etp1Δ mutant as well as the
unfermented Chardonnay juice. The various carbon compounds measured were
fructose, glucose, glycerol and ethanol. The samples for M2 and etp1Δ/etp1Δ strains
were taken from the final day of the fermentation, Day 18. Statistically significant data is
indicated with an asterisk (p-value < 0.05).
Table 4 - The p-values concluding significance of data in Figure 12. After a paired t-test
was conducted p-values were obtained to determine if the data differed significantly
from one strain to the other.

Fructose
Glucose
Glycerol
Ethanol

p-value
p ≤ 0.0251
p ≤ 0.0545
p ≤ 0.0075
p ≤ 0.0222
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3.2.3 ETP1 affects the transcriptional profile of the yeast during fermentation
!

The results obtained in the previous two sections indicated the importance of

ETP1 in a Chardonnay fermentation. There has also been insight provided into the
possible molecular mechanism of ETP1 but in a very broad way. Another way to gain
insight into the role of ETP1 in the cell and under fermentation conditions is to perform
microarray analyses. This will allow the entire transcriptome to be examined in a
fermentation setting. The M2 wild type and etp1Δ/etp1Δ knock out industrial strains
were used in Chardonnay fermentations in biological triplicates at 18℃. Fermentation
samples were taken at various time points; 10h, 24h, 48h, 84h and 144h which
corresponded to 0%, 15%, 30%, 50% and 85% of the sugars fermented respectively.
Since the etp1Δ/etp1Δ mutant shows a lag in efficiency in the early stages of
fermentation these time points will provide more insight into why this happens and led to
further experiments to help determine the function of ETP1 in the cell. The total RNA
was extracted (see Chapter 2) and sent to UHN in Toronto for microarray analysis using
the Affymetrix S. cerevisiae chips.
!

Before analysis could be done on the comparison of genes differentially

expressed in the M2 wild type strain versus the etp1∆/etp1∆ mutant some statistics
needed to be performed. The averages and standard deviations were calculated as well
as the two-tailed t-score in order to obtain p-values for each gene. A cut-off of 0.05 for
the p-value was used, to give a 95% confidence interval. This allowed for confidence
that the genes to be analyzed were all statistically significant and did not have much
variation in expression values from one biological replicate to the next.
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!

ETP1 clearly has an impact on the transcriptional profile of S. cerevisiae during a

Chardonnay fermentation. Table 4 shows the number of genes that are differentially
expressed at the various time points throughout the experiment. There are 101 genes
up-regulated in the etp1Δ/etp1Δ mutant and 142 down-regulated at 10 hours,
increasing to 870 genes are up-regulated in the etp1Δ/etp1Δ mutant and 635 are downregulated at 144 hours after the fermentation began. This shows an increase in
response as the fermentation proceeds. These genes are all differentially expressed by
2 fold or higher. This data provides further evidence that ETP1 is needed for a normal
fermentation to occur.
Table 5 - ETP1 effects the transcriptional profile of S. cerevisiae at various time points
throughout a Chardonnay fermentation. The number of differentially expressed genes
are listed below for each time point. These genes are all statistically relevant with a 95%
or higher confidence interval or p-score of 0.05 or less and are 2 fold or higher in
differences in expression.
10 hours

24 hours

48 hours

144 hours

Number of genes
up-regulated in the
etp1Δ/etp1Δ mutant

101

376

493

870

Number of genes
down-regulated in
the etp1Δ/etp1Δ
mutant

142

227

374

635

Total genes

243

603

867

1505

!
!
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!

Gene categories were created for the following: 1) genes associated with amino

acid metabolism and biosynthesis, nitrogen and the TOR pathway, 2) genes associated
with cold tolerance and anaerobiosis, 3) genes associated with the cell wall synthesis,
maintenance and integrity, 4) genes associated with the HOG pathway and osmotic
stress, 5) genes associated with stress, 6) kinases, 7) phosphatases and finally 8)
genes associated with glucose metabolism, via glycolysis or gluconeogenesis. Bar
graphs depicting the number of genes up or down-regulated in the etp1∆/etp1∆ mutant
for each category can be seen in Figure 12. It is clear that genes associated with the
cell wall are for the most part up-regulated in the etp1∆/etp1∆ mutant and genes
associated with cold stress and anaerobiosis are for the most part all down-regulated in
the etp1∆/etp1∆ mutant both show numbers increasing from 10 hours to 48 hours.
These categories were then more closely analyzed and the results can be seen in Table
5. Each category will be discussed more below.
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graphical
representation of the number of genes that were up-regulated
and down-regulated in the etp1Δ/etp1Δ mutant at the various time points. Genes
associated with nitrogen metabolism and regulation, cold stress and anaerobiosis, cell
wall integrity and maintenance, the HOG pathway and osmotic stress, various stress
response genes, kinases, phosphatases and genes associated with glucose
metabolism and gluconeogensis were examined.

55

Table 6 - Key genes in each of the categories examined after the initial statistics were
performed on the microarray data. Provided is a brief description of the gene’s function
along with whether or not the gene is up- or down-regulated in the etp1Δ/etp1Δ mutant
compared to the wild type, along with the fold difference of the up- or down-regulation of
the gene.
Genes
GAP1
BAP2
BAP3

Time points
10h 24h 48h 144h

Gene Description

+12.2 General amino acid permease, regulated by
9
nitrogen source.
.
+4.56
.
-2.83 Amino acid permeases associated with
transporting valine, leucine, isoleucine and
.
.
.
-12.7 cysteine
.
.
+2.08 -3.7
.
-2.68 +8.57
.
.
.
.
-3.09
.
.
+6.53 +2.28
-2.33 -2.21
.
+2.33
-4.02
.
.
.
.

+4.08 +4.22

MET2
MET3
MET4
MET5
MET6
MET8
MET1
-6.64 -2.18
.
.
Involved in the biosynthesis and metabolism of
3
methionine, as well as sulfate assimilation.
MET1
.
-2.34 +3.13 -2.35
4
MET1
.
.
+2.28 -2.88
6
MET3
.
+2.20
.
-2.28
1
MET3
.
.
+4.48 -2.08
2
SAM4
.
.
+3.35 +4.13 S-methylmethionine-homocysteine
Amino acid
methyltransferases that function together to
transport,
convert S-adenosylmethionine (AdoMet) to
.
.
+3.32
.
metabolism MHT1
methionine to control the methionine/AdoMet
and
ratio.
biosynthesis
Dicarboxylic amino acid permease, transports of
and nitrogen
L-glutamate and L-aspartate with high aﬃnity
DIP5
-3.65
.
+4.27 +5.48
and can also transport glutamine, asparagine,
associated
serine, alanine and glycine.
genes
PDC5
.
-4.54 -5.55
.
Pyruvate decarboxylase isozymes involved in
amino acid catabolism and key enzymes in
PDC6
.
.
-2.18 +2.56 alcoholic fermentation.
Required for the transport of Gap1 from the
LST8 -2.50 -2.60 -2.91 -4.39 Golgi to the cell surface, involved in the TOR
pathway.
Glutamine synthetase (GS), synthesizes
glutamine from glutamate and ammonia.
GLN1
.
+2.59 +3.41
.
Expression is regulated by the TOR pathway as
a result of nitrogen source or amino acid
limitation.
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GAD1
STR3

.

.

MMP1

.

CRF1

.

.

-2.09 +2.90

-2.03 -2.51 -9.73
.

+4.02 +2.22

-9.17 -33.8 -4.89

PAU1
.
-9.96 -11
PAU2
.
-12.7 -21.8
PAU5
.
-10.8 -16.8
PAU7
.
-16
-36
PAU8
.
-11.1 -11.6
PAU10
.
-10.7 -13.3
PAU15
.
-25.7 -25.1
PAU17
.
-14.9 -15.9
PAU18
.
-5.18 -4.84
PAU20
.
-4.32 -3.64
PAU21
-3.40
-2.50 -4.77
Cold tolerance
PAU23
.
-10.5
.
and
anaerobiosis PAU24
.
-26.6 -51.4
AUS1
DAN1
DAN4
TIR3
TIR4
UPC2
WSC2
WSC3
SLG1
MKK1
MID2
ZEO1
SLT2/
MPK1
CHS2

.
-3.43
-6.54
-8.14
.
.
-2.02
-7.51
.
.
.
-2.18
-3.47

Glutamate decarboxylase, converts glutamate
into gamma-aminobutyric acid (GABA) during
glutamate catabolism, also involved in the
response to oxidative stress.
Cystathionine beta-lyase, converts cystathionine
into homocysteine.
High-aﬃnity S-methylmethionine permease,
required for utilization of S-methylmethionine as
a sulfur source.
Transcriptional co-repressor involved in
repression of ribosomal protein (RP) gene
transcription via the TOR signaling pathway.

