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ABSTRACT
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Laboratory : L o .
(Supervisor) Applied Stress Microbiology (Prof. Hiroshi Takagi)
Name Supapid Eknikom Date July, 26, 2021
Analysis of nitrosative stress response mechanisms in the yeast
Title Saccharomyces cerevisiae via protein tyrosine nitration and amino acid
metabolism

Nitric oxide (NO) is a signaling molecule involved in a wide range of physiological
and pathological processes in various organisms. On the other hand, excess reactive nitrogen
species (RNS), a class of NO-derived molecules, cause cellular dysfunction and/or cell death,
called nitrosative stress. In mammals, NO has been reported to exert its function through the
activation of soluble guanylyl cyclase by binding to its heme moiety and the post-
translational modification of proteins. Protein tyrosine nitration (PTN), in which tyrosine
residues on a protein molecule are converted into 3-nitrotyrosine (3NT), is one of the post-
translational modifications mediated by RNS. Therefore, PTN has been thought to be only a
marker for inflammation and nitrosative stress in cells. However, many recent studies have
found that PTN contributes to a signaling system by altering proteins’ local structures and/or
functions. At the same time, organisms have several nitrosative stress response/tolerance
systems, including NO dioxygenase. Previously, our laboratory reported the physiological
functions and mechanisms of NO in the yeast Saccharomyces cerevisiae, which is an
important microorganism not only as a model organism for higher eukaryotes and pathogenic
yeasts/fungi but also for brewing or fine chemicals production. However, there are still many
unclear points for the nitrosative stress response mechanisms in S. cerevisiae. Additionally,
even though there have been a few reports on PTN, the physiological roles of PTN in S.
cerevisiae have not been fully understood. This study aims to understand cellular responses
to nitrosative stress in S. cerevisiae by analyzing PTN target proteins and amino acid
metabolism in response to RNS.

First, I examined how nitrosative stress affects yeast cell growth and PTN levels in
whole-cell lysates. Nitrite is protonated to HNO at acidic pH, which can then be
decomposed to RNS, resulting in nitrosative stress. Therefore, S. cerevisiae cells grown in
the minimal medium at pH 4.0 were treated with 1 mM NaNO.. Western blotting analysis
with the anti-3NT antibody revealed that RNS treatment increased the PTN level in whole-
cell lysate in a time-dependent manner. In order to identify PTN target proteins, the whole-
cell lysate extracted from RNS-treated yeast cells was subjected to digestion with trypsin,
followed by liquid chromatography coupled with tandem mass spectrometry. By searching
mass shift corresponding to nitration and amination (reduced form of nitration), a wide range
of proteins, including carbon metabolic enzymes, were identified as PTN-modified proteins.

In an earlier study, alcoholic fermentation was inhibited in the yeast S. cerevisiae
caused by nitrite under an acidic condition, under which nitrite would lead to tyrosine
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nitration results via the formation of RNS. My findings indicated that acidified nitrite reduces
ethanol production in S. cerevisiae, which is consistent with previous research. On the other
hand, pyruvate, a precursor of ethanol in the metabolic pathway, was highly accumulated in
the cell. Subsequently, I measured the activities of enzymes involved in ethanol production,
pyruvate decarboxylase (PDC), which produces acetaldehyde from pyruvate, and alcohol
dehydrogenase (ADH), which reduces acetaldehyde to ethanol. RNS stimulus did not affect
ADH activity but reduced PDC activity by about 50%. Among three isozymes of PDC in S.
cerevisiae (Pdcl, Pdc5, and Pdc6), Pdcl was further analyzed because it is a crucial isozyme
responsible for PDC activity. Proteomic analysis with an LC-MS/MS confirmed the nitration
of Pdc1 at positions Tyr38, Tyrl57, and Tyr344. In vitro experiments using the site-specific
3NT-incorporated recombinant Pdcl revealed that nitration of Tyrl57 and Tyr344
significantly reduced Pdcl activity by 64% and 87%, respectively. Interestingly, S.
cerevisiae cells expressing the Tyrl157Phe- or Tyr344Phe-Pdcl variants produced higher
ethanol than the wild-type cells under the RNS treatment conditions. These results indicate
that tyrosine nitration at Tyrl57 and Tyr344 in Pdcl decreased ethanol production by
reducing its enzymatic activity.

Moreover, I analyzed the intracellular amino acid profile in S. cerevisiae treated with
nitrosative stress using HPLC. As a result, the intracellular content of y-aminobutyric acid
(GABA) highly increased under the nitrite treatment conditions at pH4.0 but did not at
pH6.0. Therefore, I hypothesize that GABA might be involved in the nitrosative stress
response. Previous work reported that the GABA degradation pathway or the GABA shunt,
in which GABA is converted into succinate to generate NAD(P)H, was involved in
oxidative and heat stress tolerance. To investigate the role of GABA and the GABA shunt
in nitrosative stress, the GABA shunt-deficient strains, gad1A, which is unable to synthesize
GABA, and ugalA, which does not degrade GABA, were constructed and analyzed. By
treatment with acidified nitrite, gad1A cells exhibited higher sensitivity to nitrite than wild-
type cells, but ugalA cells did not. Notably, the intracellular GABA levels in gadlA cells
were not detectable regardless of nitrite treatment. Furthermore, supplementation of 0.1 mM
GABA increased cell viability in all strains compared to non-supplemented GABA. These
findings indicate that GABA is involved in nitrosative stress tolerance in S. cerevisiae,
probably through a different pathway from the previously reported GABA shunt. For the
future perspective, a comprehensive analysis of gene expression levels associated with
nitrosative stress tolerance and GABA treatment to analyze the GABA-dependent NO
tolerance mechanism is required to clarify the mechanism by which GABA protects yeast
cells from nitrosative stress.
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ONOO- . Peroxynitrite

PCR : Polymerase chain reaction

PTN : Protein tyrosine nitration

PVDF : Polyvinylidene fluoride or polyvinylidene difluoride
RNS - Reactive nitrogen species

ROS : Reactive oxygen species

SDS-PAGE : Sodium dodecyl sulfate polyacrylamide gel electrophoresis

SILAC . Stable isotope labeling by/with amino acids in cell culture
TBS-T : Tris-buffered saline with tween 20

TCA : Tricarboxylic acid

tRNA : Transfer ribonucleic acid



1. INTRODUCTION

1.1 Saccharomyces cerevisiae as a model organism and industrial applications

The budding yeast Saccharomyces cerevisiae (S. cerevisiae) is a unicellular fungus
containing a nuclear genomic DNA of 12 Mbp, organized in 16 chromosomes (Engel et al.,
2014). Its genome has been completely sequenced and contained approximately 6,000 genes
(Goffeau et al., 1996). As one of the simplest eukaryotes, S. cerevisiae is a classic model
organism for studying common pathways in higher organisms, such as humans. The advantages
of using yeast are its short life cycle, simple nutritional requirements, and similar genes
implicated in human diseases (about 30%). Due to conserved biological functions between
human and yeast, neurodegenerative disorders have been studied in yeast, such as Huntington’s
disease (HD) and Parkinson’s disease (PD) (Miller-Fleming et al., 2008). Moreover, S.
cerevisiae is well established for studies of aging (Jazwinski, 2002), signal transduction

(Zdralevié et al., 2012), apoptosis (Madeo et al., 2004), and many other biological processes.

As the pathogenic fungi, Candida albicans and Candida glabrata are the two most
common pathogenic yeasts that inhabit the oral cavity and the gastrointestinal tract and skin,
causing diseases in humans (Fidel Jr et al., 1999). S. cerevisiae is a closely related pathogenic
Candida species classified in the Saccharomycotina (Roetzer et al., 2011). S. cerevisiae species
also plays a role in probiotic yeasts, defined as live microorganisms with a positive effect on
the host once ingested. Nowadays, major yeast species used as probiotics are S. boulardii and
S. cerevisiae. Both strains share more than 99% genomic relatedness (Khatri et al., 2017). They
are used as alternative treatments for gastrointestinal disorders or prevention, such as antibiotic-
associated diarrhea (Czerucka et al., 2007). Recent research showed that S. cerevisiae, a
commercially available product favoring animal digestion, can protect mice against intestinal
pathogens (Martins et al., 2005).

Thus, S. cerevisiae is a good model organism and one of the most beneficial species for
applications in food and beverage industries such as wine, beer, whisky, sake, and bread.
Interestingly, yeast has also been used in the biofuel industry and for the production of
heterologous compounds. Its unique biological characteristics are fermentation capacity and
resilience to osmolality conditions, low pH, and high ethanol concentrations. Many yeast
strains can function under both anaerobic as well as aerobic conditions of the environment,

switching their metabolism types easily (Otterstedt et al., 2004). Altogether, using S. cerevisiae



as a model organism can provide higher insight into eukaryote, pathogenic fungi, probiotic

approach, and industrial applications.

1.2 Nitric oxide

1.2.1 Biosynthesis and physiological functions of nitric oxide in eukaryote

Nitric oxide (NO), a highly diffusible free radical, regulates several significant
physiological and pathological events. Generally, NO is generated within cells by the
enzymatic activity of NO synthase (NOS). Characterization of NOS demonstrated three
different isoforms in mammals; neuronal NOS (nNOS), inducible NOS (iNOS), and
endothelial NOS (eNOS) (Lowry et al., 2013; Muntané & De la Mata, 2010). These isoforms
utilize L-arginine as a substrate and molecular oxygen and NADPH as co-substrates. Flavin
adenine dinucleotide (FAD), flavin mononucleotide (FMN), and tetrahydrobiopterin (H4B) are
cofactors of all isozymes. The nNOS, iNOS, and eNOS enzymes have similar structures and
functions, but they are different in their activation mechanism. The isoenzymes eNOS and
nNOS are regulated by the binding of calmodulin and calcium ion, whereas iNOS, involving
in immune response, is not calcium-dependent but induced during infection (Knowles &
Moncada, 1994).

NO is now known to be produced in various cells and tissues. When it presents at low
concentrations, NO controls various regulatory functions in cells such as neurotransmission,
gene transcription, and translation regulation, the apoptotic signaling cascade, and signal
transduction (Briine et al., 1995; O’Dell et al., 1991; Pozdnyakov et al., 1993; Schuman &
Madison, 1991). However, NO is harmful to cellular systems at high concentrations, such as
inactivating enzymes and the electron transport chain, leading to cellular dysfunction and/or
cell death denoted as nitrosative stress (Brown, 1999). Furthermore, the post-translational
modifications derived from NO or NO-related chemical species inhibit or induce various

pathways involved in regulating cell growth and cell death (Radi, 2004).

1.2.2 Nitrosative stress

Oxygen plays an essential role in cell growth and cell death. It is known that
mitochondria are the primary site of intracellular reactive oxygen species (ROS) production
due to the mitochondria respiratory chain (Poyton et al., 2009). During respiration, most of the
consumed oxygen is converted to water. On the other hand, 1-2% of the consumed oxygen is
not completely reduced to water but forms superoxide anion (O27), highly reactive (Ray et al.,
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2012). Superoxide can also interact with NO to form peroxynitrite (ONOQO") as a strong
oxidant. NO-derived compounds and NO itself are referred to as reactive nitrogen species

(RNS) (Dedon & Tannenbaum, 2004). A list of reactive nitrogen species is given in Table 1.

Table 1: Reactive nitrogen species (Dedon & Tannenbaum, 2004)

Radicals Nonradicals

Nitric oxide (NO) Peroxynitrite (ONOQ")

Nitrogen dioxide (NO2")  Peroxynitrous acid (ONOOH)
Akyl peroxynitrite (ROONO)
Nitrosyl cation (NO*)
Nitroxyl anion (NO")

Nitronium anion (NO2")
Dinitrogen trioxide (N203)
Dinitrogen tetraoxide (N204)
Nitrous acid (HNO3)

Nitryl chloride (NO2CI)

1.2.3 Reactive nitrogen species generated by acidified nitrite

RNS is generated by chemical reactions as well. The gastrointestinal (GI) tract contains
many sites of reactive nitrogen species generated by the host, the normal bacterial flora, and
the chemical reaction of acidified nitrite in the stomach (Lundberg & Weitzberg, 2013). Nitrate
(NO3") and nitrite (NO2") have been considered as sources of NO in the gastric environment.
There are two primary sources of these compounds in the body: diet and the salivary gland.
Dietary nitrate is mainly found in drinking water, green leafy vegetables, and processed meat.
It is noteworthy that vegetables are a significant source of dietary nitrate in humans. The other
sources are nitrate from salivary glands, which absorb from plasma. Both humans and rats show
that 25% of the nitrate ingested is secreted from salivary glands. The salivary nitrate levels can
reach 10 mM and nitrite levels 1-2 mM after a dietary nitrate load (Lundberg et al., 2004;
Lundberg & Govoni, 2004).

As shown in Fig. 1-1, commensal facultative anaerobic bacteria effectively converts
nitrate, which is derived from either the diet or swallowed saliva, to nitrite by nitrate reductase

(NaR) as an alternative electron acceptor to oxygen during nitrate respiration (Lundberg et al.,
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1994; Spiegelhalder et al., 1976). When saliva enters the acidic stomach (1.0 - 1.5 L per day),
under the pH and temperature conditions of the gastric compartment, much of the nitrite is
rapidly protonated to form nitrous acid (HNOz; pKa 3.4) (Pannala et al., 2006; Rocha et al.,
2016). Due to its chemical instability, nitrous acid spontaneously decomposes into different
RNS such as dinitrogen trioxide (N203), nitrogen dioxide (NO>), and NO. This mechanism to
generate RNS is vital as a defense against swallowed pathogenic microorganisms. The NO
levels in the human stomach are about 10-100 ppm (Lundberg et al., 1994). This generation of
NO in the gastric lumen plays a role in maintaining gastric integrity and participating in host
defense mechanisms using the potent anti-microbial effects of RNS (Lundberg et al., 1994;
Smith et al., 1994).

