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Abstract

Nitrosative stress is a hostile condition mediated by reactive nitrogen species (RNS).
Macromolecules like DNA, proteins, lipids are very vulnerable to RNS. Protein
modifications like protein tyrosine nitration (PTN) and S-nitrosylation are major
markers of nitrosative stress. One of the best system to study nitrosative stress is
Saccharomyces cerevisiae. Thousands of studies have been conducted by using S.
cerevisiae to explore molecules involved in stress response, signal pathways,
antioxidant system etc. but glucose metabolism and subsequent ethanol production
under nitrosative stress was poorly understood. Here, metabolic response of S.
cerevisiae has been characterized with special reference to the ethanol production under
nitrosative stress mediated by acidified sodium nitrite (ac.NaNO;) or s-

nitrosoglutathione (GSNO).

Major findings of this study suggest no significant loss of cellular viability of S.
cerevisiae in presence of 0.5 mM Ac. NaNO: or 0.25 mM GSNO as compared to the
control where stress was not applied. These doses were riveted as the sub-toxic dose
under experimental condition. In addition to it, growth rate of S. cerevisiae was found
to be unaffected under these sub-toxic doses as compared to control. Redox homeostasis
altered significantly, with a sharp increase in the specific activity of antioxidant
enzymes i.e. glutathione reductase and catalase under sub-toxic dose of ac.NaNO- and
GSNO. Confocal microscopy study revealed generation of RNS only in presence of
stress inducing agents. Whereas presence of reactive oxygen species (ROS) was found

in both control and treated samples without any significant differences.

Aconitase, which catalyzes the conversion of citrate to isocitrate in the
tricarboxylic acid (TCA) cycle, is known to be affected under nitrosative stress. Under
the specified experimental condition, it was found that enzymatic activity aconitase was
strongly inhibited in the presence of 0.5 mM ac.NaNO; or 0.25 mM GSNO. Subsequent
gene expression analysis also revealed that ACO2 was affected whereas the expression
level of ACOI was slightly higher in presence of 0.5 mM ac.NaNO-. In addition to this,
ethanol production increased by 1.3 fold and 1.5 fold respectively in presence of 0.5
mM ac.NaNO or 0.25 mM GSNO as compared to the control. Volumetric productivity

and yield of ethanol were also improved under the stress condition. Furthermore,
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increase in alcohol dehydrogenase (ADH) enzyme activity was also observed under
nitrosative stress. JPCR study revealed that gene expression of ADH3 was significantly
higher under the stress condition. Whereas western blot analysis with pure aconitase
revealed that it was prone to both PTN and S-nitrosylation but pure ADH was not.
Additionally, activity of some important enzymes of the TCA cycle, like citrate
synthase, isocitrate dehydrogenase etc. were found to be negatively affected under
stress. On the other hand, activity of enzymes related to malate metabolism and
alcoholic fermentation were found to be increased under 0.5 mM ac.NaNO:> mediated
nitrosative stress. Altogether, a metabolic reprogramming towards fermentation was
observed under nitrosative stress. Furthermore, ethanol production was optimized by
using nitrosative stress exposed immobilized S. cerevisiae cells that were grown in a
minimal medium containing molasses and ammonium sulfate. By performing CCRD-
based RSM, optimized condition of ethanol production was determined. Overall,
obtained data showed that maximum ethanol (35.24 g/L) production after 24 h of
incubation. This is the first report of this kind where ethanol production by S. cerevisiae
cells under nitrosative stress has been shown. This study has the potential to be

significantly important in industrial ethanol production.
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1. Discovery of nitric oxide:

Nitric oxide (NO) is a versatile gaseous molecule that relays some major roles in cell
signaling, stress response as well as in immunity. This novel molecule was first reported
by a Belgian scientist J. B. van Helmont, which was prepared in his lab in 1648. Later
in 1671, one of the greatest physicists, Robert Boyle also reported nitric oxide as
‘volatile nitre’ in the air, which supports combustion. After a century, Sir Joseph
Priestley first time characterized the chemical properties of nitric oxide in 1772. He
generated the gas by the action of ‘spirit of nitre’ (now known as nitric acid) on copper
and named as ‘nitrous air’ and reported its spontaneous reactivity with ‘common air’ to

generate a soluble brown gas (now known as nitrogen dioxide).
3Cu + 8H* + 2NOs'mmp 3Cu** + 2NO + 4H20

2. Chemical and physical properties of nitric oxide:

Nitric oxide (nitrogen monoxide, NO) is a molecule of interest for physicists, chemists
and biologists for over 200 years; thus, a huge database of information is already
present. NO is an uncharged, small lipophilic molecule contains total odd number (8
bonding and 3 antibonding electrons, i.e. in total 11) of electrons, thus it contains an
unpaired electron [1]. The oxidation state of nitrogen (N) atom in NO is +2 and it is
second of the oxides in which the oxidation states of nitrogen ranges from +1 to +5
(N20™1; NO™?; N2O3™3; NO2 and N2O4™; N2Os ™). The bond order of NO is around 2.5
and the bond length of N-O is 1.15 A. Though it is one of the smallest stable molecule,
but the presence of the unpaired electron helps it to react only with those molecules
which contain unpaired d electron/s [2]. Thus, it can easily react with oxygen (O2) and
reactive oxygen species like O™, It can also react with transition metals containing d
orbital like iron (Fe) present in different proteins e.g. NO can rapidly react with

oxyferrohemoglobin and ferriheme can be formed [1].
3. Biosynthesis of nitric oxide:

Biosynthesis of NO is mainly dependent on the activity of nitric oxide synthases
(NOSs) [3]. But NOS-independent NO synthesis also takes place in vivo [4]. Hence,
biosynthesis of NO is mainly classified into two groups: NOS-dependent and NOS-
independent NO synthesis.
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3.1. Nitric oxide synthase-dependent nitric oxide synthesis:

Nitric oxide synthases [NOSs] (EC1.14.13.39) are member of cytochrome P450
enzyme family [5]. NOSs utilize L-arginine as the substrate [3-5]. NO is formed as
the byproduct, during the conversion of L-arginine to L-citrulline. It is a two-step
reaction. The first step is the formation of the intermediate Nw-hydroxy-L-arginine
(NHA) from L-arginine and in the next step, NHA is converted to NO and citrulline.

The reaction has a 1:1 L-citrulline/NO product stoichiometry [6].
3.1.1. Structure and mechanism of action of nitric oxide synthases:

Nitric oxide synthase is a homodimeric enzyme. Each of the monomers contain two
domains: reductase and oxygenase domain [3, 7]. NOSs need cofactors like flavin
adenine dinucleotide (FAD), flavin mono-nucleotide (FMN), tetrahydrobiopterin
(BHa4), calmodulin and haem for its activity [8, 9]. The carboxyl terminal reductase
domain provides the binding sites for nicotinamide adenine dinucleotide phosphate
hydrogen (NADPH) (providing reducing energy), FAD, FMN and calmodulin whereas
amino terminal oxygenase domain provides binding site for BH4 and cysteinyl thiolate-
ligated haem group [3, 7]. This haem group contributes to the functional dimer
formation [10]. The activity of NOS is dependent on the dimer formation. Zinc (Zn) is
another factor that involves in the formation of functional dimeric NOSs [11]. The
binding of calmodulin is regulated by the intracellular calcium (Ca®") ion concentration
[12, 13]. Each of the monomers of NOSs, are capable of transferring electrons from
reduced NADPH to FAD and FMN but has a very limited capability to reduce
molecular O> to superoxide [14]. Electrons transfer from reductase domain to
oxygenase domain only becomes possible after the formation of the dimer. Monomers
of NOSs are unable to bind BH4 and L-arginine. Hence, NO production can’t be
catalyzed by monomers [15]. In the functional form of NOSs, electrons are transferred
from the reductase domain of the one monomer to oxygenase domain of the another
monomer and consecutively two oxidation reactions take place to form NO and L-
citrulline from the L-arginine via the generation of NHA as the intermediate [16,17]

[Fig. 1].
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Fig. 1 Schematic representation of mechanism of action of nitric oxide synthases.

(Adapted from Forstermann et al. 2012)
3.1.2. Mammalian nitric oxide synthases (NOSs):

Three isoforms of NOSs are present in mammals, referred to as neuronal ‘n’NOS
(NOS1), inducible ‘i’NOS (NOS2) and endothelial ‘e’NOS (NOS3). These NOSs play
important roles in different pathophysiological functions. On the basis of the gene
expression, isoforms of NOSs can be classified into two groups: constitutive (NOSI,
NOS3) and inducible (NOS2) [7]. Localization of the isoforms is varied and isoforms

have diverse roles in the regulation of different cellular processes [18-20].
3.1.2.1. Nitric oxide synthase 1 (NOS1):

nNOS is constitutively expressed in both the immature and mature neurons of the brain
tissue and its activity is tightly regulated by the concentration of Ca** and calmodulin

[21-26]. Immunohistochemistry analysis has revealed that nNOS is mostly present in
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the spinal cord, adrenal cells, ganglia cells and vascular smooth muscle [18]. The
subcellular localization of nNOS may be associated with its diverse functions. Presence
of post-synaptic density protein, discs-large, zona occludens -1 (PDZ) domain is one of
the significant characteristics of nNOS [27]. The PDZ domain may interact directly
with the PDZ domain of another protein which results in the formation of dimer [27,
28]. Proteins containing PDZ, are believed to participate in different signal transduction
pathways. The interaction of nNOS with the membrane is facilitated by the PDZ
domain that may result in the alteration of NO signaling. nNOS also plays an important
role in the synaptic signaling events [29, 30], like participation in the regulation of the
long-term synaptic transmission [31]. NO produced by the activity of nNOS in nitrergic
nerves can act as an unorthodox neurotransmitter that may stimulate NO-sensitive
guanylyl cyclase in its effector cells, causing reduction in the tone of the different
smooth muscles like blood vessels [18]. Inhibition in the activity of nNOS in the

hypothalamus and medulla, causes systemic hypertension [32].
3.1.2.2. Nitric oxide synthase 2 (NOS2):

The expression of NOS2 is induced by the cytokines, antigens like bacterial
lipopolysaccharide and other agents. Although this enzyme was first identified in
macrophages, but reports suggest that iNOS has been expressed in all cell types in the
presence of the appropriate agent [18, 33]. Interestingly, the expression of NOS2 is not
dependent on the concentration of the intracellular Ca**[7]. The activity of this enzyme
persists for a long time (many hours) after the immunological stimulation [34]. The
expression of iINOS is regulated by the mitogen-activated protein kinase (MAPK)
family of protein kinases [extracellular signal-regulated kinase, c-Jun N-terminal kinase
(JNK), p38] and protein kinase B [35, 36]. NO, produced by the activity of iNOS in the
cells, shows cytotoxic effect on the pathogens by interfering with the structure and
function of the DNA and protein of the target cells [7, 37]. iINOS stimulated hepatocytes
can use NO to eliminate malaria pathogens [37]. iNOS derived NO can also induce
neuronal death due to inhibition of cytochrome oxidase, causing excitotoxicity [37, 38].
Large amount of NO produced by the iNOS play a significant role in the development
of septic shock [39]. The fall in blood pressure is also indirectly mediated by excess

production of NO by the iNOS in the vascular wall [40].
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3.1.2.3. Nitric oxide Synthase 3 (NOS3):

NOS3 is mainly localized in the plasma membrane caveolae of the endothelial cells
[41]. But this enzyme is also found in neurons of the brain, cardiac myocytes and
platelets [18, 33]. Intracellular concentration of Ca?* is very important for the activity
of the eNOS. Ca?" induces the binding affinity of the calmodulin (CaM) to the enzyme
[42]. The bradykinin (BK) B2 receptor, a G-protein coupled receptor (GPCR), regulates
the complex formation of Ca?*/CaM [43]. The regulation of eNOS is also dependent on
the protein-protein interactions. Heat shock protein 90 (hsp90) has a positive allosteric
modulation effect on the activity of eNOS [44]. Translocation of eNOS from caveolae
to other intracellular compartment like golgi bodies, is influenced by the activity of
‘nitric oxide synthase interacting protein’ (NOSIP) and ‘nitric oxide synthase
trafficking inducer’ (NOSTRIN) [45]. Phosphorylation is another important factor for
the stimulation of the eNOS. Specific tyrosine (Tyr), serine (Ser), threonine (Thr)
residues of eNOS can be phosphorylated, activating the enzyme without depending on
the concentration of Ca?" [46, 47]° The best model to study such stimulation is fluid
shear stress [47]. The inhibition of the activity of eNOS is mediated by the interaction
of scaffolding domain of Cav-1(Caveolin-1) with the caveolin binding motif on eNOS
[48]. eNOS stimulates soluble guanylyl cyclase and cyclic guanosine monophosphate
(cGMP) in smooth muscle cells [49]. eNOS-derived NO decreases the expression of
the genes involved in atherogenesis by inhibiting leucocyte adhesion to the vessel wall
via interfering with the adhesion molecule CD11/CD18 (cluster of differentiation) [50].
NO, generated from eNOS, prevents cellular apoptosis and plays an important role in
post-natal angiogenesis. Dysfunction of eNOS results in the development of

cardiovascular disease [51].
3.1.3. Invertebrate nitric oxide synthase:

Like mammalians, NOS-derived NO plays an important role in bio-signaling in
invertebrates [52-54]. In 1991, Radomsky et al. gave a clear idea about the presence of
NO-mediated signaling as well as NOS activity in invertebrates like horseshoe crab
(Limulus polyphemus) [52]. After this initial work, several studies reported the presence
of NOS in invertebrates. In 1993, Eloffson et al. reported NADPH-diaphorase activity
in osfradia, buccal ganglia, central nervous system (CNS) neurons, and in some

peripheral organs [53]. In 1995, Jacklet et al. reported the cotransmitter activity of NO
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in histaminergic synapses of Aplysia sp. [54]. In 1996, Moroz et al. reported the
presence of Ca**-independent but calmodulin dependent NOS activity in mollusk
species [55]. Domenech and Mufioz-Chépuli hypothesized that all the three isoforms of
mammalian NOS may be derived from a single invertebrate ancestral gene through
double whole genomic duplication that happened at the origin of vertebrates [56]. NOS-
derived NO is an important component in defending invertebrates against
pathogens. NOS from Anopheles stephensi (AsNOS) can be expressed inducibly
in Plasmodium-infected mosquitoes. Inducible NOS activity is also found in Rhodnius
prolixus when infected by 7. rangeli, a South American Stercoraria trypanosome,
pathogenic for vectors [57, 58]. NOS activity in invertebrates is also upregulated
against the bacterial infection in invertebrates. It has been found that the expression of
NOS is wupregulated in response to systemic infection with Escherichia
coli and Micrococcus luteus in Anopheles gambiae. Inhibition of the activity of NOS
or lower NO production results in higher mortality rate of mosquito when infected by

pathogenic bacteria, suggesting defensive role of NO in invertebrates [59].
3.1.4. Bacterial nitric oxide synthase (bNOS):

NOS activity is also present in prokaryotes. NOS activity in bacteria was first reported
in Nocardia species, designated as NOSyoc [60] but till now none of the Nocardia sp.
genome showed similar NOS sequence to that of the animal NOSs. Genome sequencing
analysis first brought the clear evidence for the presence of NOS-like protein in bacteria
which revealed that the bacterial ORFs (Open reading frames) coding for that protein
with maximum sequence similarity to mammalian NOSox [61]. Key catalytic residues
of NOS, are highly conserved from prokaryotes to eukaryotes. drNOS (NOS from
Deinococcus radiodurans, a radiation-resistant bacteria) is the first NOS-like protein
which was cloned, expressed and purified using E. coli as the host. The existence of
NOSox-like proteins are mainly found in gram positive bacteria (Bacillus sp.,
Deinococcus sp., Rhodococcus sp. etc.) but gram negative bacteria like cyanobacterium
also contains NOS like sequence [62]. A ~100 kD protein, found in Rhodococcus sp.,
was recognized by a human anti-iNOS antibody. In addition to it, the activity of the
protein was reduced by mammalian NOS inhibitor and increased by BH4, indicating
the presence of NOS-like protein [63]. Unlike mammalian NOS, most of the bacterial
NOSs only have an oxygenase domain but they can form dimer, indicating presence of

different mechanism of dimerization [64, 65]. However, both the oxygenase domain
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and reductase domain are present in Sorangium cellulosum, indicating both eukaryotes
and prokaryotes may have evolved from a common ancestor [66]. NADPH-utilizing
proteins like flavodoxin reductase/flavodoxin, transfers electrons to the bacterial NOS
and support the production of NO [67, 68]. Bacterial NOS has essential role in cell
physiology. It was found that bNOS can regulate the electron transfer to maintain
membrane bioenergetics in Staphylococcus aureus, a human pathogen. This process is
very important for the nasal colonization and resistance from membrane-targeting
antibiotics like daptomycin in Staphylococcus aureus [69]. Thus, bNOS becomes one
of the important drug target to inhibit the growth of methicillin-resistant
Staphylococcus aureus(MRSA). It was reported that potent bNOS inhibitors like NG-
nitro-L-arginine (L-NNA), can enhance MRSA killing [70]. Aminoquinolines, another
compound, was found to inhibit the activity of bNOS by binding with the unique
hydrophobic patch of bNOS [71].

3.1.5. Fungal nitric oxide synthase:

Orthologue of mammalian NOS is not found in fungus or yeast till today. However,
some reports suggest that NOS-like proteins are present in different yeasts and fungi.
In 1998, Kanadia et al. reported the presence of a NOS-like activity protein of 60 kD
in the crude extract of yeast extract, peptone dextrose (YPD) grown Saccharomyces
cerevisiae cells. The protein was detected by western blot using mouse monoclonal
anti-neuronal NOS. That protein was activated by arginine and calmodulin whereas
inhibited in the presence of NG-Nitro- L-Arginine Methyl Ester (L-NAME), a
mammalian NOS inhibitor [72]. Another report suggests that the nitrite dependent-NO
production can take place in mitochondria by the activity of cytochrome ¢ under
hypoxic condition in S. cerevisiae [73]. Calmodulin-dependent NOS-like activity was
also found in S. pombe, a fission yeast [74]. In 2013, Nishimura et al. reported the
Tah18-dependent NO production in S. cerevisiae. This Tahl8-dependent NO
production is positively regulated with generation of arginine via proline-arginine
metabolic pathway, indicating NOS-like activity of Tah18. It is believed that Tah18
does not contain oxygenase domain. Tah18 may act as a reductase domain and transfer
electrons from NADPH to an unknown oxygenase protein, which oxidizes arginine to
citrulline and NO [75,76]. NOS-like activity has also been detected in Blastocladiella
emersonii, an aquatic fungus. Vieira et al. reported that concentration of NO-derived

products was increased at the sporulation stage and Ca’>*-NO-cGMP signaling pathway
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was required for biogenesis of zoospores in Blastocladiella emersonii [77]. Aspergillus
oryzae also carries a sequence which shows similarity with the arginine binding site of
mammalian NOS oxygenase domain but till now there is no definite evidence of fungal

NOS has been reported [78].
3.2. Nitric oxide synthase-independent nitric oxide synthesis:

Although NOS is the main catalytic enzyme for NO synthesis, but several reports
suggest that NOS-independent NO synthesis also takes place in vivo. The main source
of the NOS-independent NO generation is nitrite. In the process of denitrification, NO
is produced as an intermediate product by the activity of nitrate reductase and nitrite
reductase among the other enzymes. After NOS, the most important enzyme in terms
of NO synthesis is nitrite reductase which catalyzes the reaction from nitrite to NO. On
the basis of the requirement of co-factors, nitrite reductase is classified into two distinct
unrelated groups i.e. heme containing enzyme i.e. cytochrome cd; and a copper
containing enzyme. Soluble, dimeric Cytochrome cd; is widely present in the
periplasmic space of the gram negative bacteria like Pseudomonas aeruginosa,
Thiobaccilus denitrificans etc. While the copper containing nitrite reductases are found
in both the gram positive (Bacillus sp.) and gram negative bacteria (A4lcaligenes sp.).
The copper containing nitrite reductase is bound tightly to the cell membrane of the
gram positive bacteria [79]. Miyamoto et al. showed that TRPV3, a heat-activated
transient receptor potential (TRP) ion channel can induce the NOS-independent NO
generation from nitrite in keratinocytes [80]. Deoxyhemoglobin in erythrocytes and
deoxymyoglobin in myocardial cells can convert nitrite to NO and form
methemoglobin and metmyoglobin during hypoxic condition [81, 82]. Different globin
proteins show nitrite reductase-like activities in neuroglobin, cytoglobin, and plant
hemoglobins [83-85]. Xanthine oxidoreductase (XOR) can also act as the nitrite
reductase during hypoxic conditions. XOR uses xanthine as the electron donor. The
nitrite reductase-like activity of XOR is dependent on the concentration of nitrite [86,
87]. It was reported that complex III and complex IV along with cytochrome ¢ of
mitochondria can reduce the nitrite to NO under hypoxic condition during electron

transport chain in liposome [88].

Non-enzymatic NO synthesis has also been reported in mammalian systems.

The non-enzymatic NO production has been observed in the stomach under the acidic
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condition. In the acidic condition nitrite is converted to nitrous acid (HNO2). The
unstable nitrous acid oxidizes to dinitrogen trioxide (N20O3) that subsequently
decomposes to NO and nitrogen dioxide (NO2). The conversion from HNO; to N>Os is
a second order reaction that indicates the process is comparatively slow [89, 90]. It has
been also reported that ascorbate (AsA), an essential antioxidant, can induce non-
enzymatic NO production by the reduction of nitrite to NO through the formation of
monodehydroascorbate (MDA) radical [91, 92].

4. Beneficial role of nitric oxide:

The beneficial role of NO is associated with the regulatory activities in different
biochemical processes in various organisms like mammals, plants, yeasts, bacteria [75].
In 1987, Ignarro et al. reported the role of NO as endothelium-derived relaxing factor
(EDRF). After that researchers started to explore the NO-mediated signaling pathway
and different roles of NO in complex biological processes like smooth muscle

relaxation, platelet inhibition, anti-apoptosis etc. [93-96].
4.1. Nitric oxide and vascular tone:

Endothelium-derived NO stimulates soluble guanylate cyclase (sGC) that induces the
formation of cGMP. cGMP is a secondary messenger and it can activate protein kinase
G which inhibits the voltage-dependent calcium channel (VDCC) mediated calcium
influx. Protein kinase G can also act on the SERCA (Sarco/endoplasmic reticulum
calcium ATPase) to initiate reuptake of cytosolic calcium (Ca*") into the sarcoplasmic
reticulum (SR), resulting in the reduction of intracellular calcium concentration.
Intracellular calcium concentration is very important for the activation of calmodulin.
With the reduction in the intracellular calcium concentration, the activity of calmodulin
was found to have decreased. Calcium depletion inactivates myosin light chain kinase
(MLCK) and upregulates the activity of myosin light chain phosphatase (MLCP). Due
to the inactivation of MLCK, myosin phosphorylation is inhibited and actin-myosin
cross-bridge breaks down, resulting in the relaxation of smooth muscle cells [97-99].
GPCR (G protein coupled receptors) activity is also associated with the relaxation of
smooth muscle cells. Reports suggest that NO inhibits the activity of GRK2 (GPCR
kinase 2), the negative regulator of GPCR signaling [Fig. 2]. Thus, phosphorylation of

B-adrenoceptors is inhibited, that results in the inactivation of the desensitization of the
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signal. This mechanism is very important for the relaxation of smooth muscle cells
[100,101]. Under hypoxic condition, NO can efficiently regulate the signaling pathway
for smooth muscle relaxation without activating the classical NO-sGC-cGMP pathway.
The concentration of cyclic inosine monophosphate (cIMP) increases in this signaling

pathway [102,103].

'‘NO Ca2*
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Fig. 2 Role of nitric oxide on relaxation of smooth muscle cell. (Adapted from Tong et

al. 2010)
4.2. Nitric oxide and platelet inhibition:

Platelet inhibition is also mediated by NO-sGC-cGMP pathway. The key protein which
is required for platelet inhibition is vasodilator sensitive phosphoprotein (VASP). This
protein has been found in the platelets, endothelial and smooth muscle cells. Platelet
activation is dependent on the interaction of the VASP with cytoskeleton proteins. The
interaction leads to the polymerization of actin and the shape of the platelet changes,
activating the aggregation. The interactive property of the VASP is negatively regulated
by phosphorylation. Protein kinase G, the effector molecule of NO-sGC-cGMP
pathway, can phosphorylate the Ser!®’ residue of the VASP that leads to the
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conformational change of the protein. Due to conformational changes in VASP, the
interaction of VASP with cytoskeleton proteins gets completely prevented, that result
in the inhibition of platelet activation [104-106]. Report also suggest that interaction of
Inositol-1,4,5-triphosphate receptor associated cGMP kinase substrate (IRAG) with
inositol-1,4,5-trisphosphate receptor type I (InsP3RI) is also required for NO/cGMP-
dependent inhibition of platelet aggregation [107]. Platelets have a little amount of
eNOS. It has also been reported that endogenous NO may reduce the platelets response,
without hampering the activation occurring at the site of blood vessel injury [104].
Dangel et al. showed that NO-sGC mediated cascade signaling is the only mechanism
of platelet inhibition, no other mechanism is present to provoke platelet inhibition

[108].
4.3. Nitric oxide as an anti-apoptotic factor:

Several reports suggest that NO can interact with the caspase and other proteins to act
as an anti-apoptotic factor. NO involved anti-apoptotic event is also mediated through
cGMP or cyclic adenosine monophosphate (CAMP) signaling pathway in different cells
like eosinophils, PC12 cells, ovarian follicles, embryonic motor neurons and B
lymphocytes etc. [109]. In general, apoptosis is initiated by the death receptor and
mitochondrial signaling pathway [110]. NO can negatively regulate the activation of
the both death ligand-dependent and independent apoptosis. Interaction of NO with the
caspase proteins, including caspase-8, an important pro-apoptotic factor, leads to its
structural alteration. Caspase-8 can upregulate the activity of Bax and cytochrome ¢ in
the death signaling pathway. Structural alteration of caspase-8 leads to the inhibition,
preventing the death signal pathway of apoptosis [111-113]. TNF-receptor associated
death domain protein (TRADD) can be inhibited in the presence of NO, preventing the
stimulation of the apoptotic pathway by blocking the ceramide generation [114]. NO
can also interfere with the mitochondrial function to inhibit apoptosis. Report suggests
that NO can inhibit the PTP (permeability transition pore) reopening by membrane
depolarization and accumulation of Ca®*, that can reduce the release of cytochrome c,
a pro-apoptotic factor [115]. Regulation of the anti-apoptotic activity of NO is
concentration-dependent. In lower concentration, NO can act as an anti-apoptotic factor
but in higher concentration NO can modulate the ratio of bcl-2 and Bax protein that

leads to the activation of the apoptotic pathway [109].
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4.4. Cytoprotective role of nitric oxide in yeast:

The cytoprotective role of NO has been reported under environmental stress conditions
like high temperature, hydrostatic pressure, heat shock, redox stress etc. in yeast [75].
Nishimura et al. showed that the production of NO increases via Pro-Arg metabolic
pathway. This elevated NO may help to overcome the stress induced by high
temperature [4]. Another report suggests that NO can induce the activity of Macl
protein by post translational modification under high temperature in S. cerevisiae. The
higher activity of Macl stimulates the expression of ctrl gene encoding high-affinity
copper transporter, which in turn increases the intracellular copper concentration. This
copper concentration stimulates the activity of Cu/Zn-SOD, an essential stress response
enzyme [116]. NO can also activate the adaptive response by stimulating the peroxide
scavenging activity and limiting the availability of iron in S. pombe, a fission yeast
[117]. It has also been revealed that NO can act as an anti-aging agent. In yeast model,
it has been observed that reduced NO production is one of the major cause of Batten
disease [118]. Depletion of glucose concentration is one of the major nutrient stress for
heterotrophs like yeast. Different cellular responses can be generated during glucose
depletion condition by the activation of Rst2 protein in yeast. NO has been reported to
induce the expression of the rst2 gene. The activity of Rst2 protein upregulates the
expression of the fbp'* gene, encoding a fructose-1,6-bis-phosphatase, via the STREP
(stress-starvation response element of Schizosaccharomyces pombe) motif. This event
leads to the activation of the stress response pathway to combat the hostile condition
[119]. NO is also responsible for the metabolic shift in calorie restricted S. cerevisiae
[120]. Overall, in presence of low concentration of NO, cytoprotective activities like
stress resistance, fermentation, metabolism can be stimulated. In higher concentration,

NO harms the cell directly or via the formation of reactive nitrogen species (RNS) [75].
5. Reactive nitrogen species (RNS) formation:

Reactive nitrogen species (RNS) is a family of reactive molecules which are derived
from NO. RNS is the product of the reaction between NO with molecular oxygen (O3)
or reactive oxygen species like superoxide (O2) [121]. The most common reactive
nitrogen species are peroxynitrite (ONOO”) and dinitrogen trioxide (N203). The
reactive nitrogen species formation is dependent on the concentration of the NO. The

steady-state concentration of NO is expressed by the ratio between the rate of reaction
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(consumption and synthesis) and rate of diffusion [122]. Thus, the imbalance in the
steady-state concentration of NO may result in the generation of reactive nitrogen
species via several mechanisms like autooxidation of NO, reaction with superoxide etc.

[121, 122].
5.1. Auto-oxidation of nitric oxide:

Auto-oxidation of NO is the reaction between NO with molecular oxygen (O2) to form
dinitrogen trioxide (N20s3). Different nitrosating agents like nitrosonium ion (NO™),
nitrous acidium ion (H2ONO"), can influence the reaction. The reaction is also favored

under acidic condition [123]. It is a non-enzymatic, two-steps reaction.

2NO + O, mmmp 2NO>
NO + NO, == N,O3

As it is a third order reaction (second order in NO concentration and first order in O>

concentration) [124], thus the rate equation of the reaction is expressed as

Rate= k[NOJ*[O2]
[Where, k (rate constant) = 8.4 x 10 M2 s at 37°C]

N20:s is also a reactive molecule and can react with the thiols like glutathione reduced,
resulting in S-nitrosation (k=1.6 x 107 s'!) [125]. This is an important reaction for the

generation of nitrite anion.
RSH + N;0O; == RSNO + H" + NOy

Some of the anions like bicarbonate, phosphate, and chloride have inhibitory effect on
S-nitrosation under physiological pH. In acidic and physiological pH, nitrosyl halide is

formed during the reaction between anions and N2O3 [126].
X+ Ny;O; =y XNO + NOy”

[X represents bicarbonate, phosphate, and chloride]
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5.2. Reaction of nitric oxide with superoxide:

At the high concentration, NO can react with the superoxide (O2") to form peroxynitrite
(ONOO"). The rate constant of the reaction is varied from 6.6 x 10°to 19 x 10° M!s™!,
with the concentration of NO [127-129]. The rate of formation of peroxynitrite is 3-8
times greater than decomposition of superoxide by SOD [130]. Hughes and Nicklin
proposed that hemolysis of peroxo bond was not a thermodynamically favorable
reaction. Thus, the decaying of peroxynitrite mainly occurrs by two mechanisms: via
the ion pairs or via intramolecular rearrangement, forming nitrate (NO3) or nitrite (NO3)
respectively [131]. Proton catalyzed mediated decomposition of peroxynitrite is very
rapid (k=1.3 s!) [132]. In addition to it, carbondioxide (CO2) mediated peroxynitrite
decomposition is also very rapid and end product of the reaction is NOs with a half-
life of ~50 ms [133-135]. Peroxynitrite is highly cytotoxic and several studies have
been done with peroxynitrite [ 136, 137].