A family of genes encoding seripauperin
proteins, many still having an unknown function.
Those that have been studied have been shown
to be induced under anaerobic conditions as
well as low temperatures and cold shock. The
proteins are suspected to be secreted into the
environment.

Transporter involved in uptake of sterols and
-3.21 -2.60 -4.03 -2.10 anaerobic growth, is a member of the ATPbinding cassette family.
-5.15 -9.72 -18.5 -19.9 Cell wall mannoproteins that are strictly
expressed under anaerobic conditions. Also
.
.
.
-2.19 related to the Tir proteins.
.
.
-2.33
.
Cell wall mannoproteins expressed during cold
shock and anaerobiosis.
-7.49 -2.34 -2.72
.
Sterol regulatory element binding protein,
.
.
-4.53 -5.39 induces transcription of sterol biosynthetic
genes and of DAN/TIR gene products.
.
.
+4.40
.
Sensor transducer proteins located in the cell
.
.
.
+2.04 membrane that sense cell wall stress and initiate
the Protein Kinase C cascade (CWI pathway).
.
+2.40 +2.59
.
Mitogen-activated kinase kinase (MEKK)
.
.
+2.09
.
involved in the cell wall integrity pathway.
.
.
+2.15
.
Mid2 together with Zeo1 act as signal
transducers in the cell wall integrity signalling
.
.
+2.12
.
pathway.
Terminal kinase in the cell wall integrity pathway.
.
.
+2.73
.
Responsible for activating transcription factors
and cell wall stress response genes.
.
.
+4.92 +8.69
Encode for proteins involved in the synthesis,
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CHS7
.
.
+3.51
.
Encode for proteins involved in the synthesis,
CRH1 +3.29 +4.16 +5.71
.
transport and deposition of chitin in the cell wall.
YEA4
.
.
+2.38 +2.35
RCR1
.
+2.03 +2.28 +3.34
KRE6
.
+2.40
.
.
Cell wall
KRE9
.
+2.14
+2.81
.
integrity and
.
Encode a group of proteins involved in betamaintenance KRE11 +2.02 +2.10 +3.10
KEG1
.
.
+2.41 +2.51 glucan assembly and transport to the cell wall.
EXG1
.
+3.42 +3.77
.
EXG2
.
+2.13 +4.96 +2.69
GAS3
.
+3.09 +8.81
.
Putative 1,3-beta-glucanosyltransferases
involved in cell wall assembly. Localize to the
GAS5
.
+3.86 +5.10
.
cell wall.
Protein involved in the transport of cell wall
SBE2 +2.05
.
+2.41
.
components from the Golgi to the cell surface.
SCW10 +3.90
.
+8.74
.
Cell wall proteins with similarity to glucanases.
May play a role in conjugation during mating
SCW11 .
.
+2.64 +3.18 based on their regulation by Ste12.
Covalently linked cell wall mannoprotein, is a
major constituent of the cell wall and plays a
CWP2
.
+2.01 +2.31
.
role in stabilizing the cell wall. Also involved in
resistance to low pH.
+14.0
Mannoprotein that exhibits a tight association
SRL1
.
+3.26
+6.76
1
with the cell wall, required for cell wall stability.
Non-essential glycogen phosphorylase required
for the mobilization of glycogen, expression is
GPH1 -3.89 -3.26 -2.28 +2.58
regulated by stress-response elements and by
the HOG MAP kinase pathway
A hydrophilin with unknown function induced
GRE1
.
+3.10
.
+4.65 under osmotic, ionic, oxidative and heat stress.
Regulated by the HOG pathway.
Functions as an osmosensor in parallel with
Sho1 in the HOG pathway. Also a mucin family
HOG pathway MSB2
.
+4.10 +3.97
.
member involved in the Cdc42p- and MAP
kinase-dependent filamentous growth signaling
and osmotic
pathway.
stress
HOR2
.
.
+2.24 -2.41 Isoforms of DL-glycerol-3-phosphatase involved
in glycerol biosynthesis. Induced under
hyperosmotic stress, HOR2 is also expressed
RHR2
.
.
+2.93 -4.32 under oxidative stress conditions and RHR2
under anaerobic conditions.
Glycerol proton symporter of the plasma
membrane, subject to glucose-induced
STL1 +3.48
.
+2.15
.
inactivation, strongly but transiently induced
during osmotic shock.
Basic leucine zipper transcriptional activator
involved in the response to various stresses.
CAD1
.
-3.68 -5.42
.
Controls a group of genes involved in stabilizing
proteins.

Stress
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Stress
response
genes

HSP30

.

.

PDR5
PDR11
PDR12
PDR15
PDR16

.
.
.
.
.

-2.06
-2.50
-3.55
-12.2
.

REG2

.

-2.76

MIG1

.

.

.

-2.03

GAL2

Glucose
aﬃliated
genes

HXT1
.
+2.01
HXT4 -5.72
.
HXT5 -2.16
.
HXT7 -2.26
.
HXT8
.
.
HXT14
.
.
GCR1

.

.

Involved in the negative regulation of H+ATPase
-2.61 -6.45 Pma1. Induced by heat-shock, ethanol, glucose
limitation and entry into stationary phase.
-4.75 -3.50
-2.66 -2.43 Typically associated with multi-drug resistance
but some are also involved in weak acid
-2.04
.
resistance and sterol uptake and biosynthesis.
-11.7
.
-3.28 -3.26
Involved with Reg1p, Glc7p, and Snf1p in
-3.01
.
regulation of glucose-repressible genes.
Transcription factor involved in glucose
+3.26 -2.71 repression, involved in the regulation of hexose
transporter transcription.
Galactose permease, required for utilization of
.
-2.08
galactose; also able to transport glucose.
+2.07
.
-2.03
.
Hexose transporters responsible for the import
.
+5.63 of fermentable sugars such as glucose and
fructose into the cell. Some have high, low or
.
.
-3.04 -5.20 moderate aﬃnity for glucose.
.

-2.32

+2.45 -2.56

Transcriptional activator of genes involved in
glycolysis with Gcr2.

Note: . Gene not diﬀerentially expressed at a significant level
+ Gene is up-regulated in the etp1∆/etp1∆ mutant
- Gene is down-regulated in the etp1∆/etp1∆ mutant

Nitrogen metabolism related genes
!

Nitrogen plays a key role in an efficient fermentation as limitation of nitrogen can

lead to stuck or sluggish fermentations (Ribéreau-Gaynon et al 2000). This led to the
investigation into genes associated with amino acid transport, metabolism and
biosynthesis, genes affiliated with the TOR pathway and nitrogen regulation. As the
fermentation progressed there was an increase in the number of total genes upregulated in the etp1Δ/etp1Δ mutant from 2 at 10 hours to 58 at 144 hours and the
number of genes down-regulated increased from 13 at 10 hours to 31 at 144 hours
(Figure 12). Some of these genes are listed in Table 5, particularly those that were
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present at multiple time points. A few key genes that stood out and should be mentioned
are GAP1, BAP2, BAP3, a variety of the MET genes (with numbers increasing over the
course of the fermentation) as well as MMP1, MHT1 and SAM4, DIP5, PDC5, PDC6,
and GLN1.
#

GAP1 may be significantly up-regulated but BAP2, BAP3 and DIP5 are down-

regulated. GAP1 is a general amino acid permease that is regulated by nitrogen
sources available and TOR, BAP2 and BAP3 are associated with branched chain amino
acid transport and DIP5 encodes another amino acid permease which transports Lglutamate and L-aspartate (Kodama et al 2001, Merhi et al 2011, Regenberg et al
1999). GAP1 is up-regulated in the etp1∆/etp1∆ mutant around 4 fold at both 24 and 48
hours and then increases to 12.29 fold up-regulated. BAP2 is also up-regulated 4.56
fold at 24 hours and then is down regulated 2.83 fold at 144 hours; BAP3 is also downregulated at 144 hours by 12.70 fold. These branched-chain amino acid transporters are
important in a fermentation because those amino acids are precursors for the
production of higher alcohols and metabolites are the flavor compounds in the wine or
beer (Kodama et al 2001). DIP5 became up-regulated in the etp1∆/etp1∆ mutant at the
later time points, 4.27 and 5.48 fold at 48 and 144 hours respectively.
!