Acidified nitrite has been applied to skin treatment disease Buruli ulcer, a chronic
debilitating disease caused by Mycobacterium ulcerans (Phillips, Adjei, et al., 2004; Phillips,
Kuijper, et al., 2004). This treatment method is affordable price and thus applicable for long-
term use. In addition, Anyim and co-workers demonstrated that acidified nitrite could be used
as a potential antifungal agent for C. albicans, C. glabrata, C. tropicalis, Cryptococcus
neoformans, Aspergillus fumigatus, and Rhodotorula (Anyim et al., 2005). However, the
mechanism of tolerance or survival under this condition is still unclear. A study in the budding
yeast S. cerevisiae could be a good model for understanding how nitrosative stress affects cell

death/survival or adaptative mechanisms in pathogenic fungi and probiotic yeast (S. boulardii).
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Fig. 1-1 NO cycle produced from nitrate and nitrite in the gastrointestinal tract (Lundberg &
Weitzberg, 2013; Rocha et al., 2011). In the mouth, nitrate from diet and salivary glands is
converted to nitrite by bacterial nitrate reductase (NaR). Nitrite is protonated to nitrous acid
(HNO2) and decomposed to RNS in the stomach leading to an anti-microbial effect. The
remaining nitrate and nitrite in the gut are utilized by normal flora for respiration. Some of
these compounds are absorbed into the circulation and accumulated in the salivary gland. NO3’
, hitrate; NO2", nitrite; NiR, nitrite reductase; NO, nitric oxide; NO2, nitrogen dioxide; N2Og,
dinitrogen trioxide.

1.3 Protein tyrosine nitration (PTN)

1.3.1 Formation and role of PTN

In addition to S-nitrosation, RNS induces another post-translational modification.
Protein tyrosine nitration (PTN) is a chemical process that selectively introduces a nitro group
(NOy) to tyrosine residue at ortho carbons of the aromatic ring. These modifications are caused
by several combinatorial reactions of RNS and ROS (Kanski & Schdneich, 2005). Excess ROS
levels in the presence of NO or NO-derived metabolites lead to peroxynitrite (ONOO")
production (Bottari, 2015). Because of the short biological half-life of ONOO" (5-20 ms), the
target residues in the protein are generally in the vicinity of the ROS generation sites (Heijnen

et al., 2006). Consequently, nitrated proteins (protein-containing PTN) are predominantly
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found in the mitochondria, critical loci for the formation of ONOO". The amount of tyrosine
residues in proteins is commonly 3-4 mol percentage on average. In vivo studies have shown
the biological nitration yield as approximately 1-5 nitrated residues per 10,000 tyrosine
residues (Kang et al., 2015; Radi, 2004). Current evidence indicates that the mechanism of
PTN in biological systems is mediated by free radical reactions of tyrosyl radicals (Tyr") and
subsequent reactions with either NO or NO2 (Fig. 1-2). Peroxynitrite does not react directly
with tyrosine but instead reacts with peroxynitrite-derived radicals (Radi, 2004). Depending on
the predominant nitrating species, mechanism, and relevant one-electron oxidants are
carbonate radicals (CO3™) and oxo-metal complexes (e.g., myeloperoxidase (MPO) compound

I, hemin), and even lipid peroxyl radicals (LOO" ) (Alvarez et al., 1999).

Tyrosine nitration contributes to cellular signaling mechanisms by its properties of
specificity, reversibility, and controlled rates of formation and modification of target proteins
and cell functions (Gow et al., 1996; Kamisaki et al., 1998). PTN also has specific effects, such
as affecting protein structure and function, leading to modulation of phosphorylation cascades,
and occasionally an immune response induction (Hunter, 1995). Thus, it plays a role in various
biological processes involved in the pathogenesis of inflammatory responses, cytoskeletal
dysfunction, platelet activation, age-related diseases such as age-related macular degeneration
(AMD), neurodegenerative disorders including Alzheimer's disease (AD), Parkinson's disease
(PD), and amyotrophic lateral sclerosis (ALS), cardiovascular disease, and cancer (Beal, 2002;
Ischiropoulos & Beckman, 2003; Kanski & Schoneich, 2005; Masri et al., 2005; Murdaugh et
al., 2010; Sabetkar et al., 2008).

1.3.2 Selectivity of PTN

Tyrosine nitration is a selective process. Not all tyrosine residues are available for
nitration. As in vitro study, the factors that may influence the biological selectivity of PTN
depending on the protein structure, nitration mechanism, and environment of the protein
(Bartesaghi et al., 2007). However, the factors of in vitro nitration are not always operative in
vivo. In the aromatic rings positioned on the protein surface, PTN more easily occurs when
they locate on loop structures (Souza et al., 1999). On the other hand, tyrosine residues that are
not exposed to the solvent phase are not available for nitration. Different nitrating agents also
affect the position of nitration and the target proteins. Moreover, as free radical reactions,
abundant proteins sometimes are more readily nitrated due to better competition for the

nitrating species (Radi, 2013).
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Fig. 1-2 Peroxynitrite-dependent tyrosine nitration of intracellular proteins (Ferrer-Sueta et al.,
2018). First, the combination of NO and O, forms in peroxynitrite in cells on mitochondria
and cytosol. Then, once produced, peroxynitrite may decay through reaction with carbon
dioxide, transition metal complexes (Me"X), or radical species, leading to tyrosine residues'
oxidation to tyrosyl radical. Then, tyrosyl further interacts with NO> leading to the formation
of NO2Tyr in proteins.

1.4 Nitric oxide synthesis, detoxification, and PTN in yeast

1.4.1 Nitric oxide biosynthesis and its physiological role in yeast

NO has been found in various organisms, including animals, plants, bacteria, and
yeasts. The NO sources in yeast cells remain unknown, owing to a lack of mammalian NOS
orthologues in the yeast genome. (Astuti et al., 2016). However, discovering a 60-kDa protein
with immunoreactivity against the anti-mammalian NOS antibody in the crude extracts of S.
cerevisiae is reported to suggest the presence of yeast NOS (Kanadia et al., 1998; Kuo et al.,
1996). On the other hand, yeast cells can produce NO in mitochondria under hypoxic conditions
by nitrite-dependent cytochrome c oxidase (Castello et al., 2006). Menadione-treated in yeast
led to NO production dependently on the intracellular L-arginine levels, suggesting the
existence of an enzyme with NOS-like activity (Osério et al., 2007). Although data supporting
NOS existence in yeast have emerged from both in vitro and in vivo analyses (Almeida et al.,
2007; Kig & Temizkan, 2009; Yoshikawa et al., 2016), the gene or protein responsible for the
yeast NOS-like activity has not yet been identified. NO is involved in fungal cellular
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development in filamentous fungi, such as spore germination and asexual and sexual structures,
and aspersorium (Zhao et al., 2020). Exogenous NO in the fission yeast Schizosaccharomyces
pombe increases an oxidative stress response involving a negative feedback system to regulate
intracellular ROS levels (Astuti et al., 2016). This result is consistent with Almeida and co-
workers' study, indicating NO-induced cell death by S-nitrosation of GAPDH that possibly
acted as an apoptotic trigger (Almeida et al., 2007). For industrial applications, enhancement
of NO production improves stress tolerance and fermentation ability in baker’s yeast (Sasano
etal., 2012). It was previously shown that RNS enhances ethanol production, probably through

the inactivation of tricarboxylic acid (TCA) cycle enzymes (Sengupta et al., 2020).

1.4.2 RNS detoxification in yeast

The exposure of either endogenous or exogenous RNS induces a stress response in
cells. Yeast contains two central protective systems to confer resistance against nitrosative
stress; flavohemoglobin (FHb) and S-nitrosoglutathione reductase (GSNOR). FHb harbors a
hemoglobin-like domain and a reductase domain with the FAD and NAD(P)H binding sites
(Zhao et al., 1996). The YHBL1 gene (known as nitric oxide oxidoreductase gene) is responsible
for FHb in yeast (Yhbl) involved in both oxidative and nitrosative stresses (Liu et al., 2000).
Yhbl plays a role in the conversion of NO into nontoxic nitrate during aerobic conditions. The

absence of Yhb1 shows more accumulation of NO and RNS (Bhattacharjee et al., 2009).

GSNOR also associates in RNS detoxification (Fig. 1-3). The major intracellular
antioxidant glutathione (GSH) favorably reacts with RNS and is converted into S-
nitrosoglutathione (GSNO). GSNO functions as a natural NO donor and transfers its NO
moiety to other thiol compounds, including cysteine residues in protein, inducing the NO-
mediated post-translational modification S-nitrosation to regulate NO homeostasis. (Barnett &
Buxton, 2017). The role of GSNO for protein S-nitrosation implies that the metabolism of
GSNO is a significant branch of NO metabolism that influences many regulatory processes.
The produced GSNO can be turned over to ammonia and glutathione disulfide (GSSG) in the
presence of GSNOR (Zhao et al., 2016). This process helps cells to handle nitrosative stress
effectively. Furthermore, catalase has been reported to detoxify peroxynitrite in S. cerevisiae
in the cell lacking Yhb1 and glutathione-dependent formaldehyde dehydrogenase Sfal, which
bifunctionally has the GSNOR activity (Sahoo et al., 2009). Recently, the gene encoding GTP
cyclohydrolase 1l (GTPCH2) involved in riboflavin (RF) biosynthesis helps yeast cells from

nitrosative stress by scavenged NO or its derivatives (Anam et al., 2020).
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Fig. 1-3 Mechanisms of GSNOR in RNS detoxification. Reactive nitrogen species directly
react with protein causing post-translational modification. Furthermore, the reduced form of
glutathione (GSH) GSNO accumulations influences protein modification's cellular status.
GSNO reduction by GSNOR is an irreversible reaction, and the products can no longer modify
cellular proteins. Regeneration of GSH exists by glutathione reductase (GR) as an NADPH-
dependent reduction of GSSG (Jahnova et al., 2019). GSH, glutathione; GSNO, S-
nitrosoglutathione; GSNOR, S-nitrosoglutathione reductase; GSSG, glutathione disulfide; NO,
nitric oxide; NO., nitrogen dioxide; NOS, nitric oxide synthases.

1.4.3 PTN in yeast

There are numerous researches about NO and its effect on protein post-translational
modification in mammals and plants. However, the NO signaling pathway and its functional
role in yeast have remained unclear and limited, including the molecular mechanism of PTN.
Identification of yeast mitochondrial protein shows PTN profiles involving the TCA cycle
(aconitase and isocitrate dehydrogenase) and respiratory system (Bhattacharjee et al., 2009).
Furthermore, the 14-nitrated proteins in mating conditions have been identified by proteomic
analysis using LC-MS/MS. These proteins are associated with transcription factors, actin
cytoskeleton organization, cell wall organization, and spermidine transport relating to the
signal transduction pathway (Kang et al., 2015). Altogether, the outcomes demonstrate the
ability to generate NO and PTN in yeast. However, the effect of PTN on yeast proteins has not

been investigated until now.
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1.5 Ethanol fermentation in yeast

1.5.1 Role of the fermentative pathway in yeast

Alcoholic fermentation occurs when yeasts, bacteria, or a few other microorganisms
convert sugars into pyruvate via the glycolysis pathway and produce ethanol and carbon
dioxide (Malakar et al., 2020). The ethanol production is crucial for oxidizing the NADH to
maintain and supply the NAD*/NADH redox system for glycolysis. Maintaining aerobic
cultivation conditions in S. cerevisiae is insufficient to achieve respiratory sugar metabolism.
Even fully aerobic cultures exhibit mixed respiration-fermentation processes referred to as
aerobic fermentation or Crabtree effect (Bakker et al., 2001). As Crabtree-positive yeast, S.
cerevisiae prefers the fermentative pathway under aerobic conditions when the glucose
concentration above 150 mg/L rather than respiration via the TCA cycle (De Deken, 1966;
Verduyn et al., 1984). Therefore, pyruvate from glycolysis is mainly converted into
acetaldehyde and ethanol by pyruvate decarboxylase (PDC) and alcohol dehydrogenase
(ADH), respectively (Fig. 1-4). Only a relatively small amount of acetaldehyde is converted
into acetate by acetaldehyde dehydrogenase (ALD) (Galdieri et al., 2014).

1.5.2 Nitrosative stress during ethanol production

As previously stated, the ability of yeast to ferment has been used in industrial
applications. Bioethanol is produced through the fermentation of sugars derived from a variety
of sources. The primary substrates for sugar fermentation are sucrose-rich plants from food
crops such as sugarcane, sugar beet, a variety of fruits, and starch. As the most cost-effective
way, molasses has been widely used to produce ethanol and other fermentative products in the
industry. In complex worts such as beet molasses, some inhibitors caused by toxic amounts of
organic or inorganic compounds limit the rate of alcohol production. Also, molasses contains
varying amounts of nitrate, which can be converted into nitrite by bacteria. In fact, the nitrite
concentration in undiluted beet molasses can reach 4,300 ppm and has been identified as a
yeast fermentation inhibitor (Glacet et al., 1985). Nitrite concentrations above 30 ppm with pH
below 5.0 dramatically increase nitrite accumulation in cells and cause dose-dependent growth
inhibition and decreases in ATP and some enzyme activities such as glyceraldehyde-3-
phosphate dehydrogenase and glutamate dehydrogenase (Hinze & Holzer, 1985a, 1985b; Jones
& Gadd, 1990; Mortensen et al., 2008). Furthermore, the pH of the culture medium in glucose-
fermenting yeast can fall below pH 2 (Jones & Gadd, 1990). The inhibitory effect of nitrite
during ethanol production may be involved in the generation of RNS at acidic pH.
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Fig. 1-4 Pyruvate metabolism and ethanol production pathway. Abbreviations: PDC, pyruvate
decarboxylase; ADH, alcohol dehydrogenase; ALD, aldehyde dehydrogenase (Remize et al.,
2000).

1.5.3 Pyruvate decarboxylase

Pyruvate decarboxylase (PDC) catalyzes the conversion of pyruvate into acetaldehyde
and carbon dioxide. A significant cytosolic enzyme plays an essential role in diverting pyruvate
flow towards fermentation and lipid synthesis in some bacteria, yeast, fungal species, and
plants. The genome of S.cerevisiae contains three genes that encode the pyruvate
decarboxylases (PDC1, PDC5, and PDC6). A major isozyme, Pdcl, is highly expressed under
most physiological conditions (Romagnoli et al., 2012). Pdc5 shares 88% identical at the
protein level with Pdcl, is highly expressed under nitrogen limitation (Boer et al., 2003, 2007),
under thiamine limitation conditions (Muller et al., 1999), and in the pdcl deletion mutant,
indicating the process of autoregulation between 2 genes (Hohmann & Cederberg, 1990).
Interestingly, the autoregulation of PDC gene expression appears to be related to the protein's
existence rather than its catalytic activity (Eberhardt et al., 1999). Pdc2 regulates both PDC1
and PDC5 as a transcription factor (Hohmann, 1993). The PDC6 expression level is
undetectable under normal conditions even in cells lacking both PDC1 and PDC5; however, it
was found to be highly expressed in sulfur-limited cultures (Fauchon et al., 2002). S. cerevisiae
cells are lethal in the absence of PDC activity when grown on glucose as a carbon source
(Flikweert et al., 1996).