5.3. Formation of s-nitrosothiols:

S-nitrosothiols (RSNO) are the product of the reaction between NO and thiol group
containing organic compounds. They are also known as thionitrites. RSNO can act as
a signaling molecule in living systems. It plays a major role in platelet inhibition [138].
S-nitrosothiols can be formed via autooxidation of NO to N»>Os3, radical recombination
between NO and a thiyl radical (RS"), and transition metal mediated pathways. It can’t
be formed without the presence of an electron sink. Hydrophobicity of the thiol-
containing organic compound can positively influence the s-nitrosothiol formation
[139, 140]. Activation of NOS can also contribute to the s-nitrosothiols generation via
the formation of peroxynitrite. The most common intracellular s-nitrosothiol is s-
nitrosoglutathione (GSNO), formed via the reaction of GSH (reduced glutathione) and
NO [141]. The presence of oxygen is also a key factor for the formation of GSNO. The
reaction of Oz, NO, and GSH is depicted below.

NO* + 0O, == ONOO- ............ (i)
ONOO*® +NO* == 2 -NO:......... (ii)
NO* +NO,; == N>O3 ......... (iii)
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GSNO is not a stable molecule in the solution. It can be broken down to NO and GSSG.
In the presence of acid, GSNO can release nitrosonium ion (NO"). Thus, it is also
referred to as a "NO donor" [141, 142]. Enzyme-dependent (GSNO reductase, Carbonyl
reductase 1, Thioredoxin system) GSNO metabolism has also been found in different

organisms [143].
6. Nitrosative stress:

When the ratio of nitrosants (NO and reactive nitrogen species) to antioxidants exceeds
1.0 inside the cell, in that situation, NO or reactive nitrogen species (RNS) interact with
the biomolecules like DNA, lipid, proteins [109, 144]. Sometimes, this interaction is
deleterious and may lead to the damage of DNA and DNA repair system, functional
loss of proteins or enzymes, structural modification of lipids and also alter the redox
homeostasis in vivo [109, 144-146]. This hostile condition is referred to as "nitrosative

stress' - a term first coined by Prof. Jonnathan Stamler and his co-workers in analogy

with the "oxidative stress" [147]. Thus, in short, nitrosative stress can be defined as the

belligerent condition, provoked by the imbalance in the concentration of NO [148].
6.1. Effect of nitrosative stress on cellular components:

Several reports suggest that NO or RNS can interact with the cellular macromolecules
like DNA, lipid, protein etc. that may lead to its inactivation and structural
modifications. These interactions influence the cellular homeostasis as well as its

survival [109, 149] [Fig. 3].
6.1.1. Nitrosative stress and DNA:

Nitrosative stress mediated DNA damage cannot be directly associated with NO but
with RNS like HNO»/acidified NO>", dinitrogen trioxide (N203), and peroxynitrite
(ONOO) [150]. The RNS mediated DNA damage can be processed through three
chemical mechanisms: 1. direct interaction with DNA structure, 2. inhibition of DNA
repair system and 3. via the production of genotoxic compounds like alkylating agents,
and hydrogen peroxide (H207) [151]. N20s is a strong deaminating agent. It interacts
with heterocyclic amines of DNA bases via the formation of diazonium ion and
complete hydrolysis of diazonium ion leads to deamination. Hence, cytosine, adenine,

and 5-methylcytosine are converted to uracil, inosine, and thymine respectively by the
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action of N2O3z whereas guanine is converted to xanthine and oxanine. Deamination is
the main reason for structural and characteristic alteration of the bases [152-154]. This

deamination influences spontaneous depurination that leads to the break-down of DNA.

Peroxynitrite can interact with DNA during the replication and transcription
process when DNA exists in the single-strand form [155]. It can damage both the sugar
and bases of DNA. Guanine can be converted to 8-nitro-2'-deoxyguanosine (8-nitro-
dG) and 8-Oxo0-7,8-dihydro-2'-de-2 oxyguanosine by the treatment of peroxynitrite
[156, 157]. These compounds are referred to as the marker of peroxynitrite mediated
DNA damage [158]. Xanthine and hypoxanthine can also be formed by the treatment
of peroxynitrite [159]. These changes decrease the integrity of DNA, promoting
breakage of the strands. Peroxynitrite can also induce dG—dG and DNA-protein
crosslinks that leads to DNA mutation [160, 150]. It can also induce fragmentation of
the sugar moiety, generating strand breakage. It is believed that damage in sugar moiety
involves hydrogen abstraction, generating highly reactive sugar radicals that participate

in the radical mediated DNA strand breakage [158].

HNOz/acidified NO>™ can also induce DNA damage in vivo and in vitro [150].
It induces the DNA cross linking at G and CpG islands [161]. The indirect mechanism
of DNA damage is associated with the inhibition of DNA repair system [162].
HNO>/acidified NO;™ can also interact with the components of DNA repair system.
The Zn-finger motif of DNA repair enzymes can be affected by the NO released from
acidified NO7™, resulting in the inhibition via losing the integrity [163]. DNA synthesis
process can also be blocked by the action of NO via inhibiting ribonucleotide reductase
[164, 165]. Furthermore, in vivo exposure of NO leads to the generation of genotoxic

compounds, promoting apoptosis [109].
6.1.2. Nitrosative stress and lipid:

Nitrosative modification of lipids is associated with oxidation and nitration [166]. Lipid
oxidation is a characteristic feature of inflammatory wvascular diseases like
atherosclerosis [167]. NO and its derivatives are usually involved in the modification
of lipid and its biosynthesis [150]. But it has also been reported that at lower
concentration, NO can inhibit the lipid oxidation by reacting with the lipid based
radicals (Le, LOs’ LOO¢). LOO* mediated propagation can be blocked by the NO [168].
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It was apparent that copper induced oxidation of low density lipoprotein (LDL) can be
inhibited by lower concentration of NO in activated macrophages and endothelial cells
[169-171]. Oxidation of liposomal cholesterol and phosphatidylcholine can be reduced

in the presence of lower concentration of NO [172, 173].

In the presence of O> and singlet oxygen (O2¢), NO derived reactive species
rigorously oxidize lipids [174]. NO:; mediated oxidation and nitration have been
shown in unsaturated fatty acids, LDL, cholesterol etc. [175-177]. The protonated form
of NO>™ i.e. HNOz can react with ethyl linoleate and hydroperoxy-octadecadienoic acid
and different nitrated species like nitroalcohol, nitroalkanes etc. are formed, leading to
the lipid bilayer damage [178]. Peroxynitrite and its protonated form i.e. ONOOH are
also involved in lipid damage [179]. Peroxynitrite mediated lipid oxidation leads to the
generation of different nitrated species along with secondary oxygen species like singlet
oxygen (Oz¢) due to the rearrangement of unstable reactive peroxynitrite intermediates
(LOONO) [180]. LOONO can form comparatively stable LONO> or breaks down to
LO+ and NO>™ via hemolytic cleavage [181]. In addition to it, peroxynitrite mediated
lipid oxidation also leads to the formation of lipid-protein adduct in LDL, indicating

excessive breakdown of polyunsaturated acid [182].
6.1.3. Nitrosative stress and protein:

Proteins are one of the most vulnerable macromolecule in the presence of RNS
including NO. Hence, the protein modifications, like, S-nitrosylation, protein tyrosine
nitration (PTN), are referred to as the biomarkers of nitrosative stress. Both these forms
are specific, inhibitory/toxic post translational modifications and can also participate in

regulation of different cellular processes [183].

S-nitrosylation is a very important regulatory mechanism in vivo [184-186]. S-
nitrosylation is a reversible post translational modification in which NO moiety
covalently binds with specific cysteine residue(s) of a protein, yielding S-nitrosothiol
[187, 188]. This reaction can be mediated by different chemical species like NO, metal-
NO complex, nitrosonium ion (NO"), S-nitrosoglutathione (GSNO) etc. S-nitrosylation
induces the conformational changes of protein that may lead to acetylation,
ubiquitylation, palmitoylation of different cellular components [189]. Proteins like

hemoglobin, caspase-3, glyceraldehyde-3-phosphate dehydrogenase are involved in

18 | Page



transnitrosylation i.e. catalyzing the transfer of NO group to the adjacent protein [190-
192]. Denitrosylation i.e. reversible reaction of S-nitrosylation, is also associated with
the activity of proteins, protein-protein interaction, cellular signaling etc. It has been
reported that caspase-3 can be activated via denitrosylation [193]. Compared to
denitrosylated forms of protein, S-nitrosylated forms have a lower pK. that leads to its
stabilization. The presence of the bulky amino acids [e.g., phenylalanine (Phe), tyrosine
(Tyr), arginine (Arg), and leucine (Leu)] near the cysteine (Cys) residue creates steric
hindrance that leads to the blocking of S-nitrosylation [194]. However, at the higher
concentration of NO or GSNO, enzymes can be inhibited. Mitochondrial proteins are
the primary targets of S-nitrosylation mediated protein inhibition. Proteins like NADH
dehydrogenase, aldehyde dehydrogenase, 2-oxoglutarate dehydrogenase can be
inactivated via S-nitrosylation [195-197]. The activity of glyceraldehyde-3-phosphate
dehydrogenase can also be inhibited via S-nitrosylation. The inhibition of the different
proteins via S-nitrosylation is mainly associated with the conformational change of the
active site [ 198, 199]. Researchers believe that S-nitrosylation is associated with a good
number of cellular events ranging from bacteria to mammals [194]. A database (dbSNO
2.0 http://dbSNO.mbc.nctu.edu.tw) is designed to collect the S-nitrosylated protein
from literature reviews [200]. Hence, the research is going on to uncover the S-

nitrosothiol mediated response in vivo.

Protein tyrosine nitration (PTN) is another covalent post translational
modification where nitro (-NO>) group is added at the meta position of the phenolic
ring of specific tyrosine residue/s of a protein [201]. Peroxynitrite, sodium
nitroprusside, acidified sodium nitrite (NaNO>) can form PTN via generation of *NO,
[202-204]. Professor Rafael Radi (Biochemist, Universidad de la Republica, Uruguay)
and his co-workers have reported that PTN is a free radical process where not only
*NO; but also tyrosyl radical (*Tyr) is required [205]. Though it is not an enzymatic
process but the process is still very selective and the formation of PTN is not dependent
on the abundance of the tyrosine residue. PTN formation is mainly dependent on the
local environment of the tyrosine residue and the secondary structure of the protein
[201, 204]. Hence, PTN is considered as one of the most important biomarkers of
nitrosative stress [206]. Addition of *NO» radical at the tyrosine molecule, reduces the
pKa value from 10.1 to 7.2 of the hydroxyl group present in the phenolic ring of the
nitrotyrosine residue [207]. Nitrotyrosine residues are hydrophobic whereas tyrosine

residues are mildly hydrophilic [201]. Tyrosine nitration generally contributes to the
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generation of additional negative charge and are also able to add comparatively bulky
substituent (due to the hydrophobicity) to the protein. This may lead to the alteration of
local charge distribution as well as the configuration that results in inhibition [206].
Cellular mitochondrial matrix is the primary locus for PTN formation [208]. Reports
suggest that Fe-S cluster proteins like aconitase can be inactivated by PTN [209].
Published reports suggest that peroxynitrite can form PTN in HDAC2 (Histone
Deacetylase 2) at Tyr253, ascorbate peroxidase at Tyr5 and Tyr235, MnSOD at Tyr34,
that results in inactivation [210-212]. The effect of protein tyrosine nitration on cellular
signaling is not clear. It was hypothesized that tyrosine nitration might affect the
cellular signaling due to alteration of the local environment. It has also been reported
that PTN interferes with the protein phosphorylation which cannot be possible when
the target Tyr residue is nitrated [213, 214]. However, previous report suggests that
peroxynitrite induces both the nitration and phosphorylation of Tyr residue of protein
(e.g. T-lymphocyte) [215]. Hence, the biochemistry of PTN and its functioning is not

fully understood till now.
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Fig. 3 Effect of nitrosative stress on protein, lipid and DNA.
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6.2. Nitrosative stress and apoptosis:

At higher concentration, NO can act as a pro-apoptotic factor [109]. Intracellular higher
concentration of NO can induce apoptosis in different cells like macrophage,
neuroblastoma, smooth muscle cells etc. [216-219]. It has been reported that NO
signaling is strongly associated with the apoptotic pathway in yeast, mammals etc. [109,
220]. It has also been mentioned that mitochondrial matrix proteins are vulnerable to
nitrosative stress [201]. Higher concentration of NO can form more reactive
peroxynitrite that can disrupt the mitochondrial transmembrane potential, resulting in
release of cytochrome ¢ due to transition in mitochondrial permeability [221-223]. The
release of cytochrome c¢ is the key event for the induction of apoptotic signaling
pathway. This event can stimulate the downstream proteins (e.g. apaf-1, caspase-3 etc.)
of the apoptotic signaling pathway [ 109, 224]. Caspases, a family of cysteine proteases,
can induce DNase. The breakage of poly ADP-ribose polymerase (PARP), substrate of
caspase-3, has been reported to increase in NO-mediated apoptosis, suggesting
upregulation of caspase-3 during nitrosative stress [226]. Another important factor for
apoptosis is the activity of p53, a tumor suppressor protein [224]. RNS induced DNA
damage can stimulate the p53. Under nitrosative stress, induced p53 can stimulate the

production of p21.

This event may lead to the blocking of cell cycle progression via inhibiting
cyclin dependent kinases, an important factor for cell growth [226, 227]. In addition to
it, report also suggests that activation of iNOS can induce the accumulation of p53,
suggesting the role of NO as a pro-apoptotic factor [225]. NO induced p53 can also
increase the expression of Bax, a pro-apoptotic protein and reduce the expression of
Bcl-2, an anti-apoptotic protein [228]. The ratio of Bax to Bcl-2 is a very important
factor for the induction of apoptotic pathway [109]. A recent publication by Almeida
et al. (2020) has described the role of S-nitrosylation of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) in NO-mediated apoptotic signaling in yeast [220] suggest
that the apoptosis rate in H2O:-treated yeast cells is induced with the level of S-
nitrosylation of GAPDH. It has been reported that inhibition of GAPDH via S-
nitrosylation leads to induction of DNase and apoptotic pathway. In addition to it, NO
can stimulate cGMP pathway via binding with the heme-containing protein guanylyl
cyclase, resulting in the production of cGMP, a secondary messenger that leads to the

apoptosis [229, 230]. The reduced activity of protein kinase C (PKC), decrease in
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extracellular signal-regulated kinases (ERK) phosphorylation, are also associated with
NO-induced apoptosis [231, 232]. A schematic diagram of the role of NO on apoptosis
is proposed in Fig. 4.
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Fig. 4 Role of nitric oxide on apoptosis.
6.3. Nitrosative stress and aging:

“Aging” is a broad spectrum term, associated with chronological, replicative
parameters [233, 234]. The study of aging is paradoxical, very complicated and
associated with different factors like dietary restriction (DR), stress, genetic
organization, environmental influences etc. [235]. To study the genetics and
biochemistry of aging, S. cerevisiae has been the choice of organism since more than
50 years [234]. The aging of yeast, can be expressed by the two ways: replicative life
span (RLS) and chronological life span (CLS). Replicative life span is defined as the

number of daughter cells, generated from the mother cell before senescence, an
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irreversible arrest of cell cycle. Whereas chronological life span is the length of survival
time of a yeast cell in a non-dividing state [236]. These features give the opportunity to
study the mechanism of aging of both the proliferating and non-proliferating cells using
comparatively simple unicellular organism yeast [237]. Hence, it has become the choice

of organism to characterize the underlying mechanism of aging [238].

It is well established that mitochondrial dysfunction and generation of ROS and
RNS, are associated with aging [234, 239]. Though S. cerevisiae is petite positive
(ability to survive without the mitochondrial DNA [240]) but still damaging of mtDNA,
leads to aging [241]. Redox stress can lead to the accumulation of reactive species in
vivo [236]. These reactive species can interfere with the macromolecules of the cell,
resulting in the alteration of the cellular functions like metabolism, biogenesis etc. [242,
243]. The alteration in cellular metabolism (energy production, amino acid synthesis)
as well as CLS is tightly associated with the TOR/Sch9 signaling and it is well
established in dietary restriction mediated aging [244]. TOR/Sch9 signaling is an
important factor for cell cycle progression. It also stimulates the translational process,
but it represses the general stress response by restricting the localization of transcription
factors Msn2 and Msn4 (important factor for redox stress response) in the cytoplasm
[234, 245, 246]. Under the stress condition, the activity of TOR is reduced and cellular
stress response is stimulated. It has been reported that TOR/Sch9 signaling is inhibited
during redox stress due to the alteration in the localization of Sch9, increasing the CLS
in yeast [247]. In addition to it, mitochondrial dysfunction also triggers retrograde
signaling (a communication between mitochondria and the nucleus along with other
cellular compartments [248]) which is also controlled by the TOR activity via
regulating the expression of retrograde gene [249, 250]. Due to inhibition of the activity
of TOR, the retrograde genes are expressed that may contribute to the extension of the
chronological life span. Autophagy (recycling of the cellular macromolecules during
stress condition [251]) also contributes to the extension of the CLS. It has been reported
that TOR activity negatively regulates autophagy. Hence, the reduced activity of TOR
increases autophagy which in turn leads to the expansion of CLS [252, 253]. The
reduction in the activity of protein kinase A (PKA) is also associated with TOR/Sch9
signaling that contributes to the extension of CLS [245]. A schematic diagram of the
role of NO on aging is proposed in Fig. 5.
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Fig. 5 Role of nitric oxide on aging.

Different studies have revealed the connection between the dysregulation of the
biogenesis of ribosomes and aging. Enhanced ribosome biogenesis is one of the major
characteristics feature of aging [254]. Under the stress condition, high rate of the
ribosome biogenesis can promote aging through the excess translation. This event leads
to the disruption of the global proteostasis, the process to maintain and regulate the
proteins and their quality [255]. Loss of proteostasis is a hallmark of aging [256]. In
addition to it, the accumulation of ribosomal DNA (rDNA) can also cause aging. The
high rate of IDNA synthesis may lead to DNA damage that results in genetic instability,
another vital cause of aging [257]. In addition to it, the inactivation of Fe-S cluster
protein or the biogenesis of Fe-S may also contribute to the genetic instability [236,
258]. NO-signaling in aging is also a very complicated as well as self-contradictory
subject. NO-signaling is very important for apoptosis but it can also act as an anti-aging
component. Lewinska et al. showed that the level of NO was reduced rather than
increased in dietary restriction mediated stress response. It indicates that NO-mediated
pathways are involved in aging [259]. The elevated level of SOD is also associated with

the extension of CLS, suggesting the hypothesis [260]. In mammalians, different
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neurodegenerative diseases like alzheimer's disease (AD), parkinson's disease (PD),
huntington's disease (HD), amyotrophic lateral sclerosis (ALS) etc. are related with

aging [261-263].
6.3.1. Alzheimer’s disease:

Alzheimer’s disease (AD) is one of the most common neurodegenerative disease that
is associated with nitrosative stress [264-266]. It has been observed that protein tyrosine
nitration of tau protein is tightly associated with AD [267]. Tau is an axon-enriched
microtubule associated brain protein, encoded by chromosome 17 in human [268, 269].
Protein tyrosine nitration in tau protein is very specific. It has been found that tyrosine
residues are at the position of 18, 29, 197, 310, and 394, (using longest isoform of tau
as the reference) prone to be nitrated in the presence of RNS like peroxynitrite. The
sensitivity of amino terminal tyrosine resiudes (Y 18, Y29) of tau proteins are more for
the PTN as compared to other residues. PTN formation in Y310 is the rarest due to its
localization at the hydrophobic microtubules binding repeats [270]. Nitration of
tyrosine residues of tau, induces intracellular neurofibrillary tangle formation (due to
polymerization) that may lead to the dysfunction of the protein as well as damage and
destruction of synapses [268,271]. Another important biomarker of nitrosative stress
mediated AD is the formation of extracellular senile amyloid plaques [264, 268, 272].
This event may lead to the accumulation of iron and copper inside the brain, resulting
in the loss of metal homeostasis [273, 274]. In addition to it, loss of mitochondrial
metabolism or dysfunction of mitochondria is also a characteristic feature of AD.
Damaging of DNA and RNA, proteolysis are also associated with the nitrosative stress
mediated AD [264, 275]. Overall, redox imbalance, permanent alteration cell signaling,

gene expressions are also associated with AD [276, 277].
6.3.2. Parkinson’s disease:

Parkinson’s disease (PD) is the second most frequent neurodegenerative disorder after
than AD. One of the characteristic feature of PD is the movement impairment due to
the selective degeneration of dopaminergic neurons [278]. Though it is considered as a
sporadic disease but evidences reveal that it can be family-linked [279]. This aging-
related disease is tightly associated with nitrosative and oxidative stress [280]. Reports
suggest that degeneration of dopaminergic neuron is primarily caused by the reactive

oxygen species (ROS) and RNS mediated lipid peroxidation, protein modification etc
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in the brain tissue [281]. Astrocytes, star-shaped glial cells in CNS, play major role in
metabolism and detoxification of reactive species. One of the most important function
of astrocytes is maintaining the redox homeostasis in brain [282]. Astrocytic generation
of RNS involves in the dysfunction of neuronal mitochondria [283]. Characteristic
features of PD includes presence of eosinophilic cytoplasmic inclusions of fibrillar,
misfolded proteins known as the lewy bodies containing ubiquitinated a-synuclein,

parkin, syuphilin, neurofilaments and synaptic vesicle proteins [284].

a-synuclein is very prone to tyrosine nitration and considered as one of the most
important cause of protein aggregation. It has been revealed that four tyrosine residues
(Y39, Y125, Y133, Y136) are susceptible for nitration [285]. a-synuclein is very
sensitive to the nitrating agents like peroxynitrite. Even a very low concentration of
peroxynitrite is sufficient to cause PTN in a-synuclein [286]. Nitrated a-synuclein
becomes resistance to proteolysis but prone for the aggregation that leads to the
reduction in both lipid binding tendency and solubility in cell, suggesting the generation
of toxicity due to misfolding of this protein [287]. The nitrated a-synuclein shows more
immunogenicity that may leads to the stimulation of neuroinflammation by cytokines,
NF-kB and others intracellular components [278, 288, 289]. Another important protein
of PD pathogenicity is parkin, an ubiquitin E3 ligase encoded by the PARK?2 gene. This
protein is involved in the maintaining of mitochondrial integrity and regulates
mitophagic degradation [290]. Report suggests that overproduction of NO may
interfere with the structural modification as well as activity of the protein via S-
nitrosylation. The cysteine residues of the catalytic RING domains of parkin are prone
to S-nitrosylation. S-nitrosylation induces the inactivation of parkin protein that leads
to the neurotoxicity [291, 292]. In addition, loss of activity of DJ-1 and PINK, have
been also identified in the pathogenesis of PD. Loss of activity of these proteins under

nitrosative stress which in turn causes apoptosis and neurotoxicity [278, 293].
6.3.3. Huntington’s disease:

Huntington’s disease (HD) is a fatal genetic neurodegenerative disorder, associated
with the progressive loss of memory, mood, behavior and cognition [294]. This
autosomal neurological disorder is caused by the unusual expansion of CAG repeats
(>36 repeats) within IT15 gene located at chromosome 4, that code polyglutamine

(polyQ) tract in N-terminal site of the huntingtin protein, a ubiquitous protein, [295-
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297]. It has been established that imbalance of NO contributes to the development of
HD. There are two major pathways that can link the imbalance of NO and development
of HD i.e. htt/HAP-1/calmodulin/NOS link and the CREB binding protein/htt/NOS link
[295]. Dysfunction of NO may contribute to the Progressive striatal damage and
abnormal cerebral blood flow (CBF), important markers of HD [298, 299]. The
dysfunction of nNOS may lead to the alteration in NO production, resulting in
neurodegeneration [299]. RNS like peroxynitrite mediated damage has been
characterized in HD. Peroxynitrite may lead to DNA damage, lipid peroxidation,
induction of iNOS, depletion of NAD" flux, that results in neurotoxicity [300]. This
neurotoxicity inversely leads to the alteration of mitochondrial membrane permeability
via pore formation, resulting in the release of cytochrome ¢, a proapoptotic factor [301].
Loss of activity of respiratory chain via inhibiting complex II, III, IV, has been well
characterized in HD patients [302-304]. Report suggests that reduction in NO content
in platelets, interferes with the eNOS phosphorylation at ser''”” during the advanced

stages of HD [305].
6.3.4. Amyotrophic lateral sclerosis (ALS):

One of the most dangerous neurological disorder is Amyotrophic lateral sclerosis
(ALS), most patient die less than 5 years after appearing the symptoms [306]. This
neurodegenerative disease (also known as Charcot’s disease or Lou Gehrig’s disease)
is marked by the selective loss of upper motor neurons of the motor cortex, and lower
motor neurons of motor neurons of spinal cord and brain stem [307]. One of the major
cause of ALS is mitochondrial dysfunction that leads to the death of the neurons [308,
309]. Mitochondrial dysfunction is associated with the lipid peroxidation, DNA damage
and misfolding of important proteins [307]. Loss of activity of Cu, Zn superoxide
dismutase (SOD1) via reactive species mediated misfolding was reported in the patient
of ALS [310, 311]. SODI participates in the regulation of energy metabolism, cellular
respiration, stress control etc. [312-314], thus the loss of activity of SOD1 leads to the
suppression of the above processes along with the generation of superoxide or ROS,
causative agents of mitochondrial dysfunction [315-318]. Elevated level of ROS has
been reported in CNS of the patient with ALS [319]. Peroxynitrite, an important RNS,
is also generated due to higher ROS production. Peroxynitrite mediated protein
modification via formation of 3-nitrotyrosine in CNS is considered as the one of the

important biomarker of ALS [320-324].
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RNS-mediated lipid modification has also been found in the CNS of the patient
with ALS [325]. One of the most abundant product of fatty acid peroxidation by RNS
is 4-hydroxy-2-nonenal (HNE), act as ‘second cytotoxic messenger’, has been well
characterized in the ALS patients [326]. It is a very toxic product that may stimulate
cellular damage and apoptosis [327, 328]. It can move across the membrane and
interacts with the different cellular components, leading to the cytotoxicity, one of the
major reason for loss of activity of the motor neurons [306, 327]. Overall, due to the
activity of reactive species, the structure of the membrane is affected that leads to the
alteration in fluidity, permeability, transport and metabolic processes [306]. These

alterations severy affect the neuronal function that causes ALS.
6.4. Nitrosative stress and metabolism:

It has been reported that RNS or NO can affect the cellular metabolic processes like
tricarboxylic acid (TCA) cycle, electron transport chain, fatty acid biosynthesis, [-
oxidation of fatty acid etc. via interfering with the enzymes of the different metabolic
pathways [329, 330]. Activities of aconitase, isocitrate dehydrogenase, a-ketoglutarate
dehydrogenase have been found to be decreased under nitrosative stress due to the S-
nitrosylation, resulting in the inhibition of TCA cycle [331-336]. RNS or NO mediated
inactivation of aconitase has been characterized in chronological aging [337]. The
nitration of the tyrosine residues of aconitase under nitrosative stress has also been
reported [203]. Activity of glutamate dehydrogenase, catalyzes the conversion from
glutamate to a-ketoglutarate has also been found to be nitrated in mice liver under
nitrosative stress, that leads to the less generation of a-ketoglutarate for TCA cycle
[338, 339]. Report also suggests that pyruvate dehydrogenase can be inactivated due to
S-nitrosylation. Inactivation of pyruvate dehydrogenase directly affects the TCA cycle.
Reduction in the TCA cycle via post translational modification under nitrosative stress
contributes to the development of neurodegenerative disorders [301, 340-343]. In
addition to it, enzymes of glycolytic pathway e.g. hexokinase, aldolase,
glyceraldehyde-3-phosphate dehydrogenase, enolase etc. are also very prone to S-
nitrosylation [301, 329, 330]. Rate limiting enzyme of fatty acid biosynthesis i.e. very
long-chain acyl-CoA dehydrogenase (VLCAD) has also been found to be S-nitrosylated
in the presence of NO that leads to the generation of more acetyl-CoA, showing
beneficial effect of S-nitrosylation [329]. In addition to it, metabolic reprogramming in

Pseudomonas fluorescens under nitrosative stress has also been reported by Auger et
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al. They hypothesized that metabolic reprogramming can act as bacterial defense

strategy by coupling with antioxidant system to overcome the stress [344].
7. Cellular defense strategies against nitrosative stress:

Cells always try to overcome the hostile situation mediated by the different stress
agents. These defense strategies include different enzymatic and non-enzymatic
pathways. Though the defense strategies are not well characterized but still some of the
components are found that play a major role to overcome the nefarious activity of RNS

or NO inside the cell.
7.1. Non-enzymatic defense:

To combat the RNS or NO mediated stress, a good number of non-enzymatic
components have been identified, among them vy-L-glutamyl-L-cysteinyl-glycine
(GSH) or reduced glutathione has been found to be a potent candidate to protect the cell
from RNS-mediated damage [345]. GSH is a very important component for
maintaining the redox homeostasis in vivo that contributes to the cellular proliferation,
differentiation and apoptosis. It can directly bind with NO to form GSNO, suggesting
the role of GSH as NO scavenger [347]. It was reported that NO can stimulate DNA
damage and protein modifications when the intracellular GSH level declines, indicating
the protective role of GSH under nitrosative stress [348]. The alteration of
mitochondrial GSH level is also associated with Ca®" ion distribution, pyridine
nucleotide oxidation status, mtDNA damage, and induction of membrane permeability
transition [349-355]. S-glutathionylation (reversible binding of GSH with protein) helps
to mask the proteins from irreversible oxidative damage. S-glutathionylation of proteins
also contributes to the alteration of signal transduction that is required to respond
against the reactive species mediated stress [356, 345]. Reports suggest that disruption
of glutathione biosynthesis also contributes to the glutathione auxotrophy in S.
cerevisiae and S. pombe [357, 358]. In addition to it, NADPH and nicotinamide adenine
dinucleotide hydrogen (NADH) are also two important factors that provide the non-
enzymatic defense to the cell under nitrosative and oxidative stress. NADH is an
important cofactor for the antioxidant [359, 360]. Vitamin C and vitamin E also provide
protection against nitrosative stress. These two vitamins together contribute to

increasing the intracellular flux of GSH [361]. Vitamin E also breaks the chain of lipid
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peroxidation and vitamin C also gives protection against the ROS like hydrogen
peroxides [362, 363]. Lipoic acid (LA), another important non-enzymatic compound
which gets digested, absorbed and converted to dihydro lipoic acid (DHLA). DHLA
can neutralize free radicals and contribute to the generation of vitamin C. LA also helps
to stabilize lysosome under nitrosative and oxidative stress via termination of free
radicals and chelating of transition metals [364, 365]. In addition to it, melatonin, -
carotenes, and flavonoids are also found to show protective roles against the free radical
mediated damage [366-368]. Melatonin also induces different antioxidant enzymes like
superoxide dismutase, glutathione reductase, catalase etc. [366]. It also inhibits pro-
oxidant enzymes like NOS, xanthine oxidase and lipoxygenase etc. It has also been
reported that melatonin helps to stabilize or protect the cellular membrane from
oxidative damage and increase the rate of electron transport chain (ETC) without
increasing generation of reactive species [366]. B-carotenes and flavoniods play an

important role to inhibit lipid peroxidation via scavenging peroxyl radicals [367, 368].
7.2. Enzymatic defense:

To overcome the reactive species mediated stress, activities of some enzymes have been
found to be upregulated and detoxify the effect of NO or RNS, known as ‘stress
response enzyme’ e.g. flavohemoglobin, Cu/Zn superoxide dismutase (SOD),
glutathione peroxidase, glutathione reductase (GR), catalase, GSNO reductase etc.

