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Abstract:

Protein kinase A (PKA) activity, dependent on intracellular concentration of CAMP, has a
significant influence on cellular stress response in the budding yeast Saccharomyces cere-
visiae. PKA protein consists of three catalytic subunits Tpklp, Tpk2p and Tpk3p, and one
regulatory subunit Bcylp. The catalytic subunits phosphorylate transcription factors (TFs)
Msn2p/Msn4p. Msn2p and Msn4p are essential for the activation of many of the genes in-
volved in the stress response in yeast. These TFs also regulate the activity of Yak1p, which
functions in the glucose-signaling system and impacts growth upon nutrient deprivation in
yeast. This thesis focuses on the physiological characterization of saline stress response of
Saccharomyces cerevisiae (W303 background) and its two PKA-deletion strains, i.e., Atpkl
Atpk2 Atpk3 Ayakl and Atpkl Atpk2 Atpk3 Amsn2 Amsn4 deletions, where deletions of
Ayakl and Amsn2 Amsn4 made the triple Tpk1p subunit deletions containing stains viable.

The saline stress response in Ayakl and Amsn2 Amsn4 was also determined.

Conclusions: Deletion of MSN2/MSN4 or YAK1 allows a similar growth as the reference
strain in otherwise non-viable triple Atpk deletion strain. Salt stress has a negative impact
(40-70%) on growth rates of all the strains in the study. The efficient production of glyc-
erol under salt stress likely suggests that the HOG pathway is not directly dependent on
PKA or Msn2p/Msn4p or Yak1p.

Keywords:

Saccharomyces cerevisiae, CAMP-dependent protein kinase A (PKA), Takashi protein ki-
nase (Tpk1,2,3), Ras-CAMP pathway, osmotic stress, saline stress

CERCS:

T490 Biotechnology

Saccharomyces cerevisiae ja tema CAMP séltuva proteiinkinaas A deletiooni mu-

tantide iseloomustamine soola stressi tingimustes
Liihikokkuvote:

Proteiinkinaasil A (PKA) on oluline roll parmi Saccharomyces cerevisiae stressivastuses.
PKA aktiivsus sOltub cAMP rakusisesest kontsentratsioonist. PKA valk koosneb kolmest

kataliititilisest subiihikust Tpklp, Tpk2p ja Tpk3p ning iihest regulatoorsest subiihikust
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Beylp. Kataliiiitilised  subiihikud  fosforiileerivad  transkriptsioonifaktoreid (TF)
Msn2p/Msn4p. Msn2p ja Msndp on olulised mitmete stressivastustega seotud geenide ak-
tiveerimisel. Need TFid reguleerivad ka Yaklp aktiivsust. Yaklp osaleb gliikkoosi signal-
iseerimise siisteemis ja mojutab parmi kasvu toitainete puudumisel. Kéesolev 16putoo kes-
kendub soolast tingitud stressivastuse fiisioloogilisele kirjeldamisele parmis Saccharomyces
cerevisiae (W303 taust) ja tema kahes PKA deletsiooniga tiives, S.t. Atpkl Atpk2 Atpk3
Ayakl ja Atpkl Atpk2 Atpk3 Amsn2 Amsn4. Ayakl ja Amsn2 Amsn4 deletsioonid muutsid
tived, mis sisaldasid kolmik Tpklp subiihiku deletsioone, eluvdimeliseks. Soola-stressi

vastus tuvastati ka tiivedes Ayakl ja Amsn2 AmsnA4.

Kokkuvote: MSN2/MSN4 ja YAKI1 deletsioonid vdimaldavad pérmil referentstiivele
sarnast kasvu isegi tavaliselt mitteclujoulise kolmik Atpk deletsiooniga tiive puhul.
Soolastress mojutab koikide antud t60s uuritud tiivede kasvu negatiivselt (40-70%).
Efektiivne gliitserooli tootmine soolastressi korral nditab, et HOG-rada ei soltu otseselt

PKA-st, transkriptsioonifaktoritest Msn2p/Msn4p ega kinaasist Yak1p.
Votmesonad:

Saccharomyces cerevisiae, CAMP-sdltuv proteiinkinaas A (PKA), Takashi proteiinkinaas

(Tpk1,2,3), Ras-cCAMP rada, osmootne stress, soolastress
CERCS:

T490 Biotehnoloogia
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TERMS, ABBREVIATIONS AND NOTATIONS
YPD - Yeast-extract peptone dextrose
PKA —Protein kinase A.

Msn2p, Msn4p — multicopy suppressor of SNF1 mutation. Paralog proteins, stress-respon-

sive transcription factors.

Yakl1p — yet another kinase 1 (Garrett & Broach, 1989). Inhibits cell growth in response to

glucose depletion.

Tpklp, Tpk2p, Tpk3p — Takashi’s protein kinases, catalytic subunits of protein kinase A.
Bcylp — bypass of CYclic-AMP requirement, a regulatory subunit of protein kinase A.
Rim15p — regulator of IME2, protein kinase, phosphorylates Msn2p and Msn4p.