PDCs catalyze the non-oxidative decarboxylation of pyruvate to acetaldehyde with

thiamin diphosphate (TPP) and Mg(ll) as cofactors. (Sergienko & Jordan, 2002). This enzyme
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has been thoroughly studied in terms of protein structure and function (Fig. 1-5). The major
structure gene PDC1 encodes 563 amino acids with a typical molecular mass of 59-61 kDa
per subunit. The catalytically active enzyme in yeast is composed of four identical subunits;
however, the studies prove that the dimer is required as the smallest catalytically active unit
(Killenberg-Jabs et al., 2001). PDC in brewer's yeast represents allosteric regulation of catalytic
activity. Pyruvate, as its substrate, was discovered to be the effectors responsible for inducing

conformational changes by binding at regulatory sites (Spinka et al., 2017).
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Fig. 1-5 Crystal structure of S. cerevisiae Pdcl variant D28A (PDB ID: 2VK1) in tetramer with
pyruvate bound at the regulatory and active sites (colored as yellow). The subunits are all
represented in different colors, chains A, B, C, and D in gray, orange, pink, and cyan. In
addition, the cofactors, thiamine diphosphate (dark blue) and magnesium ions (light green) are
represented in space-filling mode.

1.6 GABA biosynthesis and its role in stress tolerance

y-Aminobutyric acid (GABA) is a non-protein amino acid involving an intermediate
bypassing steps of the TCA cycle, called GABA shunt. Glutamate decarboxylase (GAD)
converts glutamate into GABA in the first step. 4-Aminobutyrate transaminase/GABA
aminotransferase (GABA-T) then converts GABA into succinic semialdehyde (SSA), which is
then irreversibly oxidized to succinate by succinic semialdehyde dehydrogenase (SSADH)
(Bach et al., 2009). The GABA-shunt enzymes are found in a variety of organisms, with only
minor differences in substrate and localization. GABA is catabolized to SSA in plants by a
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pyruvate/glyoxylate-dependent GABA-T, whereas GABA-T in yeast is an a-ketoglutarate-
dependent (Clark et al., 2009; Coleman et al., 2001). GAD is found in the plant cytosol, whereas
GABA-T and SSADH are found in the mitochondria (Shelp et al., 2012). However, in yeast,
all GABA-shunt enzymes are found in the cytosol (Cao et al., 2013b). In addition, GABA
synthesis may occur via polyamine degradation (Shelp et al., 2012) and proline
decarboxylation under oxidative stress conditions (Signorelli et al., 2015).

In the vertebrate brain, GABA is the primary inhibitory neurotransmitter. GABA
catabolic pathway disorders cause neurological dysfunction. (Jakobs et al., 1993). GABA
research in plants mainly focuses on its role in biotic and abiotic stresses. The GABA shunt is
a critical signaling and metabolic pathway that allows lentil cultivars to adapt to salt, osmotic,
and oxidative stresses during seeding. (Al-Quraan & Al-Omari, 2017). GABA-depleted gad1/2
mutant of Arabidopsis thaliana became a drought oversensitive phenotype (Mekonnen et al.,
2016). During various stress conditions, the loss-of-function of the GABA transaminase gene,
which is defective in GABA catabolism, causes early leaf senescence in A. thaliana (Jalil et
al., 2017). Knockout mutants of SSADH produce more hydrogen peroxide and are more
sensitive to UV and heat, developing necrosis when subjected to such stress. The GABA shunt
appears to be essential for plant defense against environmental stresses because it prevents the
accumulation of reactive oxygen intermediates and cell death (Bouché et al., 2003).

GABA accumulation in plant has been found in response to abiotic stresses, such as
oxidative stress (Al-Quraan & Al-Omari, 2017), drought (Mekonnen et al., 2016), and heavy
metals (Seifikalhor et al., 2020). Furthermore, GABA supplementation to the oxidative-
stressed plants significantly increases chlorophyll content, osmolytes such as proline and
trehalose, enzymatic antioxidants activity such as superoxide dismutase, catalase, ascorbate
peroxidase, and glutathione reductase (Nayyar et al., 2014; Seifikalhor et al., 2020; Tang et al.,
2020). These findings suggest that GABA influences defense mechanisms, leading to improved

cell growth and survival.

The GABA shunt pathway in S. cerevisiae also includes three enzymes, glutamate
decarboxylase, GABA aminotransferase, and succinic semialdehyde dehydrogenase, encoded
by GAD1, UGAL, and UGA2, respectively. In contrast to plants, only GABA shunt is present
in yeast for GABA synthesis. The GABA shunt is reported to play a role in forming succinate
from a-ketoglutarate to the respiratory chain within mitochondria (Fig. 1-6). Three transport
systems facilitate transporters of GABA in yeast: the general amino acid permease (Gapl), the
proline permease (Put4), and a specific GABA permease (Uga4) (André et al., 1993). Gad1l has

21



been shown to bind calmodulin and is regulated by calcium levels in the same way in plants
(Baum et al., 1993; Coleman et al., 2001). The induction of GABA regulates the expression of
UGAL, UGA2, and UGA4 via the transcriptional activator for GABA-dependent (encoded by
UGA3) and the positive regulator of genes in nitrogen degradation pathways (encoded by
UGA35/DAL81) (Vissers et al., 1989).

Previous research in yeast demonstrated that the GABA shunt is an important
mechanism for oxidative stress tolerance and thermotolerance. Deletion of each gene in the
GABA shunt, especially ugal, resulted in growth defects at high temperatures. The possible
explanation for this is that carbon flux via the GABA shunt pathway reduces reactive oxygen
intermediates accumulation, derived from mitochondrial electron transport chain, during heat
stress (Cao et al., 2013a). On the other hand, S. cerevisiae exposed to oxidative stress requires
UGA2 for stress tolerance due to its ability to produce NADH or NADPH during the oxidation
of succinate semialdehyde to succinate. (Coleman et al., 2001). Little is known about GABA
accumulation and stress tolerance in yeast. Under hyperosmotic stress conditions, a non-
conventional yeast, Candida glycerinogenes, accumulates intracellular GABA (Ji et al., 2018).
The findings suggest that improving C. glycerinogenes intracellular GABA accumulation,
either through an exogenous application or cellular synthesis, is a viable option for improving
tolerance to hyperosmotic stress. However, the correlation between GABA and the nitrosative
stress response in S. cerevisiae has yet to be determined.

Mitochondria Cytosol
a-Ketoglutarate — a-Ketoglutarate «—— Glutamate
: K H* GAP1
GaDl UGA4
: €0, PUT4
TCA cycle . GABA < GABA

GABA-T/
SSADH/ UGAL a-Ketoglutarate
UGA2

Succinate <+—:— Succinate ‘ﬁ SSA Glutamate

e/

NAD(P)H NAD(P)*

Fig. 1-6 GABA biosynthesis and metabolism pathway of S. cerevisiae. Abbreviations: GAD1,
glutamate decarboxylase; GABA-T/UGA1l, GABA aminotransferase; SSADH/UGAZ2,
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succinate semialdehyde dehydrogenase; GAP1, general amino acid permease; UGA4, GABA
permease; PUT4, proline-specific permease. (Bach et al., 2009)

1.7 Research objectives

In this study, exogenous reactive nitrogen species (RNS) generated by acidified nitrite
are mainly focused in order to understand cellular responses to nitrosative stress in the budding
yeast S. cerevisiae:

(1) Identification of tyrosine nitration under acidified nitrite conditions

(2) Impact of tyrosine nitration on pyruvate decarboxylase and ethanol production

(3) Physiological roles of GABA in nitrosative stress
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2. MATERIALS AND METHODS

2.1 Materials

2.1.1 Strains

S. cerevisiae and Escherichia coli strains used in this study are shown in Table 2-1.

Table 2-1 Strains used in this study

Strains Description Sources

Saccharomyces cerevisiae MATa SUC2 mal mel gal2 CUP/ Laboratory stock

X2180-1A (wild-type)

Saccharomyces cerevisiae MATa his3A1 leu2A0 met15A0 ura3A0  Laboratory stock

BY4741 (wild-type)

X2180-1A argl1A lys1A X2180-1A arglA::natNT2 Laboratory stock
lys1A::hphNT1

X2180-1A ura3A X2180-1A ura3A:: kanMX6 Laboratory stock

X2180-1A PDC1- X2180-1A PDC1-1Myc7His::kanMX6 This work

1Myc7His

X2180-1A PDC5- X2180-1A PDC5-1Myc7His::kanMX6 This work

1Myc7His

X2180-1A PDC6- X2180-1A PDC6-1Myc7His::kanMX6 This work

1Myc7His

X2180-1A ura3A pdclA X2180-1A ura3A::kanMX6 This work
pdclA::hphNT1

X2180-1A ura3A pdclA X2180-1A ura3A pdclA harboring This work

[pPRS416] pRS416

X2180-1A ura3A pdclA X2180-1A ura3A pdclA harboring This work

[PRS416-PDC1- pRS416 with

1MyC7HiS] PDCl-lMyC7HiS

X2180-1A ura3A pdclA X2180-1A ura3A pdclA harboring This work

[PRS416-PDC1Y157F- pRS416 with

1Myc7His] PDC1Y157F-1Myc7His

X2180-1A ura3A pdclA X2180-1A ura3A pdclA harboring This work

[PRS416-PDC1Y344F- pRS416 with

1MyC7HiS] PDC1Y344F-lMyC7HiS

BY4741 gadlA BY4741 gad1A::hphNT1 This work

BY4741 ugalA BY4741 ugalA::hphNT1 This work

BY4741[pRS416/pRS415- BY4741 harboring pRS416 and This work

CgHIS3MET15] pRS415-CgHIS3MET15

BY4741 gadlA BY4741 gad1A::hphNT1 harboring This work

[PRS416/pRS415- pRS416 and pRS415-CgHIS3MET15
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Strains Description Sources
CgHIS3MET15]
BY4741 ugalA BY4741 ugalA::hphNT1 harboring This work
[pPRS416/pRS415- pRS416 and pRS415-CgHIS3MET15
CgHIS3MET15]
Escherichia coli DH5a F-, 080dlacZAM15, A(lacZYA- Laboratory stock
argF)U169, deoR, recAl, endAl, hdR17
(i, my*), phoA, supE44, 1, thi-1,
gyrA96, relAl
Escherichia coli BL21 B F ompT gal decm lon hsdSg (re mg") Laboratory stock
(DE3) MDE3 [lacl lacUV5-T7p07 ind1 sam7
nin5]) [malB*]k-12(1°)
Escherichia coli DH5a E. coli DH5a harboring all constructed ~ This work
for plasmid pRS416, pRS415, pDONR221 and pET-
multimerization 55-DEST plasmids
Escherichia coli BL21 BL21(DE3) harboring all This work

(DE3) for protein
expression

constructed pET-55-DEST plasmids

2.1.2 Primers

The primers used in this study are shown in Table 2-2.

Table 2-2 Primers used in this study (restriction sites are underlined).

Primer Sequences (5°-3°)

F-PDC1 S1 5>-TTATTTTCTACTCATAACCTCACGCAAAATAACACAG
TCAAATCAATCAA AATGCGTACGCTGCAGGTCGAC-3’

R-PDC1_S2 5’-GTTACATAAAAATGCTTATAAAACTTTAACTAATAAT
TAGAGATTAAATCGCTTAATCGATGAATTCGAGCTCG-3’

F-PDC1 _S3 5’-TCCACAAAACTTGGTTGAACAAGCTAAGTTGACTGC

TGCTACCAACGCTAAGCAACGTACGCTGCAGGTCGAC-3’

F-attB1-PDC1

R-attB2-PDC1

5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCTCTGA
AATTACTTTGGGTAAATATTTG -3’
5’-GGGGACCACTTTGTACAAGAAAGCTGGGTTTTATTGC
TTAGCGTTGGTAGCAGC -3’

F-attB1-PDC1-start
codon
R-attB2-PDC1_No
stop

5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGG
AGATAGAACCATGTCTGAAAATTACTTTGGGTAAATAT-3’
5’-GGGGACCACTTTGTACAAGAAAGCTGGGTGTTGCTTA
GCGTTGGTAGCAGCAGT-3’

F-PDC1-Y38amber
R-PDC1-Y38amber

5’-ATCTCATACCTTCAACTTCCTAGATCTTGTCCAACAAGG-3°
5’-CCTTGTTGGACAAGATCTAGGAAGTTGAAGGTATGAGAT-3’

F-PDC1-Y157amber
R-PDC1-Y157amber

5’-CTGGTCTTTGGGTGACCTAAGTGGTTCTGATACA-3’
5’-TGTATCAGAACCACTTAGGTCACCCAAAGACCAG-3’
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Primer Sequences (5°-3°)

F-PDC1-Y344amber 5’- AGCAACTGGCTTCTAACCCTTAGCGGCGTC -3’
R-PDC1-Y344amber 5’- GACGCCGCTAAGGGTTAGAAGCCAGTTGCT -3’

F-PDC1-Y157F 5’-GGTCTTTGGGTGACGAAAGTGGTTCTGATACAT-3’

R-PDC1-Y157F 5’-ATGTATCAGAACCACTTTCGTCACCCAAAGACC-3

F-PDC1-Y344F 5’-AGCAACTGGCTTGAAACCCTTAGCGGC-3’

R-PDC1-Y344F 5’-GCCGCTAAGGGTTTCAAGCCAGTTGCT-3’

F-PDC1-239-Sq 5’-TGAACACGTCGGTGTTTTGC-3’

GAD1 FW 5’-AGTGGAATGCCGATTGGTT-3’

GAD1 RV 5’-AACGACTCTGGGTCAAGCAT-3’

UGAl1 FW 5’>-TTGCAGAAGAAATACCCTGAAAA-3’

UGAl1 RV 5’-GCAAATCCCAGGCAATGA-3’

UGA2_ FW 5’-CGTCGGTAAAATCTTGATGAAA-3’

UGA2 RV 5’-CCACCCAGCTCAAAAGACAG-3’

GAD1-S1 5’-CGTCGCTCTTAACAATCCAGGCTGAACAAAACAAGGAATA
CGTACGCTGC AGGTCGAC-3’

GAD1-S2 5’-CATACATATAGGGGGCGGTATATTGGATGACCTTTTCAACA
TCGATGAAT TCGAGCTCG-3’

UGAI1-S1 5>-TACAGAAAGAACAGACAAGAAACCGTCAATAAGAAATAT
AACTAAGAACAATGCGTACGCTGCAGGTCGAC-3’

UGA1-S2 5’-AGACCAAAAAAGGGAACGTGACACGGCCTCGCTAATATA
CAATCAATCGATGAATTCGAGCTCG-3’