PDC5 and PDC6 are isozymes of pyruvate decarboxylase and are involved in

branched amino acid catabolism and are necessary for an alcoholic fermentation to
occur (Dickinson et al 2003 and Pronk et al 1996). PDC5 and PDC6 proceed to be upand down-regulated throughout the course of the fermentation, ending with upregulation by 144 hours. PDC5 is down-regulated in the etp1∆/etp1∆ mutant 4.54 and

60

5.55 fold at 24 and 48 hours respectively and PDC6 is down-regulated 2.18 fold at 48
hours then becomes up-regulated 2.56 fold at 144 hours.
!

GLN1 encodes glutamine synthetase and its transcription is regulated by Gln3

and the TOR pathway. GLN1 is up-regulated at both 24 and 48 hours by 2.59 and 3.41
fold respectively.
!

One particular family of genes that appeared at all time points were the MET

genes and SAM4, MHT1, and MMP1. These genes are associated with methionine
transport, metabolism, biosynthesis, sulfate assimilation and sulfur metabolism
(Dummitt et al 2003, Rouillon et al 1999, Thomas and Surdin-Kerjan 1997, Thomas et al
2000). The MET genes seen to have differential regulation of 2 fold or higher were:
MET2, MET3, MET4, MET5, MET6, MET8, MET13, MET14, MET16, MET31, and
MET32. MET6 and MET13 are down-regulated at 10 and 24 hours. MET6 however
becomes up-regulated in the mutant by 2.33 fold at 144 hours. At 144 hours MET2,
MET4, MET14, MET16, MET31 and MET32 are all down-regulated in the etp1∆/etp1∆
mutant and MET5, MET6, MMP1, and SAM4 are all up regulated at 144 hours. It is
clear ETP1 is needed for the normal expression of genes involved in amino acid
transport, metabolism and biosynthesis, particularly those associated with branched
chain amino acid transport and metabolism and methionine and sulphur metabolism
during fermentation.
Cold tolerance and anaerobiosis
!

The response of yeast cells to low temperatures is an area that is still poorly

understood. During wine fermentations the cells are under anaerobic and cold stress,
since all fermentations occur under anaerobic conditions at temperatures between 10℃

61

and 18℃ (Pizarro et al 2008, Zuzuarregui and del Olmo 2004). There was a family of
genes that were constantly mis-regulated after 24 hours of the fermentation. This is a
family of seripauperin proteins with still relatively unknown function, known as the PAU
genes. These genes are significantly down-regulated in the etp1∆/etp1∆ mutant with the
highest fold difference being 51.39 fold at 48 hours and the lowest being 2.02 fold at
144 hours (Table 5). These genes have been shown to be expressed during growth
under anaerobic conditions, and in some cases at low temperatures as well and during
fermentations (Aguilera et al 2007, Cohen et al 2001, Rachidi et al 2000). The PAU
genes are related to the DAN/TIR genes that are also expressed during these
conditions (Aguilera et al 2007, Cohen et al 2001, Rachidi et al 2000).
!

DAN and TIR are related genes that encode cell wall mannoproteins expressed

under anaerobic and/or cold shock are also down-regulated in the etp1∆/etp1∆ mutant
(Cohen et al 2001). DAN1 was down-regulated in the etp1∆/etp1∆ mutant at all four
time points all over 5 fold. TIR4 was down-regulated at 10, 24 and 48 hours with the
highest fold difference immediately at 10 hours, 7.49 fold then dropping to 2.34 and 2.72
fold at 24 and 48 hours respectively (Table 5). These genes are regulated by Upc2, a
sterol regulatory protein (Davies and Rine 2006). UPC2 is also down-regulated in the
etp1∆/etp1∆ mutant at 48 and 144 hours; 4.53 and 5.39 fold respectively (Table 5). It
could be that the etp1∆/etp1∆ mutant is having trouble adapting to the cold and
anaerobic stresses which is causing the inefficient fermentation.
Cell wall integrity and maintenance
!

The cell wall and its stability are key to the survival of the yeast cell under a

variety of stresses, many of which can occur during a fermentation (Boulton et al 1998,
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Levin 2005). Genes in this category are involved in the synthesis and maintenance of
the cell wall in response to stress. The genes involved in the CWI signaling cascade
were examined as well as genes involved in the production of cell wall components.
!

The cell wall integrity pathway is a protein kinase cascade. Some of the sensor

transducer proteins that initiate the cascade were found to be up-regulated in the etp1∆/
etp1∆ mutant at 48 hours (Table 5), these included WSC2, WSC3, SLG1, MID2 and
ZEO1. Two of the kinases in the pathway were also up-regulated more than 2 fold at 48
hours, MKK1 and the terminal kinase of the cascade, MPK1 or SLT2 (Levin 2005).
#

Several genes involved in the production of cell wall components proved to be

mis-regulated in the etp1∆/etp1∆ mutant. Some of the genes involved in chitin
biosynthesis and transport, CHS2, CHS7, CRH1, YEA4, and RCR1 (Bulik et al 2003,
Lesage and Bussey 2006), were all up-regulated in the etp1∆/etp1∆ mutant more than 2
fold, with the highest number of them present at 48 hours (Table 5). Genes involved in
the assembly and transport of beta-glucans in the cell wall included KRE6, KRE9,
KRE11, KEG1, EXG1, and EXG2 (Aimanianda et al 2009, Lesage and Bussey 2003);
again all were up-regulated more than 2 fold in the etp1∆/etp1∆ mutant, with the
greatest number of genes at 24 and 48 hours (Table 5). GAS3 and GAS5, both upregulated more than 3 fold at 24 and 48 hours in the etp1∆/etp1∆ mutant. GAS3 and
GAS5 are glucanases involved in cell wall remodeling (Table 5) (Lesage and Bussey
2003). This shows that ETP1 is involved in the expression of genes involved in the
production and maintenance of the cell wall during fermentation.
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The HOG pathway and osmotic stress
!

The HOG pathway interconnects with the cell wall integrity pathway and is also

responsible for glycerol production (Hohmann 2002). At the beginning of a fermentation
there is a vast amount of fructose and glucose in the must; this creates osmotic stress,
that combined with the low temperature stresses the cell membrane and cell wall,
triggering the HOG pathway and the CWI pathway (Zuzuarregui and del Olmo 2004). A
sensor in the HOG pathway, MSB2 (Hohmann 2002) is up-regulated at 24 and 48 hours
about 4 fold. HOR2 and RHR2 are involved in glycerol biosynthesis under hyperosmotic
stress (Pahlman et al 2001). HOR2 is up-regulated in the etp1∆/etp1∆ mutant at 48
hours by 2.24 fold and is then down-regulated at 144 hours by 2.41 fold. RHR2 follows
the same trend but is up-regulated 2.93 fold at 48 hours and then down-regulated 4.32
fold at 144 hours. Anaerobic stress can also lead to the activation of the HOG pathway
which can lead to PAU gene expression (Hickman et al 2011) however the up-regulation
of some of the HOG components conflicts the down-regulation of the PAU genes in the
etp1∆/etp1∆ mutant. In combination these data suggest that ETP1 is needed for the
normal expression of components of the HOG pathway during fermentation.
3.3 Discussion
!

It is clear from the above results that ETP1 is needed for a normal fermentation

to occur however it is unlikely due to ethanol. The industrial strains most likely grow
faster and more efficiently (Figure 9) due to the fact that they are diploid versus the lab
strains which are haploid and YPD is a much richer media then what industrial strains
are typically grown in. Ethanol also did not appear to affect the growth of the industrial
strains. The microarray experiment also did not show an induction of HSP12 at any of
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the time points during the fermentation, however maybe later time points would show
induction, contradicting the evidence that ETP1 is needed for induction of HSP12 in the
presence of ethanol by Snowdon et al (2009).
!

The weight loss experiment suggests that the etp1∆/etp1∆ mutant has lower

growth and ferments slower right at the beginning with a difference in weight loss being
visible at 48 and 72 hours into the fermentation. Since the yeast are just starting to
ferment the sugars around this time (Figure 10) the inefficient fermentation associated
with the etp1∆/etp1∆ mutant is not due to a decreased resistance to ethanol. The
phenotype could be partly explained however, by the decrease in transcription of genes
involved in adaption to anaerobiosis and cold stress, such as the PAU, DAN and TIR
genes. Further experimentation needs to be done in order to determine if this
transcriptional phenotype carries over into a protein phenotype. This could be done by
c-terminally tagging these proteins with GFP or HA in the wild type and etp1∆/etp1∆
mutant to examine their levels during the early stages and throughout a fermentation by
Western blot analysis.
!