Hogl-MAP pathway the high-osmolarity glycerol (HOG) and mitogen-activated protein
(MAP) kinase cascade pathway.

CAMP — cyclic adenosine monophosphate, a second messenger used for intracellular signal

transduction.
HPLC - high-performance liquid chromatography

gDCW - grams dry cellular weight



INTRODUCTION

During evolution, organisms have acquired the ability to adapt to environmental changes.
The environmental stress response (ESR) function allows the maintenance of vital cellular
processes within an organism while it is under stress conditions (Gasch et al., 2000). There
are various stress factors, such as heat-shock, saline stress, oxidative stress, and many other
types as well. This thesis focuses on studying saline stress, which has two major effects: a
hypoosmotic shock (osmolarity of the environment is much higher than within a cell) and
cationic toxicity (K+ ions are being replaced with Na+) (Hohmann, 2002). The thesis studies
saline stress response of the baker’s yeast Saccharomyces cerevisiae, which is a common
model for investigation of fundamental processes in eukaryotic organisms. Yeast stress re-
sponse (including saline stress response) is mostly controlled by the expression of the genes
that are dependent on Msn2p and Msn4p transcription factors (TFs) activity (Gasch et al.,
2000). These TFs are involved in the cAMP-dependent protein kinase A (PKA) metabolic
pathway in yeast. PKA is a heterotetramer, which consists of two regulatory subunits
(Bcylp) and two catalytic subunits (it can be Tpklp, Tpk2p, Tpk3p). The PKA activity is
dependent on intracellular cAMP (a second messenger) levels, which is accumulated when
the glucose is present in the environment. Accumulated cAMP binds to PKA regulatory sub-
unit Beylp, leading PKA catalytic subunits Tpklp, Tpk2p, Tpk3p to phosphorylate Msn2p
and Msn4p transcription factors. Phosphorylated Msn2p and Msn4p are exported to the cy-
toplasm and, this prevents activation of Yak1p kinase, which is negatively regulated by PKA
and is involved in a glucose-sensing system that impacts growth upon nutrient depletion
(Lee et al., 2008).

This thesis characterized the physiology of the following strains in the presence or absence
of PKA activity, namely, S. cerevisiae W303, Atpkl Atpk2 Atpk3 Amsn2 Amsn4, Atpkl
Atpk2 Atpk3 Ayakl, Amsn2 Amsn4, and Ayakl. Briefly, the study design is described. Firstly,
reproducible plate reader experiments were performed to investigate tolerance for different
NaCl concentrations (1.4 M, 1.6 M, 1.8 M, or 2.0 M) and their impact was monitored by
determining the changes in the specific growth rates of deletion strains compared with the
reference strain. The growth characterization in response to saline tolerance allowed the
identification of a viable saline concentration, i.e. NaCl (1.6 M) for performing further ex-
periments in shake flasks. A chemically defined culture medium with 1.0% glucose was used
for physiology characterization without NaCl in the control experiments and with NaCl (1.6

M) in the saline stress experiments. The physiological differences between the control and
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saline stress conditions were determined based on the changes in specific growth rate, length

of lag phase, specific glucose consumption rate, and specific production rates of byproducts.



1 LITERATURE REVIEW

1.1 Saccharomyces cerevisiae — a model unicellular eukaryotic organism

Yeast — a unicellular eukaryotic fungus - was most likely the first microorganism used by
humans to process food and produce alcohol. Saccharomyces cerevisiae (often called
brewer’s or baker’s yeast’) is the most common yeast used, both, in industry and for scien-
tific research. S. cerevisiae and other related fungi are known for their ability to ferment
glucose (Bisschops, 2014), a process widely used in the food industry. At the same time, S.
cerevisiae can be used as a cell factory for biological production of different chemical com-
pounds, starting from natively produced ethanol (used as biofuel) to the proteins, used in the
food industry and pharmaceuticals, e.g. human serum albumin or hepatitis vaccines (Boro-
dina & Nielsen, 2014). An extensive understanding of metabolism and regulation of yeast

allows us to design various efficient strategies for the production of interesting compounds.

Moreover, during the last decades yeast has also become a popular organism for investigat-
ing intercellular mechanisms. While studying S. cerevisiae, Leland Hartwell was the first to
describe a set of genes that control the cell division process (Hartwell et al., 1973). The
discovery of the subunits controlling cell cycle became a fundamental research topic, that
contributed to further investigation of the processes occurring in living organisms and was
awarded the Nobel prize in 2001. Moreover, with the advent of high-throughput genomics
technologies, the S. cerevisiae genome was the first fully sequenced eukaryote, which further
accelerated the studies of this organism (Goffeau et al., 1996). Functional genomics studies
allowed the determination of gene functions in yeast and other organisms. Currently, all S.
cerevisiae genes together with its function have been identified (Costanzo et al., 2016),
which has opened prospects for further research and development of applications using

yeast.