GAD1-dis1-F 5’TCTAGTTGGTTCTTGACATT-3’

UGA1_FWUP_741 5’TGGTGCGGTGATTGGATATG-3’
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2.1.3 Plasmids

The plasmids used in this study are shown in Table 2-3.
Table 2-3 Plasmids used in this study

Plasmids Description Sources
pRS415- Yeast centromere vector pRS415-
CgHIS3MET15 LEU2HIS3MET15
pRS416 Yeast centromere vector pRS416-URA3
pRS416- PDC1- pRS416 harboring PDC1- This work
1Myc7His 1IMyc7His::kanMX6
pRS416- PDC1Y157F- PRS416 harboring PDC1- This work
1Myc7His 1Myc7His::kanMX6 point mutation
(Tyr38Phe)
PRS416- PDC1Y344F- pRS416 harboring PDC1- This work
1Myc7His 1Myc7His::kanMX6 point mutation
(Tyr38Phe)
pDONR221 Gateway® donor vector with attP1 and Gateway®
attP2 sites, Kan®
pPET-55-DEST Gateway® bacterial destination vector for Gateway®
expressing proteins tagged at the N-terminus
with Strep-Tag Il and C-terminus with 6X-
His affinity
pDule-nitroTyr-5B Plasmid for incorporating the non-canonical Addgene®
amino acid 3-nitrotyrosine with the
Methanocaldococcus jannaschii 3NY (5B)
synthetase and cognate amber suppressing
tRNA in E.coli
pDONR221-PDC1 pDONR221 harboring PDC1 without a start ~ This work
codon and stop codon
pDONR221-PDC1 pDONR221 harboring mutated PDC1 This work
(Y38NT) (Tyr38Amber stop codon)
pDONR221-PDC1 pDONR221 harboring mutated PDC1 This work
(Y157NT) (Tyrl57Amber stop codon)
pDONR221-PDC1 pDONR221 harboring mutated PDC1 This work
(Y344NT) (Tyr344Amber stop codon)
pPET-55-DEST-PDC1 pET-55-DEST harboring PDC1 without a This work
start codon and stop codon
pPET-55-DEST- pET-55-DEST harboring mutated PDC1 This work
PDC1(Y38NT) (Tyr38Amber stop codon)
pET-55-DEST- pET-55-DEST harboring mutated PDC1 This work
PDC1(Y157NT) (Tyr157Amber stop codon)
PET-55-DEST- pET-55-DEST harboring mutated PDC1 This work
PDC1(Y344NT) (Tyr344Amber stop codon)
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2.2 Methods

2.2.1 Strain and culture media

S. cerevisiae laboratory strain X2180-1A was used in this study. Cells were cultured in
nutrient-rich yeast extract-peptone-dextrose medium (YPD) containing 1% yeast extract, 2%
peptone, and 2% glucose) adjusted to pH 6.0 using 1 M HCI and a minimal synthetic medium
(SD) containing 0.17% yeast nitrogen base without amino acids and ammonium sulfate, 0.5%
ammonium sulfate, and 2% glucose. 1 M HCI was used to adjust the pH of the SD medium to
4.0. Cells were pre-cultured in 2 mL YPD or SD medium at 30°C with shaking at 200 rpm
overnight, then inoculated in 50 mL as the main cultures with the initial ODsoo of 0.1 and
incubated at 30°C with shaking at 200 rpm until ODsoo reached 0.8-1.0.

E. coli strains DH50 and E. coli BL21 (DE3) were grown at 37 °C in LB medium (5
g/L yeast extract, 10 g/L tryptone (BD), and 10 g/L NaCl (Nacalai Tesque, Japan) or M9
medium by shaking at 250 rpm. Mediums containing antibiotics were used as a selective

medium.

2.2.2 Cell viability

The stock solution of 1 M NaNO: was prepared immediately before use. Yeast cells
were grown in SD medium pH 4.0 treated with 1 mM of NaNO,, and incubated in shaking
conditions. After the indicated time, 1 mL of culture was collected and serially diluted to a
suitable concentration. Diluted cells were plated on a YPD agar medium and incubated at 30°C
for 2 days. The cell viability result was presented as percentages as a colony-forming unit,
followed by this calculation: (The number of colonies with NaNO- treatment at indicated time

/ the number of colonies without NaNO> treatment at the indicated time) x 100.

2.2.3 Plasmids and DNA preparation

2.2.3.1 DNA and plasmid extraction

Yeast cells were grown in YPD medium, harvested, and resuspended in 300 pL of lysis
buffer (100 mM Tris-HCI pH 8.0, 100 mM NacCl, and 10 mM EDTA), and then 250 pL of
phenol/chloroform was added. An equal volume of 0.5 mm diameter glass beads was added to
the mixture. Cells were disrupted by the multi-beads shocker (Multi-Beads Shocker, Yasui
Kikai, Japan) under the following condition: 2,500 rpm, 60-sec on, and 30-sec off, 15 cycles.

400 mL TE Buffer was added and mixed by vortexing briefly. The mixture was centrifuged for
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10 min at maximum speed at room temperature. The aqueous layer was transferred to a new
tube. The supernatant was mixed with 1 mL ice-cold ethanol and centrifuged for 5 min at room
temperature. The pellet was collected, washed with 70% ethanol, and dried at room
temperature. Finally, the pellet was dissolved in 100 mL TE Buffer.

For plasmid extraction, E.coli cells harboring plasmid were grown in LB medium
containing appropriated antibiotic, harvested, and resuspended in 250 uL of P1 buffer (50 mM
Tris-HCI pH 8.0, 10 mM EDTA, and 100 pg/mL RNase A). 250 uL of P2 buffer (200 mM
NaOH and 1% sodium dodecyl sulfate (SDS)) was added to the cell suspension and slightly
mixed. Subsequently, 350 puL of N3 buffer (4.2 M guanidinium chloride and 0.9 M potassium
acetate, pH 4.0) was added and centrifuged at a maximum speed for 10 min. The supernatant
was transferred to a clean 1.5 mL tube where an equal volume of isopropanol was added,
vortexed thoroughly, and centrifuged at a maximum speed for 5 min. The plasmid pellet was
washed with 500 pL of 70% ethanol, centrifuged in the same manner, and dried up. An
appropriate volume of milli-Q was used for resuspension. Finally, yeast genomic DNA and

plasmid were quantified by Nanodrop (BioSpec-nano, Shimadzu Biotech, Japan).

2.2.3.2 Construction of protein expression vectors

Plasmid pDONR221 containing attP1 and attP2 was used as a donor vector in this
system. PCR product of wild-type PDC1 was tagged with attB1 and attB2, which react with
attP1 and attP2 on pDONR221. PCR products were purified by mixing with 5 pL of 3 M
sodium acetate, pH 5.0, and 125 pL of 100% cold ethanol. PCR mixture was incubated for 20
min at -20°C and centrifuged at 13,000 x g for 10 min. The pellet was washed with 70% ethanol
and dried up. 50 puL of milli-Q water was added. The DNA concentration was measured using
Nanodrop.

Construction of pDONR221 harboring PDC1 was carried out by mixing 75 ng/uL of
pDONR221 and 75 ng/uL. of PCR product within the total volume of 4 pL. Then, 1 pL of BP
clonase™ II (Invitrogen, USA) was added and incubated at 25°C overnight. Subsequently, 0.5
uL of proteinase K solution was added to the mixture and incubated at 37°C for 10 min. BP
clonase mixture was subsequently introduced to E. coli DH5a cells selected on LB medium
containing 50 pg/mL of kanamycin. Desired transformants were subjected to plasmid DNA
extraction. To construct the protein expression vectors, 75 ng/uL of pDONR221 harboring

PDC1 were incubated with 75 ng/uL of pET-53-DEST performed in the same manner as the
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BP clonase reaction, but LR clonase™ II was used instead. Transformants were screened on
LB containing 100 pg/mL of ampicillin. pET-53-DEST harboring Pdc1 was transformed to E.
coli BL21 (DE3J) as a protein expression host.

2.2.3.3 Site-directed mutagenesis

The modification of single nucleotide residues was performed as previously described
(H. Liu & Naismith, 2008). Briefly, for mutation, a pair of oligonucleotides were synthesized,
harboring the desired alterations. For amplification, 20 ng plasmid DNA was used in a total
volume of 10 pl, including 1 uM each primer, 200 uM dNTPs, and 1 U of DNA polymerase.
After denaturation (1 min at 98°C), 12 cycles were conducted, consisting of 10 sec at 98°C, 30
sec at 60°C, and 7 min at 68°C, followed by a final extension step at 68°C for 10min.
Subsequently, the parental and semi-parental template DNA was digested with Dpnl, and the
amplified plasmids were transformed into E. coli DH5a cells. The mutation was verified by

sequencing.

2.2.3.4 DNA sequencing reaction

BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, USA) was used
for the sequencing PCR reaction. DNA sequencing PCR was performed by preparing a reaction
mixture consisting of 100 ng/uL of purified DNA, 3.5 pL of BigDye Terminator v3.1 Cycle
5x sequencing buffer, 1 puL of BigDye Terminator v3.1 Cycle sequencing reagent, 1.6 puL of 2
UM primer, and Milli-Q water in 20 pL solution. PCR products were subjected to ethanol
precipitation and analyzed by a DNA sequencer (ABI3130xl/Genetic Analyzer, Applied
Biosystem).

2.2.4 PCR-based tagging of yeast genes

The integration of epitope tagging on the yeast genome was performed as previously
described (Janke et al., 2004). Briefly, primers F-PDC1_S3 and R-PDC1_S2 described in table
2-2 were used to amplify epitope tagging from pYM46 (1Myc7His tag). PCR product was
purified and transformed into yeast. The integration of PCR product to yeast genome was
illustrated in Fig. 2-1.

Yeast transformation was based on the lithium acetate (LiAc) method (Gietz & Schiestl,
2007) with several modifications. Briefly, cells were culture in YPD medium until ODgoo = 0.6
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and washed twice with 100 mM LiAc. Cells were added to the transformation mixture (240 puL
of PEG 3350 (50%w/v), 36 pL of 1M LiAc, 25 ul of salmon sperm DNA solution, 0.1-1 pg of
plasmid, and adjusted to final volume 351 pl by DI water). The mixture was incubated at 30°C
for 20-30 min and 42°C for 20 min. Cells were added 1 mL of YPD medium and incubated on
a shaker for at least 5-6 h at 30°C, then collected the cells and spreaded onto the selection

plates. The success of the integration was tested by colony PCR.

|

Genomic DNA

f
Amplified from pYM46

Fig. 2-1 Integration of 1Myc7His tagged to yeast genomic DNA. Pppc : promoter of PDC,

Tepc : terminator of PDC

2.2.5 Yeast Pdcl pull-down assay

Yeast cells (with genome integrated PDC1-1Myc7His) with ODesgo = 0.8 were treated
with 1 mM NaNO; in SD medium pH 4.0 for 3 h. Then, protein extraction was performed using
RIPA buffer (50 mM Tris-HCI pH 7.2, 150 mM NaCl, 1% NP-40, 0.5% Sodium deoxycholate,
0.1% SDS) and bead beater. Add 800 g of lysate to 40 uL of His Mag Sepharose™ Ni (Cytiva,
Belgium), incubated sample, and beads at 4°C on rotating mixer for 1.5 h. Beads were washed
with a binding buffer 500 pL, 5 times (20 mM sodium phosphate, 20 mM imidazole, 500 mM
NaCl, pH 7.4) and eluted by 20 pL of elution buffer (20 mM sodium phosphate, 500 mM
imidazole, 500 mM NacCl, pH 7.4). Nitrated proteins were confirmed by western blotting.

2.2.6 Nitrated protein detection

Yeast cells ODeoo = 0.8 were grown in SD medium pH 4.0 treated with 1 mM NaNO:>
and incubated in shaking condition at 30°C. Cells were collected by centrifugation at 3,000
rpm, 4°C for 5 min, and washed twice with sterilized DI water. For whole-cell protein
extraction, cells were suspended in iced 450 pL of 50 mM phosphate buffer saline. After that,

and 50 pL of trichloroacetic acid was added to the samples and mixed. Cells were lysed with
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glass beads. The samples were centrifuged at 15,000 rpm, 4°C for 20 min, and discarded
supernatants completely. The precipitates were re-suspended in 100 pL of 1x sample buffer
(50 mM Tris-HCI (pH 6.8), 2% SDS, 2.25% glycerol, 5% 2-mercaptoethanol, and 0.0125%
bromophenol blue). The samples were centrifuged at 15,000 rpm, 25°C for 5 min. The
supernatants were collected as whole-cell extracts. Cell lysate cells were suspended in iced
lysis buffer (100 mM Tris-HCI (pH 7.5), 1 mM EDTA, 10 mM 2-mercaptoethanol, and
protease inhibitors), and lysed with glass beads. The samples were then centrifuged and
collected the supernatants.

Ten pg of each sample was subjected to SDS-PAGE by mixing sample with 5x SDS
loading buffer (250 mM Tris-HCI, pH 6.8, 10% SDS, 30% (w/v) glycerol, 10 mM DTT, 0.05%
(w/v) bromophenol blue). The sample mixture was heated at 95°C for 10 min. Samples were
loaded to the 10% SDS-PAGE, and electrophoresis was performed at 10 mA for 30 min for
stacking gel and at 20 mA for 120 min for running gel, followed by the transfer of proteins to
PVDF membranes. One membrane was subjected to chemical reduction of nitrotyrosine before
western blotting, and the other membrane was used for western blotting without reduction.
Reduction of nitrotyrosine to aminotyrosine was achieved by treating a membrane with 10 mM
sodium dithionite in 50 mM pyridine-acetate buffer, pH 5.0, for 1 h at room temperature. After
the reaction, the membrane was rinsed with distilled water. The reduced and non-reduced
PVDF membranes were blocked for 1 h in 3% w/v skim milk in 1x TBS-T buffer (20 mM Tris-
base, 150 mM NacCl, and 0.1% Tween-20). All washing steps were carried out using a 1x TBS-
T buffer. The nitrated proteins and Pgkl proteins were detected by the monoclonal anti-3-
nitrotyrosine (3-NT) (Product No. sc-32757, Lot No. C1417, Santa Cruz Biotechnology, USA)
at 1:2,000 dilution and the monoclonal anti-phosphoglycerate kinase 1 (Pgk1) (Product No.
459250, Lot No. UA2696317, Invitrogen, USA) at 1:20,000 dilution, respectively. HRP-
conjugated polyclonal anti-mouse IgG (Promega) was used at 1:2,000 dilution for secondary
probing. Signals were produced by Amersham ECL prime reagents (GE healthcare) and
captured by using ImageQuant™ LAS4000 (GE healthcare).