[361, 369].

Flavohemoglobin (Yhb1) or nitric oxide dioxygenase (NOD) can detoxify the
effect of NO by converting NO to NOs , using NADPH as the reducing power [370].
Flavohemoglobin or NOD like activity is conserved from prokaryotes to higher
eukaryotes [75]. In higher eukaryotes, hemoglobin shows NOD-like activity [371]. The
amino acid sequence of flavohemoprotein (Hmp1) in E. coli shows high homological
similarities with NOD of yeast [373]. In presence of NO, the overexpression of YHBI
gene has been reported in S. cerevisiae and C. albicans [117, 372, 373]. Reduction or
inhibition in the activity of Yhbl increases the NO-mediated growth inhibition in the
cells of S. cerevisiae and C. albicans [372, 374, 375]. It has also been observed that the
loss of activity of Yhblincreases the intracellular RSNO production that may result in
the generation of nitrosative stress condition [376]. Under the stress condition,

cytochrome c¢ oxidase (CcO) activity in mitochondrial respiratory chain complex
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(MRC) can be downregulated that leads to the generation of superoxides and then it is
subsequently converted to peroxynitrite, a potent nitrating agent [377, 73]. Yhbl also
helps the pathogenic yeast to resist from the macrophage-induced NO, showing its role
as a virulence factor [373, 378]. The anti-nitrosative or anti-oxidative role of Yhb1 has
been determined by its cytosolic and mitochondrial localization. In absence of
superoxide Yhbl is mainly present in cytosol but in the hypoxic condition, Yhbl is
mainly localized in the mitochondrial matrix, suggesting the protective role of Yhbl

under nitrosative and oxidative stress [379].

Another important anti-nitrosative enzyme is GSNO reductase (GSNOR) that
breaks down toxic GSNO into oxidized glutathione (GSSG) and ammonia. GSNOR is
very similar to GSH-dependent formaldehyde dehydrogenase (GS-FDH) [380],
member of the formyldehyde dehydrogenase III that contains NADH binding site like
alcohol dehdrogenase [381, 382]. The GSNOR activity has been reported in eukaryotes
like S. pombe, S. cerevisiae, plants, and mammalians and most of bacteria [380, 381,
384, 385]. GSNOR or Fdh3 is considered as the marker of redox switch i.e. sensitive to
the alteration of redox state of cell [386]. Earlier reports suggest that reduction in the
activity of GSNOR can enhance nitrosative stress mediated damage [382, 387, 388]. It
has also been reported that the loss of activity of GSNOR in C. albicans hampers the
nitrosative stress response and virulent property. This suggests the role of GSNOR as
the virulence factor that provides the protection from host immune response mediated

by nitrosants like NO or its derivatives [382].

Catalase was the first characterized antioxidant enzyme that actively
participates to combat the oxidative and nitrosative stress. Generally, the main function
of catalase is the conversion of hydrogen peroxide to water and oxygen [389]. But the
activity of catalase has been found to be upregulated to inhibit peroxynitrite mediated
oxidation and nitration and also peroxynitrite catabolism in S. cerevisiae [390]. Report
also suggests that catalase activity can be upregulated in S. cerevisiae in GSNO

mediated nitrosative stress [391].

As mentioned earlier, GSH can act as the stress response component. Increase
in the intracellular concentration of GSH is dependent on the activity of glutathione
reductase (GR) that catalyzes the conversion from oxidized glutathione (GSSG) to
reduced glutathione (GSH) using NADPH as the reducing equivalent [392]. Activity of
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GR is required for mitochondrial activity. It has been reported that GR can reduce the
oxidation and nitration of Fe-S cluster proteins of mitochondria [393]. In addition to it,
thioredoxin system also acts as a disulfide reductase. It has been reported that
thioredoxin system helps to maintain the intracellular GSH concentration in GR mutant

E. coli [394, 395].

Superoxide dismutase also indirectly helps to overcome the nitrosative stress.
SOD reduces superoxide to hydrogen peroxide and oxygen atom. In the presence of
excessive NO, SOD can reduce the concentration of intracellular superoxide which in
turn inhibits or reduces the production of toxic peroxynitrite [396]. Peroxynitrite
mediated lipid oxidation/peroxidation can also be reduced by the activity of glutathione
peroxidase (GPx). Gpx uses GSH as the reducing power [397]. It is also considered as
a H,O»-stress response enzyme [361].

8. Yeast as a model organism to study nitrosative stress:

Budding yeast (mainly S. cerevisiae) is a robust model system for basic biological
research [398]. This eukaryotic organism carries 6692 genes in 12 megabase pairs of
DNA that is distributed in 16 linear chromosomes present in nucleus. The genomic
stability of the organism makes it one of the best system to study gene manipulation.
Its full genome was sequenced in 1996 as the first eukaryote [399]. The integrity of the
genetic and molecular toolbox of the yeast, has placed it as the primary system to study
and develop the different high-throughput technologies involved in transcriptomics,
proteomics, metabolomics and so on [400-405]. Like the budding yeast, fission yeast
(S. pombe) has also become a powerful system to study the cell growth and division
[406-409]. The whole genome sequencing of S. pombe was also reported in 2002 [410].
CDC?2 gene, an important factor for cell division, was first discovered in S. pombe
[409]. Different cell cycle check points have also been characterized by using S. pombe
and S. cerevisiae. Spindle check point genes, DNA damage checkpoint genes etc. have
first been characterized in S. cerevisiae [411, 412]. In addition to it, the growth rate of
yeast is very fast (~90 min/generation) as compared to animal model and it is

comparatively easy to handle.

Another important feature to use yeast as the model organism to study the

genetic and biochemical characterization, is the similarity with the metabolic and
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cellular pathways that occur in higher eukaryotes like humans. Thus, yeast system has
become a good model to study cancer and neurodegenerative diseases like Parkinson’s
disease, Alzheimer’s disease and Huntington’s disease [413-415]. Different gene
mutations related to human cancer have been characterized by using yeast as the model
system [416]. Another important factor, that is associated with different physiological
disorders, is nitrosative stress. Reports suggest that formation of 3-nitrotyrosine and S-
nitrosylation are two major markers of cardiovascular disease cardiovascular disease,
obesity, diabetes mellitus and so on [417, 418]. To characterize the physiochemical
properties and biochemistry of 3-nitrotyrosine, S-nitrosylation under nitrosative stress,

one of the best system is yeast.

In the last decade a good number of studies have been done to characterize the
nitrosative stress response using yeast (e.g. S. cerevisiae, S. pombe, C. albicans etc.) as
the model organism. Several critical issues have been addressed in this last decade
regarding nitrosative stress response that encourages researchers to explore more
mechanistic pathways of nitrosative stress response. In response to nitrosative stress
transcriptional regulations mediated by different transcriptional factors (TFs) in yeast
have been well characterized. Yapl, an important transcriptional factor has been
reported to be upregulated under nitrosative stress. It is one of the most important factor
for the higher activity of SOD and catalase. Deletion of the YAP/ gene fails to activate
SOD and catalase. In addition to it, the subcellular localization of the Yap1 protein has
been found in the nucleus of S. cerevisiae under nitrosative stress, suggesting its role
under nitrosative stress [419]. On the other hand, Yap7 plays the exact opposite role
regarding nitrosative stress response. Reports suggest that Yap7 represses Yhbl, an
important anti-nitrosative enzyme. Hence, the deletion of Yap7 contributes to the
enhancement of NO resistance in yeast. Binding of Yap7 to the YHBI promoter leads
to the recruitment of Tupl repressor, resulting in the downregulation of YHBI [420,
421]. Cwtlp, another negative regulator of Yhbl has been found in C. albicans [422].
Nitrosative stress tolerance is based on different strategies possessed by different
organisms. Anam ef al. identified a nitrosative stress tolerance gene RI/BI which
encodes GTP cyclohydrolase II that catalyzes the first step in riboflavin biosynthesis.
The byproduct of the reaction of GTP cyclohydrolase II, can scavenge RNS. Thus, the
author claimed that riboflavin indirectly helps to overcome nitrosative stress [423]. Kar

et al. discovered that transcription factor Atfl was localized in the nucleus under
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nitrosative stress in S. pombe. Though the mechanism is not clear but authors
hypothesized that Styl-Atfl mitogen-activated protein kinase (MAPK) pathway may
be required for the nitrosative stress response [424]. Till now different proteins have
been identified that are sensitive under nitrosative stress. Redox homeostasis along with
the antioxidant system, has also been characterized in the presence of different RNS.
Using critical molecular biology tools, different transcription factors have been
recognized as the nitrosative stress response element but there is a lacony regarding

metabolic strategy under nitrosative stress.
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Objectives of the study:

Reactive oxygen species (ROS) can be generated in the yeast cells due to the
physiochemical activities of it and subsequently reactive nitrogen species (RNS) are
formed. Nitric oxide (NO) reacts with ROS or molecular oxygen (O2) and RNS like
peroxynitrite (ONOQO"), nitrogen trioxide (N203), nitrite (NO7") and nitrate (NO3") are
formed. Accumulation of such RNS, may lead to damage of the important
macromolecules like enzymes, proteins, lipids, DNA etc., this hostile condition is
known as nitrosative stress, in analogy with the 'oxidative stress'. Due to the alteration
of the structure of important macromolecules and redox homeostasis, electron transport
chain as well as metabolism may be affected. Thus, the work was planned to
characterize the effect of nitrosative stress on ethanol production using Saccharomyces
cerevisiae, one of the best system to study the effect of nitrosative stress as its genome
sequence has been well characterized and an excellent background on nitrosative stress

studies. Hence, the work was performed with the following objectives:

e Determination of the cell viability and growth of Saccharomyces cerevisiae

under nitrosative stress.

e Characterization of physiochemical properties of Saccharomyces cerevisiae

under nitrosative stress.

e Quantification and analysis of the ethanol production by Saccharomyces

cerevisiae under nitrosative stress.

e Optimization of ethanol production using immobilized stressed Saccharomyces

cells.

79 | Page



Matericls and metbods...



1. Strain and media:

Sachharomyces cerevisiae Y190 (ATCC 96400) was used in this study. The strain was
grown in YPD medium (2% W\V Yeast extract [HiMedia], 2% W\V peptone
[HiMedia] and 2% W\V dextrose [Merck]), YPG medium (2% W\V yeast extract, 2%
WAV peptone, and 3% V/V glycerol) and minimal media containing different
concentration of molasses and ammonium sulphate was used for the experiment based
on CCRD-RSM. Strains were grown at 30°C under shaking condition (80 RPM). The
strain was preserved in 50% glycerol stocks at -20°C freezer. The glycerol stock was
used for the preparation of preinoculum. 200 pL from the glycerol stock was inoculated
in a fresh YPD broth and incubated overnight at 30°C. Then, streak plating was
performed on YPD agar plate using the overnight grown culture and incubated
overnight at 30°C to isolate single colonies. After that, the culture was checked for
contamination by phase contrast microscopy. Following that, pre-inoculum was
prepared by inoculating single isolated colony in YPD broth and again incubated
overnight at 30°C. The overnight grown S. cerevisiae cells were then used as inoculum
for further experiments and initial O.D.s00~0.05 was maintained for each of the

samples.
2. Preparation of acidified sodium nitrite:

100 mM acidified sodium nitrite (ac. NaNO>) stock solution was prepared by mixing
dissolved NaNO; (Sigma-Aldrich) in double distilled (DdH>0O) with concentrated HCI
in a 1:1 ratio (V/V) [1]. Effective concentrations (0.5 mM, 1 mM, and 3 mM) of

acidified sodium nitrite was prepared from the stock solution for the experiments.
3. Preparation of S-nitrosoglutathione:

GSNO was prepared as per the method of Hart with slight modifications [2]. In brief,
0.5 M GSNO was obtained by mixing 1 M of NaNO: (Sigma-Aldrich) in DdH>0O and
1 M GSH (Himedia) in 1 N HCl in cold (1:1 V/V). The concentration of GSNO was
determined spectrophotometrically (ThermoScientific MultiskanGO) at 335 nm (g =
922 M~tem™).
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4. Cell viability assay:

S. cerevisiae cells were grown in YPD medium and treated with different
concentrations of ac. NaNO» (0.5 mM, 1 mM, 3 mM)) and GSNO (0.25 mM, 0.5 mM,
1 mM) at the early log phase (O.D.s00~0.3). Following an overnight incubation, 1 ml of
culture from each sample was serially diluted and plated on YPD agar medium for
viable cell count. As a control, a culture without GSNO or ac. NaNO: treatment was
used. The growth curve was created by recording the O.D. at 600 nm for 11 hours at
60-min intervals [3]. The growth curve was used to calculate the specific growth rate
using Y=AeBX formula where Y= Final cell count, A= Initial cell count, B=growth rate,

X=0.D. value.

5. Preparation of cell-free extracts (CFE) and estimation of total

protein:

Cell-free extract (CFE) of treated and control or untreated cultures were prepared for
different enzymatic assays. Overnight grown cultures of treated and untreated samples
were centrifuged, and the supernatants were discarded. The cell pellets were lysed by
using glass beads, 425-600 uM diameter (Sigma) and lysis buffer containing 100 mM
Tris-HCI (pH 7.6), 150 mM NaCl, 1 mM SDS, 2 mM EDTA, 0.1% protease inhibitor
cocktail (Sigma-Aldrich), and 1 mM PMSF [4]. CFEs were used for all the enzymatic
assays. The concentration of protein was estimated as per the Bradford protocol. The

standard curve for estimation of protein concentration was prepared by using BSA [5].
6. Estimation of reduced and oxidized glutathione:

The concentrations of GSH (reduced glutathione) and GSSG (oxidized glutathione)
were determined using the method described by Akerboom et al. [6]. CFEs (from both
treated and untreated samples) were first deproteinized with 2 M HCLO4 (Merck), 2 M
EDTA (Himedia), and then neutralized with 2 M KOH (Himedia), 0.3 M HEPES
(Himedia) to pH 7. After centrifuging one portion of the neutralized samples at 5000 g
for 5 min, the supernatants were collected to determine the total in vivo thiol
concentration (GSH+GSSG) using Glutathione Reductase (GR) dependent DTNB
(Himedia) reduction. Another portion of the sample was treated with 2-vinylpyridine

(50:1 V/V) for 60 min and used to mask GSH and determine the concentration of
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GSSG. Time scan was done at 412 nm for 3 min using spectrophotometer. Both GSH

and GSSG concentrations were expressed in nmol/mg of protein.

7. Detection of reactive nitrogen species (RNS) and reactive oxygen

species (ROS):

Reactive nitrogen species (RNS) and reactive oxygen species (ROS) were detected by

using confocal microscopy and FACS.
7.1. Confocal microscopy:

Confocal microscopy (Leica TCS SP8) was used to detect reactive nitrogen species
(RNS) and reactive oxygen species (ROS). RNS and ROS were detected using the
Invitrogen protocol, with some modifications. In brief, 2x10° cells were washed and
resuspended in PBS pH 7.4 before being fixed with absolute ethanol. The dyes
(H.DCFDA [Invitrogen] specific for ROS and DAF-FM [Invitrogen] specific for RNS)
were then added at a final concentration of 1.5 uM and incubated in the dark for 20
minutes. Excitation was set to 495 nm and emission to 515 nm for confocal microscopy.
Experiments for RNS and ROS were repeated independently at least three times, and
micrographs (45X) were taken. The intensity of fluorescence was measured using the

Leica LAS X software.
7.2. FACS:

FACS (BD LSRFortessa) analysis for ROS and RNS was done from IICB, Kolkata.
Samples were prepared as mentioned for the confocal microscopy. Dye free cell
preparation was used as the blank for FACS analysis. The photomultiplier tube voltage
was kept at 190 mV for FITC channel and flow rate was set at12 pl/min for all the
experiments.10* events were recorded for each sample and histograms were prepared
by plotting the cell count against fluorescence in the FITC channel. For the FACS
analysis excitation was fixed at 495 nm and emission at 515 nm (as per the protocol of

Invitrogen).

8. Estimation of ethanol production:

Ethanol was estimated by the modified potassium dichromate method [7] and

potassium permanganate method [8] with slight modifications. In case of potassium
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dichromate method, overnight grown untreated and treated S. cerevisiae broth cultures
were centrifuged at 5000 g, and supernatants were collected. 1 ml supernatant of each
sample was then mixed with a reaction mixture containing 0.25 M potassium
dichromate (K>Cr,O7) [Himedia], 0.1 M silver nitrate (AgNO3) [Himedia], and 6 N
sulfuric acid (H2SO4) [Himedia] and incubated for 10 min. The samples were then
diluted, and the O.D. was recorded at 560 nm. Reaction mixture without supernatant

was taken as blank.

In case of potassium permanganate method, supernatants of overnight grown
untreated and treated S. cerevisiae broth cultures were mixed with equal volume of
20% TCA at room temperature for 5 min and then centrifuged at 10000 g. The
supernatants were then treated with 1/5 volume of 20% CTAB at 65°C for 10 min and
again centrifuged at 10000 g. These pretreated samples were then diluted 100-fold for
ethanol estimation. Pretreated samples were mixed with 10 mM KMnOQ4 solution and
incubated at 40°C for 90 min. Initial and final O.D. were recorded at 526 nm. The 10-
fold diluted pretreated sample was mixed with DNS solution for the estimation of sugar
concentration. The final ethanol concentration of the pretreated sample was determined
by subtracting the concentration of reducing sugar contributing in A526 from the
concentration of the ethanol determined by using KMnO4 method. Standard curves for
the estimation of ethanol and reducing sugar concentration were prepared by using
EMSURE absolute ethanol (Merck) and glucose (Merck) respectively. Further, ethanol
yield and productivity were determined as mentioned by Mithra et al. with slight
modification [9]. The volumetric productivity and yield were expressed as g/L/h and

g/g of glucose. Percentage of the theoretical ethanol yield was calculated as follows:

Ethanol concentration X 100/ (Theoretical maximum ethanol yield/g of sugari.e. 0.511

X concentration of consumed reducing sugar).
9. Enzymatic assay:

Enzymatic assays were done with the CFE or pure protein. 1 enzymatic unit (1 U) is
defined as the 1 mg of protein that catalyzes the conversion of one micromole of

substrate per minute under the specified conditions of the assay method.
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9.1. Glutathione reductase assay:

The glutathione reductase assay was performed according to the protocol of Carlberg
and Mannervik with slight modification [10]. In brief, 2 mM GSSG (Himedia), 3 mM
DTNB, and 2 mM NADPH (Himedia) were mixed with an assay buffer containing 1
mM EDTA and CFE. Time scan was done at 412 nm for 3 min using
spectrophotometer. Reaction mixture without CFE was taken as a blank. Specific

activity was expressed in mU/mg of protein.
9.2. Catalase assay:

Catalase activity was assayed according to the method of Aebi with slight modification
[11]. In brief, H2O> degradation was measured at 240 nm for 2 min using
spectrophotometer. The reaction mixture contained 0.1 M potassium phosphate buffer
at pH 7.5, 50 mM EDTA, H>O> (Sigma-Aldrich), and CFE. Reaction mixture without

CFE was taken as a blank. Specific activity was expressed in mU/mg of protein.
9.3. S-nitrosoglutathione reductase (GSNOR) assay:

GSNO Reductase assay was performed according to the protocol of Sahoo et al. with
slight modifications [12]. In brief, 100 mM GSNO, 0.2 mM NADH (Himedia), and 0.5
mM EDTA were mixed in 20 mM Tris-CI pH 8.0 with CFE. The conversion of NADH
to NAD was recorded at 340 nm for 5 min. Reaction mixture without CFE was taken

as a blank. Specific activity was expressed in mU/mg of protein.
9.4. Alcohol dehydrogenase assay:

Alcohol dehydrogenase activity was determined as per the protocol of Walker with
some modifications [13]. In brief, the reaction mixture contained 50 mM sodium
phosphate buffer at pH 8.8, 95% V/V acetaldehyde (Sigma-Aldrich), 50 mM B-NADH,
and diluted CFE. The O.D. was recorded at 340 nm for 6 min to determine the
formation of B-NAD from B-NADH. Reaction mixture without CFE was taken as a

blank. Specific activity was expressed in mU/mg of protein.

In a different set, the effect of GSNO or Ac. NaNO> was studied by directly
adding the nitrosative stress agent to CFE. Cells were first grown under the previously

mentioned conditions, and CFE was prepared. The CFE was then treated directly with
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0.25 mM GSNO or ac. NaNO; for 60 min. Following that, the ADH activity of treated
and untreated samples was determined, as previously stated [13]. The experiment was

repeated with pure ADH (Sigma-Aldrich).
9.5. Aconitase assay:

Aconitase assay was performed according to the protocol of Castro et al. [14] with
slight modifications. In brief, the formation of isocitrate (Sigma-Aldrich) from cis-
aconitate was determined spectrophotometrically at 240 nm for 3 min. The reaction
mixture contained 500 mM cis-aconitate, 100 mM Tris-Cl pH 8 with CFE. Reaction
mixture without CFE was taken as a blank. Specific activity was expressed in mU/mg

of protein.
9.6. Aldehyde dehydrogenase assay:

Aldehyde dehydrogenase (ALDH) activity was assayed spectrophotometrically by
measuring the increase in NADH concentration at 340 nm for 3 min [15]. Reaction
mixture contained final concentration of 1 M Tris-Cl buffer pH 8, 20 mM B-
Nicotinamide adenine dinucleotide (B-NAD), 0.1 M acetaldehyde, 3 M potassium
Chloride, 1 M 2-Mercaptoethanol and CFE was added to start the reaction. Specific

activity was expressed in mU/mg of protein.
9.7. Pyruvate dehydrogenase assay:

Pyruvate dehydrogenase activity was assayed spectrophotometrically by measuring the
decrease in NADH concentration at 340 nm for 5 min [16]. In short, reaction mixture
contained 150 mM MOPS pH 7.4, 12 mM magnesium chloride, 0.6 mM calcium
chloride, 18 mM TPP, 0.75 mM coenzyme A, 20 mM NAD", 15.6 mM L-cysteine, 75
mM pyruvic acid as the final concentration along with CFE. Reaction mixture without

CFE was taken as blank. Specific activity was expressed in mU/mg of protein.
9.8. Isocitare dehydrogenase assay:

Isocitrate dehydrogenase assay was performed as per the protocol of Bergmeyer et al.
with slight modification [16]. In short, the reaction mixture contained 70 mM
glycylglycine pH 7.4, 0.5 mM isocitric acid, | mM B-nicotinamide adenine dinucleotide

phosphate 0.5 mM manganese chloride as the final concentration. Assay reaction was
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started with CFE. The conversion of NAD to NADH was measured
spectrophotometrically at 340 nm for 3 min. Specific activity was expressed in mU/mg

of protein.
9.9. Pyruvate carboxylase assay:

Pyruvate carboxylase activity was assayed spectrophotometrically by measuring the
decrease in NADH concentration at 340 nm for 3 min as per the protocol of Payne and
Morris with slight modification [17]. The reaction mixture contained 1 M Tris-Cl pH
8, 1 M magnesium sulfate, 0.1 M pyruvic acid, 0.ImM acetyl coenzyme A (Sigma), 0.1
M adenosine 5’-triphosphate, 0.5 M potassium bicarbonate as the final concentration.
Assay reaction was started with CFE. Specific activity was expressed in mU/mg of

protein.
9.10. Pyruvate decarboxylase assay:

Pyruvate decarboxylase assay was performed as per the protocol of Gounaris et al. with
some modifications [18]. The reaction mixture contained 187 mM citric acid, 33 mM
sodium pyruvate, 0.11 mM B-nicotinamide adenine dinucleotide, reduced form, 10 unit
of alcohol dehydrogenase (Sigma-Aldrich) as the final concentration. Reaction was
started with CFE. The conversion of NADH to NAD was measured
spectrophotometrically at 340 nm for 3 min. Specific activity was expressed in mU/mg

of protein.
9.11. Malate dehydrogenase assay:

Malate dehydrogenase activity was assayed spectrophotometrically by measuring the
decrease in NADH concentration at 340 nm for 3 min [16]. The reaction mixture
contained 100 mM potassium phosphate, 0.13 mM p-nicotinamide adenine
dinucleotide, 0.25 mM oxaloacetic acid as the final concentration. Assay reaction was

started with CFE. Specific activity was expressed in mU/mg of protein.
9.12. Citrate synthase assay:

Citrate synthase assay was performed as per the protocol of Srere [19]. The final
concentrations of the reagents were 100 mM Tris-Cl pH 8, 0.3 mM 5,5'-dithiobis-(2-

nitrobenzoate), 0.2 mM acetyl coenzyme A, and 0.2 mM oxaloacetate. Assay reaction
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was started with CFE and O.D. was recorded for 2 min at 412 nm. Specific activity was

expressed in mU/mg of protein.
9.13. Malate dehydrogenase (Decarboxylating) assay:

Malate dehydrogenase (Decarboxylating) assay was performed as per the protocol of
Geer et al. with some modifications [20]. The final concentrations of the reagents were
65 mM triethanolamine buffer (HiMedia), 3.3 mM L-malic acid, 0.3 mM -
nicotinamide adenine dinucleotide phosphate, 5 mM manganese chloride. Assay
reaction was started with CFE. The conversion of NADP to NADPH was measured
spectrophotometrically at 340 nm for 3 min. Specific activity was expressed in mU/mg

of protein.
9.14. Malate synthase assay:

Malate synthase assay was performed as per the protocol of Chell et al. with some
modifications [21]. The reaction mixture contained 30 mM imidazole Buffer, pH 8.0,
10 mM magnesium chloride, 0.25 mM acetyl-CoA, 1 mM glyoxylic acid, 0.2 mM
DTNB. Assay reaction was started with CFE and O.D. was recorded for 2 min at 412

nm. Specific activity was expressed in mU/mg of protein.
10. Estimation of the concentration of citrate:

Intracellular and extracellular citrate concentration was determined by using citrate

assay kit (Sigma-Aldrich). concentration of citrate was expressed in ng/uL.
11. Gene expression analysis quantitative Real Time PCR:

11.1. RNA isolation:

RNA was isolated as per the protocol of Dr. KPC Life Sciences, India, using their
developed RNA isolation kit. In brief, treated and untreated S. cerevisiae cells were
centrifuged at 5000 g, and then pellets were washed with 1X PBS. Following the
addition of buffers, the entire solution containing cell pellets were transferred to prelim
column and centrifuged at 10000 g. After that, isopropanol was added with cell pellet
and then entire solution was transferred to a Chrome Column and centrifuged at 10000
g. Following a wash, RNA was extracted finally in nuclease-free water and then

quantified using 1% agarose TAE gel.
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11.2. ¢DNA preparation:

cDNA was prepared as per the protocol of Dr. KPC Life Sciences, India, using their
developed cDNA synthesis kit. In brief, 500 ng of RNA was used as the template for
cDNA synthesis for each sample. At first, RNA sample was mixed with 10 mM dNTP
and 10 mM random hexamer and denatured at 65°C for 5 min, followed by chilling on
ice. Then, diluted reverse transcriptase (RT) enzyme (Thermo Scientific) was then
mixed with the chilled reaction mixture and incubated at 42°C for 60 min to synthesize

cDNA. The reaction was inactivated by heating at 65°C for 15 min.
11.3. quantitative Real Time PCR set up:

SUPERZym qPCR mastermix, manufactured by Dr. KPC Life sciences, India was used
to perform Quantitative Real-time PCR (Biorad CFX-96) Synthesized cDNA was used
as the template for one reaction (+RT). To set up the (-RT) negative reaction, diluted
RNA sample was used as the template. This set up was very important to check any
DNA contamination. Negative control (NTC) reaction was set up without adding
template. The qPCR set up was a two steps process including denaturation at 95°C for
15 sec, annealing and extension at 60°C for 30 sec. The number of cycle was repeated
for 40 times and melt curve was created. All these reactions were performed in
triplicate. The primers for the experimental and housekeeping genes were designed

from NCBI and enlisted in Table 1.
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Table 1: List of primers along with their sequences

Primers Sequences (5'Y 3') ~Amplicon
lengths (bp)

ADH3F GTTGCCATCTCTGGTGCTGC
ADH3R ACACCATGAGGGCCACCTTT 300
ADHIF GTTACACCCACGACGGTTCT
ADHIR ACGGTGGTACCGTTAGCTCT 445
ADH?2F CTGTCCTCACGCTGACTTGT
ADH2R CAACAGTACCGTTCGCCCTA 440
ACOIF AGACCGTAGCACCGTTGAAG
ACOIR ATGATAGCGAAACCGCCCAA 400
ACO2F TCGCATCTTTGCGATCCTGA
ACO2R CGCCTGCATTTGGTGTATGG 400
GAPDHF1 CGGTAGATTGGTCATGAGAAT
GAPDHR1 TGGTACAAGAAGCGTTGGAAA 400
GAPDHEF?2 AACTGTTTGGCTCCATTGGC
GAPDHR2  CGTTGTCGTACCAGGAAACC 200

12. Functional annotation and network analysis:

The enzymes, with the altered activity in the presence of 0.5 mM acidified sodium
nitrite, were subjected for functional enrichment analysis. Initially, the STRING
database was used to screen out the interactions among those enzymes in yeast system
followed by creating a functionally interacting network [22]. Few closely associated
enzymes were added to the network to make more stable for reliable predictions. The
networks were analyzed and visualized using Cytoscape (Version 3.7) [23]. Annotation
of functionally activated and deactivated enzymes were analyzed using Gene Ontology
(GO) analysis by DAVID (Database for Annotation, Visualization and Integrated
Discovery) [24]. Gene sets were taken from respective networks, and their annotations
classified into biological process (BP), cellular component (CC) and molecular function
(MF). For the GO analyses, Bonferroni correction method was used to find out the
significant terms associated with the genes and decrease the error rates by removing the

false discovery outcomes from any prediction.
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13. Condition of stress and assays with pure aconitase and alcohol

dehydrogenase:

Pure proteins were subjected to treatment by different concentrations (0.1 mM, 0.3 mM,
0.5 mM) of acidified sodium nitrite and 0.1 mM peroxynitrite (positive control). 200
ug of pure proteins were exposed to acidified sodium nitrite or peroxynitrite treatment
for 30 min at room temperature. 80 pg of these treated proteins were used for
determining PTN by western blotting. The rest portion of the proteins were used for

specific activity determination as mentioned earlier.
14. Western blotting for Protein tyrosine nitration (PTN):

Treated and untreated pure enzymes (Aconitase [Sigma-Aldrich], Alcohol
dehydrogenase [Sigma-Aldrich]) were run in 10% SDS-PAGE as per the protocol of
Laemmli [25] and then transferred to PVDF membranes using wet transfer apparatus
(Biorad) and transfer buffer pH 8.3 containing 25 mM Tris, 190 mM glycine and 20%
methanol at 50 V for 60 min in a cold condition. To observe the successful transfer of
proteins, PVDF membrane was stained with ponceau-S (HiMedia). After that, PVDF
membrane was blocked overnight by using blocking buffer (HiMedia) at 4°C. Then,
membranes were washed by TBST buffer (0.019 M Tris, 0.136 M, 0.1% V/V Tween
20) and probed with anti 3-nitrotyrosine monoclonal antibody (Sigma-Aldrich) at
1:1000 dilution in TBST, for 60 min at room temperature. The membranes were then
washed in TBST. Following that, membranes were probed with a HRP conjugated goat
anti-mouse IgG secondary antibody (Sigma-Aldrich) at 1:10000 dilution in TBST, for
30 min at room temperature. After that membranes were again washed in TBST [26].
Then the immunopositive spots were visualized by using chemilluminiscent reagent
(Abcam) as per the direction of the manufacturer. Photographic plates were captured
by using DNR bio-imaging system miniBIS Pro (USA) with GelQuant Express

Analysis Software.
15. Western blotting analysis for S-nitrosylation:

S-nitrosylation was detected using Pierce™ S-nitrosylation western blot kit (Thermo-
Fisher). At first, pure proteins were subjected to treatment by different concentrations

(0.1 mM and 0.25 mM) of GSNO. 200 pg of pure proteins were exposed to GSNO
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treatment for 30 min at room temperature. 100 pg of these treated and untreated proteins
were used for sample preparation as mentioned in the manual of Pierce™ S-
nitrosylation western blot kit. In short, GSNO treated proteins were treated with MMTS
to block free sulthydryl group. Following that sodium ascorbate and iodoTMT were
added to modify S-NO to S-TMT. After that, proteins were run in 10% SDS-PAGE and
anti-TMT monoclonal antibody was used as the primary antibody at 1:1000 ratio.
Remaining protocol was same as mentioned earlier. Rest of the proteins were used for

specific activity determination as mentioned earlier.