1.2 Stress response pathways in S. cerevisiae

Due to growth, all cells experience changes in their extracellular environment. Also, a lack
of adaptation to a new environment can be deleterious to a cell (lvorra et al., 1999). Thus,
the survival of an organism depends a lot on their ability to adapt to environmental changes.
During evolution, the mechanism of adaptation - the environmental stress response (ESR) -
has been developed to protect and maintain vital processes of yeast in response to various

signs of potential changes in the environment. The ESR is driven both by an up-regulation



of genes dependent on transcription factors Msn2p and Msn4p activity, and down-regulation
of the genes, associated with ribosome transcription and translation (Gasch et al., 2000).

Investigation of stress response to different environmental changes has an important role in
understanding cellular adaptation mechanisms and is relevant for the investigation under-

taken in this thesis.

1.2.1 Commonly encountered stress factors by S. cerevisiae

Any environmental factor which negatively affects yeast growth is defined as a stress factor
(lvorra et al., 1999). Audrey P. Gasch described S. cerevisiae genomic expression programs
in response to 13 types of stress conditions (Gasch et al., 2000). The following table label s
and classifies the most common and wide-spread types of yeast stress (Table 1) (lvorra et
al., 1999).

Table 1. Causes and resulting stresses for S. cerevisiae.

Stress type Condition
Heat shock Environment temperature is above the optimal temperature
Hypoosmotic shock Significant decrease in the osmolarity of environment fluid
Hyperosmotic shock Significant increase in the osmolarity of environment fluid
Ethanol Presence of ethanol in the environment
Low pH (acetic acid) Non-optimal pH of the environment
Oxidative stress Exposure to reactive oxygen species (H202)

1.2.2 Reasons of osmotic stress

Control of water content (osmoregulation) is one of the fundamental biological processes,
occurring within a cell. It is determined by relative water concentration within and outside
the cell. There are systems within a cell that make it possible to survive and adapt to the
rapid shifts in water activity (Hohmann, 2002). Yeast cell volume changes in response to
osmotic challenges: it increases during hypotonic (osmotic downshift) stress and decreases
while hypertonic (osmotic upshift) stress condition. During an osmotic shift, the cell should
react immediately as water loss and uptake occur very fast (Blomberg et al., 1992). Under

osmotic-stress Hogl (high osmolarity glycerol response)-MAP kinase pathway activates,
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leading to glycerol accumulation, which plays the central role in osmoadaptation. Glycerol
is the most common osmolyte in yeast, that serves as a protectant for proliferating cells,
especially during extreme kinds of osmotic stress (freezing and desiccation) (Hohmann,
2002). At the same time, MAP kinase plays an important role in stress response regulation

(including osmoadaptation) in yeast and other eukaryotes (Waskiewicz & Cooper, 1995).
There are plenty of conditions that can cause osmotic stress:

Two extreme forms of osmotic stress

o Freezing — extremely cold temperature, leading to the change of intercellular
water structure (as water is frozen at the temperatures below 0°). That can
cause irreversible damage to the cell.

o Desiccation — an extreme decrease of intercellular water level (dehydration).
Evaporation of water from the environment surrounding the cell increases the
external concentration of the solute, which leads to hyperosmotic stress and
increased salinity (Calahan et al., 2011).

e Ethanol. A high concentration of the ethanol in medium affects the hydration of the
intercellular molecules (Hallsworth, 1998).

e Saltstress. Saline solutions (e.g. containing NaCl) have increased osmolarity, leading
to hyperosmotic stress in the cell (Hohmann, 2002).

e The presence of other solutions (e.g. sorbitol, mannitol, PEG-6000) in the environ-

ment can also cause osmotic stress in the yeast cells.

1.2.3 Relationship between osmotic stress and salt stress

The effect of the salt stress on yeast cells implies both specific cationic toxicity and osmotic
stress. Firstly, some ions - including Na* can replace intercellular K* —and inhibit metabolic
pathways, thus, can be toxic (Serrano et al., 1997). In the case of salt stress, cellular energy
is invested for the accumulation of the intercellular K* and maintenance of low Na* level, as
potassium is crucial for many physiological functions (e.g. protein synthesis and regulation
of the cell volume) (Hohmann, 2002).

Secondly, the saline shock causes the increase of intercellular osmolarity, leading to the in-
duction of the genes, involved in osmotic stress response (Hohmann, 2002). Many of those
genes are activated by transcription factors Msn2p and Msn4p (one of the targets of the

current study).
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1.3 Ras-cAMP pathway in S. cerevisiae

1.3.1 Function and composition of CAMP-dependent protein kinase A (PKA)

Nutrient signaling networks are responsible for a successful adaptation to changes in the
environment. In yeast, various intracellular processes, dependent on the quality and amount

of carbon source, are associated with different signaling pathways.