When the final concentrations of ethanol, glucose and fructose were examined

by HPLC, there is still a considerable amount of fructose and glucose left in the etp1∆/
etp1∆ mutant final product, and as a result a decreased amount of ethanol when
compared to the wild type fermentation; this is most likely due to the fact that the etp1∆/
etp1∆ mutant ferments much slower than the wild type.
!

Upon further analysis of amino acids it is clear that the etp1∆/etp1∆ mutant does

not utilize amino acids, particularly serine, threonine, alanine, valine, glutamate,
aspartate and tyrosine as efficiently as the wild type. It is unclear if the delayed usage of
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these amino acids is a direct or indirect effect of ETP1 deletion. There are various
amino acid affiliated genes for transport, metabolism and biosynthesis that are
differentially regulated between the M2 and etp1∆/etp1∆ mutant strains at all time points
examined; some were up-regulated in the mutant while others were down-regulated.
Part of the reason for the decrease in utilization of serine, threonine, valine, glutamate
and aspartate may be due to a down-regulation at 48 and 144hours, of BAP2, BAP3,
and DIP5, known transporters of these amino acids. It could be said that the fold
difference of this down-regulation may increase after 144 hours. More experimentation
would be needed to confirm the link between the regulation of these genes and amino
acid usage. Microarrays on later time points may be more beneficial to further
understand this phenotype since 144 hours is still relatively early in the fermentation,
this is around the time where amino acid metabolism is starting to become important as
the stored amino acids begin to be metabolized (Ribéreau-Gaynon et al 2000). A protein
read-out by tagging these transporters in the wild type and etp1Δ/etp1Δ mutant and
performing Western blot analysis to examine there presence in the cell throughout
fermentation may also provide more insight.
!

The cell wall as discussed in the introduction is important in helping the cell

withstand various stresses. With genes involved in the cell wall integrity pathway and
cell wall assembly being up-regulated in the etp1Δ/etp1Δ mutant, it may be possible
that the cell wall is not as stable if it is constantly being remodeled and having cell wall
components being produced possibly at an increased rate. This could be arguably true
when combined with the genes associated with cold and anaerobiosis being downregulated throughout the early stages of the fermentation and cell wall assembly and
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maintenance genes being up-regulated. Further studies would need to be done in order
to determine if the transcriptional phenotype carries over into a growth phenotype, such
as spot plates or analytical growth curves. Using Western blot analysis to examine the
protein read out and growth assays to examine a possible growth phenotype when
stressed under conditions associated with these gene groupings.
!

Genes associated with the HOG pathway also show slight increases in

transcription. This could lead to elevated levels of glycerol in the cell. Whether it is
enough to be considered detrimental to the cell and affect its growth is unclear. The
metabolite analysis of the final wines show that the etp1Δ/etp1Δ mutant has a slightly
elevated level of glycerol compared to the wild type, possibly supporting that the HOG
pathway and glycerol production may be miss-regulated. The HOG pathway has also
been shown to be activated in anaerobic conditions and has been linked to the
transcriptional activation of the PAU genes in an unknown way (Hickman et al 2011).
The evidence is not overwhelming or convincing with Etp1 involvement with glycerol
production, and a more definitive read out of the protein levels and glycerol levels would
be needed to draw an appropriate conclusion.
3.4 Conclusion
!

From the fermentation weight loss experiment it is clear that ETP1 is needed in

order for a normal fermentation to occur. The deletion of ETP1 affects the amino acid
content of the wine. The ethanol concentration is also decreased in the final product of
an etp1Δ/etp1Δ mutant, due to an incomplete fermentation which is supported by the
data from the weight loss experiment and metabolite analyses. It is clear that the etp1Δ/
etp1Δ mutant does not adapt as quickly as the wild type M2 strain within the first 72
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hours of the fermentation (Figure 10). Upon examination of gene expression during a
Chardonnay fermentation it can be seen that ETP1 greatly impacts the yeast’s
transcriptional profile during a Chardonnay fermentation.
CHAPTER 4 -- ETP1 impacts the cell wall integrity and HOG pathways in
Chardonnay fermentation
4.1 Introduction
!

Cell wall integrity vastly impacts the ability of S. cerevisiae to grow and proliferate

under fermentation stresses. Low temperatures, high sugar content, and the production
of ethanol can all impact the stability of the cell wall during a fermentation. These
stresses can trigger both the CWI and the HOG signaling pathways (Fuchs and
Mylonakis 2009, Levin 2005). Sodium dodecyl sulfate (SDS), calcofluor white, and
rapamycin are all substances that stress the cell wall and activate the CWI pathway;
therefore by adding either of these substances to media, the effects on growth of the
cell can be observed and the levels of proteins involved in this pathway can be
monitored (Levin 2005). The same can be done with the HOG pathway using an
osmotic stress such as sorbitol (Dinér et al 2011). The terminal kinases in these
pathways control the transcription of genes involved in cell wall maintenance and remodeling for CWI pathway and genes involved in glycerol production, glycerol uptake
and genes involved in the general stress response (Fuchs and Mylonakis 2009,
Hohmann 2002, Hohmann et al 2007, Levin 2005, Reiser et al 1999). These terminal
kinases are Mpk1 and Hog1 for the CWI pathway and HOG pathway, respectively
(Hohmann 2002, Levin 2005).
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!

Other important stresses associated with fermentation include exposure to cold

temperatures and an anaerobic environment (Pizarro et al 2008, Zuzuarregui and del
Olmo 2004). Although these two stresses have not been studied extensively, a group of
genes are known to be activated and are involved in growth during these conditions;
they are the DAN, TIR and PAU genes (Aguilera et al 2007, Rachidi et al 2000). The
PAU genes particularly are not well understood; they are known to be expressed strictly
under anaerobic conditions, or in anaerobic conditions in combination with cold stress
and during wine fermentations (Luo and van Vuuren 2009, Rachidi et al 2000). These
genes encode seripauperins that are thought to be secreted into the environment due to
the lack of a C-terminal anchor sequence and presence of a N-terminal leader
sequence (Rachidi et al 2000). Seripauperins are thought to help the cell cope with the
stress in some way (Rachidi et al 2000).
!

The microarray experiment showed an up-regulation in genes associated with

cell wall maintenance, osmotic stress and the HOG pathway, and a down-regulation in
genes associated with cold stress and anaerobiosis in the etp1Δ/etp1Δ mutant. Just
because there is a difference in transcription of genes affiliated with the CWI and HOG
pathways and the genes affiliated with anaerobiosis and the cold response, does not
mean that this translates to the respective (or corresponding) proteins being
differentially regulated. In order to screen for this, growth assays were conducted to
determine if cell wall stressors, osmotic stress, and cold temperatures impact the growth
of an etp1Δ/etp1Δ mutant. The transcriptional data obtained in Chapter 3 suggests Etp1
plays a role in the control of the kinases Mpk1 and or Hog1. We also tested the levels of
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these two kinases and its activated states in the etp1Δ/etp1Δ mutant in different
conditions.
4.2 Results
4.2.1 ETP1 is involved in the response to various cell wall stresses
!

Based on the large number of genes controlled by the cell wall integrity pathway

growth assays were conducted to determine if there was a growth phenotype
associated with the etp1Δ/etp1Δ mutant. Serial dilutions of the wild type, etp1Δ/etp1Δ
mutant, and a negative control, an mpk1Δ mutant were spotted to solid media
containing one of a series of cell wall stressors and allowed to incubate for 1-3 days.
The etp1Δ/etp1Δ mutant appears to grow much more efficiently than the M2 strain
when grown in the presence of calcofluor white seen at the 10-3 dilution (Figure 13A). It
is unclear if the etp1Δ/etp1Δ mutant shows a decrease in growth in the presence of
rapamycin when examining the 10-3 dilution, however a more quantitative analysis
would be needed in order to confirm this.
!