16. Estimation of ethanol production by immobilization of nitrated

yeast cells:

16.1. Immobilization of nitrated yeast cells:

For the immobilization assay S. cerevisiae cells were first grown overnight in specified
media in presence of 0.5 mM sodium nitrite. Next, the culture was centrifuged and the
cell pellet was resuspended in PBS buffer pH 7.0. Resuspended cells were then added
slowly with 1% sodium alginate. After that cells were transferred to 0.5 M CaClz
solution drop wise with the help of a syringe with the formation of Ca-alginate beads

having immobilized yeast cells [27].
16.2. Estimation of ethanol production:

To quantify the ethanol concentration produced by immobilized nitrated yeast cells, 20
such beads were inoculated in a broth medium. Ethanol concentration was determined

as stated earlier [10].

17. Optimization of ethanol production by central composite rotatable

design based (CCRD) response surface methodology (RSM):

Optimization of ethanol production was carried out using central composite rotatable
design based (CCRD) response surface methodology (RSM) in order to study the
interaction effect between three independent variables viz., molasses concentration (C-
source) (A), ammonium sulphate concentration (N-source) (B) and incubation time of
yeast (C) in the fermentation broth. Due to the presence of “axial points” around the
centre point in the CCRD design curvature of the model is allowed. As suggested by

Saha et al. [26]. Three independent variables molasses concentration (A), ammonium
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sulphate concentration (B) and incubation time of yeast (C) were used in five different
coded levels (-a,-1,0,+1,+a). Table 2 represents the relationship between the coded
level and actual values of each variable used in this study to optimize ethanol
production. The relation between the coded level of variables and actual values of the

variables were explained by the following equation [28].
Xa=(Zq'ZO)/AZ

Where, X, is the coded value, Z, is the actual value, Z, is the actual value at the centre
point and AZ is the step change of the variables. Total 20 experimental runs were
conducted and the ethanol produced by the yeast was analyzed by the second order

polynomial regression equation.
Y=ap+a1X1+axxo+azxs+ai 1X12+8.22X22+a33X32+a1 2X1X2+a13X1X3+ad23X2X3

Table 2: Coded and actual levels of variables used to construct the model

Coded levels
Factor Unit
-0 -1 0 +1 +a
A(Carbon source) %W/V 0 5 12.5 20 25.11
B(Nitrogen source) %W/V 0  0.05 1.02 2 2.66
C(Incubation time) Hours 0 6 15 24 30.14

18. Statistical analysis:

All individual results are expressed as mean = SD (Standard deviation) of at least three
independent experiments for each biological sample, whereever applicable. To analyze
the significant difference between control and treated samples, Student T-test, F-test

were performed at 0.05 level of significance (p).
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Chapter 1

Determination of the cell
viability and growth of
Saccharomyces cerevisiae
under nitrosative stress



Introduction:

Reactive nitrogen species (RNS) including NO can effect on physiological and
physicochemical properties of the cell [1]. These may create a hostile condition
generated inside the cell, known as nitrosative stress [2]. RNS is generated inside the
cell by the reaction of ROS with NO [3]. Within the solution, NO can be donated by
some of the chemical species, known as NO donors e.g. acidified sodium nitrite, S-
nitrosoglutathione, DetaNONOate, peroxynitrite etc. Each of the NO donors is different
from another in respect to chemical reactivity, stability etc. [4]. Some of the compounds
need enzymatic action to release NO while some other compounds produce NO non-
enzymatically like through the reaction of metals, thiols etc. [5]. The percentage of NO
production varies with the chemical species due to their chemical organizations like
presence of non-ionic bond, covalent bond etc. Solubility, half-life, pH, light can also
affect the stability and the kinetics or production of NO from NO donors [6]. NO donors
like acidified sodium nitrite (ac.NaNO;) and S-nitrosoglutathione (GSNO) have
different properties from each other. In presence of oxygen, ac.NaNO> can generate
nitrogen dioxide (NO>), dinitrogen trioxide (N203), and nitric oxide (NO") [7]. The
decomposition of ac.NaNO; is dependent on the acidity of the medium [8]. The
formation of NO is also proportional with the formation of N2Os, a highly efficient
nitrosating agent [7]. On the other hand, the decomposition of GSNO is dependent on
light, thiols, metal etc [9]. GSNO can be decomposed through both homolytic and
heterolytic fission. Homolytic fission of GSNO depends on the metals like Cu?** but
heterolytic decomposition is mainly predominated in the biological system. The effect
of thiols on the decomposition of GSNO is also very complex. It has been reported that
excess cysteine can contribute to increase the half-life of S-nitrosoglutathiones [10, 11].
On the other hand, thiols can increase the rate of the decomposition of S-
nitrosoglutathiones. Thus, depending on the redox conditions, S-nitrosoglutathiones
can be decomposed heterolytically and NO, NO", NO" reactive chemical species are
formed [9]. NO derivatives, produced in vivo, can either be beneficial or deleterious to
the organisms [1]. The toxicity of these compounds depends on the concentration of the
dose along with the duration of the treatment. Choice of cell/organism also influences
the effect of these compounds. These NO derivatives including peroxynitrite, S-
nitrosothiols, nitrogen oxides etc. can influence the in vivo redox homeostasis, resulting

in nitrosative stress [2, 3].
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Thus, at the initial phase of the work, the effect of nitrosative stress agents upon
the growth of Saccharomyces cerevisiae were evaluated under the specified
experimental condition. Saccharomyces cerevisiae is a budding yeast and one of the
best model to study the effect of nitrosative stress. Acidified sodium nitrite (inorganic)
[Fig. 6A] and S-nitrosoglutathione (organic) [Fig. 6B] were chosen as the ‘NO donor’
in this study. This study was performed to determine the sub-toxic dose (the
concentration of the respective agents where growth was almost similar to the control)
of these two compounds on the growth of Saccharomyces cerevisiae strain Y190

(ATCC 96400).

O
-
A N"'f
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O O H O
HDWN N\"J\DH
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Fig. 6 Chemical formula of the reactive nitrogen species. (A) Sodium nitrite and (B) S-

nitrosoglutathione (GSNO).
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Results:

To observe the effect of ac. NaNO2 and GSNO on the cell growth, Saccharomyces
cerevisiae cells were grown in YPD medium and after 3 h, different concentrations of
nitrosative stress agents were added and incubated overnight Under shaking condition.
Following an overnight incubation, cell viability was determined. For the growth curve
analysis, cell growth was monitored for atleast 12 h by measuring the optical density at

600 nm with one hour intervals.

It was observed that the cell viability of Saccharomyces cerevisiae cells were
not altered in the presence of 0.5 mM ac.NaNO; as compared to the control (0 mM
ac.NaNQ). In presence of 1 mM and 3 mM ac.NaNO>, under the same experimental
conditions, cellular viability was significantly affected by nearly 25% and 50%,
respectively [Fig. 7A]. Observed result indicated that 0.5 mM ac.NaNO: had no effect
on the cell viability. Furthermore, specific growth rate was determined from growth
curves. 0.5 mM ac.NaNO; treated cells showed no difference in specific growth rate

(0.22 h'!) as compared to the control [Fig. 7B].

When a similar experiment was conducted with the treatment of various
concentrations (0, 0.25, 0.5, 1 mM) of GSNO, cell viability of Saccharomyces
cerevisiae cells were almost unaffected at 0.25 mM concentration of GSNO as
compared to the control. Whereas, in presence of 0.5 and 1 mM GSNO, cell viability
was significantly decreased by 30% and 60% respectively [Fig. 8A]. After that specific
growth rates of control and 0.25 mM GSNO treated Saccharomyces cerevisiae cells
were also determined in that condition. Observed result showed no significant
difference in the specific growth rate (0.22 h'!) of S. cerevisiae in presence of 0.25 mM

GSNO as compared to the control [Fig. 8B].
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Fig. 7 Effect of acidified sodium nitrite on growth of Saccharomyces cerevisiae in YPD
medium. (A) Cell viability assay of control (untreated) and treated (0.5 mM, 1 mM and 3
mM acidified sodium nitrite) S. cerevisiae. (B) Comparison of growth curves between

control (untreated) and treated (0.5 mM) S. cerevisiae.
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Fig. 8 Effect of S-nitrosoglutathione on growth of Saccharomyces cerevisiae in YPD
medium. (A) Cell viability assay of control (untreated) and treated (0.25 mM, 0.5 mM
and 1 mM acidified sodium nitrite) S. cerevisiae. (B) Comparison of growth curves

between control (untreated) and treated (0.25 mM) S. cerevisiae.
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Discussion:

The obtained results reveal some interesting insights regarding the effect of ac.NaNO>
and GSNO, on the growth of S. cerevisiae. In the presence of higher concentrations of
ac.NaNO> and GSNO, cell viability of S. cerevisiae was significantly decreased,
indicating ac.NaNO; and GSNO has toxic effect on the cellular growth depending on
their concentration. Acidified NaNO> and GSNO are well-known NO donor [4, 6, 7].
Thus, it can be assumed that nitrosative stress, generated by the action of ac.NaNO, and
GSNO, was lethal for the cells. In addition to it, S. cerevisiae cells clearly showed more

sensitivity to GSNO as compared to ac.NaNOx.

Determination of the sub-toxic dose of these two agents was very important for
all further experiments. The above mentioned experiments also gave insights for
choosing the sub toxic doses of ac. NaNOz and GSNO. When the cells were treated
with different concentration of ac.NaNO,, It was found that the cell viability and
specific growth rate was not altered in the presence of 0.5 mM ac.NaNO> as compared
to the control whereas S. cerevisiae cells tolerated upto 0.25 mM GSNO and beyond
this concentration the cell viability was drastically decreased. Thus, the sub-toxic doses
were set to 0.5 mM and 0.25 mM for the treatment with ac.NaNO2> and GSNO

respectively.
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Chapter 2

Characterization of
physiochemical properties of
Saccharomyces cerevisiae
under nitrosative stress



Introduction:

Redox homeostasis is one of the most important factor to maintain the cellular integrity.
ROS and RNS including NO interfere with redox homeostasis, resulting in oxidative or
nitrosative stress. Hence, alteration of redox homeostasis is a key marker of oxidative
or nitrosative stress [1]. Thiol is one of the most important component to maintain the
redox homeostasis in vivo [2]. The most abundant thiol that is present in almost all form
of life, is glutathione [3]. It is a tripeptide containing glycine, glutamate and cysteine
residue. Generally, two forms of glutathione exist in the cellular environment i.e.
reduced glutathione (GSH) and oxidized glutathione (GSSG). Intracellularly, GSH is
synthesized via the activity of two enzymes: y-glutamylcysteine ligase (GCL) and GSH
synthetase (GS). At first glutamate reacts with the cysteine by the action of GCL to
form dipeptide y-glutamylcysteine and then glycine reacts with the dipeptide by the
action of GS and GSH is formed [4]. It acts as the redox buffer of the cell due to the
generation of a huge amount of reducing equivalent [5]. GSH can be oxidized to GSSG
by the action of GSH peroxidase (GPx). GPx uses GSH as the substrate to detoxify the
effect of H2O», lipid peroxides etc. that can interfere with the redox homeostasis. Again,
GSSG can be reduced to GSH by the activity of NADPH dependent glutathione
reductase (GR) [3, 6]. Thus, the activities of GPx and GR are very crucial for
maintaining the redox status. In addition to it, intracellular thiol status is determined as
the ratio of reduced to oxidized forms, i.e., GSH/GSSG. Change in the ratio of
GSH/GSSG is considered as an important hallmark of nitrosative stress [7]. GSH has a
protective role against NO mediated stress. The intracellular GSH can bind efficiently
with NO which in turn reduces the activity of NO mediated destruction. Hence, it is

very important to determine the GSH/GSSG ratio to investigate the redox status in vivo

[8].

Saccharomyces cerevisiae also counteracts the stress by inducing different
enzymes known as stress responsive enzymes e.g. catalase, Glutathione reductase (GR),
superoxide dismutase (SOD), GSNOR etc. which in turn can also maintain the redox
homeostasis. Thus it became imperative to determine the activities in these enzymes in
the presence of ac. NaNO> and GSNO. In addition to it, in vivo generation of ROS and
RNS is associated with the alteration of redox homeostasis. Thus, it became very
important to investigate and quantify the amount of ROS and RNS in the context of this
study.
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Results:

To examine the effect of ac. NaNO> and GSNO at their respective sub-toxic doses (0.5
mM for ac. NaNO; and 0.25 mM for GSNO) on the cellular glutathione status, S.
cerevisiae cells were first grown in YPD medium and then treated with either 0.5 mM
ac. NaNO; or 0.25 mM GSNO. Following the treatment, cells were harvested, lysed
and different parameters were determined using cell-free extract. The change in the
glutathione status, GR and catalase activity were compared with the control. Treated
and control cells were also checked for ROS and RNS including NO generation by

performing FACS and Confocal microscopy.
Effect of acidified sodium nitrite on the redox homeostasis of S. cerevisiae:

To characterize the glutathione status of treated and untreated S. cerevisiae cells,
reduced glutathione concentration (GSH), oxidized glutathione concentration (GSSG),
total thiol concentration (GSH+GSSG) and GSH/GSSG ratio were measured. It was
found that total glutathione concentration was not significantly altered in the presence
of 0.5 mM ac. NaNO; as compared to the control. Whereas the concentration of GSSG
was found to be decreased by ~2.3 fold and the concentration of GSH was increased by
~1.8 fold in the presence of 0.5 mM ac. NaNOz as compared to the control. overall, a
sharp increase in GSH/GSSG ratio (4.2 fold higher) was found in the 0.5 mM ac.
NaNO; treated cells as compared to the control under the specified experimental
condition [Table 3]. In addition to it, GR activity was also found to be increased by 4
fold in the presence of 0.5 mM ac. NaNO; in comparison to the control [Table 3]. It
was also observed that the activity of catalase was increased by approximately 2.4 fold
in the 0.5 mM ac. NaNO> treated sample as compared to the control [Table 3].
Altogether these findings suggested that the redox homeostasis of the cells were
significantly altered in the presence of 0.5 mM ac. NaNO: and the cells were trying to

thwart it out.

To study the alteration of redox homeostasis, it was very important to
investigate the in vivo generation and accumulation of ROS and RNS including NO
[16]. Thus, confocal microscopy [Fig. 9&10] and FACS [Fig. 11] were performed. It
was observed that the ROS was generated in both the treated and control cells with no

significant change. On the contradictory, the generation of RNS was only observed in
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the 0.5 mM ac. NaNO; treated cells (79%), clearly suggesting that the changes observed
in the treated cells were solely due to the generation of RNS including NO.

Table 3: Estimation of total glutathione (GSH+GSSG), GSH/GSSG and activity of
glutathione reductase (GR), and catalase in both treated and untreated (control)

samples of S. cerevisiae

Sample (GSH+GSSG) GSH GSSG GSH/GSSG GR Catalase
nmol/mg of nmol/mg  nmol/mg of activity activity
protein of protein protein (mU/mg (mU/mg

protein ) protein)

Control 77.6£2.4 33.9+1 43,742 0.78 4.3+NA 4.1+NA
0.5 mM 78.27+1.9 59.9+1.1 18.27+1.7 3.28 17.2+£1.5 10+0.6
ac.NaNO:

treated
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Fig. 9 Effect of acidified sodium nitrite on Reactive nitrogen species (RNS)
including nitric oxide (NO) generation: The presence of NO was visualized as
green colour using DAF-FM (excitation at 495 nm and emission at 515 nm). Phase
contrast and corresponding fluorescence images of S. cerevisiae control (A and B),
0.5 mM acidified sodium nitrite treated (C and D) and positive control [peroxynitrite
treated] (E and F). Micrographs were recorded at 45X. Bar=100 um. The mean
fluorescent intensity (G) was determined by using Leica LAS X software and
represented as Mean+SD.
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Fig. 10 Effect of acidified sodium nitrite on reactive oxygen species (ROS)
generation: The presence of ROS was visualized as green colour using H,DCFDA
(excitation at 495 nm and emission at 515 nm). Phase contrast and corresponding
fluorescence images of S. cerevisiae control or untreated (A and B), 0.5 mM acidified
sodium nitrite treated (C and D) and positive control [H2O, treated] (E and F).
Micrographs were recorded at 45X. Bar=100 um. The mean fluorescent intensity (G)
was determined by using Leica LAS X software and represented as Mean+SD.
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Fig. 11 Effect of 0.5 mM acidified sodium nitrite on reactive nitrogen
species and reactive oxygen species generation: FACS analysis for the
reactive nitrogen species (A, B) and reactive oxygen species (C, D). FACS
analysis was done by using FACS Diva software. Excitation and emission were
set at 495 nm and 515 nm respectively (for both the reactive nitrogen and
oxygen species)
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Effect of S-nitrosoglutathione on the redox homeostasis of S. cerevisiae:

To investigate the alteration in redox homeostasis in vivo in the presence of 0.25 mM
GSNO, GSSG/GSH ratio, GR, GSNOR, and catalase activity, were assessed. Under the
specified experimental condition, it was observed that the concentration of oxidized
glutathione (GSSG) was decreased by 2.4 fold and reduced glutathione (GSH) was
increased by 1.6 fold in the 0.25 mM GSNO treated cells as compared to the control.
This resulted in a 3.9 fold increase in the GSH/GSSG ratio in treated cells in comparison
to the control [Table 4]. A sharp 3.3 fold increase in GR activity was observed in the
treated cells [Table 4]. Furthermore, treated cells also showed 4.3 fold higher activity
of GSNOR (GSNO reductase) as compared to control, indicating that cells were
expressing these enzymes to counteract the deleterious effect of GSNO [Table 4]. The
activity of catalase was also found to be increased by 2.6 fold in presence of 0.25 mM
GSNO as compared to control [Table 4], implying that any ROS produced during the

process was detoxified.

The presence of reactive species (ROS and RNS including NO) were detected
and quantified under specified experimental conditions using confocal microscopy and
mean fluorescence intensity. RNS was only detected in GSNO-treated cells [Fig. 12].
Whereas ROS was found in both the treated and untreated samples, there was no
significant difference in ROS generation [Fig. 13]. Hence, it can be assumed that the
effect observed under the specified experimental condition is solely due to the

generation of RNS including NO by 0.25 mM GSNO.
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Table 4: Estimation of total glutathione (GSH+GSSG), GSH/GSSG and activity of

glutathione reductase (GR),

(GSNOR) in both treated and untreated (control) samples of S. cerevisiae

catalase and S-nitrosoglutathione reductase

Sample (GSH+GSSG) GSH GSSG GSH/ GR Catalase GSNOR
nmol/mg of nmol/mg nmol/mg GSSG Activity Activity  Activity
protein of protein  of protein (mU/mg (mU/mg (mU/mg
protein) protein)  protein)
Control 81.92+2 34.240.5 47.72+1.2 0.7 3.95+0.5 3.88+0.4 1+0.02
0.25 75.442 55.3+0.4 20.1£1.1 2.75 13.82+0.7  9.97+0.5 4+0.46
mM
GSNO
treated

*Data has been rounded off to the nearest whole number for the publication
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Fig. 12 Effect of S-nitrosoglutathione on Reactive nitrogen species (RNS)
including nitric oxide (NO) generation: The presence of NO was visualized as
green colour using DAF-FM (excitation at 495 nm and emission at 515 nm). Phase
contrast and corresponding fluorescence images of S. cerevisiae control (A and B),
0.25 mM GSNO treated (C and D) and and positive control [peroxynitrite treated] (E
and F) Micrographs were recorded at 45X. Bar=100 pm. The mean fluorescent (G)
was determined by using Leica LAS X software and represented as Mean+SD.
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Fig. 13 Effect of S-nitrosoglutathione on reactive oxygen species (ROS)
generation: The presence of ROS was visualized as green colour using H_RDCFDA
(excitation at 495 nm and emission at 515 nm). Phase contrast and corresponding
fluorescence images of S. cerevisiae control or untreated (A and B), 0.25 mM GSNO
treated (C and D) and positive control [H20; treated] (E and F). Micrographs were
recorded at 45X. Bar=100 um. The mean fluorescent intensity (G) was determined by
using Leica LAS X software and represented as Mean+SD.
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Discussion:

Under sub-toxic dose of GSNO and ac. NaNO, some significant changes in
physicochemical properties as well as redox homeostasis of S. cerevisiae were found in
comparison to control, indicating that the cells were trying to overcome the stress for
survival. GSH is regarded as a stress response component that plays an important role
in the inhibition of NO activity, metal toxicity and so on [10, 12, 13]. When the GSH
level decreases, NO activity induces DNA damage as well as protein modifications
such as protein tyrosine nitration, S-nitrosylation [14, 15]. This study showed an
increase in GSH/GSSG ratio under GSNO and ac. NaNO; stress, suggesting that the
treated cells were trying to increase the reduced equivalent inside the cell in the form
of GSH [16]. GSH acts as the redox buffer under the stress conditions and maintains
the redox homeostasis as per the requirement of the cell [17]. Higher activity of GR
under sub toxic dose of GSNO and ac. NaNO: also supported the finding. Thus, it can
be concluded that the higher activity of GR under stress condition might contribute to
the higher GSH/GSSG ratio. In addition to this, activity of catalase was also found to
be increased in treated cells that might be involved to detoxify any reactive species that
were generated by the action of ac. NaNO> and GSNO [10, 18-20]. Though it is well-
known for its oxidative stress response activity, but the activity of catalase may also get

stimulated under nitrosative stress to overcome the hostile situation [20].

GSNOR activity was induced in GSNO treated cells. GSNOR activity was very
important to reduce GSNO. It cleaves GSNO into GSSG and NH3. Hence, the possible
outcome under GSNO stress is increase in the concentration of GSSG due to the action
of GSNOR and subsequent reduction of GSSG to GSH by GR. This implies that an
elevated level of reduced equivalents was required to maintain redox homeostasis in

Vivo.

Results from FACS and confocal microscopy confirmed that there was no such
significant difference in ROS generation in the acidified sodium nitrite treated cells as
compared to the control whereas formation of was observed only in the treated cells.
Therefore, it can be concluded that the observed phenomena were only due to acidified

sodium nitrite mediated nitrosative stress.
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Similarly, generation of RNS was also found in GSNO treated cells. There was
no such significant difference in ROS generation in GSNO treated cells as compared to
the control. Therefore, it can be concluded that the observed phenomena were only due

to GSNO mediated nitrosative stress.
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Chapter 3

Quantification and analysis of
the ethanol production by
Saccharomyces cerevisiae

under nitrosative stress



Introduction:

Excessive production of reactive nitrogen species including NO interferes with the
structure as well as function of different macromolecules like DNA, proteins, enzymes,
lipids etc. in vivo [1-3]. Protein modifications like protein tyrosine nitration (PTN)
and S-nitrosylation are considered as the biomarkers of nitrosative stress [2, 3]. It has
been reported that mitochondrial matrix proteins are the primary target of RNS [4].
Reports also suggest that the function of respiratory chain in S. cerevisiae may get
hampered under nitrosative stress due to inactivation of several TCA cycle enzymes [5,
6]. Aconitase (catalyzes the reaction from citrate to isocitrate), one of the important
enzyme of TCA cycle, has been reported to get affected under nitrosative insult [5, -8].
It is also a well-known marker of redox stress [9]. On the other hand, alcohol
dehydrogenase (ADH), an important fermentative enzyme, may act as a Thus, higher
activity of ADH may affect the metabolism via modulating fermentation (i.e. ethanol
formation) [10, 11]. Hence, it was very important to investigate the status of ADH and

aconitase under nitrosative stress.

Therefore, in this study the activity of ADH and aconitase along with the gene
expression in the presence of sub-toxic dose of acidified sodium nitrite in S. cerevisiae
were investigated under the specified experimental condition. To establish the
phenomena as the effect of nitrosative stress, some of the key experiments were also

repeated using S-nitrosoglutathione as a nitrosative stress agent.
Results:

To determine the status of ADH and aconitase under nitrosative stress, S. cerevisiae
cells were first grown in YPD medium and then treated with either 0.5 mM ac. NaNO:
or 0.25 mM GSNO. Then, the cells were harvested, lysed and cell free-extract were
prepared to investigate aconitase and ADH activity. The supernatants were used to
quantify the ethanol and the concentration of reducing sugar as per the protocol of
Zhange et al. (Mentioned in materials and methods). For the gene expression analysis,
RNA was isolated from S. cerevisiae cells and cDNA was prepared for the experiments.

All these parameters were compared with the control.
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Effect of acidified sodium nitrite and S-nitrosoglutathione on the activity of

aconitase:

Under the specified experimental condition, it was observed that the specific activity of
aconitase was approximately dropped by 50% in the 0.5 mM ac. NaNO; treated cells
as compared to the control [Fig. 14].

Whereas, aconitase activity was not detected in the presence of 0.25 mM
GSNO. These data clearly suggest that aconitase activity was suppressed in the

presence of stress agent under the specified experimental condition [Fig. 14].
Effect of acidified sodium nitrite on 4CO genes expression:

As it was observed that aconitase activity was only present in acidified sodium nitrite
treated sample, thus, the gene expression level of ACO genes were only determined in
presence of ac. NaNO> and compared with the control. In the presence of 0.5 mM ac.
NaNOy, gene expression of ACOI was found to be increased by 1.2 fold [Fig. 15A]
whereas gene expression of ACO2 was dropped by 50% as compared to the control

[Fig. 15B] which may be the cause of the reduction in the activity of aconitase.
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Fig. 14 (A) Effect of 0.5 mM acidified sodium nitrite and (B) Effect of 0.25 mM S-
nitrosoglutathione on the specific activity of aconitase. Data is represented as the
change in the percentage of specific activity as compared to the control. The enzyme
assay was repeated for three times for each experimental set up and expressed as
mean+SD. 100% specific activity equals to 7 mU/mg.
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Fig. 15. (A) Effect of 0.5 mM acidified sodium nitrite on relative gene expression of
ACOI and (B) relative gene expression of ACO2. The expression levels of ACO1 and
ACO2 were normalized with that of GAPDH (glyceraldehyde-3-phosphate
dehydrogenase) in each set and expressed as relative fold change as compared to the
control. Supporting information are mentioned in Table S1 and S2.
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Effect of acidified sodium nitrite and on S-nitrosoglutathione ethanol production:

Initially, ethanol quantification was done by potassium dichromate method (Mentioned
in materials and methods) and a sharp 1.3 fold increase in ethanol production was found
in 0.5 mM ac. NaNO; treated cells as compared to control under the specified
experimental condition. Later on, the kinetics of ethanol production was determined by
a more clarified method of Zhang et al. (Mentioned in materials and methods). By
performing this new method, the similar result was found i.e. when 0.5 mM ac. NaNO»
was present, ethanol production increased significantly (~1.3 fold) in comparison to the
control. The ethanol yield was increased by approximately 1.3 fold and consumption
of sugar was also ~14% higher under the stress condition. The volumetric productivity
was also increased by approximately 1.5 fold in the presence of 0.5 mM ac. NaNO,.
66% of the theoretical ethanol yield was achieved in the presence of 0.5 mM ac. NaNO»
[Table 5].

In the presence of 0.25 mM GSNO, ~1.5 fold increase in ethanol production
was discovered as compared to the control under the specified experimental condition.
In this condition, ethanol yield was increased by approximately 1.3 fold and
consumption of sugar was also 15% higher under the stress condition. The volumetric
productivity was also increased by approximately 1.5 fold in the presence of 0.25 mM
GSNO. 76% of the theoretical ethanol yield was achieved in the presence of 0.25 mM
GSNO [Table 5].

Effect of acidified sodium nitrite and S-nitrosoglutathione on the activity of ADH:

By performing spectrophotometric assay at 340 nm, it was found that alcohol
dehydrogenase activity was increased by 1.3 fold in the presence of 0.5 mM ac. NaNO,
as compared to the control [Fig. 16A].