Glucose/Fructose
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Figure 1. Carbon source-dependent yeast signaling pathways (source: Broach, 2012)

cAMP-dependent protein kinase A (PKA) pathway is known to influence cell growth and
cellular stress response accordingly to glucose level (Broach, 2012). The exposure to glu-
cose immediately leads to an increase in the concentration of internal CAMP — a second
messenger, required for intracellular signal transduction. PKA is a heterotetramer com-
posed of two regulatory subunits, encoded by BCY1, and two catalytic subunits, encoded
by three related genes — TPK1, TPK2, TPK3. Regulatory subunit (Bcylp) is required in
such situations as growth on nonfermentable carbon sources or switch to the stationary
phase (Werner-Washburne, 1991): it inhibits PKA activity in response to glucose starva-
tion, (in this case CAMP is not being accumulated within a cell). In the presence of glu-
cose, the cell accumulates cAMP, which binds to Bcyl, preventing its inhibitory activity
on the catalytic subunits (Broach, 2012) (Figure 2).
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Figure 2. PKA conformation. When glucose is present in the environment, cCAMP binds to

the regulatory subunit of PKA, thus, PKA catalytic subunits are not inhibited any more.

1.3.2 The role of PKA in MSN2/4 and YAK1 activation

PKA can phosphorylate Msn2p and Msn4p. Msn2p and Msn4p transcription factors are re-
quired for the expression of the genes, containing STRE (stress response element) on their
promoter (Lee et al., 2008). One of those genes encodes protein kinase Yaklp, which is
known by its ability to inhibit cell growth in response to depletion of glucose from the envi-
ronment (Garrett et al., 1991). PKA dependent phosphorylation of Msn2p and Msn4p blocks
their translocation from cytoplasm to nucleus and thereby reducing YAKZ transcription.

YAKU1 expression is negatively correlated with PKA activity and its activity is increased in
the PKA-depleted strains (Garrett et al., 1991). Under the low glucose levels, PKA is not
active and Yak1p becomes active where it inhibits cell growth and stimulates the stress re-
sponse by activation of Msn2p in yeast (Figure 3)(Lee et al., 2008).
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Figure 3. Yakl-dependent regulation of Msn2p. Under the high levels of glucose, protein
kinase A phosphorylate Msn2p and Msn4p, inhibiting their nuclear localization. Otherwise,
Msn2p and Msndp are translocated to the nucleus and induce expression of the genes that

contain STRE (stress response element) in the promoter (source: Lee et al., 2008)

1.3.3 The role of TPK1,2,3, MSN2/4 and YAK1 gene deletion

Any of three PKA catalytic subunits is enough to maintain the viability of the cell, while
Atpkl Atpk2 Atpk3 deletion strain (null mutant) is not viable (Broach, 1989). PKA nega-
tively regulates Yak1p protein kinase and interacts with Msn2p and Msn4p proteins to con-
trol cell growth (Peter Lee et al., 2008). Some side effects of PKA functional loss can be
counteracted by the deletion of Yakl1p or Msn2p and Msn4p in yeast (Livas et al., 2011).
Such multiple mutants can be used to investigate PKA-independent stress regulations in
yeast, as strains lacking Msn2p/Msn4p or Yakl1p do not have an obligatory requirement of
PKA for the growth (Livas et al., 2011).

The transcription factors Msn2p/Msn4p are also known to activate gene expression in re-
sponse to multiple stresses, including osmotic stress (Smith et al., 1998). In the absence of
Msn2p and Msn4p, there is no transcription of the genes involved in some stress responses
(Livas et al., 2011). Mutant strains, lacking Msn2p and Msn4p, are susceptible to different
forms of stress (heat, osmotic stress), failing to accumulate stress-regulated signals
(Hohmann, 2002). In 2000, Audrey P. Gasch et al. studied almost 300 genes whose expres-
sion was positively dependent upon different stress conditions, and among them, 180 genes
were affected by deletion of the genes encoding Msn2p and Msn4p or, vice versa by its
overexpression (Gasch et al., 2000). It shows that Msn2p and Msn4p control the expression

of most of the genes involved in stress responses.
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2 THE AIMS OF THE THESIS

Physiological characterization of Saccharomyces cerevisiae in response to saline stress and
deletion of cAMP-dependent protein kinase A.
1. To investigate different saline concentrations to determine viable stress tolerance by
studying effects on the growth of S. cerevisiae W303 and its deletion strains.

2. To characterize the stress response physiology of the reference S. cerevisiae W303
and the strains lacking protein kinase A activity in the presence of a viable salt con-
centration.
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3 EXPERIMENTAL PART
3.1 MATERIALS AND METHODS

3.1.1 Yeast strains:

The strains used in the present study were constructed by Livas et al., 2011 and were kindly

acquired for the present research purpose by the Petri-Jaan Lahtvee lab (Table 2).

Table 2. The list of S. cerevisiae W303 strains used in this thesis research.