There appeared to be no discernible phenotype between the etp1Δ/etp1Δ mutant

and the wild type M2 strains when grown at different temperatures to examine cold
sensitivity (Figure 13B). The control was sensitive to temperature, as expected.
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Cell Wall Stressors

A

Drug Vehicle
90% EtOH 10% Tween 20
10-3

10-2

10-1

Rapamycin
10-3

10-2

10-1

Calcoflour White
10-3

10-2

10-1

M2
etp1Δ/etp1Δ
mpk1Δ

Cold Stress

B
YPD 30℃
10-3

10-2

10-1

YPD 18℃
10-3

10-2

10-1

YPD 10℃
10-3

10-2

10-1

M2
etp1Δ/etp1Δ
mpk1Δ
Figure 14 - ETP1 is involved in cell wall maintenance. Spot plates to test the wild type
M2 strain and mutant etp1Δ/etp1Δ strain under cell wall stress conditions (A) and
varying temperatures to test the strains under cold stress (B). Cells were grown to
exponential phase, harvested and resuspended to an OD600 of 1.0, serial dilutions were
made and then spotted to media. The mpk1Δ was used as a negative control.
!

Wednesday, 12 December, 12

!

To better understand the growth phenotypes seen in the spot plates in Figure

14A, liquid growth assays were conducted using various cell wall stresses and a
nephlometer. The growth curves generated (Figure 14) provided a more quantitative
look at the possible phenotypes seen in Figure 14A. From this assay it is clear that the
etp1Δ/etp1Δ mutant has decrease in growth in the presence of rapamycin (Figure 14C).
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Although in the first 8 hours the M2 wild type and the etp1Δ/etp1Δ mutant appear to be
growing at the same rate, the etp1Δ/etp1Δ mutant displayed a dramatic growth delay
after 8 hours while the wild type continues grow.
!

Under growth in the presence of sodium dodecyl sulfate (SDS) at 0.03% volume

per volume, the etp1Δ/etp1Δ mutant appears to grow poorly, similar to M2. This
supports the lack of growth for either strain on plates containing the same
concentrations of SDS (data not shown). It should also be noted that the Nephelostar
data showed that when the etp1Δ/etp1Δ mutant and M2 strains are grown in YPD they
have a similar growth rate (Figure 15A). It is also of interest to note that in the growth
curves of Figure 15A, B and D there is a drop in the scattering of light between 7 and 8
hours for the M2 strain, this could be due to the yeast shrinking in size to accommodate
for limiting nutrients after reaching optimal growth for its environment.
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Figure 15 - ETP1 is needed for growth under treatment with rapamycin. Growth curves
were measured for both the wild type M2 and etp1Δ/etp1Δ strains using a nephlometer
under various cell wall stress conditions for 24 hours. The mpk1Δ was used as a
negative control.
4.2.2 ETP1 impacts the level of Mpk1 in the cell during the early stage of
fermentation and in response to calcofluor white treatment
!

To further follow-up on the genes that were up-regulated in the etp1Δ/etp1Δ

mutant and are associated with the cell wall integrity pathway, a set of Westerns were
conducted to investigate the protein levels of the terminal kinase of the pathway, Mpk1.
As a negative control an mpk1Δ mutant was used for comparison to M2 and the etp1Δ/
etp1Δ mutant. All three strains were grown in YPD broth in the absence and then the
presence of calcofluor white to induce the expression and activation of Mpk1 (Levin
2005). These samples were run along with lysate from three different time points of the
microarray fermentation experiment and probed with anti-Mpk1 and anti-Phospho 44/42
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antibodies (Figure 16). Mpk1 is approximately 56 kDa and is present in the anti-Mpk1
Western and indicated in the anti-phospho 44/42 antibody Western (Figure 16). Mpk1
was present at a much lower concentration in the etp1Δ/etp1Δ mutant versus the M2
wild type strain when cells were grown in either YPD or YPD containing calcofluor white.
Mpk1 was also only present at 10 hours into the fermentation in the M2 strain
suggesting that ETP1 is involved in the regulation of Mpk1.
!

The anti-phospho 44/42 antibody from Cell Signalling Technology detects five

different MAP kinases that are phosphorylated on threonine and tyrosine residues; in
the case of S. cerevisiae it detects Hog1 (~49 kDa), Mpk1 (~56 kDa), Fus3 (~41 kDa),
Kss1 (~43 kDa) and Smk1(~44 kDa). Based on the migration of the bands for Mpk1
corresponding to the migration of the ladder, Mpk1 should be the top band in the antiPhospho 44/42 and it was assumed that the band below it was Hog1. However based
on the phosphorylation state of the second band (Figure 16 *) though it would appear
that this band could be Mpk1 since we should see more Mpk1-P after the addition of
calcofluor white. When Mpk1 is active, or phosphorylated when cells are under cell wall
stress and de-phosphorylated theoretically in rich media such as YPD. This suggests
that the second band (Figure 16 *) could also be Mpk1 as there is more phosphorylated
protein in the presence of calcofluor white than in its absence in the M2 strain.
!

To determine if the band that migrated around where the 50 kDa ladder band did

is in fact Hog1 another set of Westerns were conducted (Figure 17). Hog1 appears to
be present at all time points during the fermentation for the M2 strain as well as when
the strain is grown in YPD and YPD containing 0.8 M sorbitol. The etp1Δ/etp1Δ mutant
responds to the sorbitol stress like the wild type however, only appears to have Hog1

76

expression at 144 hours into the fermentation. This suggests that ETP1 is involved in
Hog1 expression.
!

To determine if the band in question in the anti-phospho 44/42 Westerns was

Hog1, controls included a positive control, BY4742, a strain that is known to express
and have active Hog1 when grown in the presence of sorbitol and a hog1Δ mutant was
used as a negative control (Hohmann et al 2007). These strains and the M2 wild type
and etp1Δ/etp1Δ strains were grown in YPD broth and then shifted to media containing
0.8 M sorbitol to induce osmotic stress. Cell lysates were prepared and probed with
anti-Hog1 and anti-Phospho 44/42 antibodies (Figure 17B). BY4742 did not appear to
have the second band doublet (Figure 17A *) present after treatment with sorbitol as the
etp1Δ/etp1Δ mutant had, suggesting that the band is not Hog1-P (Figure 17B). It
appears the anti-Phospho 44/42 antibody may not detect Hog1-P. The anti-Phospho
44/42 Westerns with the hog1Δ mutant do support that the top band is Mpk1, as it
should be and is present in the hog1Δ mutant.
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Figure 16 - ETP1 is needed for the expression of Mpk1 during the first 10 hours of a
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Figure 17 - ETP1 is needed for the expression of Hog1 in the first 48 hours of
fermentation. The deletion of ETP1 did not affect the expression of Hog1 under osmotic
stress caused by sorbitol. A) Lysates from M2, etp1Δ/etp1Δ, and hog1Δ strains during
growth in YPD, YPD with 0.8 M sorbitol and then 3 different time points from the
microarray fermentations, with the * representing possible Hog1 band, B) lysates from
M2, etp1Δ/etp1Δ, BY4742 and hog1Δ strains during growth in YPD and YPD with 0.8 M
sorbitol.!
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!

To determine whether or not ETP1 is needed for growth under osmotic stress,

growth analyses were performed where the M2, etp1Δ/etp1Δ mutant, and hog1Δ
mutant were spotted to rich media containing varying concentrations of sorbitol. There
appeared to be no visible phenotype in the etp1Δ/etp1Δ mutant versus the M2 wild type
strain at any of the concentrations of sorbitol (Figure 18).
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Figure 18 - ETP1 does not affect the ability of yeast to withstand osmotic stress
induced by sorbitol. Serial dilutions of M2, etp1Δ/etp1Δ, and hog1Δ strains were
spotted onto rich media containing various concentrations of sorbitol.

Sunday, 13 January, 13

79

4.3 Discussion
!

With some of the genes controlled by cold stress, the cell wall integrity and HOG

pathways showing a difference in expression levels in the absence of ETP1, a series of
growth analyses and Western experiments were designed to investigate the underlying
mechanism that resulted in the differences in transcription observed in the microarray
analyses. The cold and cell wall stress spot plates were used as a starting point. With
no obvious phenotype seen during the spot plates under low temperatures, it is clear
that more experiments need to be done. Tagging the PAU and DAN/TIR genes then
performing Westerns could provide a protein read out to determine if the protein levels
are different between the M2 and etp1Δ/etp1Δ mutant strains at cold temperatures.
!

It was shown that ETP1 is needed for more efficient growth in the presence of

rapamycin after growth assay using a nephlometer was conducted. When ETP1 is
deleted the cells appear to grow at a slower rate compared to the M2 wild type strain.
With further experimentation it could be determined if this is due to cell wall integrity or
whether it is associated with nitrogen regulation. Its known that both the CWI and TOR
pathways crosstalk with each other, however the mechanism by which this occurs is still
unknown (Kuranda et al 2006, Levin 2005).
!