Similarly, alcohol dehydrogenase activity was increased by 3.5 fold in the

presence of 0.25 mM GSNO as compared to the control [Fig. 16B].
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Table 5: Estimation of ethanol concentration, glucose consumption, ethanol yield,

percentage of theoretical yield and volumetric productivity of 0.5 mM ac. NaNO:

treated, 0.25 mM GSNO treated and untreated (control) samples of S. cerevisiae

Sample Ethanol Glucose Ethanol % of Volumetric
concentration consumed yield theoretical  Productivity
(g/L) (g/L) (g/g of yield (g/L/h)
glucose)
Control 4.5+0.3 15+0.3 0.30 59 0.38
0.5 mM ac.
6+0.5 17+0.4 0.35 69 0.50
NaNO:2 Treated
0.25 mM GSNO
7+0.5 18+0.4 0.39 76 0.58
Treated
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Fig. 16 (A) Effect of 0.5 mM acidified sodium nitrite and (B) Effect of 0.25 mM S-
nitrosoglutathione on the specific activity of alcohol dehydrogenase. Data is
represented as the change in the percentage of specific activity as compared to the
control. The enzyme assay was repeated for three times for each experimental set up
and expressed as mean+SD. 100% specific activity equals to 10 mU/mg.
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In another set, CFE from S. cerevisiae was directly treated with 0.25 mM GSNO
or 0.5 mM ac. NaNO, and ADH assay was performed. Interestingly, no change in ADH
activity was observed in the treated CFE as compared to the untreated CFE [Table 6],
implying that GSNO and ac. NaNO> may not be involved in ADH protein modification.
The inhibition assay of ADH was also studied using 0.1 mM 2,2,2-trifluoroethanol.

Table 6: Estimation of alcohol dehydrogenase activity of cell free extract (CFE)
and treated CFE

Conditions ADH activity (mU/mg)

CFE 4+NA

0.5 mM ac. NaNO: treated CFE 4+NA

0.25 mM GSNO treated CFE 4+NA

CFE + 2,2,2- trifluoroethanol Not found

0.5 mM ac. NaNO: treated CFE + 2,2,2- Not found
trifluoroethanol

0.25 mM GSNO treated CFE + 2,2,2- Not found
trifluoroethanol

Effect of acidified sodium nitrite and S-nitrosoglutathione on ADH genes

expression:

As ethanol production and ADH activity were significantly increased in the presence
of 0.5 mM ac. NaNO; and 0.25 mM GSNO, hence, the gene expression level of ADH1,

ADH?2 and ADH3 genes under the same condition were investigated.

When 0.5 mM ac. NaNO> was present, the expression of ADHI, ADH2 and
ADH3 genes were found to be increased by ~2.1 fold [Fig. 17A] ~2.4 fold [Fig. 17B]
and ~3.5 fold [Fig. 17C] respectively as compared to the control.

Unlike 0.5 mM ac. NaNOa, the expression level of ADHI [Fig. 18A] and
ADH? |[Fig. 18B], were not significantly increased but the gene expression of ADH3
[Fig. 18C] was increased by ~4 fold in the presence of 0.25 mM GSNO.
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Fig. 17 (A) Effect of 0.5 mM acidified sodium nitrite on relative gene expression of
ADH1, (B) relative gene expression of ADH2, (C) relative gene expression of ADH3.
The expression level of ADHI, ADH2 and ADH3 genes were normalized with that of
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) in each set and expressed as the
change in relative fold change as compared to the control. Supporting information are

mentioned in Table S3, S4 and S5.
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Fig. 18 (A) Effect of S-nitrosoglutathione on relative gene expression of ADHI (B)
relative gene expression of ADH?2 and (C) relative gene expression of ADH3. The
expression levels of ADH genes (ADHI, ADH?2 and ADH3) were normalized with that
of GAPDH (glyceraldehyde-3-phosphate dehydrogenase) in each set and expressed
as relative fold change taking the normalized expression level in respective untreated

control as unity. Supporting information are mentioned in Table S6, S7 and S8.
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In vitro Protein tyrosine nitration (PTN) study and activity of pure aconitase and

ADH in presence of acidified sodium nitrite:

To see protein level modification in case of ac. NaNO> mediated nitrosative stress,

formation of PTN, a key marker of redox stress [12, 13] was checked.

Depending on the concentration of ac. NaNO;, PTN was assessed. By
performing western blot analysis using 3-nitrotyrosine monoclonal antibody, PTN
formation was observed in 0.3 and 0.5 mM ac. NaNO> treated aconitase but no
impression of PTN formation was detected in untreated and 0.1 mM ac. NaNO» treated
aconitase [Fig. 19A]. Here, 0.1 mM peroxynitrite treated aconitase was used as the
positive control for this study. PTN study with pure ADH showed different result. The
impression of PTN formation was only found in 0.1 mM peroxynitrite treated ADH.
There was no impression of PTN formation in ac. NaNO; treated and untreated ADH

[Fig. 19B].

The specific activity of aconitase was also reduced with the treatment of higher
concentration of acidified sodium nitrite. The reduction in the activity of aconitase was
found to be the highest in 0.1 mM peroxynitrite treated sample [Fig. 19A]. The specific
activity of ADH was found to be unaltered in acidified sodium nitrite treated samples
as compared to untreated ADH but the specific activity of 0.1 mM peroxynitrite treated
ADH was drastically decreased as compared to the untreated ADH [Fig. 19B].

In vitro S-nitrosylation study and activity of pure aconitase and ADH in presence

of acidified sodium nitrite:

As GSNO is a nitrosylating agent thus in vifro formation of S-nitrosylation, an
important biomarker of nitrosative stress, was checked in pure aconitase and ADH
using S-nitrosylation western blot kit (Thermo-fisher). Here, strong signal of S-
nitrosylation in 0.1 mM and 0.25 mM GSNO-treated aconitase was found [Fig. 20] but
no impression of S-nitrosylation was recorded in GSNO-treated ADH samples (data not
shown). In addition to it, the specific activity of GSNO-treated samples was drastically
dropped. Whereas no significant decrease in activity was found in GSNO-treated ADH

samples.
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Fig. 19 Effect of different concentrations of acidified sodium nitrite (0.1, 0.3, 0.5 mM)
and 0.1 mM peroxynitrite on the specific activity of pure proteins (aconitase and
alcohol dehydrogenase) along with the protein tyrosine nitration (PTN) formation: (A)
Western blotting for PTN and specific activity of aconitase. (B) Western blotting for
PTN and specific activity of alcohol dehydrogenase. Data are expressed as the change
in the percentage of specific activity as compared to the control. The assays were
performed in triplicate and expressed as mean+SD. Western blot analysis for PTN was
done by using anti 3-nitrotyrosine as the primary antibody and HRP conjugated goat
anti-mouse IgG as the secondary antibody.
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Fig. 20 Effect of different concentrations of S-nitrosoglutathione (0.1, 0.25 mM) on the
specific activity of aconitase along with S-initrosylation formation: Data are expressed
as the change in the percentage of specific activity as compared to the control. The
assays were performed in triplicate and expressed as mean+SD. Western blot analysis
for S-initrosylation was done by using anti-TMT as the primary antibody and HRP
conjugated goat anti-mouse IgG as the secondary antibody.
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Discussion:

Under the sub-toxic dose of GSNO or ac. NaNO;, aconitase activity dropped
significantly. As mentioned earlier, aconitase is a well-known redox stress marker [9].
This enzyme contains a Fe-S cluster in its active site. According to the evidences,
oxidation of the active [4Fe-4S]*" can take place in presence of GSNO and
paramagnetic cluster [3Fe-4S]', is formed, resulting in the complete inactivation of the
enzyme [ 14, 15]. In vitro S-nitrosylation formation in GSNO-treated aconitase samples
also supports our findings. Whereas, western blot analysis with pure aconitase, revealed
that PTN formation might be the cause of the reduced activity of aconitase under 0.5
mM ac. NaNO: stress. Tyrosine nitration generally contributes to the generation of
additional negative charge to the protein and also adds comparatively bulky substituents
to the protein which may lead to the alteration of local charge distribution as well as the
configuration [16]. Thus, it can be deduced that 0.3 and 0.5 mM acidified sodium nitrite
treatment induced PTN formation which triggered the alteration of configuration that
might lead to the partial inhibition of aconitase. In addition to it, the gene expression
study with 0.5 mM ac. NaNO», showed an interesting result. ACO/! gene expression was
found to be increased in presence of 0.5 mM acidified sodium nitrite. The major
function of ACOlp is the conversion of citrate to isocitrate but this protein is also
involved in different unrelated cellular processes, thus it acts as a moonlighting protein
in yeast [17]. Among the different activities, maintaining of the mitochondrial DNA
integrity is one of the important function of the ACOlp [17-19]. Hence, the higher
expression of the ACO/ indicated that the activity of ACO1p was required to maintain
the mitochondrial DNA integrity in presence of 0.5 mM ac. NaNOz mediated nitrosative
stress under the specified experimental condition. Unlike ACO1, the gene expression
of ACO2 was decreased by 50%, suggesting, 0.5 mM ac. NaNO; might affect the
glucose metabolism via the TCA cycle. Altogether these results indicated that energy
generation through the TCA cycle might be challenged under nitrosative stress.
Because of the partial inhibition of aconitase, functioning of TCA cycle might be
hampered. Thus, there was a possibility that cells might shift their metabolic flux
towards formation of ethanol to increase reduced equivalent as the form of NADH
inside the cell which may help to restore its cellular viability. Interestingly, increase in
ethanol concentration was observed with higher glucose consumption under such

condition that supports our hypothesis.
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As ethanol production was increased significantly, hence, the activity of alcohol
dehydrogenase (ADH) was estimated. Under nitrosative stress, the activity of ADH was
increased significantly which supports the previous finding i.e. higher ethanol
production. Further, the reason for this biochemical change was investigated. There
were two possibilities of such modulations- either through higher expression of ADH
genes (ADH1, ADH?2 and ADH3) or structural modification of ADH. To examine any
structural modification, activity of ADH of GSNO or ac. NaNO: treated CFE was
determined and compared with the activity of ADH of untreated CFE. Interestingly,
CFE, treated with GSNO or ac. NaNO, showed no changes in ADH activity as
compared to the ADH activity of untreated CFE. In addition, no impression of PTN
was found in the presence of ac. NaNOz, though Peroxynitrite, a potent nitrating agent,
mediated inactivation of ADH was also reported earlier [20]. Again, no impression of
S-nitrosylation formation was found in GSNO-treated ADH samples. Altogether these
results suggest protein-level modification of ADH may not be possible in the presence
of GSNO or ac. NaNO», probably due to the unavailability of suitable tyrosine and
cysteine residue for nitration and s-nitrosylation respectively. Hence, next, the

expression level of ADH genes (ADH1, ADH?2 and ADH3). were quantified.

In S. cerevisiae, ADH1 and ADH3 are mainly involved in ethanol production
by using acetaldehyde as the substrate whereas ADH2 is involved in the reverse
reaction i.e. production of acetaldehyde from ethanol [21]. Here, a significant increase
in the expression level of ADH3 in presence of 0.5 mM ac. NaNO; or 0.25 mM GSNO
was found. A previous report showed higher ethanol production in Dekkera
bruxellensis due to the overexpression of ADH3 [21]. Thus, it can be concluded that
ADH3 might have one of the most important role in ethanol production under
nitrosative stress at least under the specified experimental condition. Interestingly,
expression levels of ADH1 and ADH?2 were only significantly increased in presence of
0.5 mM ac. NaNOz, Unlike 0.5 mM ac. NaNOy, almost no change in the expression of
ADH] and ADH?2 were found in presence of 0.25 mM GSNO. The expression of ADH?2
was induced in presence of 0.5 mM ac. NaNO», which indicates that cells might be
trying to utilize ethanol as a carbon source [22]. The activity of ADH2 might help to
generate reducing equivalent in the form of NADH and maintain the redox status of the

cell [23]. Overall, these results indicated probable metabolic reprogramming.
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Chapter 4

Quantification and analysis of
different key enzymes
involved in glucose
metabolism including ethanol
fermentation under
nitrosative stress



Introduction:

Saccharomyces cerevisiae cells have multiple and diversified mechanisms to regulate
metabolic enzymes for adjusting metabolism under the different perturbations like
genetic and environmental stresses, broadly termed as ‘metabolic reprogramming’ [1].
Several factors like transcriptional regulation, alteration in protein concentration,
enzymatic activity, post translational modification, allosteric regulation etc. are mainly
involved in metabolic reprogramming [1-4]. Complex interplay of genes expression

under different internal and external stimuli or stress also contributes to the process [4].

In yeast cells, carbon metabolism is mainly facilitated via fermentation and
TCA cycle. During fermentation, glucose first converts to pyruvate and then get
reduced to ethanol, leading to the generation of energy and important intermediates
which may act as growth factors. Though S. cerevisiae is a Crabtree positive (can
generate energy via fermentation in presence of oxygen) yeast but TCA cycle is also
very important for this organism to generate ATP, utilize non-fermented sugars,
production of the precursors for different biosynthetic pathways and so on [1-3]. Under
nitrosative stress, mainly TCA cycle enzymes are severely affected due to the protein
modifications like protein tyrosine nitration, s-nitrosylation etc., thus, generation of
energy under such condition may be hampered [5-8]. In contrast to this, different studies
showed that cell viability of S. cerevisiae cells was not affected in the presence of sub-
toxic dose or lower concentration of RNS [9-11]. But definitive studies regarding the
characterization of glucose metabolism along with the metabolic reprogramming under

nitrosative stress in S. cerevisiae, is not yet well-established.

Hence, in this study, activity of some key enzymes involved in different
pathways (TCA cycle, glyoxylate pathway, PDH bypass pathway) of carbon
metabolism were investigated under the specified experimental condition to delineate
the glucose metabolism in the presence of acidified sodium nitrite. These data were also
validated using a bioinformatics tool. This study may prove to be helpful to characterize
the metabolic response of S. cerevisiae under acidified sodium nitrite mediated

nitrosative stress.
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Results:

To characterize the glucose metabolism under nitrosative stress, S. cerevisiae cells were
first grown in YPD medium and then treated with either 0.5 mM ac. NaNOa. Then, the
cells were harvested, lysed and cell free-extract were prepared to investigate the activity
of different key enzymes by performing enzymatic assays. All these results were

compared with the control.
Effect of acidified sodium nitrite on citrate concentration and citrate synthase:

To study the citrate metabolism in the presence of 0.5 mM acidified sodium nitrite, the
concentration of citrate and citrate synthase (CS) were assayed. CS is an important
enzyme of the TCA cycle which catalyzes an irreversible reaction to form citrate from
oxaloacetic acid (OAA) and acetyl-CoA [12]. Here, the concentration of citrate was
found to be decreased by approximately 50% (both intracellular and extracellular),
indicating that the synthesis of citrate might have decreased under stress condition [Fig.
21A]. Hence, the activity of CS was assayed. Here, the specific activity of CS was seen
to be decreased by approximately 50% under the stress condition as compared to the
control [Fig. 21B], suggesting, the citrate metabolism as well as the TCA cycle might

be hampered in the presence of 0.5 mM acidified sodium nitrite.
Effect of acidified sodium nitrite on key enzymes of glucose metabolism:

As the specific activity of CS was significantly affected in presence of 0.5 mM acidified
sodium nitrite, thus next the utilization of pyruvate was checked via TCA cycle by
assaying two important enzymes pyruvate dehydrogenase (PDH) [which catalyzes the
conversion from pyruvate to acetyl-CoA] [12] and an anaplerotic enzyme pyruvate
carboxylase (PC) [which catalyzes the formation of OAA from pyruvate] [12].
Interestingly, the specific activity of PDH and PC were observed to be decreased by
approximately 50% and 15% respectively in the presence of 0.5 mM acidified sodium
nitrite in comparison to the control [Fig. 22A & B]. Next, the fate of OAA in the TCA
cycle was investigated. Therefore, the specific activity of malate dehydrogenase
(MDH) which catalyzes the reversible conversion of OAA to malate, was assessed.
Interestingly, it was found that the specific activity of MDH sharply increased by
approximately 1.3 fold under the stress condition in comparison to the control [Fig.

22(], indicating, TCA cycle was amortized under the stress condition but the higher
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activity of MDH revealed that the conversion of oxaloacetic acid to malate might
increase under 0.5 mM acidified sodium nitrite mediated nitrosative stress. On the other
hand, ethanol production was also found to be increased under the same condition.
These two phenomena jointly indicated towards a possibility of shifting of metabolic
flux towards pyruvate under nitrosative stress. Hence, to check that, the activity of
MDH (decarboxylating), that catalyzes the conversion of malate to pyruvate, was
assayed. Here, ~1.3 fold increase in specific activity of MDH (decarboxylating) was
observed in 0.5 mM ac. NaNO; treated cells [Fig. 22D]. Furthermore, specific activity
of pyruvate decarboxylase (PDC) that catalyzes the conversion from pyruvate to
acetaldehyde, was also determined. Here, a sharp 3.2 fold increase in the specific
activity of PDC was found in the treated cells [Fig. 22E]|, suggesting shifting of
metabolic flux towards fermentation in presence of 0.5 mM ac. NaNOx>. In addition to
it, a sharp decrease in the specific activity of isocitrate dehydrogenase (~50%) was
observed in the treated cells. [Fig. 22F]. Isocitrate dehydrogenase (ICDH) is an
important rate-limiting enzyme of TCA cycle [12]. Thus, it can be deduced from the
obtained data that TCA cycle might be affected in presence of 0.5 mM ac. NaNO,.
Thus, next the activity of aldehyde dehydrogenase (ALDH), an important enzyme for
the PDH-bypass pathway, was assessed [13]. Here, the activity of ALDH was found to
be decreased by approximately 64% in the treated cell as compared to control [Fig.
22G]. Further, the activity of malate synthase (MS), an important enzyme of glyoxylate
shunt (an anaplerotic variant of TCA cycle) [14], was also assessed and it was observed
that the activity of malate synthase was decreased by approximately 40% under the
stress condition [Fig. 22H].
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Fig. 21 Effect of 0.5 mM acidified sodium nitrite on (A) the total citrate content
(Extracellular and Intracellular), and (B) specific activity of citrate synthase. Data
are expressed as the change in the percentage of specific activity as compared to
the control. Assays were performed in triplicate and expressed as the mean+SD.
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Fig. 22 Effect of 0.5 mM acidified sodium nitrite on the specific activity of (A)
Pyruvate dehydrogenase (B) Pyruvate carboxylase, (C) Malate dehydrogenase, (D)
Malate dehydrogenase (decarboxylating), (E) Pyruvate decarboxylase, (F) Isocitrate
dehydrogenase, (G) Aldehyde dehydrogenase, (H) Malate synthase. Data are
expressed as the change in the percentage of specific activity as compared to the

control. Assays were done in triplicate and represented as mean+SD.
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Network and functional annotation studies with the altered protein activities:

Network and functional annotation studies were performed to validate our findings that
were obtained from different enzymatic assays. Under nitrosative stress, the enzymes
with altered activity, were subjected for the analysis. It was found that malate
dehydrogenase and pyruvate decarboxylase predominantly participated in the activated
enzyme network with the highest number of connections [Fig. 23A]. Due to the higher
activity of these two enzymes, it was predicted that yeast cellular system might be
involved primarily in biological processes such as pyruvate metabolic process, malate
metabolic process, and gluconeogenesis [Table 7] whereas the highest connectivity
was found in citrate synthase, isocitrate lyase, pyruvate dehydrogenase and aconitase
in the network generated by the enzymes with decreased activity under nitrosative stress
[Fig. 23B]. In connection with the downregulated enzymes, TCA cycle, glyoxylate
cycle, glutamate biosynthetic process, and acetate biosynthetic process were predicted
to be negatively affected under the stress condition. From the point of view of cellular
component, the enzymes at mitochondrial matrix or Mitochondrion, were predicted to
be the most abundant. In addition to this, the activity of malate dehydrogenase activity
and alcohol dehydrogenase (NAD) were predicted as the most enriched molecular
functions in the treated yeast cells. On the other hand, molecular functions with the
aldehyde dehydrogenase activity, transferase activity, transferring acyl groups, acyl
groups converted into alkyl, and lyase activity, were predicted to be downregulated due

to the decreased activity of these enzymes [Table 7].
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Fig. 23 Network representation of enzymes in the presence of 0.5 mM acidified
sodium nitrite. (A) Network representation of enzymes with increased activities
and (B) Network representation of enzymes with decreased activities. Highlighted
colour denotes the enzymes with experimentally validated activities.
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Table 7. Functional enrichment by activation/ deactivation of enzymes

Enrichment by activated enzymes due to stress

Term % of  P-Value Benjamini
genes adjusted P-
Value
Biological pyruvate metabolic 316 3.8E-10 8 7E-9
Process process
malate metabolic process 26.3 3.8E-10 8.7E-9
Fermentation 10.5 9.7E-3 4.0E-2
Cellular mitochondrial matrix 31.6 3.1E-5 4.1E-4
Components
cytosol 42.1 2.1E-2 9.0E-2
malate dehydrogenase 158  3.8E-5 6.1E-4
activity
Molecular alcohol dehydrogenase
Function (NAD) activity 158 1.9E-4 2.3E-3
Pyruvate kinase activity 26.3 3.6E-4 3.5E-3
Enrichment by deactivated enzymes due to stress
tricarboxylic acid cycle 38.5 2.8E-15 1.5E-13
Biological
Process glyoxylate cycle 19.2 6.6E-8 1.2E-6
acetate biosynthetic 115 | 2E-4 9 1E-4
process
Peroxisomal matrix 42.3 4.3E-11 9.0E-10
Cellular mitochondrial nucleoid 15.4 1.3E-4 9.2E-4
Components
aldehyde de.hydrogenase 192 | 7E-7 93E-6
activity
Molecular transferase activity,
Function transferring acyl groups, 15.4 9.8E-6 | 3E-4
acyl groups converted
into alkyl on transfer
lyase activity 23.1 1.1E-4 9.7E-4
Discussion:

Under the sub-toxic dose of acidified sodium nitrite, the activity of some of the TCA
cycle enzymes were found to be decreased significantly. Among the enzymes of the

TCA cycle, CS is very important for mitochondrial functioning. Hence, the reduction
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in the specific activity of CS in presence of 0.5 mM acidified sodium nitrite, indicated
that the mitochondrion functioning was highly affected under nitrosative stress [15]. In
addition to it, reduction in the activity of ICDH (catalyzes the conversion from isocitrate
to a-ketoglutarate) [12], and PDH (catalyzes the conversion from pyruvate to acetyl
CoA) [12], pointed towards depletion in citrate metabolism under nitrosative stress.
Previous reports suggest that ICDH and PDH activity can be affected under redox stress
i.e. oxidative and nitrosative stress [16, 17]. Formation of acetyl CoA is the vital factor
for the shifting of glucose metabolic flux towards respiration [12]. The formation of
acetyl-CoA can also occurr by a PDH-independent alternative pathway known as PDH-
bypass pathway where the activity of PDC, ALDH are required among other enzymes
[13]. Reduction in the activity of ALDH (oxidizes acetaldehyde to acetate [13]) might
affect the acetyl-CoA production. In addition, lower availability of acetyl-CoA might
also affect the activity of MS under stress condition. MS is an important enzyme of
glyoxylate cycle, an anaplerotic variant of TCA cycle present in S. cerevisiae [14].
Hence, reduced activity of MS might also affect the glyoxylate cycle. Acetyl-CoA can
also act as the positive allosteric modulator of PC, important anaplerotic enzyme [18].
It replenishes the intermediates of TCA cycle by catalyzing the reaction from pyruvate
to oxaloacetic acid [12]. Thus, lower production of acetyl-CoA in presence of 0.5 mM
acidified sodium nitrite, might interfere with the activity of PC [12, 18]. Hence, it can
be concluded that the requirement for the replenishment of the intermediates of TCA
cycle might be affected in presence of 0.5 mM acidified sodium nitrite, suggesting

reduction in TCA cycle under nitrosative stress.

The elevated activity of MDH and MDH (decarboxylating) in presence of 0.5
mM acidified sodium nitrite suggested the possibility that OAA, formed by the activity
of PC, might have been rerouted to pyruvate via malate formation. Hence, it can be
understood that the flow of glucose metabolic flux towards the TCA cycle was reduced.
Previous report also suggests that malate can cross the mitochondrial membrane but
OAA cannot [12]. Thus, it can be understood that MDH activity was upregulated to
form malate from OAA and subsequent conversion of malate to pyruvate by the activity
of MDH (decarboxylating) under nitrosative stress. Though the affinity of MDH
(decarboxylating) is very low (Km= 50 mM), but the activity of this enzyme can be
induced in S. cerevisiae under adverse conditions like starvation [19]. This enzyme is

also involved in accumulating the intracellular flux of NADPH [20], an important factor
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of stress response [21], suggesting the role of MDH (decarboxylating) as a stress
response enzyme. On the other hand, MDH can also participate in the generation of
cytosolic NADH, an important factor of antioxidant system and energy metabolism [12,
22]. Therefore, it can be understood that in presence of 0.5 mM acidified sodium nitrite,
when TCA cycle was heavily affected, higher activity of the MDH and MDH
(decarboxylating) contributed for the generation of energy intermediates which in turn
shifted the glucose metabolic flux towards fermentation. It has also been reported
earlier that the activity of MDH (decarboxylating) can be upregulated during alcoholic
fermentation in S. cerevisiae [23]. Report also suggest that the activity of MDH
(decarboxylating) can be strongly induced at the time of switching of the metabolic flux
from respiration to fermentation in S. cerevisiae [24]. In addition to it, the higher
activity of PDC and ADH under stress condition also suggested the upregulation of
ethanol fermentation. Thus, a metabolic reprogramming via shifting of metabolic flux
from respiration to fermentation might have taken place in S. cerevisiae under acidified
sodium nitrite mediated nitrosative stress. A model of metabolic reprogramming in S.
cerevisiae in the presence of 0.5 mM acidified sodium nitrite mediated nitrosative

stress, is proposed in Fig. 24.

To validate our findings, the wet lab data were also subjected for functional
enrichment analyses and fermentation was predicted as one of the most activated
biological processes under the experimental condition, clearly corroborating with the
findings. In addition, malate metabolic process and pyruvate metabolic process were
also predicted to be upregulated biological process whereas TCA cycle, glyoxylate
shunt were predicted to be downregulated under such condition, clearly indicating
towards higher ethanol production in S. cerevisiae under 0.5 mM acidified sodium
nitrite mediated nitrosative stress. This metabolic reprogramming might not only be
very important for the energy generation but it seemed like a part of the nitrosative
stress response strategies. This reprogrammed glucose metabolism might be coupled
with the cellular antioxidant machinery to overcome the stress condition. Hence, the
cell viability was not significantly altered in 0.5 mM acidified sodium nitrite treated

cells as compared to the control.
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Fig. 24 Proposed switching of glucose metabolism in the presence of 0.5 mM
acidified sodium nitrite. green arrows represent upregulated enzymes and red arrows
represent downregulated enzymes in the presence of 0.5 mM acidified sodium nitrite.
In this condition, energy generation through TCA cycle was compromised due to the
lower activity of pyruvate dehydrogenase (PDH), citrate synthase (CS), aconitase
(ACO), isocitrate dehydrogenase (ICDH), pyruvate carboxylase (PC) but the glucose
metabolic flux was rerouted via higher activity of malate dehydrogenase (MDH) and
malate dehydrogenase (decarboxylating) [MDH(DC)] towards pyruvate which was
further metabolized via the fermentative pathway with the help of higher activity of
pyruvate decarboxylase (PDC) and alcohol dehydrogenase (ADH) which resulted in
higher production of ethanol. In addition to it, activity of malate synthase (MS) and
aldehyde dehydrogenase (ALDH) were also reduced that might affect the glyoxylate
shunt (an anaplerotic variant of TCA cycle) and PDH-bypass pathway (an alternative

route of acetyl-CoA synthesis without the activity of PDH).
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Chapter 5

Optimization of ethanol
production using immobilized
stressed Saccharomyces cells



Introduction:

The multifaceted application and utility of ethanol is increasing gradually. To meet this
acing demands, fermentation technology for the production of ethanol is gaining sharp
momentum globally. Though researchers are going on to check the suitability of
different microorganisms for ethanol industry, but still yeast is the primary choice for
ethanol fermentation [1]. Due to its high production rate, high ethanol tolerance,
adaptive nature and ability of fermenting wide range of sugars, yeasts
especially Saccharomyces cerevisiae is the most common microorganism used in
ethanol fermentation industry [2]. Hence, different strains of S. cerevisiae were
extensively studied to make it more suitable in terms of stress tolerance, ability to adapt,
viability etc. for industrial ethanol production [3]. To make it suitable, different
engineered strains of S. cerevisiae as well as other organisms have been developed [4].
Such metabolic or genetic engineering have some major disadvantages like complexity
in developmental methods, high mutation rate, risk of contamination, human safety etc.
Moreover, these processes are prohibitively expensive. Hence, there is a need to
develop cost-effective, eco-friendly and easy processes for the industrial production of
ethanol. On the other hand, immobilization of yeast cells is also gaining interest in
ethanol production industry. This technique offers higher yield in less time and also the
chance of contamination as well as mutation is very low [3]. Hence this work is mainly
focused on developing a cost-effective, eco-friendly approach to improve the ethanol
production by exposing S. cerevisiae cells to nitrosative stress. These yeast cells can
adapt under the stress conditions as per the requirement. Therefore, not only the ability
of stress tolerance but also the metabolism may be modified [6, 7] to counteract the

stress condition.

Hence, the primary objective of the work was set to develop a cost-effective,
non-hazardous, easy approach to improve the ethanol production by using nitrosative

stress exposed immobilized S. cerevisiae cells.
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Results:

To assess the applicability of the approach, 0.5 mM acidified sodium nitrite treated
yeast cells were immobilized using calcium chloride and sodium alginate. Immobilized
cells were transferred to the minimal medium containing different concentrations of
molasses and ammonium sulphate. CCRD-based RSM was applied to find out the

optimal condition of ethanol production under the specified experimental set up.

Optimization of ethanol production by central composite rotatable design based

(CCRD) response surface methodology (RSM):

Here, concentration of molasses (A), concentration of ammonium sulfate (B), and
incubation time (C) were selected as the independent variables and the influence of
these independent variables were tested for ethanol production using CCRD based
RSM technique. The optimal level for each of the independent variables was
determined. 19 experimental runs were performed to optimize the ethanol production
and the results are represented in Table 8 containing both the actual and predicted
responses. Analysis of variance (ANOVA) was performed for the above mentioned
experimental set up and represented in Table 9. p value of the model is 0.003,
suggesting, the model is highly significant and it can efficiently predict ethanol
production as the actual response. The significant terms of the model are concentration
of molasses (A) [p=0.0094], incubation time (C) [p=0.0043], molasses
concentration? (A?) [p=0.0010] and incubation time? (C?) [p = 0.0045]. By subjecting
these results of the experimental set up, a second-order polynomial regression equation
was generated by the respective software to estimate the concentration of ethanol that

is represented in actual terms.
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Table 8: Experimental design along with model predicted and actual ethanol yield

response
Run Factor 1A: Factor 2B: Factor 3C: Ethanol Ethanol
C-source N- source Incubation Actual Predicted
(%) (%) time (h) (g/L) (g/L)
1 12.50 1.02 15.00 21.73 21.66
2 5.00 0.05 24.00 7.24 8.79
3 20.00 2.00 6.00 20.26 17.22
4 20.00 2.00 24.00 34.74 34.24
5 12.50 1.02 30.14 28.24 25.11
6 20.00 0.05 6.00 11.52 11.36
7 12.50 2.66 15.00 14.02 18.27
8 5.00 2.00 24.00 11.52 10.19
9 5.00 2.00 30.14 8.68 4.03
10 25.11 1.02 6.00 27.50 27.79
11 12.50 1.02 15.00 21.70 21.66
12 5.00 0.05 6.00 3.15 2.17
13 -0.11 1.02 15.00 0 5.23
14 12.50 1.02 15.00 21.69 21.66
15 12.50 1.02 15.00 21.75 21.66
16 12.50 1.02 -0.14 0 1.80
17 12.50 1.02 15.00 21.75 21.66
18 20.00 0.05 24.00 23.34 26.51
19 12.50 -0.61 15.00 12.35 10.20
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Table 9: CCRD based RSM model

Source Sum of df Mean F value P value
squares square prob>F
Model 890.41 9 98.93 7.52 0.0030
A: C-source 142.10 1 142.10 10.80 0.0094
B: N-source 9.99 1 9.99 0.76 0.4061
C: Incubation 188.79 1 188.79 14.35 0.0043
time
AB 4.44 1 4.44 0.34 0.5756
AC 26.35 | 26.35 2.00 0.1907
BC 51.01 1 51.01 3.88 0.0805
A2 299.72 1 299.72 22.78 0.0010
B2 113.57 1 113.57 8.63 0.0165
C2 180.27 | 180.27 13.70 0.0045

R1 (Ethanol concentration), Actual =-10.30525+ 1.38894 x A +5.61195x B +
1.03751 x C + 0.17658 x AB + 0.035870 x AC + 0.020085 x BC — 0.04312 x A —
2.76112 x B>—0.028324 x C?