2.2.7 Detection of nitrated protein by LC-MS/MS

Stable isotope-based methods were used to distinguish the status of protein/ peptide
amount for relative quantitation and detect post-translational modifications more accurately.
Yeast strain X2180-1A arglA lyslA were cultured in SD medium at pH 4.0 containing 206.7

MM arginine and 205.2 uM lysine for control condition and isotopic labeled arginine and lysine
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at the same concentration for treatment condition (Fig. 2-2). Cells were collected at 0, 1, 3, and
6 h and extracted protein. Proteins of both conditions were mixed with 1:1 ratio and subjected
to SDS-PAGE. Gel samples were prepared and analyzed by the requested analysis in the
division of biological sciences in NAIST using lon Trap-Orbitrap Mass Spectrometer LTQ-
Orbitrap XL (Thermo Fisher Scientific). A database search on NCBI (S _cerevisiae (baker’s
yeast)) was performed using Proteome Discoverer 1.4 (SequestHT node) (Thermo Fisher
Scientific). Searches were done with tryptic specificity allowing maximum 4 missed cleavage
sites and a precursor mass tolerance of 10 ppm and fragment mass tolerance of 0.8 Da. Searched
modifications were detected as followed: Acetyl / +42.011 Da (Any N-Terminus), Oxidation /
+15.995 Da (M), Carbamidomethyl / +57.021 Da (C), Nitro / +44.985 Da (Y), Amino / +15.011
Da (), Label:13C (1) / +1.003 Da (R), Label:2H(4) / +4.025 Da (K).

Cell cultivation in SD medium pH 4.0

Control condition 1 mM NaNO, condition
SD medum containing SD medium containing

Normal Arginine and Lysine Isotopic labeled Arginine and Lysine

\ /

Protein extraction
i Mix 1:1
SDS-PAGE

In-gel digestion
LC-MS/MS

Fig. 2-2 Process of SILAC. Yeast strain X2180-1A arglA::natNT2 lys1A::hphNT1 were
cultured in SD medium at pH 4.0 containing 206.7 uM arginine and 205.2 yuM lysine for control
condition and isotopic labeled Arginine and Lysine for 1 mM NaNO; treatment. Cells were
collected at 0,1,3, and 6 h. Protein extracts of both conditions were mixed with a 1:1 ratio then
performed LC-MS/MS analysis.

2.2.8 Recombinant Pdcl expression

E. coli strain BL21(DE3) was transformed with pET-55-DEST-PDCL1. Cells were pre-
cultured at 37°C overnight in a medium containing 100 pg/mL ampicillin. The culture was
inoculated into a 300 mL flask at the initial ODsoo of 0.05 and incubating at 37°C with shaking
at 250 rpm. When ODeoo Of the culture medium reached 0.6, cells were induced by 0.1 mM
IPTG and continue cultured at 16°C overnight. Cells were harvested by centrifugation and
resuspended in lysis buffer (50 mM Tris-HCI, 300 mM NaCl, 10 mM imidazole pH 7.4),
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disrupted by sonication, and then centrifuged at 13,000 rpm at 4°C for 30 minutes. 200 uL of
Ni-Sepharose 6 Fast Flow was applied to a column, washed, and equilibrated with binding
buffer (20 mM sodium phosphate, 20 mM imidazole, 500 mM NaCl, pH 7.4). The protein
solution was applied to the washed column and incubated for 1 h. The column was washed
with binding buffer to remove the unbound proteins. Targeted-protein was eluted by elution
buffer (20 mM sodium phosphate, 500 mM imidazole, 500 mM NaCl, pH 7.4). SDS-PAGE
and western blotting were performed to check purified Pdcl.

2.2.9 PDC and ADH activity

The PDC assay was performed, as previously described (Flikweert et al., 1996). The
assay mixture consisted of 40 mM imidazole-HCI buffers (pH 6.5), 0.2 mM thiamine
pyrophosphate, 0.15 mM NADH, alcohol dehydrogenase 88 U/mL, 5 mM MgCl 2, and cell-
free extract or purified Pdcl. The reaction was started by adding 50 mM pyruvate. The assay
of ADH consisted of 100 mM phosphate buffer (pH 7.6), 8 mM acetaldehyde, and cell-free
extract. Both enzymatic activities were measured spectrophotometrically by a decrease of
NADH at an absorbance of 340 nm.

2.2.10 Nitrated Pdcl expression

The plasmid containing PDC1 with an amber stop codon at tyrosine positions 38, 157,
and 344 was constructed to direct nitrotyrosine incorporation. E.coli strain BL21(DE3) was co-
transformed  of  pET-55-DEST-PDC1Y®¥NT/pET-55-DEST-PDC1Y*"NT/pET-55-DEST-
PDC1Y3**NT and pDule—nitroTyr-5B (Addgene). The orthogonal aminoacyl-tRNA synthetase
and cognate amber suppressing tRNA to incorporate nitrotyrosine are expressed (Fig. 2-3).
Transformant was cultured in M9 medium with 0.4% casamino acid containing 100 pg/mL
ampicillin, 25 pg/mL tetracycline. When ODeoo reached 0.6, 0.1 mM IPTG and 1 mM
nitrotyrosine (3NT) were added and cultured for 16 h at 16°C. Cells were harvested by
centrifugation and purified by Ni-Sepharose 6 Fast Flow. Purified Pdc1 was checked by SDS-
PAGE and western blotting.
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PET-55-DEST-PDCI(Y38NT)
pET-55-DEST-PDCI(Y157NT) + pDule-nitroTyr-5B
PET-55-DEST-PDCI(Y344NT)

Transform to E.coli
Protein Expression

TAG

PDC1 I | 6xHis tag
Transcription
Translation
ANT
Truncated protein Full-length PDC1 I L OxHis tag

Fig. 2-3 Process of nitrotyrosine incorporation to Pdcl. Pdcl recombinant protein with C-
terminal 6xHis-tagged bearing amber stop codon at amino acid position 38, 157, or 344 was
co-transformed with plasmid expressing a Methanocaldococcus jannaschii tyrosyl tRNA
synthetase/tRNAcua pair engineered to incorporate nitrotyrosine (pDule—nitroTyr-5B).

2.2.11 Ethanol quantification

Yeast cells were cultured in SD pH 4.0 with and without the addition of nitrite for 1 h.
At the indicated time, 50 pL of supernatant were collected and stored at -20°C until use. The
ethanol concentration was determined using Ethanol Colorimetric/Fluorometric Assay Kit
(Biovision, Switzerland)

2.2.12 Pyruvate quantification

Yeast cells were cultured in SD pH 4.0 with and without the addition of nitrite for 1 h.
Cells were collected at the indicated time. Then, protein extraction was performed in 4 volumes
of the pyruvate assay buffer, provided in Pyruvate Assay Kit (Sigma-Aldrich, Germany).
Extracted sample was centrifuged at 13,000 rpm for 10 min to remove insoluble material. The
supernatant was deproteinized with 10 kDa Amicon spin filters (Merck Millipore, USA) and

measured pyruvate using Pyruvate Assay Kit.

2.2.13 Intracellular amino acid analysis
S. cerevisiae cells started ODeoo = 0.8 — 1.0 were cultured in 50 mL of SD medium at
30 °C. Cells were collected at the indicated time and washed three times with sterile distilled
water. Cells were adjusted with a total ODsoo = 40 and resuspended into 500 uL of sterile
distilled water. Intracellular amino acids were extracted by boiling the cells suspension at
100°C for 20 min and collected supernatant by centrifugation at 12,000 rpm for 1 min. The
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sample was filtrated with a 0.2 um syringe filter (medium, India) and analyzed by an amino
acid analyzer (AminoTac™ JL500/V, JEOL Ltd., Tokyo, Japan). Intracellular amino acid
concentrations were calculated as nmol/g of dry weight.

2.2.14 Assay of glutathione reductase and catalase

Glutathione reductase (GR) and catalase activity were measured using crude cell-free
extract. The GR activity was performed, as previously described (Carlberg & Mannervik,
1975). The assay mixture contained: 100 mM phosphate buffer (pH 7.6), 1 mM Oxidized
Glutathione (GSSG), 0.15 mM NADPH, 0.5 mM EDTA and 20 ug of cell-free extract. A
spectrophotometer measured the decrease of NADPH at an absorbance of 340 nm. The catalase
activity was detected as previously described (Aebi, 1984). The assay mixture contained: 50
mM phosphate buffer (pH 7.0), 10 mM hydrogen peroxide, and 100 pg of cell-free extract.

This activity was measured by the decrease in hydrogen peroxide at absorbance 240 nm.

2.2.15 Protein sequence alignment

The alignment of protein sequences was performed by using www.uniprot.org/align/.
The protein sequence of pyruvate decarboxylase 1 from Saccharomyces cerevisiae,
Kluyveromyces marxianus, Schizosaccharomyces pombe, Candida albicans, Arabidopsis

thaliana, and Oryza sativa, obtained from the same website, was analyzed.

2.2.16 Protein visualization

Three-dimensional (3-D) protein models of yeast Saccharomyces cerevisiae Pdcl
(PDB ID: 2VK1) were obtained from https://swissmodel.expasy.org/. The 2-D model was
visualized and manipulated with UCSF Chimera (Pettersen et al., 2004).

2.2.17 Statistical analysis
The student T-test, as implemented in Microsoft Office Excel, was used for statistical

analysis with a significance level of *p < 0.05 and ** p < 0.01
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3. RESULTS

3.1 Identification of PTN in yeast cells

3.1.1 Effect of acidified nitrite treatment on cell viability and PTN

To generate RNS in this study, I used the nitrite addition at an acidic pH of the medium
(called acidified nitrite). First, |1 examined whether the acidified environment affects cell
growth. Cell growth was monitored using the spectrophotometric method under various pH
conditions ranging from 4 to 6 (Fig. 3-1A). As a result, there was no significant difference in
cell growth between pH 4.0 and pH 6.0. This result suggests that the effect of acidic pH on cell
growth is not critical, so SD medium with pH 4.0 was used to generate RNS in the following
experiments. Subsequently, cells were cultured in SD medium pH 4.0 with 1 mM NaNO: for
6 h to monitor cell growth under acidified nitrite conditions. An acidified nitrite treatment
completely inhibited cell growth (Fig. 3-1B). To determine whether an acidified nitrite
treatment induces PTN, | tried to detect PTN in cell lysate extracted from yeast cells treated
with acidified nitrite by western blotting with an anti-3-nitrotyrosine antibody (3NT). As shown
in Fig. 3-1C, the signal from western blotting was shallow in the untreated samples throughout
the 6 h culture. On the other hand, the PTN level clearly increased in a time-dependent manner
in acidified nitrite-treated samples, particularly 3 h- and 6 h-treatment. Additionally, the PTN
signal was not detected when the membrane was treated with dithionite, which reduces 3NT to
3-aminotyrosine (Fig. 3-1E), indicating that these signals were derived from PTN (Fig. 3-1D).
These results showed that nitrite treatment in an acidic environment resulted in PTN in S.

cerevisiae cells.
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Fig. 3-1 Cell growth and PTN levels of S. cerevisiae under acidified nitrite conditions. (A)
Yeast cells were grown in SD medium (pH 4.0-6.0) and measured growth at ODego. (Started
ODsoo = 0.1) (B) Growth curve of cells grown in SD medium pH 4.0 with and without 1 mM
NaNO; for 6 h (started ODgoo = 0.8) (C) Detection of nitrated proteins treated with 1 mM
NaNO- at pH 4.0. Cell lysate (10 pg per lane) was subjected to Western blot analysis in
duplicate to detect PTN. Immunoblot analysis was performed with anti-3NT antibody (1:2,000
dilution) and anti-PGK1 antibody (1:20,000 dilution) as the loading control. Bovine serum
albumin (BSA) proteins and nitrated BSA proteins were used as negative and positive controls,
respectively. (D) After transferring proteins to the PVDF membrane, the membrane was
incubated with 10 mM sodium dithionite and performed immunoblotting. (E) Reduction of 3-
nitrotyrosine to 3-aminotyrosine by dithionite.
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3.1.2 Proteomic analysis of nitrated proteins

To identify and quantify the modified tyrosine (Y) residues in nitrite-treated yeast cells,
stable isotope-labeled amino acids culture (SILAC) analysis using crude protein extracts
treated with acidified nitrite was performed. Unfortunately, | was unable to obtain nitrated
proteins quantification. Therefore, only identified PTN were displayed by searching for both
tyrosine nitration and amination (reduced form of nitration). Table 3-1 summarizes the
identified PTN involved in carbon metabolism, which was chosen due to their high detection
rate. These findings suggested that under nitrosative stress, many enzymes involved in carbon
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metabolism are regulated by PTN. In addition, rather than carbon metabolism with PTN, the
results of the proteomic analysis were shown in SUPPLEMENTARY INFORMATION (Table

s1).

Table 3.1 List of nitrated/aminated proteins involved in glycolysis and ethanol production,

which were identified by LC-MS/MS.

Protein . .

name Description Nitration/amination site
Pfkl Phosphofructokinase Y740

Fbal Fructose 1,6-bisphosphate aldolase Y230, y310

Tdhl Glyceraldehyde-3-phosphate dehydrogenase Y253

Tdh2 Glyceraldehyde-3-phosphate dehydrogenase Y8 Y312

Tdh3 Glyceraldehyde-3-phosphate dehydrogenase Y40, Y43, Y75, Y138 Y312
Pgkl Phosphoglycerate Kinase Y38t

Pgml Phosphoglycerate Mutase Y

Enol Enolase Y145

Eno2 Enolase Y131 Y45

Pykl Pyruvate kinase Y309, Y368

Pdcl Pyruvate decarboxylase Y38, Y157, Y344

Pdc5 Pyruvate decarboxylase Y243

Adhl Alcohol dehydrogenase Y330

16

17

18
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3.2 Impact of PTN on pyruvate decarboxylase and ethanol production

3.2.1 Acidified nitrite led to pyruvate accumulation and decreased ethanol production
According to the results of proteomic analysis (Table 3-1), many enzymes involved in
glycolysis and ethanol production were nitrated in response to nitrosative stress. Therefore,
among the metabolites related to these pathways, pyruvate as an end product of glycolysis and
its associated metabolites (ethanol and alanine) were analyzed under acidified nitrite conditions
for 1 h (Fig. 3-2A). Interestingly, pyruvate was highly accumulated in cells about 10-folds by
nitrite treatment (Fig. 3-2B). On the other hand, ethanol content in the medium was decreased
by about 50% under acidified nitrite conditions (Fig. 3-2C), whereas nitrosative stress did not

affect the intracellular alanine content (Fig. 3-2D).