Clacofluor white was also used as a cell wall stress. The etp1Δ/etp1Δ mutant

had an increased growth phenotype when grown in the presence of calcofluor white,
suggesting that ETP1 may either be involved in regulating cell wall biosynthesis or the
cell wall integrity pathway. Westerns were done to examine the expression and
phosphorylation state of Mpk1 during a fermentation. Mpk1 was analyzed in the M2 and
etp1Δ/etp1Δ mutant strains, with the mpk1Δ mutant serving as a negative control.
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Several striking observations were made: 1) Mpk1 levels were lower in the etp1Δ/etp1Δ
mutant compared to M2 in the absence and presence of calcofluor white, and 2) no
band for Mpk1 at 10 hours into the fermentation for the etp1Δ/etp1Δ mutant. The latter
observation contradicts the transcription data which indicated a 2.73 fold increase in
MPK1 transcription at 48 hours. The Western showed an absence of Mpk1 in the etp1Δ/
etp1Δ mutant at all 3 fermentation time points. This suggests that ETP1 is needed for
the expression of Mpk1 during the first 10 hours of fermentation. ETP1 may be more
involved in maintaining the protein level of Mpk1 within the cell, perhaps tagging Mpk1
with GFP in the M2 and etp1Δ/etp1Δ mutant strains, Mpk1 could be visualized in the
presence and absence of cell wall stress to determine if there is a difference between
the two strains. qRT-PCR and Westerns would be beneficial to examine genes and
proteins involved in the synthesis of cell wall components. The growth phenotypes seen
here could be associated with cell wall production and synthesis as opposed to the
maintenance of the cell wall.
!

Interestingly, Hog1 has delayed or decreased expression during fermentation in

the etp1Δ/etp1Δ mutant compared to the M2 strain while the levels for Hog1 were
similar in the presence and absence of sorbitol. This suggests that ETP1 is needed for
the normal expression of Hog1 during fermentation.
!

Surprisingly, an unknown phosphorylated protein was detected in the anti-

phospho 44/42 Westerns in Figure 16 and 17 remains unknown. It was initially debated
to be either Mpk1 or Hog1, due to the calcofluor white controls, the phosphorylation
states suggested it was Mpk1, due to the migration of the band corresponding to the
migration of the 50 kDa ladder bands and the MAP kinases the antibody is supposed to
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be able to detect, it was thought it could also be Hog1. After control experiments it was
found to not be Hog1 and that the top band was Mpk1 due to its absence in the mpk1Δ
mutant and presence in the hog1Δ mutant. These experiments may also suggest that
the anti-Phospho 44/42 may not even detect phosphorylated Hog1. Perhaps trying the
anti-Phospho p38 from Cell Signaling Technology to evaluate the phosphorylation state
of Hog1 could be used instead, since it has been shown to bind to phosphorylated Hog1
(Dinér et al 2011).
4.4 Conclusion
!

ETP1 is involved in the adaptation to cell wall stressors such as calcofluor white

and rapamycin. Despite MPK1 and HOG1 showing transcriptional up-regulation in the
etp1Δ/etp1Δ mutant during fermentation, the protein levels do not reflect this. In fact
both Mpk1 and Hog1 show decreased protein levels during fermentation when
compared to the M2 wild type strain. ETP1 also does not appear to affect the growth
under osmotic stress induced by sorbitol. Further experimentation needs to be done to
determine what protein appears to be phosphorylated throughout the fermentation in the
etp1Δ/etp1Δ mutant and not in the M2 strain anti-phospho 44/42 Westerns.
GENERAL DISCUSSION
!

Before this study was conducted there was very little known about Etp1 and how

it functioned within the cell. It was hypothesized that Etp1 is vital for cells to completely
ferment sugars to ethanol, and for the transcriptional response of yeast to ethanol stress
in an industrial strain. The objectives were as follows: 1) generate and analyze industrial
homozygous and heterozygous etp1Δ mutants in a fermentation, 2) characterize the
effect of ETP1 deletion on The transcriptional profile during a fermentation, and 3)
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perform follow-up experiments to validate any findings in objective 2. All three objectives
were completed; however, it is still unclear what the exact role of Etp1 is within the cell.
Objective 1: Generate and analyze industrial homozygous and heterozygous
etp1Δ mutants in a fermentation!
!

Most experiments on stress response in yeast have been done in laboratory

strains. These strains were bred for laboratory research and are generally poor
fermentors being less able to survive and ferment in industrial settings. In order to truly
understand what ETP1 does in the cell during a Chardonnay fermentation, an industrial
strain was used. M2 is a wine strain commonly used in the industry. The van der Merwe
lab has the wild type strain as well as a modified strain that is HO/ho::hphMX, URA3/
ura3Δ. HO is an endonuclease responsible for mating type switching to occur to
complete the life cycle after sporulation as a diploid. This strain was used to create the
etp1Δ/etp1Δ mutant.
!

Fermentation weight loss experiments were performed in triplicate biological

replicates for both the M2 wild type strain and the etp1Δ/etp1Δ mutant. Weight loss was
recorded for 18 days, after the M2 strain’s weight loss began to taper off. The etp1Δ/
etp1Δ mutant showed a decrease in weight loss throughout the fermentation when
compared to the M2 wild type strain. This suggested that the etp1Δ/etp1Δ mutant does
not grow as well and therefore ferments slower, this was clear as early as 48 and 72
hours into fermentation. The weight loss for a heterozygous ETP1/etp1Δ mutant
resembled that of the M2 wild type strain (data not shown). This suggested that only
one copy of ETP1 is needed for it’s function to be carried out during a fermentation. At
the end of the fermentations samples were collected for metabolite analysis. This
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included fructose, glucose, glycerol, ethanol and amino acid content in the unfermented
juice and the final fermentation products for the M2 and etp1Δ/etp1Δ mutant strains
using HPLC. There was an increased amount of fructose and glucose in the etp1Δ/
etp1Δ mutant fermentation compared to the M2 strain and a decreased amount of
ethanol. The amino acid content was also examined and the etp1Δ/etp1Δ mutant
showed less of the available amino acids such as: serine, threonine, tyrosine, histidine,
alanine and valine, were being utilized. Other amino acids were shown to also have
been poorly utilized by the etp1Δ/etp1Δ mutant include: aspartic acid, glutamic acid,
asparagine and glutamine, although not as drastically as the previous group.
!

ETP1 is involved in the early stage of fermentation, when there is a high

concentration of glucose and fructose causing osmotic stress and the cells are shocked
with adapting to anaerobic growth conditions and low temperature since the
fermentation was carried out at 18℃. The loss of ETP1 leads to a much slower and
incomplete fermentation with a lower ethanol concentration, an increase in fermentable
sugars left in the final product and inefficient or decreased up-take of several amino
acids.
Objective 2: Characterize the effect of ETP1 deletion on the transcriptional profile
during a fermentation
!

It is clear that ETP1 is needed for a normal Chardonnay fermentation to occur

which supports the hypothesis. It was also shown that there is a massive transcriptional
difference between the wild type M2 strain and the etp1Δ/etp1Δ mutant during
Chardonnay fermentation. This is most likely an indirect response to the ETP1 deletion.
Since the etp1Δ/etp1Δ mutant ferments at a different rate some of the genes that are
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differentially expressed between the wild type and the etp1Δ/etp1Δ mutant may be due
to the strains being at different stages in the fermentation and not directly a result of the
ETP1 deletion on genes involved in glucose or nitrogen metabolism.
!

Only a small portion of genes were further examined with follow up experiments.

Realistically if there had been more time and for studies in the near future follow up
experiments for the other gene groupings need to be conducted. It may also be
beneficial to create heat maps and go through the remaining data to examine any other
gene groupings or genetic clusters from the data. Genes were categorized into the
following groups: amino acid transport, biosynthesis, metabolism and nitrogen
associated genes, cold tolerance and anaerobiosis, cell wall integrity and maintenance,
HOG pathway and osmotic stress, stress response genes, and glucose affiliated genes.
!