The R? value (coefficient of determination) of 0.9377 signifies that the model could
predict and explain 93% of the variability. The predicted and adjusted R? value were
0.5256 and 0.8817 respectively, presence in a reasonable agreement with each other.
Adequate precision ratio of the model is 13.864, showing, high signal to noise ratio.
Generally adequate precision ratio of 4 is desirable to judge the significance level of
the model. Overall, R?, adjusted R?, predicted R?, and adequate precision ratio were
significantly higher which makes the model fit for the prediction of the optimized level

of each of the variables used for the actual response i.e. ethanol production.

Comparison of model actual and predicted values for ethanol response (g/L) is
presented in Fig. 25. The observed and actual values were spread by a line of 45° (angle)
in the plot, suggesting a reasonable aliment of predicted with the actual responses. The
response surface plots and their contour plots showed the degree of interactions among
three independent variables for ethanol production [Fig. 26-28]. The optimal levels of

the independent variables were also determined from the second-order polynomial

154 | Page


https://link.springer.com/article/10.1007/s12013-019-00897-y#Fig5
https://link.springer.com/article/10.1007/s12013-019-00897-y#Fig6
https://link.springer.com/article/10.1007/s12013-019-00897-y#Fig8

regression equation, generated from the system. It was found that the ethanol
production was significantly increased from 11.88 to 27.54 g/LL with the enhanced
concentration of molasses (A) ranging from 5 to 20% W/V [Fig. 26], at the fixed
concentration of nitrogen source (1.22% W/V). The significance of this factor for
ethanol production under the specified experimental condition was also validated by

ANOVA (p value of 0.0094).

The interaction between the concentration of molasses (A) and incubation time
(C) showed a positive effect on ethanol production under the specified experimental
condition with a p value of 0.0043 [Fig. 27]. When the concentration of carbon source
was fixed at 20% W/V, ethanol production was significantly enhanced from 16.37 to

32.9 g/L with the gradual increase in incubation time ranging from 6 to 24 h.

In addition to it, The interaction between concentration of ammonium sulfate as
the nitrogen source (B) and incubation time (C) didn’t show a strong effect on ethanol
production [Fig. 28] , suggesting, a non-significant (p value of 0.0805) interaction
between these two independent variables for ethanol production under the specified

experimental set up.

After the rigorous analysis of the interaction among these three independent
variables, finally the model was employed to extract the optimized levels of the
independent variables for ethanol production under the specified experimental set up.
Model predicted that 34.24 g/L ethanol can be produced after 24 h of incubation using
medium containing 20% W/V molasses and 1.74% W/V ammonium sulphate. This data
mostly corroborated with the wet lab data, where 35.24 g/L ethanol was produced under

the same condition.
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Estimation of ethanol production by nitrosative stress exposed yeast cells grown

in YPG and YPD Medium:

Yeast cells were first inoculated in YPD and YPG medium and after three hours 0.5
mM ac. Sodium nitrite was applied. Following an overnight incubation, nitrosative
stress exposed cells were immobilized in calcium alginate beads and inoculated in
RSM-optimized minimal medium to assess the ability of ethanol production of the

nitrosative stress exposed yeast cells. It was found that nitrosative stress exposed

YPD grown yeast cells produced ethanol upto 2™ cycle without significant
alteration in the production whereas the production was declined at the 3™ cycle [Table
10]. Interestingly, nitrosative stress exposed YPG grown yeast cells produced high
concentration of ethanol upto 4™ cycle and after that the production was declined

significantly [Table 11].

Table 10: Ethanol production by immobilized yeast cells grown in YPD medium

Immobilization
No. of cycle 1% 2nd 3rd
Ethanol production (g/L) 33+l 35+2 27+1

Table 11: Ethanol production by immobilized yeast cells grown in YPG medium

Immobilization

No. of cycle 1% 2nd 3rd 4th 5th 6

Ethanol production (g/L) 311  36+2 39+£1  35+1 24+1 19+1
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Discussion:

In this study, to assess the applicability of the major finding of this work i.e. nitrosative
stress induced yeast cells produce higher concentration of ethanol, was tried to assess.
Hence, the experiments were designed with a view for future industrial application.
Thus, minimal medium (containing ammonium sulphate and molasses) and
immobilized yeast cells were used. CCRD-RSM software was also used in this work
to find out the optimum condition under the specified experimental set up. From the
obtained results, it was clear that factors i.e. concentration of molasses as the carbon
source (A), concentration of ammonium sulfate as the nitrogen source (B) and
incubation time (C) influenced ethanol production independently but their interaction
had no significant effect on ethanol production. Moreover, R? value of the model was
0.9377 that indicates the excellent fitness of the model (93%). In addition to it, it was
observed that nitrosative stress exposed YPG grown immobilized yeast cells produced
ethanol more steadily as compared to nitrosative stress exposed YPD grown
immobilized yeast cells. This was probably due to the production of higher
concentration of ROS and subsequently high production of RNS in YPG medium [8].
Thus, it can be assumed that the altered physiology remained for a longer period of time
in nitrosative stress exposed YPG grown immobilized yeast cells as compared to the
nitrosative stress exposed YPD grown immobilized yeast cells. This resulted in
enhanced ethanol production upto 4" cycle by using nitrosative stress exposed YPG

grown immobilized yeast cells.
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. The sub-toxic doses of acidified sodium nitrite and S-nitrosoglutathione were
different for S. cerevisiae. Cell viability assay was revealed that the sub-toxic dose
of acidified sodium nitrite or S-nitrosoglutathione were 0.5 mM and 0.25 mM

respectively for S. cerevisiae.

. Alteration in redox homeostasis might give protection to overcome the
nitrosative stress. It was found that GSH/GSSG ratio was significantly higher in

presence of acidified sodium nitrite or S-nitrosoglutathione.

. Activities of catalase, glutathione reductase, were required to overcome the
nitrosative stress. Biochemical assays revealed that the activity of catalase,
glutathione reductase were found to be increased in presence of acidified sodium

nitrite or S-nitrosoglutathione.

. TCA cycle as well as respiration in S. cerevisiae was significantly affected under
nitrosative stress. By performing enzymatic assays, it was found that the activity of

different TCA cycle enzymes were decreased under nitrosative stress.

. Ethanol fermentation rate as well as alcohol dehydrogenase activity were found
to be increased under nitrosative stress. By using standard methods of alcohol
estimation, it was observed that ethanol production and specific activity of ADH

were increased in presence of acidified sodium nitrite or S-nitrosoglutathione.

. ADH3 might play an essential role under nitrosative stress. qPCR analysis
revealed that ADH3 gene expression was found to be increased in the presence of

acidified sodium nitrite and S-nitrosoglutathione.

. Aconitase activity was affected due to protein tyrosine nitration and s-
nitrosylation whereas ADH was not prone to these. Western blot analysis by using
anti 3-nitrotyrosine antibody, the signal of PTN was found in 0.3 and 0.5 mM
acidified sodium nitrite treated aconitase whereas the signal of PTN was not found
in acidified sodium nitrite treated ADH. On the other hand, signal for s-nitrosylation

was observed only in s-nitrosoglutathione treated aconitase.

. Variation in glucose metabolism might be an important part of the defence
mechanism of S. cerevisiae to counteract the nitrosative stress. In this study, it
was observed that the activities of fermentative enzymes were increased whereas
activities of TCA cycle enzymes were decreased. This altered metabolic strategy

might be conjoined with the antioxidant system to overcome the nitrosative stress.

. Nitrosative stress exposed immobilized S. cerevisiae cells may be used in
industrial ethanol production. It was observed that nitrosative stress exposed

immobilized S. cerevisiae cells produced ethanol efficiently for several cycles.
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Table S1: qPCR data analysis of ACO1

Average Average Average Contrl Ct  Average Contrl Ct
Experimental Experimental Ct Value Value
Ct Value Value
TE HE TC HC
29.55 21.73 29.65 21.56

ACt Value (Experimental/ ACTE) = TE-HE = 7.82
ACt Value (Control/ ACTC) = TC-HC = 8.09
AACt value = ACTE- ACTC =-0.27

Fold change = 2 24¢t=1.2

Gene being Tested Experimental (TE): ACO! Stress
Gene being Tested Control (TC): ACO1 Control
Housekeeping Gene Experimental (HE): GAPDH Stress
Housekeeping Gene Control (HC): GAPDH Control
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Table S2: qPCR data analysis of ACO2

Average Average Average Control ~ Average Control
Experimental Ct  Experimental Ct Ct Value Ct Value
Value Value
TE HE TC HC
29.42 21.58 28.55 21.87

ACt Value (Experimental/ ACTE) = TE-HE = 7.84
ACt Value (Control/ ACTC) = TC-HC = 6.68
AACt value = ACTE- ACTC =1.16

Fold change = 2 24t = (.45

Gene being Tested Experimental (TE): 4CO2 Stress
Gene being Tested Control (TC): ACO2 Control
Housekeeping Gene Experimental (HE): GAPDH Stress
Housekeeping Gene Control (HC): GAPDH Control
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Table S3: qPCR data analysis of ADH1

Average Average Average Contrl ~ Average Contrl
Experimental Ct  Experimental Ct Ct Value Ct Value
Value Value
TE HE TC HC
24.175 18.01 25.84 18.565

ACt Value (Experimental/ ACTE) = TE-HE = 6.165
ACt Value (Control/ ACTC) = TC-HC = 7.275
AACt value = ACTE- ACTC =-1.11

Fold change = 2 -AACt=2.16

Gene being Tested Experimental (TE): ADH1 Stress
Gene being Tested Control (TC): ADH1 Control
Housekeeping Gene Experimental (HE): GAPDH Stress
Housekeeping Gene Control (HC): GAPDH Control
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Table S4: qPCR data analysis of ADH2

Average Average Average Control ~ Average Control
Experimental Ct ~ Experimental Ct Ct Value Ct Value
Value Value
TE HE TC HC
24.53 18.01 26.355 18.565

ACt Value (Experimental/ ACTE) = TE-HE = 6.52
ACt Value (Control/ ACTC) = TC-HC =7.79
AACt value = ACTE- ACTC =-1.27

Fold change = 2 -AACt = 2.41

Gene being Tested Experimental (TE): ADH?2 Stress
Gene being Tested Control (TC): ADH?2 Control
Housekeeping Gene Experimental (HE): GAPDH Stress
Housekeeping Gene Control (HC): GAPDH Control
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Table S5: qPCR data analysis of ADH3

Average Average Average Control Average Control
Experimental Ct Experimental Ct Ct Value Ct Value
Value Value
TE HE TC HC
19.49 18.42 21.17 18.31

ACt Value (Experimental/ ACTE) = TE-HE = 1.07
ACt Value (Control/ ACTC) = TC-HC = 2.86
AACt value = ACTE- ACTC =-1.79

Fold change =2 -AACt = 3.46

Gene being Tested Experimental (TE): ADH3 Stress
Gene being Tested Control (TC): ADH3 Control
Housekeeping Gene Experimental (HE): GAPDH Stress
Housekeeping Gene Control (HC): GAPDH Control
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Table S6: qPCR data analysis of ADH1

Average Average Average Contrl Ct  Average Contrl Ct
Experimental Ct Experimental Ct Value Value
Value Value
TE HE TC HC
21.65 18.2 22.04 18.47

ACt Value (Experimental/ ACTE) = TE-HE = 3.47
ACt Value (Control/ ACTC) = TC-HC = 3.57
AACt value = ACTE- ACTC =0.1

Fold change = 2 4¢t=1.07

Gene being Tested Experimental (TE): ADHI Stress
Gene being Tested Control (TC): ADH1 Control
Housekeeping Gene Experimental (HE): GAPDH Stress
Housekeeping Gene Control (HC): GAPDH Control
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Table S7: qPCR data analysis of ADH2

Average Average Average Contrl Ct  Average Contrl Ct
Experimental Ct Experimental Ct Value Value
Value Value TC HC
TE HE
25.975 18.2 26.35 18.47

ACt Value (Experimental/ ACTE) = TE-HE =7.775
ACt Value (Control/ ACTC) = TC-HC = 7.88

AACt value = ACTE- ACTC =-0.105

Fold change = 2 24¢t= 1,08

Gene being Tested Experimental (TE): ADH?2 Stress
Gene being Tested Control (TC): ADH?2 Control
Housekeeping Gene Experimental (HE): GAPDH Stress
Housekeeping Gene Control (HC): GAPDH Control
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Table S8: qPCR data analysis of ADH3

Average Average Average Contrl ~ Average Contrl
Experimental Ct Experimental Ct Ct Value Ct Value
Value Value
TE HE TC HC
21.935 23.43 24.135 23.595

ACt Value (Experimental/ ACTE) = TE-HE = -1.495
ACt Value (Control/ ACTC) = TC-HC = 0.54

AACt value = ACTE- ACTC =-2.035

Fold change = 2 “*4¢= 4,098

Gene being Tested Experimental (TE): ADH3 Stress
Gene being Tested Control (TC): ADH3 Control
Housekeeping Gene Experimental (HE): GAPDH Stress
Housekeeping Gene Control (HC): GAPDH Control
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Table S9: Citrate content in treated and control (untreated) culture of S. cerevisiae

Sample Extracellular Intracellular Total citrate
citrate content citrate content content
(ng/pl) (ng/pl) (ng/pL)
Control 29+3 13£2 42+3
Treated 1542 6+NA 214£2
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Albrwistions...



ACO: Aconitase

AD: Alzheimer's disease

ADH: Alcohol dehydrogenase

AgNOa: Silver nitrate

ALDH: Aldehyde dehydrogenase

ALS: Amyotrophic lateral sclerosis
ANOVA: Analysis of variance

Arg: Arginine

AsA: Ascorbate

Bax: Bcl-2-associated X protein

bel-2: B-cell lymphoma 2

BHa: Tetrahydrobiopterin

BK: Bradykinin

bNOS: bacterial NOS

BP: Biological process

BSA: Bovine serum albumin

Ca**: Calcium

CaM: Calmodulin

cAMP: cyclic adenosine monophosphate
Cav-1: Caveolin-1

CBF: Cerebral blood flow

CC: Cellular component

CcO: cytochrome ¢ oxidase
CCRD-RSM: Central Composite Rotational Design- Response Surface Model
cDNA: Complementary DNA

CFE: Cell-free extract

cGMP: cyclic guanosine monophosphate
cIMP: cyclic inosine monophosphate
CLS: Chronological life span

COz: Carbondioxide

CS: Citrate synthase

CTAB: cetyltrimethylammonium bromide
Cys: Cysteine
DAF-FM:4-Amino-5-Methylamino-2',7'-Difluorofluorescein Diacetate
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DAVID: Database for Annotation, Visualization and Integrated Discovery

DdH>0O: Double distilled water

DetaNONOate: Diethylenetriamine NONOate

DHLA: Dihydro lipoic acid

DNS: 3,5-Dinitrosalicylic acid

DR: Dietary restriction

DTNB: 5,5'-dithio-bis-(2-nitrobenzoic acid)
EDTA: Ethylenediaminetetraacetic acid
EDRF: Endothelium-derived relaxing factor
eNOS: Endothelial nitric oxide synthase
ERK: Extracellular signal-regulated kinases
ETC: Electron transport chain

FACS: Fluorescence-activated cell sorting
FAD: Flavin Adenine Dinucleotide

Fe: Iron

FITC: Fluorescein isothiocyanate

FMN: Flavin Mono-Nucleotide

GAPDH: Glyceraldehyde-3-phosphate dehydrogenase

GCL: y-glutamylcysteine ligase
GO: Gene Ontology

GPCR: G-protein coupled receptor
GPx: Glutathione peroxidase

GR: Glutathione reductase

GRK2: G-protein coupled receptor kinase 2

GS-FDH: GSH-dependent formaldehyde dehydrogenase

GS: GSH synthetase

GSH: reduced glutathione
GSNO: S-nitrosoglutathione
GSNOR: GSNO reductase
GSSG: oxidized glutathione
h: Hour

HCLO4: Perchloric acid
HD: Huntington's disease

HDAC?2: Histone Deacetylase 2
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H>DCFDA: 2',7"-Dichlorodihydrofluorescein diacetate
HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
Hmpl: Flavohemoprotein

HNE: 4-hydroxy-2-nonenal

H>0O»: Hydrogen peroxide

H>ONO™: nitrous acidium ion

HRP: Horseradish peroxidase

H>SOy4: Sulfuric acid

hsp90: Heat shock protein 90

ICDH: Isocitrate dehydrogenase

ICL: Isocitrate lyase

iNOS: Inducible nitric oxide synthase

InsP3RI: Inositol-1,4,5-trisphosphate receptor type I
10doTMT: Iodoacetyl Tandem Mass Tags

IRAG: Inositol-1,4,5-triphosphate receptor associated cGMP kinase substrate
JNK: c-Jun N-terminal kinase

KCI: Potassium Chloride

K2Cr207: Potassium dichromate

KMnO4: Potassium permanganate

KOH: Potassium hydroxide

LA: Lipoic acid

LDL: Low density lipoprotein

Leu: Leucine

L-NNA: NG-nitro-L-arginine

L-NAME: NG-Nitro- L-Arginine Methyl Ester
LOONO: Peroxynitrite intermediates

M: Molar

MAPK: Mitogen-activated protein kinase

MDA: Monodehydroascorbate

MDH: Malate dehydrogenase

MDH (DC): Malate dehydrogenase (decarboxylating)
MF: Molecular function

MLCK: Myosin light chain kinase

MLCP: Myosin light chain phosphatase
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mM: milli-molar

MMTS: §- methyl methanethiosulfonate

MOPS: 3-(N-morpholino)propanesulfonic acid
MRC: mitochondrial respiratory chain complex
MRSA: methicillin resistance Staphylococcus aureus
mtDNA: Mitochondrial DNA

N: Nitrogen

NaCl: Sodium chloride

NAD: Nicotinamide adenine dinucleotide

NADH: Nicotinamide adenine dinucleotide hydrogen
NADPH: Nicotinamide adenine dinucleotide phosphate hydrogen

NaNO;: acidified sodium nitrite

NHA: No-hydroxy-L-arginine

nNOS: Neuronal nitric oxide synthase
NO: Nitric oxide

NO™: nitrosonium ion

NOz: Nitrogen dioxide

NO:z: Nitrite

NOs: Nitrate

NOS: Nitric oxide synthase

N20s: dinitrogen trioxide

NOD: Nitric oxide dioxygenase

NOSIP: Nitric oxide synthase interacting protein
NOSTRIN: nitric oxide synthase trafficking inducer
O2: Oxygen

Oy": Superoxide

OAA: Oxaloacetic acid

O.D.: Optical density

ONOQO: Peroxynitrite

ORF: Open reading frame

PAGE: Polyacrylamide gel electrophoresis
PARP: Poly ADP-ribose polymerase

PBS: Phosphate-buffered saline
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PC: Pyruvate carboxylase

PD: Parkinson's disease

PDC: Pyruvate decarboxylase

PDH: Pyruvate dehydrogenase

PDZ: post-synaptic density protein, discs-large, zona occludens -1
Phe: Phenylalanine

PKA: Protein kinase A

PKC: Protein kinase C

PM: Plasma membrane

PMSEF: phenylmethylsulfonyl fluoride

polyQ: Polyglutamine

PTN: Protein tyrosine nitration

PTP: Permeability transition pore

PVDF: polyvinylidene difluoride

R?: coefficient of determination

rDNA: Ribosomal DNA

RLS: Replicative life span

RNS: Reactive nitrogen species

ROS: Reactive oxygen species

RS": Thiyl radical

RSNO: S-nitrosothiols

SD: Standard deviation

SDS: Sodium dodecyl sulphate

Ser: Serine

SERCA: Sarco/endoplasmic reticulum calcium ATPase
sGC: soluble guanylate cyclase

SR: sarcoplasmic reticulum

STRING: Search Tool for the Retrieval of Interacting Genes/Proteins
STREDP: stress-starvation response element of  Schizosaccharomyces pombe
TBST buffer: Tris buffered saline tween

TCA: tricarboxylic acid

Thr: Threonine

TRADD: TNF-receptor associated death domain protein

TRP: Transient receptor potential
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Tyr: Tyrosine

VASP: Vasodilator sensitive phosphoprotein
VDCC: Voltage-dependent calcium channel
VLCAD: very long-chain acyl-CoA dehydrogenase
XOR: Xanthine oxidoreductase

Yhb1: Flavohemoglobin

YPD: yeast extract, peptone, dextrose

7n: Zinc
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Sovrerishor o an todeirially tespotan oopee Kewn fur 8 abslity b pesdece etbued o e dessand lin cthusl =
Increaung day by day sl over the warkd, e nood 10 fed bener aod shemasive ways 10 screese ethaod prodocsos is dlo
vyl this work we have progosed sueh sliermssve bt effective meshad fiv prosducieg ethasol by Scenevisie, Here, wg
sre veportiog foe the Bt Sene the cffect of sitrotive stress on efhasd production. Under in vive condition, nitrosative wos
15 macked by the modifanon of mscromodecales 81 he prosence of Toactive mipogen species (RNS) Owr sesult drwed fiat
tremtend celle wom meee capadle for ethanol prodection compured with ustresned cofle. Our swlt who showed erhancal
shootid dedydrigenase xtivity undos stisad mdeon. Fumher el prodocsom wis alee optlsizsd by usmg Resposse
mm«mjma—umm peodecoon of etianol with mumobilined beads of stress affoond
e was s detormrineal. Owemall, the obtained dats showed iha uader nitssative sesw, the
mwm-ucuuuhdmmmmmummmwd
Termemation. Thes i thie s repont of diis Kimd shosing the mbaon Setwoen stmosarve stress ol ethancl proskicson n
Soccharomonces corvvisar which may have importan iadesinial application

Demend fir ethancd s incressng Sey by day dae o s
versatibe apphcasom and utidey | To meet e acing demands,
prokastion of sthyl slovied or efbsned though Sermentation
5 parueg womeniaun glodelly. Desple B esnlviog nesd
of waing tacweda fur ethaned poodaction, yeast b sl the

framary vhoncst Sor fermermtnon [ 1) Do o #s bigh ethasnl
preductivity. bigh sthaod wleruce aml sbillly of fer
entmg wids mange of sugars, vessts espocially Sacobw
wwmvcer crrrrieoe i e common scTosganeam employed
I ethernd goodacthon [21 In teven yeans, dfleron strainn of
Soockanwnaes crmevidee wene eatonsrorly  stdied 10
urpeonve thexr saliy for etbmnd prodaction. Indudrially
erglooored yess s Neoe W0 Rl W0 B siress

 Amda llhete beye
WA e e

U Deptesent of Muswbndvgr. Usvrraty of Motk Dol
gt i

caund by bigh coscenmation of sty asd product m
ethasol production. Heace (he chaigue bolds & prest
v (08 the efMoons predactiom of formermod hevompes,
st bosr, wine as well 2y tsovdaned 1]

Thivagh metebelic enginariag bactedal s yenl
strmns Save hoos conmcted. which fowre same et an
sivalagries e eftancl prodiction susy Sgaocetbabon:
siggan 41 Bt oo the other hand, e sonad gones ey
have osexpeciod hannfal effecn. Asoher defticaity pami-
cubar 1o e foodd annd beverage industry is that coetaiseressl
of eugineesed yesat wilhin the indusirial plont camne be
pwrmieed. Dagoeernd ywndt stomns wsed r food and
bevenge producson could b conmmed by bamans anl
uy he rdosal W die eovioumen [ Morooves, e
bolic ad postic mapaeening  pricesses  ane highty
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wapessive. which by prevg to be disadvastapoous for the
Indastiies. To avond sach hindiics, new aml oonl effective
shormuive mehods wo neaded. Ths wark mamly fooees
n propesing n6e Ml appeach 10 lacmese sfhand e
duction by sppdyng sitrosetive stess om yoml colls, Yeas
wells can seme and adagt thesr phyviclogy % the sxeennal
e cnoditions fhet By enoounter Therele increasmg
mmu.mw-mmu
toleneey (6, 7).

In ool boology, “Steess™ & peneral lerm wead o sipuly
&0 ovest where snder I Vive conditions e beochenucal
mocon Swmmerntgnis of 0 ol b changed die W oxoemive
production of & seactive species decane of exiemal
womll, foc e g the prodocton of RUS (mactive oxygen
spwcien) aml RNS treactive mogen qpecien). When a o iy
challenged wihh RNS sch as sittie ouide malicel, peron-
e, niwoges ouade mmdials [5, 91 the howide conditon
o known as “Naoyocstive stres”. 1e this stress condition an
Irehabesce bs he production wsd nestralizsthon of restive
mtrogen and oxygen spectes, resits o celisler damage
[18] MNS i el dae 10 1he seaction of ROS and nere
nide (NOL NO i 4 Sreely diffinibie, det lived, and
lipesphie moboowle |11 This agen acts as » Sy dhoment of
miuseng sew i higher coscsmtaton. M this ligh
conoertmton. s actsaly Wk 5o Gefl an i Can end o
home. loom and copper contalieng peosetn (12 13 RNS can
o mitvnydatiom o ancation of Sfewre colhlar oo
potenis inchedeng et lipsdh, DNA, protciss which sy
b o abor mommesd phisshologionl fenotons 115 W s
teon reporsed it weversd prosess of aerobie nepeaton
. mimitoe, socteke &b o, con be sliesed
thet muay vesslt in the mbchition of TCA cycle in Sacvhar
ascvoes orrevasor | 145 I has boes copusted previowsly (ha
the by ooeyme of ehsnel ferrematon (2. sloohol dchy-
drogonase of Seccfwromcer comerishie can be afociad
churiog mitrosative visews | 153 Seadhen whan siggpont that when
welle wm cxponaal % nitwnalive siress. sstrsccliudee reados
tomcostinle poos alered This chimped sedox envoonmen!
may fewd 0 ahenmion in the physiochemcal propertes of
e cell. Under such chrovimiances some feoteins kaown
B WTess rospense eneywies, gots activated | 16), by this
sinunmmiangy, it can be anumed that B¢ metabolic path-
way of Saccharomores corevinee can be alfecie under
meroaative sirese. Menoy, the shefimg of mwtaholic fan
fowands, cthanel prisfuction boooses the sindy of intesest
Bt theve & whnost oo work in Shis flelid. O the ofher
Tand, it has sl boow reported that ethanol can be poo
daced by Soccharsmess corevinie in both serobic d
asoRie condnoms (17,

Henve, (e primary amn of this work was 10 ssady the
effoct ol mtmmalive strese o0 cunol perduction by
Satvhurarerces cret (e 8 oo Sennerative condion.
The ethaml peostisction by the tmmedilized mersted yeast

T springer

colls 12 9 sheap medinm vontaimag mmolases 3 the only
bl somrce wan alse an Importe obective of s
stindy, This stady will set sp w spproach that cm he
widely used in induvery for bgher abeobol production o
s cont

Materials and Methods
Yeast Culture and Growth Condition

Wil type haprhnd yoant ool Sacohummnnes coreriniie
Y100 JATOC 964001 agngt Bome Prol Saajay Chosh,
CU, was used for all espenmental parpose. To groe, yeml
oultims wes metained @ MC wmpersture w seking
condition (80 rped)  YI'D (2% WY Yeau extrms, 2% W
W poptome. mmd 2% WAV desiose) mediem sd YING
medum (2% WV yead exwact, 2% WAV pephime, and V4
VIV ghycend) e all cur cxperimental  conddionm.
Alolasses and ammoniem wltae contaming mediom win
wwed fox the expertment based on CURD-RSM. Acidbad
sodives sitite wae il 36 the strews agent for dll the
epertment.

Preparation of Acidified XaNO,

Seont wabstion of 100 mM scadifiod NaNOy was prequeed by
suinisg Sasslved soduum nrie (st HO) with concentmnd
AECT o 000 o CNOVE Wil comcunstmathon of this misiuee
win waodd e mITTRItivG SV TEAgENL O ferpeivie et
W beve effctve amcenraton of 0.5mM, 1mM, anl
ImM acidtied NaNO. il valae afer pddition of sech
st o the medu was sbo chaked wmd lousd 10 he
Betwoen 608 %0 7O, whidh b @ the optioed suege for Soe
ohronions cervohier Y10 growthy,

Cell Viabiley Assay

Yt colle were grosen in YPD medurs trpatod with dd-
ferest concontration of acidifisd NaNO, 1D mM, 0.5 aM.
LML and § M) and ssoubsed (0 Sk comdiom. Ater
overmight mevbution, | =l of ceftus Soomn cnch senple from
Both steadie were serlally Slhsad wad plsad oo YPD sgar
madiom for veble o coure. Usdor sme combtion,
prowth vurve of ssrples were suesed W ospectne-
Phastnesoally s 000 nm.

Detection of ROS and RNS

Presonce of ROS sod RNS were desected we per the pon-
1ocol ufl Bavisrngen with slight modificasom. In short, I x
10" celly weee sesanpended i PBS balfer pbl 7.4 and fiaed
by absobite ehaned  Aber that dyes wee  widal
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THDCFDA for ROS snd DAM-FM fir RNS) o the tinel
coscentratiom of T b aed incubwtod for M0 amue In dak
Fow fluonsscent macmmonpy (optikal exoitaion was fivel w
495 rem and estision & 5150 Microgesphis (40 x) were

repeated D deast thee ndependont e periimonts.
Estimation of Ethana! Production

uu;wmmmlm
In shory, overmight ineshated tromed and untromed yuast
exils were contnfuped One millibser supersatanis from
oach sample were sdded i de e of 029 M poa
whamn i hromate (K000, 000 M ubver e {AgNOL),
sod 6N wilfurie schd (HSO0 Alsr incobatios ssples
were divvted s 0.0, wes secondod ot 300 nm. Presence
of etancd wan checkad by HIPLC medel ascondingly Zaky
o ol 9] weng HPes Honlsne with ihe flow raie of
1 mbfoom.