Strain | Genetic background

567 W303 wild-type

563 Amsn2 Amsn4

569 Atpkl Atpk2A tpk3 Amsn2 Amsn4

571 Atpkl Atpk2A tpk3 Ayak1

573 Ayak1l

3.1.2 Media

In the study, at different steps, different culture mediums were utilized. For pre-culture, 0.5
L of YPD (yeast peptone dextrose) media was prepared. For the plate reader experiment 0.5
L of the Delft minimal media containing 0.5% glucose was prepared as previously reported
(Kumar & Lahtvee, 2020). Minimal media pH was adjusted to 6.0 with KOH (potassium
hydroxide). Briefly, all compounds were mixed in distilled water and autoclaved 20 min
under 121°C. Glucose solution was autoclaved in a separate bottle to avoid its interaction
with other compounds and further conversion to another molecule. The trace metals and
vitamin solutions were filter sterilized and added to the culture medium under aseptic con-

ditions after autoclavation and at room temperature.

During the screening experiment in the microplate reader experiment, this media was sup-
plemented with various salt concentrations (1.4 M, 1.6 M, 1.8 M, 2.0 M of NaCl). For the

shake flask experiment, the Delft minimal medium containing 1% glucose was used as a
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control and it was supplemented with 1.6 M NaCl for the study of saline stress response
(Table 3).

Table 3. Medium compositions used in the current study.

Media Composition

20 g/L peptone (Formedium)

10 g/L Micro granulated Yeast Ex-
YPD (yeast peptone dextrose) _
tract (Formedium)

20 g/L D-Glucose anhydrous
7.5 g/L (NHa4)2S04

3.5 g/L KH,POy4

Delft minimal medium 0.75 g/L MgSO4-7H20

1ml/L mineral solution

1 ml/L vitamin solution.

+0.5% glucose 5 g/L glucose
+1.0% glucose 10 g/L glucose
. _ +1.4 M NaCl 81,9 g/L NaCl
Delft minimal medium
+1.6 M NaCl 93,6 g/L NaCl
+1.8 M NaCl 105,3 g/L NaCl
+2.0 M NaCl 117 g/L NaCl

3.1.3 Plate reader experiment:

Yeast was grown at 30° in nutrient rich YPD media overnight (~18 hours). It was followed
by washing with PBS (phosphate-buffered saline) and transferred to 0.5% glucose-contain-
ing minimal media and collected after 6 hours of cultivation for the future experiment. Yeast
was diluted to get OD600nm ~0.1. The NaCl concentrations used in the study were 1.4 M,
1.6 M, 1.8 M, and 2.0 M. The plate reader experiments were performed in the 96-well plates
were using 200 pl of the final sample volume with starting inoculum at OD600nm ~0.1 and
increase in OD was monitored online. The experiments were carried out at 30°C and contin-
uously shook for 42 hours in the aerobic environment. The OD measurements were taken

every 30 minutes for triplicates.
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3.1.4 Shake flask experiments

Yeast was grown at 30°C in the nutrient rich YPD media overnight, then transferred to 1%
glucose-containing minimal media and collected after 6 hours of growth for future experi-

ments.

During the experiment, yeast cells were grown in 125 ml flasks in 15 ml of media. The
cultures were placed in the shaker at 30° with continuous stirring at 200 rpm. During the
exponential phase samples were collected for HPLC and OD600 every 2 hours, additional
samples were collected during the stationary phase for duplicates.

3.1.5 Optical density measurement

For OD measurement, Hitachi U-1800 spectrophotometer was used. Measurements were
taken at 600 nm wavelength (OD600 0.1 corresponds to approximately 1*10° cells miI?).
For blank measurements, 1 mL of 0.5% glucose delft minimal media was used.

3.1.6 Specific growth rate calculation

The specific growth rate for plate reader and shake flask experiments data was calculated

using the formula described below:

where,

u - growth rate

x1 — number of the cells (in this case, OD600) in the first time point
X2 — number of the cells in the second time point

At — the time between two measurements (hours)

3.1.7 Specific production and consumption rates calculation

For yeast, OD600 1.0 is equal to ~3 * 10° cells/liter (Milo, 2010). The weight of the haploid
cell is ~15*10722 grams (Milo, 2010). Thus, OD600 1.0 refers to ~0.45 g/L cells. To calculate

the biomass (X), the following formula was applied:
X = 0D600 * 0.45 (gDCW/1)

The yield (YY) was calculated with this formula:

18



B X ( g biomass )

 gsubstrate utilized \g substrare

The formula below was used to calculate the specific substrate consumption and production

rates:

g

=Y —
d *u(gDCW*h

)

3.1.8 Extracellular metabolome quantification

3.1.8.1 Standards and sample preparation.

During the shake flask experiment, 500 ul of samples were collected into Eppendorf
tubes. Samples were centrifuged 5 min at 5500 rpm. After this step, they were moved to a
new eppendorf tube and centrifuged for 5 min at the maximum speed at 14800 rpm. The
supernatant was collected to a new eppendorf tube and stored (where) until analysis. Sam-
ples, containing high concentrations of NaCl, were diluted 4x with distilled water. 175 pl of
the final sample was added to a glass vial for further HPLC analysis (Figure 4).