3.2.2 Acidified nitrite decreased Pdcl activity but not ADH activity

Due to a decrease in ethanol content under nitrosative stress conditions, | measured
enzymatic activities of ethanol-related enzymes, pyruvate decarboxylase (PDC) and alcohol
dehydrogenase (ADH), using cell lysate extracted from yeast cells treated with acidified nitrite.
As shown in Fig. 3-3, acidified nitrite treatment reduced PDC activity by approximately 50%
(Fig. 3-3A), whereas ADH was still fully active (Fig. 3-3B). These results suggest that PDC
activity is affected by RNS. S. cerevisiae possesses three genes encoding pyruvate
decarboxylase, PDC1, PDC5, and PDCS6, in the genome. To examine the protein expression
levels of these isozymes under control and acidified nitrite conditions, western blot analysis
using yeast cells producing each PDC isozyme fused with c-Myc-tag was performed with anti
c-Myc antibody (Fig. 3-4). The results showed that Pdcl was a major isozyme in both
conditions, whereas the expression of Pdc5 and Pdc6 was not detected. Therefore, Pdcl, as the
main isozyme (Hohmann & Cederberg, 1990), was selected as a candidate protein for further

analyzing the effect of PTN.
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Fig. 3-2 The effect of acidified nitrite on pyruvate-related metabolites. (A) Pyruvate metabolic
pathway, (B) intracellular pyruvate, (C) extracellular ethanol, and (D) intracellular alanine
contents of S. cerevisiae under acidified nitrite treatment for 1 h. Data represent the averages
of three independent experiments and standard deviations. Differences where p < 0.01 versus
control (**) were significant when verified by the student’s t-test.
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Fig. 3-3 The enzyme activity of PDC and ADH. Crude extract of yeast cells cultured in
acidified nitrite condition was used for enzyme activity assay. Both enzyme activities were
measured by detecting the decrease of NADH at Azso. (A) PDC activity using 5 pg protein. (B)
ADH activity using 2 ug protein. Data represent the averages of three independent experiments
and standard deviations. Differences where p < 0.01 versus control (**) were significant when
verified by the student's t-test.
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Fig. 3-4 Protein expression levels of Pdc1, Pdc5, and Pdc6. Yeast cells that express Pdcl, Pdc5,
or Pdc6 fused with 1Myc7His were treated with 1 mM NaNO: in SD pH 4.0 for 1 h. Cell lysates
were immunoblotted to analyze their protein expressions with anti-c-Myc (1:5,000 dilution)
and anti-PGK1 (1:20,000 dilution) as the loading control.

3.2.3 Confirmation of nitrated Pdcl in vivo

To confirm the PTN of Pdc1 with other analytical methods than mass spectrometry, the
yeast strain producing Pdcl fused with 1Myc7His-tagged at its C-terminus was used. The His-
tagged Pdcl was isolated by pull-down assay from the crude extract from yeast cells treated or
untreated with acidified nitrite, and then the PTN level was analyzed by western blot with anti
3NT antibody. It was revealed that all samples contained comparable recombinant Pdcl by
western blot with anti c-Myc antibody (Fig. 3-5). Importantly, nitrite treatment increased the
PTN level of Pdcl, which was abolished by dithionite reduction. This result indicated that Pdcl

was nitrated in response to acidified nitrite treatment in vivo.
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Fig. 3-5 Immunoblotting of nitrated Pdcl. Yeast cells that express Pdcl fused with 1Myc7His
were treated with 1 mM NaNO- for 1 h. The pull-down samples were subjected to Western blot
analysis. The tyrosine nitration and protein level were detected by anti-nitrotyrosine (3NT)
(2:2,500 dilution) and anti-c-Myc (1:5,000 dilution), respectively.

3.24 PTN altered Pdcl activity

To investigate whether nitration caused by RNS affects Pdcl activity, the recombinant
Pdcl was purified and analyzed. To prepare recombinant proteins, | used E.coli strain
BL21(DE3) harboring pET-55-DEST-PDC1, in which Pdcl fused with 6xHis-tagged at its C-
terminus. SDS-PAGE analysis showed that Pdcl was overexpressed in E. coli cells and that
Pdcl was successfully purified. Subsequently, purified Pdcl was treated with 25-100 uM
ONOO" and then the relative activity of Pdcl was measured. Interestingly, Pdcl activity was
dramatically reduced when treated with ONOO" in the dose-dependent manner (Fig. 3-6B).
Moreover, the PTN levels of ONOO" treated enzymes were analyzed by western blotting to
examine whether PTN caused the inhibitory effect. Immunoreactivity to anti 3-NT antibody
was found to increase as ONOQO™ concentrations increased (Fig. 3-6C). Taken together, these

results suggest that RNS-dependent inactivation of Pdcl is due to its PTN.
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Fig. 3-6 Purification of recombinant Pdcl and effect of ONOO™ on Pdcl activity. (A) E.coli
strain BL21(DE3) harboring plasmid pET55-PDC1 was cultured in M9 medium with 0.4%
casamino acid. After induction with 0.1 mM IPTG, proteins were extracted and purified by Ni-
sepharose beads. Five pg of proteins were mixed with SDS sample buffer and heated at 95°C
for 10 min. Samples were loaded onto a 10% SDS-PAGE gel and stained with Coomassie
Brilliant Blue. The red arrow indicates bacterial-expressed Pdcl (approximately 61 kDa). (B)
Relative Pdcl activity of purified Pdcl treated with 25, 50, and 100 uM of ONOO". Data
represent the averages of three independent experiments and standard deviations. (C)
Immunoblotting of Pdcl treated with various concentrations of ONOQO™ using anti-nitrotyrosine
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(3NT) (2:2,500 dilution) and protein loading was determined by membrane staining with
Ponceau S.

3.2.5 Identification of PTN site in nitrated Pdcl

Subsequently, I analyzed the proteomic data shown in Table 3-1, in which Pdcl was
identified as a nitrated protein for more details. The protein sequence coverage was 76.02%,
and the peptide fragments containing 14 tyrosine residues were identified among 17 tyrosine
residues of Pdcl (Fig. 3-7A). Table 3-2 summaries the peptides identified by LC-MS/MS.
None of the identified peptides contained nitrated tyrosine; instead, those containing
aminotyrosine, which is a reduced form of nitrotyrosine (Fig. 3-8A), were detected. The first
peptide sequence, QVNVNTVFGLPGDFNLSLLDKIYEVEGMR, consisted of 29 amino
acids and a mass of 3283.69 Da with aminotyrosine (+15.01090 Da) relating to aminated
tyrosine at position 38 (Y38) (Fig. 3-8B). The second peptide sequence,
TTYVTQRPVYLGLPANLVDLNVPAK, has a total of 25 amino acids and a mass of 2804.56
Da containing aminotyrosine (+15.01090 Da) at position 157 (Y157) (Fig. 3-8C). The third
peptide sequence, GYKPVAVPAR, has a total of 10 amino acids and a mass of 1119.66 Da
containing aminotyrosine (+15.01090 Da) at position 344 (Y344) (Fig. 3-8D). The position of
tyrosine nitration on the 3D structure of Pdcl was illustrated in Fig. 3-8B. The details of LC-
MS/MS analysis of Pdcl are shown in SUPPLEMENTARY INFORMATION (Table S2)

Table 3.2 Summary of the nitrated Pdc1 identified by LC-MS/MS

Peptide sequence Nitration site Charge(Z) MH+ Retention Time (min)
QVNVNTVFGLPGDFNLSLLDKIY**EVEGMR?* Tyr38 3 3283.69 73.38
T*TY'VTQR*PVYLGLPANLVDLNVPAK* Tyrl57 3 2804.57 56.48
G*Y*KPVAVPAR* Tyr344 2 1119.66 16.73

Y = Aminated tyrosine (+15.011 Da), * = Acetylation (+42.01057 Da), # = SILAC labeling of K
(+4.025 Da) and R (+1.003 Da), MH+ = mass values (Da)
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Fig. 3-7 Amino acid sequence and protein structure of Pdcl1. (A) Peptide sequences identified
by LC-MS/MS. Bold characters indicate tyrosine residues. Red characters show amino acid
residues that were matched with Pdcl. Underline characters are peptide sequences with
aminated tyrosine. The number represents the location of aminated tyrosine. (B) The structure
of Pdcl (PDB ID: 2VK1) is shown as a homodimer (Gray and orange) with tyrosine nitration
positions (Red), Thiamine diphosphate (Blue), Pyruvate (Yellow), Magnesium ion (Light

green).
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Fig. 3-8 MS/MS spectrum of aminated peptides from Pdcl. The MS/MS spectra for nitrated

Y38 (A), Y157 (B), and Y344 (C), respectively.

48




N o o W N P

10
11
12
13

14

15

3.2.6 Protein sequence alignment and structure of Pdcl

Proteomic analysis indicated tyrosine nitration in Pdcl at positions 38, 157, and 344
(Y38, Y157, and Y344). An amino acid sequence of the S. cerevisiae Pdcl was compared with
the Pdcl orthologues from other yeasts (Kluyveromyces marxianus, Schizosaccharomyces
pombe, and Candida albicans) and plants (Zea mays, Arabidopsis thaliana, and Oryza sativa)

(Fig. 3-9). It was shown that Y344 is highly conserved in both yeasts and plants. In contrast,

Y38 and Y157 are conserved only in yeasts.

YEAST
CANGA
KLULA
ARATH
ORYSI

YEAST
CANGA
KLULA
ARATH
ORYSI

YEAST
CANGA
KLULA
ARATH
ORYSI

Fig. 3-9 Amino acid sequence alignment of various pyruvate decarboxylase enzymes. This
was performed wusing Uniprot (https://www.uniprot.org/align) (YEAST:
Saccharomyces cerevisiae, CANGA: Candida glabrata, KLULA: Kluyveromyces lactis,

alignment
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355

Y38
VNVNTVFGLPGDFNLSLLDKIYEVEGMRWAGNANELNAAYAADGYARIKGMSCIITTEGV
VDVKTIFGLPGDEFNLSLLDEINYEVEGMRWAGNANELNAAYAADGYARTIKGMSCIITTEGV
VEVQTIFGLPGDFNLSLLDNIYEVPGMRWAGNANELNAAYAADGYARLEGMSCIITTEGV
AGVTDVFSVPGDFNLTLLDHIMAEPDLNLIGCCNELNAGYAADGYARSRGVGACVVTETV
IGATDVFAVPGDENLTLLDY H‘EPGLKLIGCCNELNAGYAADGYARARGVGACAVTFTV

Y157
AMITDIATAPAEIDRCIRTTYNVTQRPVYLGLPANLVDLNVPAKLLQTPIDMSLKPND--A
AMVTDIATAPAEIDRCIRT TORPVYLGLPANLVDLEVPAKLLETPIDLSLKPND--P
AMITDINTAPAEIDRCIRTYYVSQRPVYLGLPANLVDLTVPASLLDTPIDLSLKPND--P
AVVNNLDDAHEQIDKATSTALKESKPVYISVSCNLAATPHHTF-SRDPVPEFSLAPRLSNK
AVINNLDDAHEQIDTATATAIRESKPVYISVGCNLAGLSHPTF-SREPVPLEISPRLSNK

Y344
KIRNAT-FPGVOMKEFVL-——-QKLLTTIADAAKJYKPVAVPARTPANAAVPAST PLKQEWM
KIRNAT-FPGVOMKFAL---QKLLNAVPEAIKQYKPVPVPARVPENKSCDPAT PLKQEWM
KIRSAT-FPGVOMKFAL-——-QKLLTKVADAAKQYKPVPVPSEPEHNEAVADST PLKQEWV
TVANGPTFGCILMSDFFRELSKRVKRNETAYENYHRIFVPEGKPLK--CESREPLRVNTM
VVGNGPAFGCILMTEFLDALAKRLDRNTTAYDNYRRIFIPDREPPN--GQPDEPLRVNIL

ARATH: Arabidopsis thaliana, ORYSI: Oryza sativa).
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3.2.7 Nitration at Y157 and Y344 altered Pdc1 activity

To identify the PTN position that affects Pdcl activity, the site-specifically 3NT-
incorporated Pdcl at Y38, Y157, or Y344, which were named Y38NT-, Y157NT-, or Y344NT-
Pdcl, respectively, was expressed and purified using E. coli cells as described in the
MATERIALS AND METHODS section. SDS-PAGE followed by the immunoblotting with
anti 3NT antibody and Ponceau S staining indicated that Y38NT-, Y157NT-, and Y344NT-
Pdcl were successfully purified (Fig. 3-10A). All nitrotyrosine-incorporated Pdcl showed
detectable signals from the 3NT antibody. Subsequently, | measured the enzymatic activity of
the wild-type (WT) and the 3NT-incorporated Pdcl. It was found that the activity of Y157NT-
or Y344NT-Pdcl dropped about 60% or 90%, respectively. On the other hand, Y38NT-Pdcl
did not significantly alter its activity (Fig. 3-10B). These results suggest that nitration at Y157
and Y344 is important for the Pdcl activity.