Preparation of Cell Free Extract (CFE)

Overreghe groows troated smd wttreated cullune wene taken
sl commrifuged snder cold conditie. Sspemalats woro
ducanded mad peliens were sspesded in lysis betler
1100 M Tris-HCT 2t pH 74, 150:mM NeClL 1w SDS,
1M DTT, 2eM EDTA, grotease sthibidor cockoudl
(Sigma AMInch, S5 Lows, MO. USA), | PMSE] and
were fyved aning phas beaads and vortexad watil lyws. The
solible esom were collectal by conteifiggation wsd (e
comconration of proteln was determined via Bowtfoed
oy (205

Akcohol Dehydrogenase Assey

Activity of aloohal debydiogenae wis Stermiscl as the
protocol of Sigma ds sbon, ool lysate was when for e
shoobud dchydrogenae saary. Resction misties oot
beffer ul pH AN 5% VIV
il and 30 mM HNAD s the Snul comountntion asd
Al oell Sow extract. Time scan wim performad for 6 man

o 340 e, Spocrepbosometncsdly, Se difonsece e il
wnd fird QL1 wan mvonded

Akohol Dehydrogenase Inhibition Assay

Yeaw el wom pown in YPD medunm treatod with
sosbed 05 AT NaNO, after 35 of (nocuos. AL the
same b 0.8 mM 2.2, 2 onfuccocthancd was sbded in the
wanple md mevhatal Filusol prodacson win catissated o
0 am w check the wibibiivs of Woukol

Untrsend yoast el wons takom s thwe comtrd (21)

Ethanol Production by Immobilization of Nitrated
Yeast Cell

For the immobilizsions maay Ssanmniw colls were first
grown ovemght i specified modl o the presesce ol
OS5 mM wotum nirre Next, thy cultiee s comtrifuped
ond e ool pellet win mestspended in PBS Budler pH 70
Lol of sach resespended ool was oo added douly with
1% swodwm alginee. Afer th cells were sassfomad w0
IS M CaC), wilstion drup wse with the hedp of & syrings
with the formums of Caalpimate besds borv iag mmobiland
yrast colls, P, harol prockiction 20 sk hoads wan sl
W oinocsiste & bk oodia Elluesd coocestratiin Wi
desermined ws stated eadtier [22).

Optimization of Ethancol Production by Cemtral
Composite Rotatable Design based (CCRD) Response
Surface Methodology (RSM)

Optimizaton of ethancd peoduction was ceried out tsing
cminl composng rotashly dovipt based (CTRDE respomse
sielace methodology (SM) in onder 1o stialy the ioterse-
tom effect hetwoon fuve  mdopendent varibles vir,
molasees coosentrmion (C-seumes (AL ammosium wilfai:
umceritation (Nare ) (B1 snd Tocubutos thewe of yeist
11 i the femmertanon boodh. Doe 10 the poesence of “anial
potr” sroond tho coire poisl s (he CURD desipn cur
vatese of the model b Wlwed As wggeaad by Saba et
125] Mhee independomn varmbihes molinses conoontisthin
(AL sesmoesums selfaro concestration (1) e lacidotion
Hine of yeast 10) were il m Bve difforest ondad levels
e =1 40+ Table | ropresent e mlatiombip
hetwees the codod leved sl actual valees of cx vastables
wsed i thin stidy 10 (ptiesise cthaml peouaction.

The ielation borwoen the coded level of varlables ot
stual values of the varialien are exphaised by the following
apetion (B 1x

oL - 2)/Az o

where, X s the coded vidue, Za bs the st saloe, 2o s
the sctud valie 3t the conme poist. s AZ s the vep

Toble T Cocked ol wnsdd mvels o oamanios sl 1o ot

e readed
Pasue L Cinledt Lol

- ' " "
-
Al wmnzi SWA & & W » An
B(Meges sy SWY ¢ 0% g 2 3
Cllonduien tones  fhaee & 0 13 M o Mu
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chumpe of the variabies. Total 20 expenmential mun were
comduciod md the eftsmcd proddicod by O pol v
wivood by (e woond ender  pefynonsial  grewon
eguation (25

Foome & mag 4 oty + by 4@y 4 st 4 i .

HERR YOy Tapay

whorw | the prechicted ethamol prodcnion (200 a s the
mteroopt, N, o the ndepesdent varsdilon s o i the medel
cooflouent pararocten

Statistical Analysis

All experimemts sz dorw = inplease. Leved of wip
mficames () wis sef o DOF fiw all expermmenin

Results and Discussion
Effect on Coll Viability in the Presence of NaND,

ACHING S wIree v as e e g ISV SITess agont
in b e oxperiment 0 determine e ub-bak dose of
woduise e, cellalar vidhiloy was herhol Afler iney
Pt streon i odiom, i wan obsorved thae cellelar vaalniny
s win wgnifcantls sflecsad o 005 MM conoestration of
sodlam nieve (Fz 1) o covtpatndl wilh e ool set
Whieroas in the peosence of 1 oM d 3 M soddsaorn sise
ey the same oxp i conds holar viabelity was
st e hee deosenad sipnibosdly, Ul carve capen
ere aborve s oondisem m abose has alvo Sown wmibe
resedis with 1.5 mM concentstan of walion sitrre shwing
loaw oMot ws comspueed with | oand 3o solism mivme
Mg I Mener, dw cosconmmmaon of soduim metrie wes fined
10 b ot 0.5 mM for sl onr Sarther experimenes,

Effect of NaNO; on ROS and ANS Generstion

Gretcrgtion of ROS asd KNS v ot ssarkon w staly
the rodory Iesmeostsds [ ML Thas, s tes comtesl, it was

W o pee e p w of the both ROS
RNS weder vy expoirnesid comdts. In bath coningl and
05 mM acsdtiod NaN(y, treated yoast ol the gemoration
o ROS anl BNS ware determmed by awescent e
wopy . Our reowl dhowod & srefoms change In RNS
prodaction m O S mM acilified NaNO, treased yeast ool 0
comgurnd with vontrol st (Fig. 1) Wheroe, we Sl wmn
firarnd anvy stpruoont Change @ ROS gencrantion w (LS ;M
schdiod NaNOy mested yount ool comgered with comtrod
wt (Fig 4

Thes resndd bs very sberesting i toon of our work, There
wan abr o sgrehicare dilfommce 0 S pesenaion of ROS
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Fg 2 Goud Garve malyvs ¢ of saneatng am o etcend
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c D
g 1 Detcunsan of NS for prrsesnn o KNS W vhnmbnnd o g
ks Plasssrnie sad conegpenleg e i

B oovvrniohnr YO0 & il s Oummrnd on wonnonndt ¢ ond . bomnd w00
LSRR

Potwees both cooad sl 0.5 aM aosdified NaNO), weaed
yeat crlls whih ndwanes e prosnce of endopesoes ROS
i Sorh comtnd sl vated yeadt colls and 0.5 oM wuddial
NaNOy; hadd 0o tole 2 gencotion of ROS. Wheroa, It &
weadont the 005 mM acelified NaNO, win sospossible e

186 | Page



L Bainwewnitry wnd Sagvpsacs UYOR 1001l

B 8

C 0
B 4 Drinm ol RUS @ prmsenr of BOS s sndionl o gom
ookt Fhavesoner awl ptscgeaniag phae caevedl o of

N cwvwwinige Y IV ) dwl 00 Comncd or sawvand () el ol wesadt
CL TR T B

the proevation of RNS. This, i cas be concloded that the
effect chwervesd snder cur oxperimental cosdmos W may
be selely iuc to generstion of ANS by of e 0.5 00
schdtied NaNOy,

Effect of NaNO, on Alcobol Production

A sqonied cerler, Sorreninee wssally prodioes cthusol
wnder ssobic condithon [17) but Bus & mauch s .

wpared with for a Usider oonr evgent
mental cond an d i the Is e meshiend
st cthuasel producsos was fousl & be hugher i e
resence of (1.5 mA8 soduios nerke smess as ooupenad with
the coomed. Our roaudt suggewss that in YD mediam stk
ol pooduction ecressed by 199 undkey sitnmadive dress o
cvmngured wil Y contod (Tudle 21 The resal shoswed that
ey nitrosstive atross the collaler metabolion Sus sl
exengy poodaction ue sdaiod signiScenly iwasds chasl
prodaction. annuhmuodm Ths may have
fappened duw o Wt m hochenmcal pathraays within
e coll lnding ssdificston of seversd  leponan
encymes mvohved in cellalar sespiration sl TUA cyoie
wder misonative s | 10] The prosencs of ethonrd was
abwe verified by HPLO (et san shiran s

Effect of NaNO; on Alcohel Dehydrogenase Activity

In YO mediem, speciic activity of sboohed debydroge

Table ) Fihwns proslaiom by tnamd sal e ¥ pomiine

Serpk ol g
Crmims MER

UEE ) Al
ativey bng o 4 Baded of dheched pod

thm, mmu.mwunnnumm-em
similar pewsin (Tabke %)

High of shootwd fection o 0L M NaNO,
mledbun“bﬂzbura.a.uh sy of
sondol iedydropmase. Sevesl stmbuos repermad that, sn
tinwe, socilnse debydrogemase mvolved s TCA cyvle cm
be simated (n presence of NO o KNS sesalting 0 st
vaton of those waymes [14] So for the sl o sarvive,
map producnon via aierstion Beochemoad  pathways

esertid, Thorefowe 1t Is possibde thar, may be the
ol W wyng " abolic Sux ol fer-
et Alcotid  defyyudng L & ebeochondoal

Proaen 5 reponed 10 Be over exXpreseed N IMTOsRVe e
[25] Clhnatiione depondont aloobiel debrydeogenane 2l
= 4 o resporec caryme, telisving the ol from
niwosative [18-24) Mu‘mmqu\t monrviry ol
ADH usler enp i with the
previoes sesaltn med o sagpesis thal i plays & viesd roke 3
ergy producton as well as stress reblever for @ cell Thes
ool Gy indicates tha, soobol detiudnogeress s the
Misis vy e eepornudile Sor the Aloohid peodeciion 4l W
strossad o wriressed comdeam 18 S Aareneoes e
walew (211

Optimization of Ethanel Production by CCRD based
RSM Technique

™he affoct of roe indapendont varshh Lasses won
(A) an wallate 1By ol
Bactation e (O wese seiod Tor cfheosl prodocten Iy
the yeout kg OCRD based RSM sochmbgue. The optineal
level for die conh Laowor v desormunal. Foe optiostasdion
ol ethondd peodectivn 19 experimennad mm were perfonned
el the results wy sepeesonied e Tehle & wih bodh the
arual and ekl prodicened mmgveees
Angly b ol vantence (ANOVAS was conducsal e the
shane exponimeneal dougn The newsle sre eprosested o
Table 5. The sesalin showenl that the el is highty sg-
ik (p - 00T wnd o Doty predan the  sonsl

e 1o, et prodcton. Within the model medas-

was wgnificarly imcoead MN when ol wore J
wih 05mM NaNO: o compesson & comeparsd  with
cootmd (Talrke 30 Yo check thae whaber Sis sloosol pe
dhaction was sidely dee o the sctivily of ADIL an inhibor
oy wm v perianod Additn of 2224
Numoathiasd s & conpetitive ifiibetor of ADM. ceasad thw

-« jowt (A) [ O0BIL incrdation i (C)
o DLOOET ] mscdumses conoestnatiier” (A7) L= B0000|
o meshanon sane’ (C7) [ - 0008 ) wore e signihoml
mwde] tere llm'hvuulmtunmiblp
secomd onder polysontuial segread ot s po

Mm-uhn-dnmmumtnml

£ Sprieger

187 | Page



-~ ol Bachwrery wel Bophyse DK 815118
Wl 5. Spwiih wifoily o NAMILE  Spenite sanky of Akvbed Spoite P T R ———
'__‘“"“‘dm"“& o [ oSrY—— —-:hx.:’.:at—-tmo
e i s Commd a0 New enoned
0reM  2a0d Now detecmd
Wi 4 Ripumioent dels o e A Factor 0 [ [T T —y—
:m"‘:"“" e (% Nesmrre (%) e (o oot _U
] LA} (F Hhim nn N
T 0 o 1 o
Y mm 200 s = i
¢ = 200 W U Jan
s uwm 182 "ie m 3
T T i Phse W
 nw . vin Wt o
¥ ALl 2 Hiwm e s
" 100 bl n - am
W 102 i 2% N
TR 1o in 1w e
[ 4 s 0oy L 11 i
noan a2 1" " e
1 2% 103 i 1w e
"o 103 0w nn ™
W oW 18 a4 0 ™
1w a2 i nw "
" s e U 1M s
TR wa ™ i aw
0 aotual e (Bg Yy Tobbe & CURD Swood HEM masiet
R (Fatsomed conomtration). Acsaal = —10 M§25~ S e T
LIRENE w A4 SA1ITS « B 4 LUSISL » €+ 017658 —— =
S RAON0 & AC & DIBNES < B0 - B0 R R o e
3 wane
A= 276113 x W - QOOM « C* 9 - w1 ww A seonl
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e 1 vilue (coefliciens of detormmation) of D577 AC an | =n 10 afwr
ralicates fhest the el could explaie fhe 00 varishlity in € w4 s T
fhe mendel reyponne. The prodicssd asd adjasiad &' 05250 A2 M | sm nm o s
d ONT, mespectively, wore n seawrable apverere W LLLE T ABL B
wilh each uther. The saodel Bgh sdapuse preciicn rsso of €2 st | e 0w s

1804 indbones Bt begh signad wo o i, Generély
adogssto poociinm Dt of & s desmble m dge the vige
rificoney Jevel of e modd Booverll senee e R
siueed . prediced &7, anl udoquate precision Ml we
significanty higher and thus e mdel could de amployed
T adersfioution of sypmasad leved of cach of the varsbles
sed foe et sraportse.
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POdon was sgeificentdy varies it e molesies 000
vonmation (A1 Mg 80 When Be carbon sume wis
oxkenond S $ 0 20% WAV, Leepung the mtnoge samis
aod @ L22% WV, ethaned poodection wiss Aigneficatly
onksmond from LERR w 2784 g0 The sgaificance of the
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g 7 Safas pha deming t=
o) ol BT XIeGT
arten wens (Mot snd
Puabatam trew

g B Saafacr phe daming v
ALt ol tmibe ey
Shiigr sarrt | \dsmruee
) sl N dtuten e

X152 B N-Soune
X2 = C: incatshon e

Actend Facks
A csouroe 1250

carbron waeroy wan abw comfinmad from e ANOVA e
wisch dowad 4 p value of DO,

The effect of istersction bovwos e molaews 00
comratom (A) aad bscutstion e (C) W npresestal n
Fig. 7 The resul sbowerd that slong wihh caurbon e,
incutetim e abw  wigniticatly  affect the  othasod

T sprtager

8 NSouwee

prodhtion ot u p vlue of 00081, Keping the carbew
sorce fined @ 20 WYV, when incalusion lise was g
dendly incrwanad foom B o 34 pradicrd ethand prodis
thant 3 Wvo significantly exhanced 1637 s 1200 g

The effoc of meenction beoween ammenhum willey (B)
o mestation sorw 40) s prosersed in Fig 8 and i can be
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Talvie & Pihnd produchon b sl ot i pown =

YD mwlem
besoaviiaren
o, ot spie " Ind -
Lahand pradaciam (M) Nel Mal pa
Teble 7 Bl prodection by seewbelend post ol pows n
Y10 sodem
Trvandabimne

Mo of excle M
Litane NAS Mal Mol Wal Ma) sl
abatin (p0

observed Do the plot (e e ethusl production was st
wo mech shiered when cthier of dhe virsdles wore moremsed
o decreamed. Thee rewslt suggesss, a non sigmificast iaer-
scthon betwoon thew two varisbles loe ctfeamd poochaction
Thie resilt i also suppomed by the ANOVA result where o
P v o (0805 was obstamed for these twn vanabiles. A
el mcvemest of sfbenod prodictios wes reconded flom
T2 40 28 13 20 whew alDOREn R CONCOTIIIGDN W8y
iscrenad from 005 to 2008 WV

Al canefal sy of @i iractus hetwees the
viembles Sor ahosol prodocuon. fisally e model wn
crnphoyad ur find out the optimlred Sovign specy saing the
numeriol opturaanos oo, whee e rtsponse wis adkad
for manimman level 1 owas obamed (hat cmhon sowice
concentreon of 0000 WV, nisopen wuny concestr-
fhon ol LT85 WIV when wsol b S modmtn fie M40 of
mcubation e By the yoast, it will shos 352 g of
ethunod prodection shach win very close W (e meded
prodicied resposse of 34,24 1

Estimation of Ethanol Production by Yeast Cells
under Nitrosative Stress Grown in YPG Medium

Tu wwces the shitdy of rirsal yosl ol w prodice
ethanod iver tiine. YPD groen stress exposad yodut eells
warre st wrmmsebilinad I calcimm slginate beals. The heals
were hen poculated s fedt molaoes corning mebiem
o check e e pedection of cttemnd. The procoss was
repemad for wverd cychos wang frsh modsos. modium
Ussler sur cxpersueetal comlim il was observad tha
ethancd prodisson with YPD gesan smesscd Sefls remmesens
significantly unchanged for two cycles (Table 61 Whoosas
imterostingly when YPG grown seowed yood ccfly wore

(Tadthe 73 Thew sty o i s e prosdiicsion il Sigher ROS
snd subsoguently higher RNS by Be youst dermg their
grosath in resrirstory prodoses YO media

A AIE han 3 rode i relieving the nisosative seeis (251
s il Dighes NS moumubton, e cxgeoason of ADH
moghe heve sigmificandy i which ovemialy row)
texl mn Bigher ethaned prodection. The gradud docreasc o
ethuasol producss with YTU sl YPG groses (mesedeibeed
yeast ovlle was may e dig w0 ool deth v chage m
cedhuber physiagy 10 refieve e offect of sress

Conclusion

m-wmmmqm
e ool prodecton by Saoch

incrsased. with te iscrease in ADH specific activity, whee
e oy worp challergged with nitusdive drow. Wih e
view 0 apply the prcess for indewetd e, eapeoaive
markent sousces wene sl during cpTeestion. Morover
renobadizson of yeat calh and ity reone Bor seversd Cycles
s Belpeal i bapher akvined pridixction anl nalatyon of Lies
sl oot This i the firss vepoet of this lond whese an slier:
manve wthodt of ethenl prodactim i explsnd with sitrasad
yeud celb, This appeoach is oxd effective and productive.
Themtore it Mk 2 groot prowsise for mdasrial perdsc oo of
fermmntod beverspes, [Re hoer. wine ax well s hioeshaned.
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Characterizing the effect of S-nitrosoglutathione on Saccharomyces

cerevisiae: Upregulation of alcohol dehydrogenase and inactivation

of aconitase
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procn o =M S adrrosaghatethiose (GANO] as the almssative srem ageat. Fardhemsery, o lnﬂn-.“l

e posderther sed » 15 oM & abookual dekyed 1A ‘;-— dhwerved i the pr o
025 mM (XN when romtpered fu e Ay bedd Parth A oo flad -hcn
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1 dntrndue tion engynes st o cataboe, gletatidons vedustase (UK}, SOD, wsd offiers

GENO & well knows ssilogenoos eNO donoe that ran play o og-
wificoat sobe in Do alieration of 1edon homeostosis b vies [1]. A dupge
body of resesich i strews Slodogy anbioates that GENO can be uwd a5 5
Mizioative stiems syert [0 0] Reactive sltsogen species (RNS), which
ocm lmide the oell diring nicrosastve saresa, have the obility ro modity
bomudecules sach a3 DNA and pemtetin [ 5], The change 0 vedo
boceustass b vive, which sy Sead w0 changes W the physicochernicul
peopertes of the cell, Is ooe of the most significsnt hallosarks of poo-
setive strema [ 7). KNS inclades anittie atide radicals (oNO), pesuxynitrive
(O8O0 ), and miteogen soide cudieald NG, ). These are foemnl when
reactive oxygen species (ROS) react with sitric axide [10] Nitre oxide
B & freely Sftasidle, shoet livel, Spophilic melecule. At Jow conesn.
watken, sNO s mwvolved In cell signaling, bat ot high comcentrations,
binds te heme, Sus, and coppec-contaming proteis (11 17] and be-
CONes Do 0o the ool oNO and RNS both ealubue cyvatonde and cyto-
srathe artivities due o the whititon of ATP production, aliersd (oo
metabolinm, ensyme lebibition, DNA and DNA repaks system damage [0,
L1 20) Te comntecact the hostile condithon, Vimlous stiess cespise

Al B , Sl

- i SO, waper ouife

e acrgvared [4,21,27)

x o Is a0 lernt mmclel for studying the sffects of nitre
ative stress. B ban been tepacted hat GSNO stress alfects aconltose
(acemitaon Iydisase, 1 4.2,1.53), an lmpoctant wazyme of the TCA cycle
It 5. coreviadine [ 107], Ads vwendt, (ehibiting meonitase sctivity may kave
0 effect o0 the aetobie respation of 5. coverisioe. Alcobiel debiydiogs.
1390 (ADE) iz bmen repuartod 60 et 5% 5 ves-senpamae szvae during
Dluosative stvess using GENO [04,27), Than, wing OSNO sinder nltve
sative stress may cawe 2 change (0 celfula metaboliam, which may
evertandly lesal 10 lixamwed ethanol prodacton viathe fermettative
pathiway However, 00 such veport exiis that charocoerizes the effect of
GENO on sthanal peaduction by S crreviziae. Alhough many adies on
itabelic enginessing i £ coreniaine have bees conducoed (06 20),
certaln diawbacks sach a complesity, mutation, heman safecy, costing,
il time consamptinn remain [0 57), Perthermes, weh procediums
e pootiilimively cxpemmive (05 191 Thes, one of e majer mess of
interest = an sbssative, costeflective, wul sngle poces  fie
Ivereming ethenol prodaction by S cerrvisiar

As 5 vesslr, the obgectives of this sosdy wers 50 examins the effoct of

antrvbwaaces sesd): M8, ph Hatle TUA, tnnchik

br net, CTAR, )

T, povrhburs: arld; S1EL [wimmttase Syfrawste, (TN, 1.5 distio-As (3

Ay itrnen 1 KMy, p [} e,

memwxummomnlm»mmxawhw
© Caveprantogg weiber b Depurtimest of Misssbachagy, Oniremity of Sonth Beagel Wess Seagnl, Botia

P oonal wbdrons o Gooabarens prel e (A Metti e b

S T A g B0 ERIAS pevatome 0 20

Frvwined @ Folnawry 2001 Revvived iw rvnfordl frmn 4 Tavnvmibes 2021 Acvvpiod 10 Dvirades 207)

Aveilabbe cnlaw 11 Pvenier 2021
IAAAL IS 2021 Phevier LA Al sighvts somerord

193 | Page



A Senpyta ot oL

nitromstive strees by GSND on athasel production by £ cerevisiae s o
look for any changes In metabolic activity from respimtion te fecmen.
tation. This & the fiest repart of iy bind that directly coroelates wihasol
production with & simple, con efiective, and ecofiendly proces
involving strosative myees

2. Marerials and methads
23, Yeus caliwe and groweh

WM type haplold £ cerevisioe Y190 JATCC 06400), & gift from Prof.
Sanjsy Ghosh CU, wins usad for all experiments. Cells were grown in YPD
(2% WAV yemst extriact, 2 % WOV peptone, and 2 % WAV dexticas )
foediim ut 30 C under shaking coodition (00 RPM). The singhe colouies
contaeing YPD agaw plotes were kept 3¢ 4 'C pefrigerntor and 50 %
phyomeol stocks ware hept st - 20 C Goeser. The ghyomral stoch was usel
for the prepasation of peeoculum. 200 b, from e ghyoerol stock wis
inoculated in 4 fresh YPD beoth sl inrubiated svernight at 30 'C. Aftwy
that, sreak plating was deae on YPD agmr plote using the overuight
prown rultuss aed incubated overnight at 30 °C o solate megie col-
ouser. Followiny that, the culluie was checknl (o comtssusation dy
Phase continm micreacopy. Theo pre-(noculum wis prepared by lnoou-
Leting strogle issdatmd colnny in YD brath am! apain socubuind oversight
M 30 C. The ovemight grown 5 coreviskee cells wore then used &
tnoculum for fwther mepesimeess.

22 Prepararion of 5 nioosaghans i

GSNO was prepaeed pecondiog to the method of Har wits sligta
madificasions [ 4], In shore, 0.5 M GENO was obtsioed by mixing } Mol
NaNO,, (Sigrma Aldvich) in double-dist@ied water and | M GEH (Hine.
dia) In 1 N HC In cold {110 VAV The concemsration of GSNO wm
s spectophotommncally (ThermoScentifie MultukanGO) m
335 . The above asentiooed nstrument wes waod for all othet spec
trophotometrsc sindies.

23 Cell vabilty ausey

Mid-log phase yoast cells were grows in YPD medivm trested with
diftere concesrations of GENG (025 mM, 0.5 mM, | sasesuM ) aod
incubated overnight o shaking condition. Following s oversight in.
cubution, 1 ml of cultuee fom sech sample was sedially dibssed sl
plated on YPD agas sadinm foc viahle ool count. As n control, a culture
with oo GSNO wis weod. The growth cueve was crsated by rocornding the
0.0 ot 600 wm for 11 & at 60 mido tervols [77) The growth cucve wim
sl to cxdculate the specific growth nue Additiosally, growth cove
Wit also srwied upto 48 &

24, Preparanion af cell frer extracts (CFX) and estimation of proteis

Conll frww extznet (CVF) of mated and untreated rultsews we pre-
paved for differenst essymatic weays. Overnight grown culbuses of
treated and wtteated samples weye contrifiged, and the mpemmacann
were disessded. The coll pellets wete brsed by wing glass beads and lyss
butfer contaiming 100 mM Trie HCT (pH 7.6), 150 mM NaCl, 1 M SDS,
1 =M DTT, 2 mM EDTA, protease (nhibitor cocktail (Stgma-Aldsich),
sl | M PMSF [ 1], The concestration of protein was estissated o pes
the Readford protocol. The standard curve for estimation of protein
concentyntion was peepared by using 88A [ 5],

4. Assay of redas homeostases
A1, Redword o axidised phutschions reno

The concestrotions of GSM (reduced glwtashdone) and  GSSG
{oxadiced ghruthione) were determined using the method described by

Woownm Sectersaary |1 (AL a2

Akerboeas ef al. [17] CFEs (from both treated and untreatnd sassples |
were flest deproteinized with 2 M HCIO, (Merek), 2 M EDTA (Himedia),
anad then neutsabiosd with 2 M XOH (Heedia), 0.3 M HEPES ( Himedin)
W pH 7, Afler cenurifeging ove portion of the neutialized smmples a1
3000 g for I uin, the supestistants were collacted to determine the mtal
v vive el conceniration (GSH + GSSG) weng Glutatiiune Redurtase
(G ) dependens DTNE (Mimedia) reduction method, Anothes poction of
the samuples was treated with 2ovmylpyeidioe (501 V/V) for 60 min sl
od to dececiise GESG. Tine scas was dooe ot 412 i o¢ 3 min. Both
GSH and GSSG concentiations were expressl i smol/mg of ootsin.

22 Olhwathione refucteue aucay

The glutathscne medecton sssay was pecfortned sccording to the
potocol of Carlberg snd Masmervik with sdight modification [22]. In
beind, 2 oM GS5G (Himediag, 3 oM DTND, amd 2 M NADPH (Himed ia)
werw tived wilh an assay buller containing | mM EDTA ssd CFE. Time
woan wos dooe ar 412 nam for 3 mdn. Reactson miwrire without CFE was
ﬁ-n."bdh-.wm“npv—lhdlmd
wolein

33 Cemlssr nuay

Catalwe netivity was sssayed according be the method of Asbi with
slight modification [9]. In beiel, M0, degradation was messured
spoctrophotemetrcally ar 240 am fir 2 min. The reaction mixture
comtatned 0.1 M potssium phosphate befer ot pH 7.9, 50 mM KOTA,
HAO; (Sigma Aldiich), and CFE Reacthon muixtwoe withour CFE was
ﬂhrch*ﬁﬂﬂru“yn“hwmd
peulmin

34, Sowosmghvmtivone rdunase (GSNOR) assay

OSNO Reducisse amay wis performsd acconliog te the geotocol of
Saheo et ul with sdight modifications (7). In Leiwf, 100 mM GSNO, 0.2
S NADH {(Hiseodis), and 0.5 mM EDTA werr mixed ln 20 M TrleCl
P 5.0 with CPE The comversion of NADH 10 NAD wos vecorded at 340
nm for 5 min. Reacticn mixtere without CFE was tales 23 o buseline.
Specifie pctivity was exjoessesd in sl ‘sog of prossin

15 Confrenl micrscopy

Confocal micmacopy (Lescs TCS 5PN was used to desect nimiie axide
(NO) sl smactive cxxygen spacios (ROSL NO and ROS wiew detersed
wsing the Invitregen peotocol, with some moddicutions. In beed, 2 « 10°
cells worr washed anid resspendnd in MRS pH 7.9 before belog flved
with absalote ethaned. The dyes (HDCFDA [Invitroges] specific for ROS
mml DAP-PM (lovitrogen| specific Sor NO) werw then added at » fioad
comcentration of 1.5 pM and secabatnd in the dark for 20 min. Excitation
wis et (o 455 nm for confocal microscopy and emasslon 9 515 mn. The
positten cuntiol for WOS malysis was pespared with 01 mM H,0,
trestnl £ corevisiae cells. Experiments for 8O sad ROS wete repested
independently at lemet theee tames 20d sicrographe (45X) were taken,
The intersey of fumesesscor vens quatdified with af least 50 so. of eells
fur wach sample assayed using the Lalca LAS X software

A& Acwmintme asary

Actostsew sasy was perfurmml sococding o the rotecol of Caten
etal [40] wich slight meSfications. i bosef, the focmation of lsociiiwe
{5lpwa- AMirich) tiom e aconitme o devermined

Uk st of peetedn s AeBined as L bag ol pretcins that onlalyms On sever
ahinr of cow somnnibe uf adetrane (et Bl Vader the spes ified roadeiese of
the woory method.
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spectrophosermettically st 240 ne for 3 min The reaction mistiow
conmaloed 500 mM ceaconitse, 100 mM Tris G g# & with CFE. Re-
artion mesture wiskost C'F wis taken = a henwline Specibic actovity was
wxgerssed in ml Ay of protein.

3.7, Bsvation of ehared awl refiving sager

Eihanol sad reducing segar coacentacions were sstsiated 24 per the
prutocel of Thang ot al, with sight odBications [11]. la el over
wight grows sotesied and seeted 5 corevisior Sroth e were
emmttrifeged 4t SO00 g, and sepernatarss were colleciod. Al fhat a5
peonmnanes were milved with equal volune of 20 % TCA af room fem
perature for 5 min mad then cmstrtfoged 2t 10,000 g, The supersssant
were then teated with 375 vol of 20 % CTAB a2 85 € far 10 saio and
agein centrfeged at 10000 g These pretisated samples were thes
iluned 100 fukds fue ethansl estimation. Pretrestel ssnples ue miusl
wlh KMnO, solution and incabated i 49 C for %0 mén. lirial and Sosl
O wees recordml 5t 5326 nm. Standied carve fnr Se schanol st
Ton wes poepemsd by ming sbealute etasol (Mereh) The 10 fold
dilied precreaced sumple was moosd with DNS sobition for the ot
tative of segar onxesizaulon Sarlecd corve for ewdscing sagar exfs-
maton was gpoepannd by wing glacose (Merch ). Parthes, ethansl yiekd
ard productiviey wees determsined as sventioomd by Mithes ot o vt
alight peoddiontion [1.).