Grow Grow in Glc for Sample collection
overnlght (~18 h) ~6 hours from the flask
2
trif 2
5 ml YPD 5 ml 1% Glc delft 15 ml 1% Glc delft 600 ul cemriiuge x
(5000 rm,
14000 rm)
Post I HPLC Sample
analysis \- analysis dllutlon x4
me——— "\‘ A —
Mobile phase: 0.005M H2504 —
Column: HPX-87 H. 180 ul

Figure 4. Data collection for physiological characterization. This scheme represents the pro-

cess of sample collection and further HPLC analysis.

3.1.8.2 Instrumentation

The analysis was conducted using the Prominence-i LC-2030C Plus (Shimadzu, Japan) ma-
chine equipped with a Refractive Index Detector RID-20A (Shimadzu, Japan). The instru-
ments were operated with LabSolutions software (Shimadzu, Japan). Rezex ROA-Organic
Acid column (Phenomenex, 00H-0138-KO0), protected by a guard column (Rezex 03B-0138-

KO0, Phenomenex) was used as a stationary phase. The mobile phase used was 5 mM sulfuric
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acid. The samples were analyzed in isocratic elution mode at 45 °C with a flow rate 0.6

ml/min. Every measurement was taken in duplicates.
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3.2 RESULTS

3.2.1 Identification of viable salt concentration

The goal of the plate reader experiment was to evaluate the effects of different NaCl con-
centrations on the growth rate of the five strains in this study. The tested NaCl concentrations
included 1.4 M, 1.6 M, 1.8 M, and 2.0 M. The purpose was to identify the critical concen-

tration for at least one of the strains and then for all of them (Table 4).

The mutant Amsn2 Amsn4 was more sensitive to the presence of NaCl in comparison with
other strains. This strain was unable to grow at concentration 1.6 M NaCl or above. The
strain lacking PKA catalytic subunits and Msn2p and Msn4p transcription factors deletion
(Atpkl1 Atpk2 Atpk3 Amsn2 Amsn4) could grow until 1.8 M NaCl concentration but not above
it. The Atpk1 Atpk2 Atpk3 Ayak1 strain was least sensitive to NaCl presence and was able to
grow at the highest tested NaCl concentration (2.0 M) (Table 4). The strain Ayak was simi-
larly sensitive as the reference strain but grew at a faster growth rate (Figure 5).

0.50

} }‘
0.40
030 } N ‘} ‘} O Control

@ 1.4M Nacl
0.20 W 1.6M NacCl
H 1.8M NacCl

0.10
II i W 2.0M NaCl
0.00 = i I

Amsn2 Atpkl Atpk2 Atpkl Atpk2 Ayak1
Amsn4d  Atpk3 Amsn2 Atpk3 Ayakl
Amsn4

specific growth rate W, pmax

wild type

Figure 5. Comparison of specific growth rates obtained during the plate reader experiment.
The experiment was performed for five strains of interest and at four NaCl concentrations
(1.4M,1.6 M, 1.8 M, 2.0 M).

3.2.2 Strains physiological characterization at viable NaCl concentration
Although Amsn2 Amsn4 strain did not grow at 1.6 M NaCl in the plate reader experiment,

we found that it was able to grow at this concentration in the shake flask. It possibly due to
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large medium volume and aeration as compared with the plate reader experiment. Based on
the plate reader experiment and mentioned pilot experiments in shake flask for Amsn2 Amsn4
1.6 M NaCl was determined as a maximum viable salt concentration for physiological char-
acterization of the strains. The physiological data (biomass, lag phase, metabolite produc-
tion) was collected for all the strains that were cultivated in the presence of 1% glucose in

the minimal media in the absence or presence of 1.6 M NacCl.

The reference strain growth decreased by almost 67% at 1.6 M NaCl concentration compared
with the control minimal medium that lacked NaCl. The growth rate of the strain lacking
Yaklp decreased by 69%, while for the strain lacking both Yaklp and PKA activity this
value decreased by 40%. Under the salt stress, mutant Atpkl Atpk2 Atpk3 Amsn2 Amsn4
showed less than 30% of the growth in the control condition (Table 5).

Table 4. Comparison of the specific growth rates under the control and 1.6 M NaCl stress

conditions.
Condition / specific growth rate p (%)
Strain 1% Glc +1.6 M NaCl Change, %
wild-type 0.37 0.16 66,7%
Amsn2 Amsn4 0.41 0.14 65,8%
Ayakl 0.29 0.09 69%
Atpk1 Atpk2
Atpk3 Amsn2 0.37 0.11 70,3%
Amsn4
Atpkl Atpk?2
0.25 0.15 40%
Atpk3 Ayakl

The lag phase is an essential step of the yeast growth process. During this phase, yeast is
adapting to the environmental conditions and altering its metabolic activity in order to enter
the exponential phase, where cells can rapidly grow. The reference strain’s lag phase is 4-
fold higher under the stress conditions than under control (Table 6). Strains, lacking Msn2p
and Msn4p transcription factors, have more than a 5-time increase in the lag phase when 1.6

M NacCl is present in the environment. Although both Ayakl mutants have a long lag phase
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in comparison to other strains, they showed the smallest lag phase increase under the salt

stress.