3.2.8 Substitution to phenylalanine at Y157 or Y344 recovered ethanol production

To analyze the effect of nitration in vivo, ethanol productivity of yeast cells expressing
WT-, Y157F-, or Y344F-Pdcl was measured under acidified nitrite conditions. The western
blot analysis with anti c-Myc antibody showed that the protein level of each Pdcl variant was
almost the same (Fig. 3-11A). The measurement of ethanol content in medium indicated that
RNS reduced ethanol productivity by about 40% compared to the control strain expressing
WT-Pdcl. Interestingly, neither yeast cells producing Y157F-Pdcl nor the Y344F-Pdcl
variants reduced ethanol production significantly by acidified nitrite treatment (Fig. 3-11B).
This finding suggests that Y157 and Y344 are important PTN target residues for the regulation
of Pdcl activity.
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Fig. 3-10 Enzymatic activity of Pdclwith the incorporation of nitrotyrosine expressed in E.coli.
(A) The wild-type (WT) Pdcl and the 3-nitrotyrosine (NT)-incorporated Pdcl at Y38, Y157,
or Y344 (Y38NT, Y157NT, or Y344NT) were purified and detected by immunoblotting using
a 3NT antibody. (B) Pdcl activity of WT, Y38NT, Y157NT, or Y344NT. Data represent the
averages of three independent experiments and standard deviations.
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Fig. 3-11 Ethanol productivity of yeast cells expressing WT and phenylalanine variants of
Pdcl. (A) Pdcl expression in yeast strain X2180-1A ura3A pdclA harboring pRS416-PDC1-
1Myc7His and phenylalanine variants of Y157 (pRS416-PDC1Y¥"F-1Myc7His) and Y344F
(PRS416-PDC1Y34F-1Myc7His) treated with 1 mM NaNO: for 1 h. (B) Extracellular ethanol
contents of X2180-1A ura3A pdclA cells harboring pRS416-PDC1-1Myc7His and
phenylalanine variants treated with 1 mM NaNO- for 1 h. Data represent the averages of three
independent experiments and standard deviations. Differences where p < 0.01 versus untreated
of its strain (**) were significant when verified by the student’s t-test.
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3.3 Role of GABA under nitrosative stress

3.3.1 Nitrosative stress led to GABA accumulation

GABA accumulation has been reported in many organisms when cells were exposed to
abiotic stress; however, there are no information available about the relationship between
GABA and nitrosative stress in yeast. To further investigate GABA functions in yeast cells
under nitrosative stress conditions, | measured cell viability and intracellular GABA content in
S. cerevisiae strain treated with acidified nitrite. It was shown that nitrite treatment at pH 6.0
did not affect cell viability. On the other hand, the treatment at pH 4.0 dramatically decreased
cell viability to 51% (Fig. 3-12A). Moreover, acidified nitrite treatment at pH 4.0 led to GABA
accumulation up to 6.15 pmol/g of dry cell weight after 1 h-treatment; however, GABA was
not detected in the medium with pH 6.0 regardless of nitrite (Fig. 3-12B). These results
indicated that RNS produced from acidified nitrite decreased cell viability and resulted in

GABA accumulation.

A 120 B 7
100 - = 01
g
2 80 5
= < 24
£ 60 - =5
% SN
> 40 A ;éz_
20 A = 1 A
0 0 ﬁ
pH 6.0 pH 4.0 - + - + NaNO,

pH 6.0 pH 4.0

Fig. 3-12 Effects of acidified nitrite on cell viability and GABA content of strain BY4741. (A)
Cell viability under nitrosative stress conditions. Yeast cells were cultured in SD medium pH
6.0 and pH 4.0 with and without 1 mM NaNO: and cultured for 1 h. Cultures were spread onto
YPD agar plates and counting viable yeast colonies. (B) GABA content under nitrosative stress
conditions. Yeast cells were cultured in SD medium pH 6.0 and pH 4.0 with and without 1 mM
NaNO: and cultured for 1 h. Cells were extracted and intracellular GABA content was
measured. Data represent the averages of three independent experiments and standard
deviations.
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3.3.2 GABA but not GABA shunt helps cells from nitrosative stress

The previous report (Cao et al., 2013a; Coleman et al., 2001) concluded that the GABA
degradation pathway or GABA shunt is involved in the oxidative stress and heat stress
tolerance mechanism. To investigate the role of the GABA shunt in nitrosative stress in yeast,
cell viabilities of the gadlA (unable to synthesize GABA) and ugalA (unable to degrade
GABA) strains were determined under acidified nitrite conditions for 1 h (Fig. 3-13A).
Interestingly, cell viability of the gad1A strain after acidified nitrite treatment was significantly
dropped to 33%, which was lower than the wild-type (WT) strain. In contrast, cell viability of
the ugalA strain did not exhibit any difference from WT strain. Notably, the supplementation
of 0.1 mM GABA increased the cell viability of all strains. Furthermore, cell viability of the
gad1A strain was restored to the same level of WT strain when GABA was exogenously added.
Based on these results, GABA may play a role in protecting yeast cells from nitrosative stress.
Additionally, the analysis of intracellular GABA content demonstrated that gad1A cells did not
produce GABA in both conditions, whereas the GABA content in ugalA cells was slightly
lower than WT cells treated with acidified nitrite for 1 h (Fig. 3-13B). These findings suggest
that GABA, but not the GABA shunt, play an important role in nitrosative stress tolerance.
Furthermore, the intracellular GABA level of WT strain increased dramatically in a time-
dependent manner, suggesting that the endogenous GABA is a key molecule in the nitrosative

stress response/tolerance.

3.3.3 GABA did not regulate antioxidant enzyme activities

In plants, accumulation and supplementation of GABA increase activities of
antioxidant-related enzymes, such as catalase, glutathione reductase, peroxidase, leading to
oxidative stress tolerance (Nayyar et al., 2014; Seifikalhor et al., 2020; Tang et al., 2020). The
enzymatic activities of catalase and glutathione reductase, which have been implicated in
nitrosative stress, were measured to investigate the role of GABA in regulating antioxidant
enzymes in yeast. Cells were cultured in nitrosative stress conditions with or without
supplementation of GABA, and the enzyme activity of crude protein extract was measured. As
a result, catalase activity was reduced after acidified nitrite treatment, and the GABA
supplementation did not restore it (Fig. 3-14A). In contrast, nitrosative stress and GABA
supplementation did not affect glutathione reductase activity (Fig. 3-14B). These findings
indicated that GABA did not participate in the regulation of antioxidant-related enzyme activity

during nitrosative stress.
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Fig. 3-13 Cell viability and GABA content of yeast strains BY4741 WT, gadlA, and ugalA.
(A) Cell viability of the WT, gadlA, and ugalA strains with and without 0.1 mM GABA
addition were treated with 1 mM NaNO: and cultured for 1 h. Cultures were spread onto YPD
agar plates and counting viable yeast colonies. (B) GABA content of the WT, gadlA, and
ugalA strains. Cells were cultured in control (-NO) and nitrite treatment (+NO) for 1 h. The
intracellular GABA content of the WT, gad1A, and ugalA strains under control and treatment
conditions was verified by an amino acid analyzer. Data represent the averages of three
independent experiments and standard deviations. Differences where p < 0.01 versus WT (**)
were significant when verified by the student’s t-test.
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Fig. 3-14 Catalase and glutathione reductase activities under nitrosative stress conditions.
Yeast cells were cultured in control (-NO2) and nitrite treatment (+NO2) with and without 0.1
mM GABA. (A) Catalase and (B) glutathione reductase activities were measured using crude
extract 20 pg and 100 ug, respectively. Data represent the averages of three independent

experiments and standard deviations.
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4. DISCUSSION

This study demonstrated that nitrosative stress inhibits yeast cell growth and increases
PTN levels in a time-dependent manner. My proteomic analysis also identified many metabolic
enzymes involved in carbon metabolism as proteins with PTN modifications. Furthermore, it
was indicated that nitrosative stress reduces ethanol production by decreasing the Pdc1 activity
via PTN at Y157 and/or Y344. On the other hand, accumulation of GABA in response to
nitrosative stress is likely to be important for nitrosative stress tolerance, although its detailed

mechanisms are still unknown. I will discuss these findings in this section.

4.1 RNS generated by acidified nitrite induce PTN in yeast

The acidification of nitrite produces a complex mixture of RNS, which mimics RNS
production in the gastrointestinal tract. Acidic pH alone (from pH 4-6) did not affect yeast cell
growth (Fig. 3-1A), but acidified nitrite led to growth inhibition (Fig. 3-1B), coinciding with
the formation of NO/RNS. This finding is consistent with previous research that acidic pH is
insufficient to eliminate gut pathogens and that acidified nitrite may provide protection against
gut pathogens in humans (Dykhuizen et al., 1996). Furthermore, RNS can inhibit mitochondrial
respiration and affect ATP content in cells (Brown, 1999), potentially inhibiting yeast cell
growth. RNS produced by acidified nitrite resulted in PTN in vivo (Fig. 3-1C).

Given the abundance of carbon metabolic enzymes in cells (Table 3-1), it stands to
reason that they would be easily detected as modified proteins by proteomic analysis of whole-
cell lysate extracted. Previous literatures also showed that carbon metabolic enzymes are the
target of post-translational modifications, such as tyrosine nitration, S-nitrosylation, oxidation,
and carbonylation in various organisms (Bolafios et al., 2008; Cabiscol & Ros, 2006; Tripodi
et al., 2015). To overcome the limitation of PTN identification, a specific immunoprecipitation
assay using anti-3NT antibody would be a better strategy to identify more PTN by enrichment
of proteins containing PTN before being subjected to LC-MS/MS analysis. The list of nitrated
proteins shown in Table 3-1 indicated that exogenous RNS highly affect various enzymes
involving glycolytic and ethanol synthetic pathways that are important for yeast cells to

generate energy and metabolites.
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4.2 Pdcl inactivation triggered by PTN inhibits ethanol production

When S. cerevisiae cells grow exponentially in the presence of high concentrations of
fermentable carbon source with air, glucose degradation is primarily accomplished through
aerobic fermentation of ethanol rather than respiration in mitochondria called the Crabtree
effect (Vemuri et al., 2007). Ethanol biosynthesis is an essential process for yeast cells because
NAD™ regeneration is crucial for many cellular mechanisms (Forster et al., 2003). Previous
research about nitrite in molasses suggests that nitrite affects ethanol production, which may
be due to the acidified nitrite effect under the lower pH conditions following longer culture.
Molasses has been used as an inexpensive sugar source in industrial fermentation. However, it
contains various inorganic and organic substrates, including nitrite, which may interfere with
ethanol production (Jones & Gadd, 1990). Therefore, the acidified nitrite treatment as a
condition to generate RNS in this study can mimic yeast cultivation using molasses containing

nitrite as a physiological condition.

Based on the results of the proteomic analysis, I am primarily interested in both
glycolytic and ethanol synthetic pathways by checking metabolites involved in ethanol
production and pyruvate related-metabolite. This study found that when nitrite was present in
acid, ethanol production was decreased while pyruvate was accumulated (Fig. 3-2B, C). The
accumulation of pyruvate may imply that glucose degradation via the glycolytic pathway can
still function at this time point, even though enzymes in this pathway are nitrated (Table 3-1).
It would imply that PTN does not significantly impact protein function because PTN can cause
protein function to be lost, be improved, or have no effect (Radi, 2013). There are two possible
explanations for pyruvate accumulation. First, nitrosative stress can inhibit the mitochondrial
respiratory chain, leading to ATP depletion. A higher AMP:ATP ratio can stimulate glycolysis
via 5' AMP-activated protein kinase to produce ATP, resulting in pyruvate accumulation
(Bolarios et al., 2008). Second, pyruvate accumulation could be caused by a problem with
pyruvate degradation pathways. Pyruvate can be degraded by alanine biosynthesis, the TCA
cycle in mitochondria, and ethanol biosynthesis. Alanine, which is a pyruvate-related
metabolite and an essential protein component synthesized by alanine transaminase, did not
change in its concentration (Fig. 3-3D). | did not measure this metabolite in the TCA cycle in
this study; however, it has been reported that the activities of some TCA cycle enzymes,
including a-ketoglutarate dehydrogenase and pyruvate dehydrogenase, are inhibited by nitric
oxide in Salmonella enterica (Richardson et al., 2011). Moreover, the yeast aconitase and
NAD"-dependent isocitrate dehydrogenase were found to be nitrated in vivo; the nitration
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consequence has yet to be elucidated (Bhattacharjee et al., 2009). These findings suggest that
the TCA cycle enzymes are the targets of RNS-mediated post-translational modification, which

is likely to be one of the causes of pyruvate accumulation.

The pyruvate degradation pathway may encounter difficulties, resulting in pyruvate
accumulation. Pyruvate decarboxylase activity was shown to decrease without changing
expression levels (Fig. 3-3A, 3-4). | assume that the decrease in ethanol production may result
from decreased PDCs activity because ADH activity did not change during nitrite treatment
(Fig. 3-3B). However, the amounts of pyruvate and ethanol cannot be directly compared in this
experiment because pyruvate is measured from intracellular content, whereas ethanol is
measured from extracellular content. PDC activity decreases during nitrosative stress, most
likely due to Pdcl. Only Pdcl protein was detected in this study, while Pdc5 and Pdc6 were
not detected (Fig. 3-4), indicating that Pdcl is likely to be the main isozyme during nitroative
stress which was coincided with the previous report that PDC1 gene is highly expressed in
most conditions (Hohmann & Cederberg, 1990) and is induced by the presence of glucose (van
den Berg et al., 1998). On the other hand, using 1Myc7His tagging with c-Myc antibody may
cause sensitivity issues. To address this issue, protein tagging with a 9Myc tag or another tag
may be used to increase sensitivity. Aside from transcriptional control of PDC1, post-
translational modification of the protein is proposed to be another way to modulate its function.
Dephosphorylation of Pdcl in S. cerevisiae cells, mediated by serine/threonine-protein
phosphatase, increases ethanol fermentation and Pdcl activity by altering the apparent affinity
for TPP and pyruvate (de Assis et al., 2013). Here, | hypothesized that Pdcl is a new candidate
for NO-dependent post-translational regulation via PTN and investigated this hypothesis using

both in vitro and in vivo approaches.

Pdcl is critical for directing the glucose flux to ethanol production illustrated to be
nitrated by acidified nitrite (Fig. 3-5) and inactivated by nitrating agent ONOO" (Fig. 3-6B).
Peroxynitrite (ONOQ") is probably the primary nitrating agent in vivo (Abello et al., 2009). On
the other hand, ONOO" is a fast-acting reactive oxidant that can promote modification of amino
acids besides PTN, such as oxidation and S-nitrosylation. Therefore, incorporation of 3NT at a
specific position is suitable for identification of nitration sites that affect enzyme activity.
Proteomic analysis from yeast whole-cell lysate revealed that Pdc1 was aminated at Y38, Y157,
and Y344 with the score of protein sequence coverage 76.02% (Table 3-2). PTN is
hypothesized to be a selective mechanism that is nitrated preferentially depending on structure
and environment. (Radi, 2013). In the LC-MS/MS analysis (Fig. 3-8), three positions of
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tyrosine amination were detected instead of tyrosine nitration. The lack of PTN in Pdc1 can be
explained by treatments performed during sample preparation prior to mass spectrometry
analysis or during protein ionization leading to reduced form of nitration. (Soderling et al.,
2007). To elucidate the functional roles of Y38, Y157, and Y344, | performed an in vitro assay
with the incorporation of 3NT to these tyrosine residues. Site-specific 3NT incorporation on
the Pdcl experiment revealed that nitration at positions Y157 and Y344 affects Pdcl activity
(Fig. 3-10C). To our knowledge, this is the first study to identify the tyrosine nitration site in
Pdcl and to analyze their functions in S. cerevisiae.