The microarray data did show a number of genes, increasing as time went on,

that were involved in nitrogen regulation, amino acid transport, metabolism and
biosynthesis. Upon completion of the fermentation samples were sent for HPLC
analysis for amino acid content for each strain and compared to the initial content of the
unfermented juice. With BAP2 and 3 becoming down-regulated after 24 hours,
increasing to 12.68 fold difference by 144 hours for BAP3 and DIP5 also showing downregulation by 48 hours more than 4 fold in difference supports some of the differences in
amino acid content between the two strains. These amino acid transporters are known
to transport serine, threonine, valine, glutamate and aspartate and these amino acids do
not appear to be utilized by the etp1Δ/etp1Δ mutant strain to the same extent they are
in the M2 wild type strain. This would be further supported if the transporters were
tagged in both strains and upon Western analysis it was shown that there was a
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decrease in these transporters in the etp1Δ/etp1Δ mutant strain. This would show that
the protein levels reflect the RNA levels supporting this prediction.
!

There was also a large amount of the MET genes that showed differential

regulation. Not all were up-regulated at all time points in the etp1Δ/etp1Δ mutant, but by
48 hours all MET genes that were differentially regulated were up-regulated. These
genes are known to be involved in the biosynthesis and metabolism of methionine as
well as sulfate assimilation (Thomas and Surdin-Kerjan 1997). These genes are
repressed under high concentrations of S-adenosylmethionine within the cell so in the
absence of ETP1 the up-regulation of these genes implies that ETP1 may have a role in
the derepression of these genes directly or indirectly (Blaiseau et al 1997, Thomas and
Surdin-Kerjan 1997). A protein read-out for these genes would also prove to be useful.
Since the MET genes are also involved in sulfate assimilation it would be interesting to
examine the sulfur content of the end fermentation in the etp1Δ/etp1Δ mutant versus
the M2 wild type strain. Too much sulfur in a wine tends to produce off flavors such as
H2S; perhaps ETP1 may play a role in this (Ribéreau-Gaynon et al 2000). If future
experiments supported the involvement of ETP1 in sulfur production or metabolism then
there may be a way to exploit it in the industry and prevent off flavors due to sulfur
production and accumulation. Determining the volatile compound profile of the final
fermentation products for both M2 and etp1Δ/etp1Δ strains would not only provide
insight in to the amount of H2S produced but also other volatile compounds.
!

There were also a variety of genes associated with glucose metabolism;

glycolysis, hexose sugar transport as well as genes involved in the regulation of these
genes. Whether all genes in this category were differentially expressed directly because
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of the deletion of ETP1 or simply because of the genes needed at that stage of the
fermentation, which is not the same for each strain as the etp1Δ/etp1Δ mutant ferments
slower than the wild type. It is evident from the weight loss experiment and the carbon
metabolism data that the etp1Δ/etp1Δ mutant is fermenting sugars at a slower rate.
This would cause a need for different glucose affiliated genes for each strain. It should
be noted that this could very well be the case for the genes affiliated with nitrogen and
amino acid transport, metabolism and biosynthesis. Based on the way the genes more
closely examined showed down-regulation early and then up-regulation at the later time
points it suggests that the difference in regulation is most likely due to the two strains
being at different stages in the fermentation. The etp1Δ/etp1Δ mutant adapts poorly
during early stages of the fermentation and proceeds to have an inefficient fermentation
suggesting that the genes associated with hexose sugar transport and their metabolism
may be expressed at later time points in the etp1Δ/etp1Δ mutant possibly leading to the
observed phenotype. An experiment that could help support this would to be to
complete more fermentation trials, but to allow the etp1Δ/etp1Δ mutant fermentation to
continue until weight loss stops. If samples were to be taken at the end of the wild type
fermentation and then from the etp1Δ/etp1Δ mutant fermentation when it was
completed, HPLC analyses could be conducted to examine the levels of carbon related
metabolites. If the glucose affiliated genes are differentially expressed due to the two
strains being at different stages in the fermentation then the glucose, fructose and
ethanol levels should all be the same, relatively speaking. If they are still different then it
would suggest that ETP1 is also involved in carbon metabolism.
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!

Some of the initial stresses that the yeast must face upon the beginning of a

fermentation include low temperatures and anaerobic growth conditions (Aguilera et al
2007, Merico et al 2006). Some proteins that have been shown to be involved in the
adaptation to these stresses are the DAN/TIR genes and the recently identified PAU
genes. These genes all encode cell wall mannoproteins that appear to be related, their
amino acid sequences are similar as is their expression (Luo and van Vuuren 2008).
They are expressed under anaerobic conditions and have been shown to be expressed
during wine fermentations although their role during fermentation still remains unknown
(Marks et al 2008). In the microarray experiment we saw that DAN1, TIR3, TIR4, and
many of the PAU genes are all significantly down-regulated, by at least 2 fold or higher
in the etp1Δ/etp1Δ mutant. Despite the significant down-regulation of these genes,
experiments to test the growth of these two strains under low temperatures were
conducted. There was no phenotype associated with the cold tolerance when spot
plates were done to examine if there was a difference between the way the two strains
grew. The lack of a growth phenotype does not mean that colder temperatures is not
affecting the strain in another way. The microarray data suggests that even though there
was no growth defect in the etp1Δ/etp1Δ mutant for the spot plates, there was still an
effect on the growth of the etp1Δ/etp1Δ mutant specifically during a fermentation.
Perhaps it is not solely affected by low temperature, but low temperature in combination
with anaerobic stress, or osmotic stress or both, which explains the presence of a
phenotype during fermentation and not at low temperatures as the only stress. If the
DAN, TIR and PAU genes were tagged with GFP in both strains and a fermentation was
conducted, samples could be taken for both Western analysis and qRT-PCR. Since the
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DAN/TIR genes encode for proteins that remain in the cell wall, if they are tagged with
GFP, one could also examine if there is a difference in location or quantity of protein via
microscopy (Rachidi et al 2000).
!

In the microarray experiment many genes encoding proteins involved in the cell

wall integrity pathway showed differential regulation between the etp1Δ/etp1Δ mutant
and the wild type. Sensors for this pathway were up-regulated in the etp1Δ/etp1Δ
mutant 2 fold or higher. The CWI pathway is a kinase cascade and the microarray data
showed that 2 of these kinases, including the terminal kinase MPK1, were up-regulated
at 48 hours. If this translates to protein levels it may attribute to the phenotype seen
during fermentation. This led to a group of follow-up experiments that will be discussed
in more detail below.
!

KRE6, KRE9, KRE11, EXG1, EXG2 and KEG1 which are associated with beta-

glucan production, were also up-regulated across all time points (Aimanianda et al
2008, Lesage and Bussey 2006). Other genes involved in chitin production, including
CHS2, CHS7, CSH3, RCR1, YEA4 and CRH1 also showed up-regulation across all
time points. These genes are involved in cell wall synthesis, with the KRE genes being
involved in beta-glucan assembly and CRH1, chitin transglycolase which is responsible
for transport of chitin (Bulik et al 2003, Klis et al 2006, Lesage and Bussey 2006). If
there are excess cell wall components produced it may make it harder for the cell to
adapt and change the cell wall and cell membrane in response to stress, especially
when cell wall mannoproteins that are normally expressed during fermentations (the
DAN, TIR and PAU genes) are all down regulated leading to less of these proteins
present to aid in adaptation to stress.
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Objective 3: Perform follow-up experiments to validate any findings in objective 2,
the transcriptional profile!
!

As mentioned above, experimentation to further examine the transcriptional

phenotype seen with the genes involved in cell wall, osmotic, cold and anaerobic stress
responses were conducted. The first set of experiments were growth assays to
determine if there was a growth phenotype associated with the etp1Δ/etp1Δ mutant
under these stresses. The spot plates gave a very good starting point for an
investigation into cell wall stress, osmotic stress and cold tolerance. The spot plates at
10ºC and 18ºC did not show an observable phenotype and further experiments for an
investigation into cold stress is described above with the DAN, TIR, and PAU genes.
!

The cell wall stress plates and growth curves yielded a much different result.

Rapamycin was the only cell wall stressor that resulted in an observable phenotype for
both growth assays and the more quantitative growth curve provided more insight into
the debatable phenotype observed in the spot plates. ETP1 was shown to be needed
for growth in the presence of rapamycin demonstrated in the growth curve (Figure 14
and 15C). Future experiments associated with cell wall maintenance were just
discussed above. With rapamycin treatment two approaches could be examined in the
future, looking at genes and or proteins associated with the cell wall integrity pathway
such as the terminal kinase Mpk1 and how they respond to rapamycin. It may also
prove to be beneficial to examine members of the TOR pathway and how they respond
to treatment with rapamycin, to determine if the growth phenotype is associated with the
cell wall or with miss-regulation in the TOR pathway.
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!