Table 5. Lag phase data obtained during the shake flask experiment. Five strains were
tested under 1% glucose (control) and 1% Glc + 1.6 M NaCl conditions.

Lag phase (h)
Strain
1% glucose + 1.6 M NaCl Change, fold
wild-type 2.7 17 6,3
Amsn2 Amsn4 4 23 5,8
Ayakl 10 18 1,8
Atpkl Atpk?2
Atpk3 Amsn2 4 27 6,8
Amsn4
Atpkl Atpk2
8 18 2,25
Atpk3 Ayakl

3.2.3 Yeast metabolic response of salt stress

The glucose consumption and primary yeast metabolite concentrations (ethanol, glycerol,
acetic acid) were quantified using the HPLC method. The specific consumption and produc-
tion rates during the exponential phase were calculated for all strains both in control and
stress conditions (Table 7).

In the control condition, the reference strain consumed all the glucose in 12 hours, while it
took 24 hours for other strains (Figure 6a). In total, the specific glucose consumption rate
was less for the strains with deletions, especially the mutants lacking PKA activity (-35%
for Atpk1 Atpk2 Atpk3 Amsn2 Amsn4 and -63% for Atpkl Atpk2 Atpk3 Ayakl in comparison
to a wild-type). Consequently, the specific ethanol production rate has also decreased, espe-
cially in Atpkl Atpk2 Atpk3 Ayakl strain (10% of wild-type production rate). S. cerevisiae
W303 strain’s specific acetic acid production rate was 1.5-2-fold higher, than its value of
other strains. Glycerol production rate decreased ~6-fold in the strains, lacking Msn2p and
Msn4p and only ~1.5-fold in the strains, lacking Yaklp activity, compared to wild type.
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In the presence of salt stress (1.6 M NaCl) the lag phase significantly increased, so wild-type
strain glucose consumption time exceeded 24 hours (Figure 6a). For other strains, this time
interval was more than 50 hours (Figure 6b,c,d,e). The glucose consumption rates decreased
for all the strains. The production rate of ethanol had decreased for all strains, except tpkl
Atpk2 Atpk3 Ayakl. At the same time, strains started to produce more acetic acid: we ob-
served ~25% increase in wild-type and strains, lacking PKA activity and ~70% increase in
PKA-dependent strains (Ayakl and Amsn2 Amsn4). The production rate of glycerol had in-
creased 4-fold for the wild-type. This change was smaller for the strains, lacking Ayak1: 3.5-
fold for PKA-dependent strain and 2.5-fold for PKA-independent one. At the same time,
Amsn2 Amsn4 and tpk1 Atpk2 Atpk3 Amsn2 Amsn4 strains had consequently the 31-fold and
7-fold increase of glycerol production rate.
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1% Glucose + 1.6M NaCl
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Figure 6a,b,c,d,e. Metabolic profiles of the strains under the control and the stress
conditions. a) Wild-type strain b) Amsn2 Amsn4 strain c) Ayak1 strain d) Atpkl Atpk?2
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Atpk3 Amsn2 Amsn4 strain e) Atpkl Atpk2 Atpk3 Ayakl. OD600 (black), glucose (blue),

and ethanol (orange) concentration are shown on the primary axis. Acetic acid (yellow),

and glycerol (green) concentration are shown on the secondary axis.

After glucose depletion, all strains had consumed ethanol, which indicates the diauxic shift.

Strains Atpkl Atpk2 Atpk3 Ayakl and Ayakl have not consumed acetic acid (Figure 6c, e).

Acetic acid is a respiratory carbon source: it requires mitochondria to be consumed. All

strains accumulated glycerol under salt stress.

Table 6 Specific metabolite consumption and specific production rates of the strains of in-

terest. Samples were collected during the exponential phase of the shake flask experiment
and analyzed with HPLC method.

Specific consumption rate

Specific production rate

(9/(gDCW*h)) (9/(gDCW*h))
Strain Glucose Ethanol Acetic acid Glycerol
1.6 M 1.6 M 1.6 M 1.6 M
Control NaCl Control NaCl Control NaCl Control NaCl
wild-type 1.667  0.915 0.697 0.153 | 0.014 0.020 | 0.037 0.156
Amsn2 Amsn4 | 1.379  0.499 | 0.615 0.126 | 0.008 0.029 | 0.004 0.125
Ayakl 1.204 0585 | 0463 0.075 | 0.010 0.033 | 0.024 0.084
Atpkl Atpk?2
Atpk3 Amsn2 1.079 0.684 | 0.281 0.054 | 0.014 0.018 | 0.014 0.098
Amsn4
AtpkL Atpk2 0.611 0484 | 0.066 0.089 | 0.007 0.010 | 0.025 0.062
Atpk3 Ayakl
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3.3 DISCUSSION