Nitration of Pdcl at Y157 and Y344 was responsible for a decrease in enzyme activity,
as inferred by the finding of NT incorporation in the recombinant Pdcl. Since it has been
reported that incorporation of a nitro group into a tyrosine residue can result in profound
structural and functional changes (Radi, 2013), tyrosine nitration in Pdc1 is likely to contribute
to alteration of the Pdcl structure and activity. Both Y157 and Y344 are directly involved in
neither the substrate-binding nor regulatory sites. It is difficult to understand how nitration at
these positions affects enzyme activity. The structure of the S. cerevisiae Pdcl (Fig. 4-1)
implies that nitration sites determined in this study may affect to the thiamine diphosphate
(TPP) binding site and the regulatory site. Nitration at Y157 is likely to disrupt the residue
Lys65 and Gly66 in the loop structure of Asn50-Gly66 that contains the TPP binding site at
Glu51 (Fig. 4-1A). Glu51 interacts with the N1‘-atom of the cofactor TPP, which strongly
influences the catalytic activity, and the E51Q and E51A variants resulted in a loss of catalytic
activity. (Margrit Killee nberg-Jabs et al., 1997). Therefore, nitration at Y157 may indirectly
interfere with Glu51, resulting in a decrease in activity. Nitration at Y344 could trigger a
conformational change in the regulatory site and decreases Pdcl activity. According to the
previous report (Kutter et al., 2009), PDCs are regulated by binding an effector molecule
(pyruvate) at the regulatory site, inducing the conformational changes of the active site. The
nitration at Y344 may result in unfavorable interactions with Ala211, Lys212, Asn213, and
Pro214, interfering with the folding of loop structure that contained Cys221 and His 225, the
core of the regulatory site (Fig. 4-1B). Site-directed mutagenesis revealed that C221A and
H225F, which are involved in the substrate binding sites, showed a weaker binding affinity for
the substrate at the regulatory site and decreased its enzyme activity (Spinka et al., 2017).
Furthermore, PTN at both 157 and 344 positions at the same time may amplify the effect of
PTN alteration to both the TPP binding site and the regulatory site. This extraordinary
phenomenon may result in lower enzymatic activity than PTN at only one position. Moreover,
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replacement of tyrosine with phenylalanine, which cannot be nitrated, showed an increase in
ethanol production in S. cerevisiae cells treated with acidified nitrite (Fig. 3-11B). These results
confirmed the positions of nitration in vivo, which is resistant to nitration-dependent inhibition.
The limitation of this study is the quantification of nitrated Pdcl in vivo. First, | intended to
obtain this result using the SILAC method by relatively comparing PTN and non-PTN peptides
of Pdc1; however, it failed to quantify nitrated protein. To address this issue, the SILAC method
combined with immunoprecipitation/pull-down assays of the Pdcl in both control and
nitrosative stress conditions may be used. Previously, | used the SILAC method to extract
whole cells, which may have caused sensitivity issues and resulted in the inability to quantify
PTN of Pdc1. The other method is to quantify PTN protein by ELISA. An in vitro nitrated Pdcl
is used to create the standard curve. Pdcl nitration values are presented as arbitrary units in
relation to the relative amount quantified by densitometry.

AN B
b g s
N y
» )
g "\'
gl
n f e
\ N
\(\‘\) ?\/J ' \\
N\\ (_‘ ‘
v “1 / ,’ : ) .
YISINT S \

Fig. 4-1 Structure illustration of Pdcl nitration. Part of the structure model of the S. cerevisiae
Pdcl (PDB ID: 2VK1) showing (A) the TPP binding site with nitration at Tyr157 (Y157NT)
and (B) the regulatory site with nitration at Tyr344 (Y344NT). Tyrosine nitration residues are
shown in purple, thiamine pyrophosphate (TPP) and pyruvate (PYR) are shown in blue and
yellow, respectively. Glu51 is the residue binding to TPP. Cys221 and His 225 are the residues
binding to PYR. Purple dashed lines exhibit the clash contact of tyrosine nitration and protein
structure (orange and green).
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In contrast to my findings, a previous study reported that yeast cells exposed to
nitrosative stress were capable of producing more ethanol in a rich medium by increasing
alcohol dehydrogenase activity under stress conditions by using 0.5 mM NaNO: for acidified
nitrite (Sengupta et al., 2020). It is possible that lower concentrations of acidified nitrite
produce lower RNS, which may be insufficient to cause Pdcl nitration. On the other hand, low
concentrations of RNS may inhibit the mitochondrial electron transport chain and activate
glycolysis to produce ATP (Brown, 1999). This may result in an increase in ethanol production.
Compared to this study, the use of rich medium versus minimal medium in the experiment may
cause different metabolic processes inside cells, leading to different mechanisms to produce

ethanol during nitrosative stress.

Nitration-induced post-translational modification of Pdcl may serve as a regulatory
mechanism to control ethanol production in response to nitrosative stress. The decrease in
ethanol production may impair NAD" regeneration, leading to an increase in NADH. |
hypothesize that NADH could be channeled into other metabolic processes, such as the NO
detoxification system. NO dioxygenase (NOD), encoded by the YHB1 gene, is the main
enzyme in the detoxification of NO to nitrate (Liu et al., 2000) (Fig. 4-2). A previous work
found that nitrite ions are completely converted into nitrate ions during the fermentation latency
in molasses containing nitrite (Glacet et al., 1985). This phenomenon may imply that the
conversion of nitrite into nitrate results from acidified nitrite chemically converting nitrite into
NO and then nitrate via NOD.

RNS

Pdc1
Pyruvate —— Acetaldehyde 7-? Ethanol‘

NADH T NAD*

Nitric-oxide dioxygenase /

2NO + 20, + NAD(P)H = 2NO, + NAD(P)* + H*

Fig. 4-2 A proposed model to the biological event of reducing ethanol production via Pdcl
nitration. Under nitrosative stress conditions, Pdcl is modified by RNS and decrease in its
activity via PTN. Consequently, ethanol production is dropped, and the NADH redox system
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via fermentation may be dropped. Then, NADH could be used via NO dioxygenase (NOD) to
detoxify NO, which is converted into its unharmful form (nitrate).

4.3 GABA and nitrosative stress tolerance

The GABA shunt, a closed-loop process of producing and conserving GABA supply,
has been shown to protect yeast cells against oxidative stress and heat stress (Cao et al., 2013a;
Coleman et al., 2001). Until now, it is unclear about the GABA shunt and the role of GABA in
yeast under nitrosative stress conditions. In this study, S. cerevisiae cells were shown to
respond to nitrosative stress by accumulating GABA (Fig. 3-12B). The accumulation of GABA
has been extensively studied in plants as a model organism that is constantly exposed to
environmental stresses, and most of the time, this accumulation is associated with a stress
response in plant cells (Al-Quraan & Al-Omari, 2017; Mekonnen et al., 2016; Seifikalhor et
al., 2020). On the other hand, the earlier yeast study indicated that GABA accumulation is
unlikely to positively affect stress tolerance during heat stress (Cao et al., 2013a). Therefore, it
is an interesting finding that GABA accumulation positively helps yeast cells from nitrosative
stress by measuring cell viability and a cell’s ability to proliferate (Carmona-Gutierrez et al.,
2018). In my study, the gad1A mutant, which cannot produce GABA (Fig. 3-13B), exhibited
lower viability than the WT and ugalA strains when cells are facing nitrosative stress (Fig 3-
13A). A previous research indicated that both gadlA and ugalA mutants showed reduced
tolerance to heat stress; in contrast with my study, ugalA cells could be tolerant to nitrosative
stress at the same level as WT cells. In this study, ugalA cells had a slightly lower GABA
content than WT cells by unknown reasons; however, GABA accumulation in the ugalA
mutant is sufficient to protect cells from nitrosative stress. These findings strongly suggest that
GABA itself, rather than the GABA shunt, plays an important role in nitrosative stress
response. A previous study on the GABA shunt in yeast suggests that NADPH production via
the SSADH enzyme, which catalyzes the last step of the GABA shunt encoded by the UGA2
gene, is most likely the critical component in reducing ROS generation during heat stress,
resulting in heat-stress tolerance of yeast cells. NADPH is required for regeneration of reduced
glutathione and thioredoxin by GR and thioredoxin reductase, respectively, leading to
maintenance of the normal redox balance. (Jamieson, 1998). However, it does not appear that
nitrosative stress associates to NADPH production via the GABA shunt because the ugal
mutant did not affect cell viability. Based on these results, | propose that GABA itself could

act as a protective and/or signaling molecule against nitrosative stress in S. cerevisiae.

63



O 00 N o U b~ W N

I S
N R O

13
14
15
16
17
18
19
20
21
22
23
24
25
26

In plants, GABA supplementation can support cells from many kinds of stresses. The
addition of GABA is associated with significantly increased antioxidant enzyme activities,
such as superoxide dismutase, catalase, and glutathione reductase (Tang et al., 2020). In order
to investigate the role of GABA on nitrosative stress in yeast. | measured enzymatic activities
of catalase and GR, which has been reported as an RNS antioxidative enzyme (Jamieson, 1998;
Sahoo et al., 2009). As a result, GABA did not affect enzyme activities related to nitrosative
stress response (Fig. 3-14A, B), suggesting that GABA would help yeast cells through an
unknown mechanism different from that regulating enzyme activity. Interestingly, catalase
activity was decreased after acidified nitrite treatment which would be a result from NO-related
post-translational modification (Purwar et al., 2011). At the same time, nitrosative stress did
not affect GR activity. A recent plant research shows that RNS does not affect GR, implying
that GR is required for the antioxidant system to function (Begara-Morales et al., 2015).

According to plant research, environmental stress induces GABA accumulation via two
distinct mechanisms, (1) decreases cytosolic pH leading to pH-dependent activation of GAD
expression, leading to GABA synthesis, and (2) increases cytosolic Ca®*, which stimulates
Ca?*/calmodulin-dependent Gad activity, leading to GABA synthesis (Fig. 4-3) (Mei et al.,
2016). A recent work in Arabidopsis thaliana suggests that hypoxia-induced GABA
accumulation restores membrane potential, prevents ROS-induced disruption to ion
homeostasis, and functions as a ligand directly controlling ion channels (Wu et al., 2021). The
phenomenon by which GABA is essential for hypoxia stress may be adapted to nitrosative
stress because both situations result in ATP depletion and membrane depolarization (Ghasemi
et al., 2018). On the other hand, the phenomenon of elevated GABA content in yeast cells
during nitrosative stress and its physiological role in stress tolerance are important points to
further investigate and comprehend in-depth. A comprehensive analysis of gene expression
levels associated with nitrosative stress and GABA supplementation is required to clarify how

GABA protects yeast cells from nitrosative stress in the future.
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Fig. 4-3 A Proposed model for GABA accumulation and its role in nitrosative stress tolerance.
When yeast cells are exposed to RNS, RNS causes membrane depolarization and increases in
Ca?" level, activating GABA synthesis. GABA involves in nitrosative stress tolerance through
unknown mechanisms.
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5. CONCLUSIONS

According to the findings of this research, acidified nitrite inhibits cell growth of the
yeast S. cerevisiae while increasing PTN levels. Proteomic analysis revealed that many
enzymes involved in carbon metabolism are targets for PTN modification. Based on these
results, the investigation into PTN and ethanol production was carried out. The current study
indicates that when cells were exposed to nitrosative stress, ethanol production by S. cerevisiae
decreased, associating with a decrease in Pdcl activity via PTN at Y157 and/or Y344. Reduced
ethanol production is hypothesized to be a stress response designed to supply NADH to the NO
detoxification system. Taken together, these findings provide new insights into the molecular
mechanism underlying the negative regulation of Pdcl via RNS-mediated PTN during

nitrosative stress.

This study also found a novel role for GABA in S. cerevisiae. against nitrosative stress.
GABA accumulation is likely to play a role in nitrosative stress tolerance, most probably
through mechanisms other than the previously reported GABA shunt. To my knowledge, this
is the first study to show that GABA protects S. cerevisiae cells from nitrosative stress. This
information opens the door to new insights into the functional aspects of GABA. However, the
precise mechanisms are still unknown. More research is needed to understand the role of
GABA-mediated regulation in stress tolerance in precise mechanisms at the molecular and
genetic levels. Future research may extend this work by conducting a comprehensive analysis
of gene expression levels associated with nitrosative stress and GABA supplementation in

order to elucidate these protective mechanisms.
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SUPPLEMENTARY INFORMATION

3  Table S1 List of nitrated protein identified by LC-MS/MS

Protein name  ORF Function

Alal YOR335C Alanine-tRNA ligase

Dpsl YLLOISC  Aspartyl-tRNA synthetase

Fasl YKI1.182W Tetrafunctional fatty acid synthase subunit

Gdh3 YALO062W NADP(+)-dependent glutamate dehydrogenase

Hsp82 YPL240C  Hsp90 chaperone

Ivs YLR355C  Ketol-acid reductoisomerase

Ippl YBRO11C  Cytoplasmic inorganic pyrophosphatase

Oye2 YHRI179W Conserved NADPH oxidoreductase containing flavin
mononucleotide

Pkl YGR240C  Alpha subunit of heterooctameric phosphofructokinase

Pma2 YPL0O36W Plasma membrane H+-ATPase

Pst2 YDRO032C FMN-dependent NAD(P)H:quinone oxidoreductase

Rpsl7a YMLO024W Ribosomal protein 51 (rp51) of the small (40s) subunit

Rps19a YOL121C Protein component of the small (40S) ribosomal subunit

Scpl60 YJLO80C  Essential RNA-binding G protein effector of mating response
pathway

Shm?2 YLRO58C  Cytosolic serine hydroxymethyltransferase

Stml YLR150W Protein required for optimal translation under nutrient stress

Ssal YALOOSC  ATPase involved in protein folding and NLS-directed nuclear
transport; member of HSP70 family

Ssa2 YLL024C  HSP70 family ATP-binding protein; involved in protein folding,
vacuolar import of proteins

Tef2 YBR118W Translational elongation factor EF-1 alpha

Ura2 YJL130C  Bifunctional carbamoylphosphate synthetase/aspartate
transcarbamylase

Yef3 YLR249W Translation elongation factor 3

4
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Table S2-1 Details of LC/MS/MS fragmentation of QVNVNTVFGLPGDFNLSLLDKIYEV
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Table S2-2 Details of LC/MS/MS fragmentation of TTY157VTQRPVYLGLPANLVDL
NVPAK

#1 b* b2 b3+ Seq. y* y* vy #2
17  14406552" 72.53640” 48.69336 T-Acetyl 725
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Table S2-3 Details of LC/MS/MS fragmentation of GYKPVAVPAR
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