The calcofluor white plates showed that the etp1Δ/etp1Δ mutant had an

increased resistance to the cell wall stressor; this, however, was not supported by a
growth curve due to the inability to keep calcofluor white in suspension. It continuously
would precipitate out of solution within the first 1-2 hours of the experiment, skewing the
data and preventing proper interpretation. In contrast to this, there were no spot plate
growth assays to accompany the growth curves for 0.01% and 0.03% SDS. The growth
curves showed that both the wild type and etp1Δ/etp1Δ mutant had similar growth
phenotypes to the negative control mpk1Δ mutant and none of the strains grew on the
plates. In conclusion, these growth analyses led to the examination of the activity of the
CWI pathway.
!

Mpk1 is the terminal kinase in the CWI pathway (Levin et al 1990). Mpk1 is a

MAP kinase that is active when phosphorylated and it targets the transciption factors
Rlm1, Swi4 and Swi6 (Jung et al 2002, Madden et al 1997). During fermentation the
yeast is faced with stresses and environmental changes that activate Mpk1, such as
acidity from the juice as well as a change in osmotic pressure, the glucose and fructose
present at the beginning leading to osmotic stress also impacting the cell wall and Mpk1
expression (Fuchs and Mylonakis 2009). Westerns were performed to examine the
presence of Mpk1 and its phosphorylation or active state during the fermentation and in
the absence and presence of calcofluor against a control.
!

The Westerns showed that even though the mRNA level for MPK1 is up-

regulated in the etp1Δ/etp1Δ mutant during fermentation, the effects are not seen at the
protein level; in fact there is less Mpk1 in the etp1Δ/etp1Δ mutant in the controls as well
as in the fermentation at 10 hours, the only time point where it seems to occur in the
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wild type. This is the first indication that ETP1 is needed for controlling the levels of
Mpk1 in the cell perhaps in regulating a protein responsible for turning over Mpk1.
!

Next the active state of Mpk1 (Mpk1-P) was examined by using the anti-Phospho

44/42 antibody (Cell Signalling Technology). Here there were multiple bands that
appeared. The anti-Phospho 44/42 detects four MAP kinases in yeast, in order to
determine which was Mpk1, the size of Mpk1 (~56 kDa), and the presence and absence
under both positive and negative controls helped determine which band was appropriate
and the band was indicated in Figure 16. Based on the calcofluor white controls it was
thought that the second band was Mpk1-P however, the band migration (~50 kDa ladder
migration) did not correspond to the expected migration of Mpk1 (~56 kDa). This
suggests there is a MAP kinase that is phosphorylated throughout the etp1Δ/etp1Δ
mutant fermentation and is only slightly detectable in the wild type fermentation.
According to band migration it could be Hog1 (~49 kDa), the terminal kinase in the HOG
pathway. In order to confirm which band is Mpk1-P and if the other band is Hog1-P
another set of experiments were conducted and will be described below.
!

Growth analyses and Westerns were conducted to determine if the HOG

pathway is effected by ETP1 and if the band was in fact Hog1. The spot plates showed
no discernible phenotype between the M2 strain and the etp1Δ/etp1Δ mutant strain
when sorbitol was used as the osmotic stressor to activate the HOG pathway (Dinér et
al 2011). Using an anti-Hog1 antibody (Santa Cruz Biotechnology) I showed that ETP1
was also needed for the control of Hog1 expression during a fermentation as it is
present throughout all time points in the M2 wild type strain and Hog1 is only present at
the 144 hour time point for the etp1Δ/etp1Δ mutant strain (Figure 19A). It has previously
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been shown that Hog1 is involved in PAU expression under anaerobic conditions
(Hickmann et al 2011) and this western may further support that evidence. This is
supported because of the massive down-regulation in PAU gene expression in the
etp1Δ/etp1Δ mutant in the early time points of the fermentation and there is no
detectable Hog1 until 144 hours during the fermentation in the etp1Δ/etp1Δ mutant.
This also suggests that Etp1 may be involved in the regulation of Hog1 again possibly
by being involved in regulating a protein responsible for the degradation of Hog1.
!

When the negative control for the anti-Phospho 44/42 Western showed a

disappearance of the bands associated with the size of Hog1 it did not wholly support
that the band was Hog1 as there was no positive control. A second series of control
Westerns were completed using the wild type lab strain, BY4742 as the positive control
(Figure 17B). When BY4742 showed a similar banding pattern to M2, it was determined
that the band must not be Hog1. The size does not correspond to any of the other
kinases that the antibody is known to bind to. This data did support however that the top
band which migrated close to the 60 kDa ladder band was Mpk1, as it was absent in the
mpk1Δ strain and present in the hog1Δ strain. It is unclear what this band is and
therefore it needs to be determined for two reasons: 1) to determine if it is Mpk1 as
there is conflicting evidence as to which band is Mpk1, and 2) if it turns out not to be
Mpk1, it could be a protein with unknown function or another kinase. In order to confirm
that prediction or determine which protein it is, lysate from fermentations separated
using 2D gel electrophoresis could separate out the bands more efficiently providing
more confidence that when extracted from the gel, only the desired protein is extracted
and could be identified by mass spectrometry analysis. A set of Westerns on the 2D gel
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would confirm the protein to be excised by showing which protein is only present in the
etp1Δ/etp1Δ mutant strain.
!

Another experiment that should be done would be to conduct a pull down for

proteins that interact with Etp1. This could provide insight into the possible regulatory
roles that it appears Etp1 may have. If a polyclonal antibody could be generated for
Etp1 then the results would be more accurate than if an HA or GFP tag was added to
Etp1. Tagging Etp1 may prevent some proteins from properly interacting with Etp1 or
vice versa; proteins that may not normally interact with Etp1 could bind or interact with
the protein tag. This was attempted using the GFP-TrapA system by Chromotek;
however, the interaction between the anti-GFP beads and the GFP tag was so strong it
proved difficult to break using the acidic glycine method recommended by the
company’s protocol. If more time had been available for this study alternative methods
could have been done or tagging Etp1 with GST would have been done instead of GFP.
!

It may also prove useful to determine if Etp1 does in fact have a role in

ubiquitination, since it has ubiquitin binding domains, perhaps this is how it is involved in
the control of Mpk1 and Hog1 expression during fermentation. If Etp1 could be
produced in E. coli as a GST fusion protein then it could be harvested and used in a
ubiquitination assay previously described by Santt et al (2008) using commercially
available enzymes and cofactors to determine if Etp1 is the ubiquitin ligase or one of the
proteins responsible in recruiting ubiquitin to the target protein.
Conclusion!
!

In conclusion this study supported the initial hypothesis. ETP1 is needed for a

normal fermentation to occur and its impact on the transcriptional profile of S. cerevisiae
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during Chardonnay fermentation is vast. With further follow up on various categories of
genes identified in the microarray experiment and protein-protein interaction studies,
hopefully more insight will be gained on the molecular function of Etp1 in the cell during
fermentation. We also now know that ETP1 is also involved in cell wall maintenance or
synthesis and possibly in the regulation of Hog1. ETP1 is also needed for growth when
cells are grown in the presence of rapamycin; whether this relates solely to rapamycin
acting as a cell wall stress or from rapamycin mimicking nitrogen starvation conditions
needs to be examined.
!

Based on the existing background on the homology of Etp1 to other ubiquitin

ligases and its interaction with ubiquitin it is possible that Etp1 is a ubiquitin ligase. Etp1
may be responsible for ubiquitin-dependent turnover of proteins involved in the
regulation of Hog1 levels in the cell. By deleting ETP1 there is no Etp1 present in the
cell to regulate this protein leading to the decreased levels of Hog1 at early stages in
the fermentation. This may further lead to the down-regulation of the PAU genes in the
early stages of the fermentation in the etp1Δ/etp1Δ mutant, preventing the etp1Δ/etp1Δ
mutant from adapting as efficiently to the low temperature of the fermentation and the
anaerobic growth condition.
!

These results are preliminary and do not yet promise any benefit to the wine

industry, however perhaps when a molecular mechanism can be determined the data
may aid the wine industry in better understanding fermentation stress response.
Although the molecular mechanism of Etp1 function in the cell during Chardonnay
fermentation was not answered, a lot of valuable information was gathered that will
hopefully direct and aid in the further investigation of how Etp1 functions in the cell.
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