3.3.1 NaCl stress response

In this study, the NaCl stress response was investigated for five S. cerevisiae strains (wild-
type W303 and 4 mutants). The first aim was to investigate the viability of the strains under
various salt concentrations, performing the experiment in the microplate reader. During this
experiment, strain Atpkl Atpk2 Atpk3 Ayakl proved to be the most stress tolerant (Figure 5).
The mutant strain Amsn2 Amsn4 was the only strain that stopped growing at 1.6 M NaCl in
the plate reader. Another vulnerable strain is Atpk1 Atpk2 Atpk3 Amsn2 Amsn4, that stopped
to grow at 1.8 M NaCl in plate reader experiment and showed less than 30% of initial growth
in the shake flask. It happens because strains lacking Msn2p and Msn4p transcriptional fac-
tors loose viability under the salt stress, because many of the genes included in stress re-
sponse are activated by these transcriptional factors (Gasch et al., 2000). So, in the presence
of NaCl Amsn2 Amsn4 strains are neither stress-resistant nor capable of the same growth as
in the normal conditions, as they fail to accumulate stress-regulated messages (Martinez-
Pastor et al., 1996).

The major role of PKA is to eliminate the expression or function of growth-inhibitory genes,
activated by Msn2p and Msn4p, including YAK1 (Smith, 1998). Thus, in the absence of
Yak1p the growth is not inhibited (Figure 2). Moreover, the activity of Msn2p and Msn4p
in Atpk1 Atpk2 Atpk3 Ayakl strain is not inhibited by PKA, so stress-response genes expres-

sion is possible (Figure 2). That explains, why this strain is a bit less stress sensitive.

For the next experiment, 1.6 M NaCl concentration was chosen as a stress condition: it is
critical for the studied strains, however, they are viable (Figure 5). The effect of the salt
stress and gene deletions on the growth was studied during the shake flask experiment. The
results showed, that gene deletions do not significantly affect the growth under the control
and salt stress conditions. At the same time, salt stress has a negative impact (40-70%) on

all the strains in this study

Salt stress also affected the duration of the lag phase: it has increased from 1.8-fold to 6.8-
fold, depending on the strain (Table 5). However, the lag phase difference among the studied
strains was not significant. Thus, for all the strains, the growth rate and lag phase values has
decreased under the salt conditions and none of the mutant strains showed significant devi-

ation.
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Since the deletion do not cause any visible effects on the growth under the control and salt
stress conditions, it is possible to evaluate the difference in glucose consumption rates and
metabolic production for wild type and mutant strains. The strains lacking PKA activity
showed decreased glucose consumption rate: -35% for Atpkl Atpk2 Atpk3 Amsn2 Amsn4
and -63% for Atpkl Atpk2 Atpk3 Ayakl in comparison to a wild type (Table 6). This change
is less for other strains: 17% for Amsn2 Amsn4 and 28% for Ayakl. The PKA is one of the
major glucose-sensing kinases (Lee et al., 2008), so, most probably, the loss of its function

affects the growth rate.

Strains, lacking Ayakl, as well as Atpkl Atpk2 Atpk3 Amsn2 Amsn4 strain, are not able to
consume acetic acid both under control and stress conditions. Yak1p is required for the cell
cycle arrest when the glucose is depleted in order to switch to another carbon source (diauxic
shift) (Garrett et al., 1991). Probably, strains lacking Yak1p are not able to switch to acetic

acid source.

All strains showed the increased accumulation of glycerol under osmotic stress (Table 6).
This indicates activation of the HOG pathway — the common osmotic stress response mech-
anism (Hohmann, 2002). Since both wild-type and strains with deletions have increased
glycerol accumulation, HOG-pathway regulation is not directly dependent on PKA,
Msn2p/Msn4p or Yak1p.
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SUMMARY

Deletion of MSN2/MSN4 or YAK1 makes the triple Atpk deletion strain viable.

PKA, MSN2, MSN4 and YAK1 gene deletions do not significantly affect the growth under
the control and salt stress conditions. At the same time, salt stress has a negative impact (40-
70%) on all the strains in this study.

Glucose consumption decreased in the mutant strains both under control and salt stress
conditions. PKA-independent strains (Atpkl Atpk2 Atpk3 Amsn2 Amsn4 and Atpkl Atpk2
Atpk3 Ayak1) have the highest decrease in glucose consumption rate indicating role of PKA

in glucose metabolism in yeast.

Under osmotic stress, all tested strains showed the accumulation of glycerol: that indicates
that the MAP-HOG pathway was activated. Efficient production of glycerol under salt stress
likely suggests that the HOG pathway is not directly dependent on PKA or Msn2p/Msn4p
or Yaklp.
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Appendix

I. Glossary

Caret Sisestusmark
The bar (or other symbol) marking the ac- Mirk, mis mirgib teksti sisestamise
tive editing point. asukohta.

Template Mall
A gauge, pattern, or mold, commonly a Naidik, muster voi valuvorm, mis esitab
thin plate or board, used as a guide to tdaitmisele voetava to6 struktuuri.
the form of the work to be executed.
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