18 Alcobal dehyrdbogee asay

Alcotiol debyviropmase activiry wes desenmiined 32 jer the prococl
wf Walker with sseee modilicatiog [47] b bicief, the pesetive misture
woosaloed 50 M sodum phosphace baller a2 phl 0.8, 95 % V/V 20m-
ablwhynle (Sigma Aldrich), 50 mM ) SADH, anl ddusd CHE The O.D.
was recarded ot 340 nm for & i e determine the formotien of NAD
S PNADIE. Beaction misture wathood N wow tken se & Saseline
Specitic octivity was expressed (o bl ey of ploteis

29, fn viro sy of akoohel selirdropenase

ADI weas stutiedd b vire by dectly adding GSNO m the CFE, Cells
wese et grown utaler the previoudy sentiooed cosditionn, aul CPE
was pregased. The CFE was then meated divectty with 825 mM GENG
Sor 80 mis. Pollowing S, the ADH activity of treated sed ustsestnd
snnples determiboend, fs poevioualy statmd [47]. The experiment wis
repeated with pare ADH (Rgma Akineh).

4. Gene espression snalysis of afi ], adh2, adhd by quastitative
Real Time PR

41 ANA wdonen

RNA sodation wos caried onf In sccondance with the pestoond
devwloped by Dr. KPC Lile Sciwnoms is Inlis, mstng thetr dwesloped hit
contalning oslumme. Ovesnight grows tesed and intredted 5§ coreviioe
cultures were centitfuged at S000g, and pellets wese wasied nwice wil
LX PBS. After adding beffees, the eutiie sedulion wes tasslersed o the
Poolim rolumn 3nd centrifaged a 10,000 g The columm wan diacarded
anl meprepanal wit adlnl sl asfeond je 2 Gusine enlons sl
cootrifaged at 10,000 5 The chueme columo was then wahed and
omtrifegel 3t 10,000 g for 10 min Pusally, ENA wen shutml & 50
suclease free wites and guantified usisg | = agrose TAE gol For cock
vt of experimensal comditions, a1 deas two teological replicates were
.

43 DNA progparaton

The semplate for XA synthesss was 300 ng of KNA from wock
sxzriple, ONA ez dessstramd 2065 °C Sor 5 sain with 10 2tM ANTP 2ad 10

v Matesnary 110 202102 W

Tabie )

Primers iwed 0 this aty
ywr Soxpwrens (Y -2
-l UTTOAEATOIC DA Tocma
-t MaCRsGoCaeTTY
-l TV ACALOCNOOALGUTTET
-l (N MOGTOSTAMINTIACY
-l CTGTOCTCALGCTUACTTUT
iy CAACAITAC O I ATTA
aethd [erin ¢
Pt TATAAMAAGLGTTIGAN

M rasdoen hesamner. The maxtoes was thes sunsdissaly chilled oo we.
The 1everse taaccipase (RT) enayme (Thermo Sclentific) win thes
mbned 5 AX BT ypacific buder and incabated at 43 °C for 60 min Sefouw
Seing beat insctivated at 65 € for |15 mis

44 Quentinatr rel fvae ICX aet op

Queantstative Resd-tane PON (Biocad CPX-50) srarction mes pefored
Wit SUPERZys oPCR sestermly [T KPC Life scisnces) in e desited
meaction comditions. One artios (1) was setup wing synthesied
DNA 0 B etegplate foe gPCR. The hluted IRNA sseple weas used o S
mplate i snocher sonction (BT) This i deoe 10 snre that B lao-
Katecd INA i froe of DNA comaminatins. Awother segative costral (NTC)
Wit 10 oemplare was set up. This was o two-steg PCR with denamestios
a1 00 °C bur 15 5, srnwsding. snd eciension 5 60 € for 30 5 Por e,
e metiiber of cycien was 40, followed by o miell curve. Al » BT 40
artiosss were camied out is miplieate. Taloe | contalns 3 list of primess

4 Smstaenl malyss

A ksl cesuln are expeesied 34 mens | SD (Standand devis
G} of at bt theew imdepeadas epecssmts for wack Bologicsl
satnpbe, where applitalde. To anslyse e signidicast dillermce detwwes
cottrol aml tremed savples, Sowlent ot was send w000 Sevel of
sipailicznce (p)

5 Resuls

31 Bty of 5 odrooeghuratihene on celbaber wetxliey af & corevisier

Ti detwrnume S b tale dese, eell viability of £ ovevisioe Y190
waz wed I Be joesesce of various copcentratings of GENG (0 mM,
0.25 M, 05 oM, | =sA), Alier s overnight fsrubetion under shabag
conditions, it was discoversd that the pressace of 025 mM GENO (n e
sundizm had o effort oo ol visdility when compansd te the control (0
M GENO). In the presence of 0.5 ooM mil 1 M GSNO, snder the same
wxpartmestal conditions, osluler vishiley was significantly siecied by
sevuly 30 % a0d 60 W, reapectively, 22 soatguend to comtiel [Fig. 81]. 1e
ooreparion 10 the cossral, the groweh curve of £ coroviniae was fosnd 1o
o smalivew] i prweien of 035 mM GSNO (Mg, 521 Purtbmeroots,
specilic growth e was alio sstiated from e growth curve, and no
diffrernce way found between contel sad tested 5 cormvisios
023 ') As & resll, the concertsstinn of GENU was set 1o 0.25 mM
o all nbasquent experimens

A2 Rifecr ov redox Aesweasnuts &y the prasesce of 5 asrocopianthiane

To hwestigate S abieration o redox homecstanls M wivo omider
sitremative stiems, GSSG/GSH ratio, G, GENON, and cataleaw activity,
weir swwessed

Accuniing te che mwsilts, the wisd catent of cxnlized phutmdioee
(GRIG) was decressnl by 2.4 fold s redusend glutativene (GSH) was
fncvensad try 1.6 foldid in the 025 mM GSNO treatm! cells, mamilting s &
3.0 fold incremw i e GEM/GSSG satio whes cumpaied 0 Sie custeol
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N L Bt of Soltroveghtsthisew m niivie ouxde NG| peserntians: The proseser of N0 won siomaba o e gran cobar ong DAY M Goacsetam w A am

sl comisabon of 515 pen) hw romirast sarl sveresmantig Mamrmn: snagn of & comrvmanr rmstend (A sed B) st 027 ondl GO trrmedt 1wl D0 Mamigrepde

oy peverhdd o 45 e 1w The momn Pramrsmml dvmnity (5] mae determmand by smrg Lewa LAS X wdlmanr and srprocrnd® o sewr &

| The ccaywee GR is yespossidhle for catalyeiteg the corrression of I the mested oclls |14 | This sestilt suppents Se puevions findicg
GE5G 10 GSH [1] Axa sesult, we teoied (he GR acuvicy of doth necond sboat the GEHUGSSG rutie. Purthernnoce, trested ol abo thowad 43
mad ustimetnd ssrpier We daccvsend & 3 360k sacroves a0 GR aclviny ol highes acwvity of GENOR (GENO peductae) a2 cusepuend 1o comtrsl,
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Table 4

Rationation of scombtase sctivwy of spoevd sod q 1

A comevienos.
biad

Datrd
(2% M G

1) wamgphn of

Arwmaae Aty |0 g prew s}

Tz
N (vt

ladicating tur cefls wese expressiag Shese suryines 0 nullily the effect
of GENO [Tiide 2] B the ome of camalase, 5 geoesal stvess sesporne
wentyrse, there waa a 2.6 fold incvense bn specific activity bn treated cells
compaesd 10 commols [ 1400w 7}, implying har aay ROS poodeced dunng
e process was deanified

53 Effect of S niwesophainshisne i reoctie saype gecks (RO and
niric anide (NO) generosion

To sudy tedow bomearass, it was critical 0 Wvestigaie e gener-
atioe of ROS and NO [10]. The peesssce of ROS and NO wes detectnd s
wur expecimentid cooditions wing cosfocal microscepy mul Bens
feorescence  Dtessity, Sapeiingly, NO was only desecied s
GSNO tonted oells [y 1) Untisated sl comnsieed 00 NO. Wheeas
ROG weas frand in otk the trented aml untimsted smples, there was no
sigailicest differnece ks ROS gassuntion [P0 Jf As x resalt of the o
ained data, 1t i possibile to canciude that the effect observed under sur
expetinental condition: & solely Sue 0 Be generation of NO by 025
aM OSN0.

5.4, Effect af S nivssophstthisne on aconiine siiriy

It e peevinnly heen tepoctml that netmsstien sad saadative stress
onn afiect (he activiey of aconkase, 4 key enzyme In e TCA oycle [40,
A1 As w rmaht, we e the sousitee ssy W this sty [1alos 3],
Altheugh senritase activiey wes Getsctal In satrested cells, it was not
detacted in oelis trvooed with 0.25 mM GENCL. The result waw parnce-
luly lsciguing because it soggests that ocoritase sclivity was np-
pressenl voder o experioesi) condtiom.

55 Effect af S nbresophrathises on eshonel production

When 0.25 =M GENO was present, ethasol jreduction inriessel
ugnificeatly (~ 1.5 fold) whes comgeend 10 Be conmol [Tl 4} The
wthapal yleld was incremest by spproctmanely 13 bl and conunrptios
of sty won aleo 15 % higher under the siress condition. The volurnettie

Procvs Mo dvmary |10 COED 62 ™

wxing CVR [ Tuble ). inmplysig thot GENO siay 2ot be tevelved in ADH
postein modificacion. ADH inhidtion was also stindied waing 0.1 mM
2,22 trtftenroethianad. When the expesiment wis dors with puee ADH, 2
sioedloy type of resuls was obiaieed [Fig. §39.

5.7, Effect of S rtresghusnshione on e exprossteon of sd genes (adh ],
w2, alh3?

The exponssion levels of those lnpottsnl genes (adh), o, addd)
wete exaninad %o determine the ywsaon for the locvedsed enzymstic
activiey of ADH in the juessnce of 025 bt QINO. The expremions of
wdh] [Table S1A] amd adi? [Talde S1B) weve found to be [ncreased by
snly 7 % md 5 W, tespectively, whereas adil expression [Table S1C)
s Bovisd 10 Be increasend by 4 Sold 8 the presence of 0.25 M GESNO
compeesd 1o the conmnl [Fig 7). This seselt suggesand that increassd
ADH emzyme sctivity in the joesesce of 125 mM GENO was peissasily
due o an increade (0 ofh) expoession

& Discussion

We have meporsed for the fust tme in Sie stady e selatineahip
Detwenn GEND rirees aod ethanod peodection by 5 covvisine Undes
Souic doan of GENG styess, we found soene signaficant chaspes i pay-
kochemical propertios of & revevister compared 8 comtrol, tsdicating
that the cells were arempting o combat the stress for servival. A sig
sificzat 4.3 fold mcivam i GINOR specific activity, for saassple, sug-
gests thin 5 corevilie rells were attegeing S0 comnterart the sress
tmpossd by GSNO by spragedasiag o enxymee that can redece it %0 loem
OS50, Again, the higher sctivaty of GR cosvested GSSG 0o GSH, Lueplying
that an elevated Sevel of reduced equivalent b squimst 1o makitan
imlox bomenstass by viv GSH is cegaeded o0 3 stiess reeponme compo-
went that peosects cells oot resctve species mediated celular damnge,
weetal tonicity, sl s an (30, 00), bnarmonliular GEM plays as Inpostat
1oke in the Ldddition of NO sctivity [15.00]. When the GSH kevel de
ovones, KO artivity indecms DNA Swninge a0 well 2 proasie masdifics-
ticts such a3 peotwio fyrosme altestion, 5 atroeylation sl w o (47,
AL According to soae pepocts, GENO sow an o reservod of NO 'that oo
b trmrmpocied netsids the ooll v 5 GSH rampreter system (< 00). A
& pvesult, the GSEf cns abo malotals the celludar sedox balance v the
wlimivation of the nitramiog apest. Catalose, which & knows fur =

Tabie 5
Tatterwtnm if abvivod drbrpdevgs vome artivity of trowted wed wstrrstef fomind)
wrih ol N e,

poosluctivity wan alio inoressed by appoocimately 1.5 fobd la the pres -y Novdod debydvmgrrme Sttty (of g reeen)
e of 025 miM GENG. 76 % uf the theoueticsd ethaned yiold wo foutsd r . T
I thye presence of © 25 M GSNO whiesess anly 59 % of the theorenical A sl AN P
wthannl yoedd wan foumt (n ustrested sample. Under ow mgerimenial
ceoditione, these sevudts seggest & peasible shill in metabolic flux hoa
yespEanios o fermemation Yabie 6

Fatioraron ol whewhad d0hy Onagrnase wtisil)y of oot sdd ael Al e
5.6, Effect of Snivesoghanthume on oot dedydrogesas s iinty warracy [CIR) anel trowied (3T

Cadisase AL sty \ad' vl
Becasse sihamsed prectusion had inesessed, it wae exiticsd %o mves-
1Tigatw the aceivity of alcohol detiydiogeiane In (hix saly, we ducoveral Emw—dm ::::
that ADH setivity incswmsed By 3.5 fodd in the presesce of 0.25 mdt ¥ + 203 tfhaeverhand —
GENO wheett compaied 10 the cosol [Talde 5] Interestiogly, so chaonge 25 A GRW) e OV« 220 wifsarthand N Soad
= AL activity was observed when sn i wirn stisly wa pecformned
Table 4
Eatieuation of rthwsnsl comcermmvsion, gl conmsaption, stheend yield, prrrestage of theontiod wort vod prochuctivtty of rended sed cassmsted dromerd)
wxphen ol X comooe.
R Thaast vmrwrretem (3 1) Liscree mmmed (3T Pidwewnd v ol (g 'g of ghawrae ) ot yol! W y LW
Ciwtred A5 =0 Wieun - P

e

N N A Yead

L -
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Fig 3 Mt of Saltrassghutatiione o o) gers svprosshon N 3 sredpus war forw o Octremnie (e & sebatios capmasion of sl B letive caprrasas ol
w2 wd € rvlattvr evpeeaien of s meu‘”(-ﬁh&d‘omnn‘ﬂmmhdﬂmxm

trydngpmase) 15 racd wt sevd cprrset s relatiee S chiange tabing the nomaallaed oxp

caalyoe detoaification of oxidants, was fowd 10 be ugemgulated by 25
fold in the presence of 0.25 ;M GENO in the same condition. Previows
reponts [©00] alee denwastrated St catakase belp with Se detoxif)
catian of sitcating agents suck 33 percaynitrite |1 1], Canfocal micro-
praghs cheacly demomatintsd Mat NO was generated ondy in the presence
of GENO, snd thern was an significont change in ROS level afier GENO
treatments, indicating that Al the chaoges chserved wese dis 8o the
formiation of NO of sitvosative siress

Acttase i3 an inpoctant exyves in the TCA cycle [10], The -
tivation of ts pooteln s [4Fe451"" dumer may be respoasitie for the
capenssnn of scomtam sctavity in the pressnce of GENO, scoonding o
o findings. Arcoidisg %0 (he evilmen, uxidation of the [4Fe 48]
cluster pendeans 1t inactive due b the formation of S [IFe-48)" " pas
magnetie cluster, resulting in the nactivatios of sconitase [53 040 A
result, the TCA cycle in & corevisior was severely affectnd, and mesabaldic
s waas evestually swiiched from the sepustory to tw fermestation
pathway foe pesesation of esergy, This |8 evident lom ethaned estitng.
tion & our expecsmentsl setup, wheee < 1.5 fold mceesss In ethanol
prodection slong with elevated yield (1.3 folil) and vuluneteie poo
ductivity (=15 told) were sbwsved under 5.25% mM GENO stress oo
dities. Froe this, It e2n be coochmled Bt o the puessncs of
GSNO medisted nitrosative syess, the fennemation patuway oy be
wexirated in ander to gerecate U snergy ragetoed fiw ovll survieal Then
we looked Loty whar was comsiteg this stindotion.

A significont lncreoon ix the specific sctavity of ADH sho mipports o
Nuding of cremnl sl preduction. letsestingly, it lus been 1o
pocted that ADM scrivity o be hibited in £ cok & the pumence of
perexysitrite, & potent sitratiog sgeot [D5]. 1t Bae alio e seporind
thar In the presence of GENO, AIIME can o0t 43 6 ¥iress respome ennyme
f24,05.00), S0 we wantnd to know how GSND, m o nitrosstive stoes
egetit, toodihales reck Mochesticnd changes whethier tiough strectaal
medification of ADI of incyeased sxpeession of adh geoes (adh ), adh?
sl 60T] To determine this, we fiost perforinmd 2 in vits assy of AUH
m see if i activiry changed Inteoestingly, CFE mested with GSNO
dmwel no changes in s ADH activity, This Seuling suppests that
puotein bevel modileation of ADH miay oot be possible i the presence of
GSNO. Az o oemilt, we wied gPCR 1o dessrmine the quantitases
expeession bevels of aulh], o and @3 A sigeafieant 4 folud lntiesse
o) eapresion aher GSNO treatisess could be the mvin resson for
higher mezymeric sctivity of ADH. Howwrer, these was no siguificant
change in aih ] and a2 expeesiion & the presence of 0.25 mM GSXO
conpared to the contial. This fiscing sippestedd ot AUMD artivity wis

Svel b rvap

- ity

epulied o evercoine the effect of GENO srwss & 0w esperimental
coadition, which copuboratad peevious Sadings. Accoediag to reponts,
GSNO mediate! pos tamlznenal medfcatioas sock a6 5 nitmsslanon

Modslations of this type haww the potmtial w thuence celldar uo-
cenmes by altering e artivity of varbous ensymes anl pooteine. As a
MMN.M&:G&DM”M“
modiication of § L= Bactar/e weld el in
wmuwmt“l

Overall. thees findings sulicsie that nthtoxc oscwasations of
OSNO can induce the ethasol Snmentation pathvay withou? lepalcing
el viahiaty, Becaune the pranary goal of Se fementation sdustry is to
schieve higher yield with Sewer complesities, this ptocess clemly has
potential This method will provide o simple, coat efactive (GENO costs
arw very low), and sos hezandous apprench. As = result, this GSNO-
treared & ceredisine will be beneficial and pevel Soe boethanol produe.
thon, Theagh mauy methods for increasag ethanol pradoction have
_nh-hpd.ﬂhwny’h-ﬂ-hlhfmu;m
becme 1t s wll 2 ) , wo believe that o
n—zhhnq-dhhukmh-lhnhuv

7. Conclosions

Acconding 10 the Sadings of this snuly, acenitase activety was mp-
peensend i G presence of 026 o GSNO, witich could nesult n bl
Wrion af the TCA cyche. As a vewsds, the metabalic thux of 5. coreviaion was
wwitched fruen twpitation 10 leemestation, atd the oY gene was
overexpressed. As o result, S enrymtic scuvity of ADH wes tecremsed,
rwsulting in d wthanel prod This i the first teport with
muﬂqm“&:mm“m“
and ethanol prodecson However, moee detiviled ressarch i needed to
sesderstiomd the usdeslying medeculs mecham

Data avaidabiliny
Not appiscutin
Declarstion of Competing Inserest

The wuhorn Sechiue that there bs mo cotllicr of verest.
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Abstract

Ainn

The work aaned W wdesstand  the Enportant clanges  durmg  ghcose  mctabolsm
Saccharomycey cerevivioe under acidified  sodimm nitrie (2. NaNOz) medbted  ntrosative
stress.

Methods and Results

Confocal mcroscopy and FACS snahss were performed to mvestigute  the generation of
characterzed. gPCR amahss reveaked that the expression of ADH genes were upregalated
under such condition whercas the ACO2 gene was downregulated.  Some of the eorymes  of
carboxylic acsd (TCA) cyck were panlly whibited whereas nubae membolsm  and
akobolic fermentation were increased under nitrosative stress. Kmetes of ethanol production
was abo chamcterzed. Network analyss was conducted 10 valdate our fisdingn. In presence
of ac NaNQy, in vitro protein tyrosee mtmution (PTN) formation was checked by western
blotng wsing pure akobol detydrogerase (ADH) and sconttase.

Conclusbom

Akohole fenmentation rase was percased wnder stess conditon and thes allered metabolism
mght be comoed with the deferse muchmery 1o overvome the nirosative stress,
Significance and impact of the study

This & the fit work of ths kix! where the ok of metabolism under mtrosative stress has been
characteried S cervvisiae and 2@ will provede a base o develp an abermative method of
industrin] eshanol prodection.

pted Article
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Intreduction
Nitrosative stress & an i vivo hostile condition which & created duoe 1o the "noxious™ activity
of reactive mtrogen speckes (RNS) (Yoshikawn er al. 2016). RNS are $ormed during the
reaction between reactive oxygen speckss (ROS) and nire oxide (NO) (Ridnour ¢r al. 2004;
Peluffo and Radi 2007). Akeration of the redox homcostass along with the modification of
mucromokcuks ke DNA, protens. lpids are comsidered 10 be the nwjor consequences of
mtrosative  stress that kads w the modifcation of physcochemxal properies of the cell
(Kurutas 2016: Patra eral, 2019; Patra eral. 2017; Carballal eral. 2014) Under ntrosative
stress, ths stroctum| modification of proters and erzymes by prolein tyrosioe nraton (FTN)
and S-ntrosyltion nuy resadt o the ableration of ther activity. Heoce, TN and S-ngrosyhition
are comsklered as markers of mtrosative stross (Bartesaghi and Radi 2018; Wang e al. 2014;
Barbosa-Sicard e al. 2009). These mochfications of the protems oy affoct the “normal’
celuber finctions ke ron metabolsm, serobic resprution etc. (Bartesaghi and Rad 2018;
Wang or al. 2014; Barbosa-Sicard er al. 2009; Witkiewicz-Kucharcayk er al. 2020). To
overvome such condtion, ool have different defense stategies 1o desoafy the effect of RNS
Bee stombating stress resporse enpmes  ghaathione reductase (GR), catabise, superoxide
dismunse (SOD) exc. as well as non-creymatie (GSH, NADH etc.) resporses, Ths mxduction
of ereymmtic and non-cnzynmtic response under stress conditions may camse aberation i the
cellubar respomses for the sarvival of the orgmisie (Bartesaghi and Radi 2018; Navaro o
al. 2020; Lindemann C eral. 2013; Aquilano K ef al. 2014; Pollak N e al. 2007),
Sacchuromyces cerevisine 8 one of the most exiensively studied onguesm n the fickd
ol nerosative stress (Bhattacharjee of all 2010: Lin L ef al. 2000: Horan ef al. 2006: Anam
ef al. 2020). Previows studics showed that the growth of S cerevivine was not significantly
decreased in the preseice of sub-toxic dose or lower concentmtion of RNS (Ying er al. 2017;
Nusuno R ef al. 2014: PelaesSoto ef al, 2020). It tus abo been reparted that the finction of
the respimtory cham i 8 cerevitize mmy pet hanpered wnder nirasative stress due % the
mectivation of severnl TCA ook enymes, One impomam enzyme of this ok, acondtnse,
catalyzes the reaction from ctrafe o socerase, and & abo a welkknown marker of redox stress
(Lushehak e al. 2014), Previoos reponts sogacst that 1 can be affocied wnder mtrosative msult
(Radi 2018; Lushchak er al. 2000) T, ATP synthess moy get mhibited wnder such
condition (Ying ef al. 2017; Saboe ¢f al. 2003). However, the exact mechanism of genemtion
of erergy as well as the ctmte mesabolsm  under sach condibon bus not boen well
characterzed. Earler snudics from our hib showed wpreguboon of ADH activey and higher
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cthunol production wsder ac NaNO) mednited nirosative stress using S cervvisioe (Sengupta
et al. 2020). A fow reports abo ndicasod towarnds an mercase 1 akohol debydrogenase activity
under nirosative stress (Lin L ef al. 2000; Jahoovi e al, 2019; Staab ef al. 2008). Heoce, all
these reports anply that the glocose metabolic fie tmy pet shified §om respiration towands
formemation  pathway under nitrosstive stress (Ying ef al. 2017; Fitasinwnoms er al. 2018;
Kitichantaropas e al. 2016; Tillmann ef al. 2011) Bee, defitive stdies reganding the
characterimtion of ghaose mesabolsm m S cenvvisane under mtrosative stress condiion was
ot yot wel-established that can seswer those questions,

Hence, the primary objectve of our work was 10 characterie the gucose metabolism
m S, cerevisioe under nitrosstive stress by assaymg  ditferent key evymes: of the TCA oyele,
akoobol fermentaton. mabte metsbolsm and amaplerotc reactions. Further we mvestigated the
alleration o redox homeostass by estrrating the recduced %0 oxidind  ghtathione (GSHGSSG)
ratio, catalse and GR. In addion 1o this, @ vitre study of the proten modification n acontase
and ADH emymes wits abo performed under stress condition. Here, we have tned to delnente
the messholic pathway m S corevisior under mtrosative stress. This sty has o buge poecatial
as applicaton for high ethanol producton ot mdustrial scake and ot the same time serves us the
base o characterze the metabolic responses of S, cerevisiae under mtrosative stress,
Materials and Methods
Yeast culture and growth
Wikl type laphkd 8 cereviviae Y190 [ATCC 96400) (a gifl from Prof. Sanjay Ghosh, Cakutta
Unnversity, Indin), was wsed for all the expermonts. Cells were grown for overmgght in YPD
(2% wiv yeast extract [HiMedin], 2% wiv peptone [HiMedia] and 2% w/v dextrose [Merck) at
JVC at 80 RPM. The stram was preserved i 502 gheoerol stocks ol -20°C Seezor. 200 pl.
fom the gheerol stock was pocubited in o fesh YPD broth and mcubated overngdt ot 30°C.
Streak plitng was performed on YPD agr w0 ensare purty and a single colony was culured
overmight m YPD broth at 30°C, These culures were used as moculum for Ssther expermments
at an O.Dsso~005.
Prepamtion of acidificd sodium nitrite and determination of cell viability
A 100 mM ssock sohaion of ac. NaNO: wus prepared by adding NaNO: w0 0.2 N HCL This was

wed #s the 'NO donor” (Regev-Shoshani ef al, 2013) and apphed 1o the cubure ot the carly
log phase (0.D.m0-0.3). Aller 12 hours, cell vmbidaty was determmed  wing seral diktion and
gowih curves were also determined  based on O.Daw for 12 hours at 60-mn mtervak. For the
control experment, the yeast was cubared m shsence of ac.NaNO2,
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Preparation of cell free extract (CFE) and estinstion of profein conce mimtion

Crvernpght (12 howrsd grown culures of reaied amd oeireaied samples (000060 = 1.8) wene
cenrifuged and o8 peliets were mimed wigh Bl baller: confaining 1080 Tris-HCT pH 7.5,
150ml Mal'l 2md FDTA, prodesse nishitor - cockiad (Signe-Aldrich), and | mM PMSF
Al bsad by pang plass heads. Concentraten of proten woa estamied ns per the prostocol of
Hradiord wmg BSA as the standan] {Bradioed 1976)

Estimation of GEHAGSSG rtio

T CRSH and GSS0 congentmbon was detenmmed  aeconding o the medod of Akerboom e
al wilhy szl modificaon (Akerbosm amd Shes 1981) In brie CFE were e deproteinised
with 2 M HOE, 2 mbd EDTA aml then newtrabecd with 2 M KOH conlammg 0.3 M HEPES
pH 7.0, Hall of the mewrmbieed samples weee faken io estmmie the fw vive thiol. comcenimiien
(GEHHGESEG) by GR [Sem-Akrch] depenlent DTSEB [3,5-adtho-bis2-niimbonmie okl )]
medicton The other hall was treaied wih !uri'lg,"p]n'ilirl.- (5060 wivh Bor 1 howr and osed o
deiermime the G550 concentraizin by LY spectroscopy ot 412 nm. Corcentmbon of GSH and
G530 were expressed m polmg of protem

[hetection of R ond RNS

Canfocal microscopy

RNE and ROS were deivcted by confoenl meroscopy {Leen TCS SPR) fom Bose msimwe,
Kokutn, s perthe protoesd of Imiarogen with wome modiicntons. T boel, DX10° avemight
pown cell were wadked and resspended 0 PRS pH T4 ond el g obsolde ellaimol,
Then dyes (DAF-FM specific i NO and HoDCFDA speville B BROS) were added at o finnl
comcemration of 1.5 M omd mcubabed o 30 gmastes mothe dack, For contocal mmeroscopy
cuctinlon was fived af 495 omosmd cmesion of 515 nn Microprapbs wene capiured ol 45X
emgnleataen and the miesmity of horesoonee was reconled wig the Leica LAS X sofbware.
FACs

FACS (BD LSEForiessa) orabsis ke ROS and BNS were done Fom 11CH, Kokatn, as prer the
prawesl of Imargen. Sampks wene prepared 25 mentiomed  sbove and dye-free oclls were
usedd a5 the bank: The photomukiplier wbe wlage was kept ot 190 mV for the FITC chamnel
ot o florw rde of 12 phomine 0000 evenls were recorded for each cample and histograins . were
prepared by plonmg the coll counts against orescence  m ihe FITC clammel  Excation and
eimsainn were set as above and deta were arabesd by usmg FACS D softwsre
Duamiification of citmnol and reducing sugar

The comentramers of el and reduerg soper wone ctinmied ps per the prowses] of fhang
of al. with shght madifications (Fhang P er al, M%) In shom, overmight gown umresed and
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trenied culres wene cenirifuged ot 5000 f, amd supermainnis were collected. These were mined
with an equal sokme of 20% TCA o mom tenpemhere e 5 min. Followimg contrifugnison al
M0 g, sapermadanis were reaied wigth 1S wohme of 2096 CTAB 8 65°C for 10 i and
nynin cepirfuged al 100 g. Somples were dided |00 fold ad med with K MnOl sphtion
and ncobsied a1 40°C for 90 min ls] ond el OO0, were recorded ot 3260w A smdard
= curve r fhe cthanol esimmibion was prepoared with absokie cithanod (Merck), For the reduicmg
T pugar estimation, the peetreated sample was dikned 10-fkd and msed with DNS sobtion, sfier
> whch O wos rocorded o 340 nm A saandand cunve e mdemg sugme estimmlion was
q_,,:,..‘t prepared wih ghcose [Merek) The kineies of sthanol peodicton (viekd and praductivity)
o opee owere abe determmod (M Bbra of ol 200 8)
oo Eneymmiic assays
T Al cnmymie assns wore bhoed on spoctephctometre umbss. GE (Caberg  and
— Munmervik 1975) and molsic symhase (MS) (Chell o @l 197H) were deiermmed at 412 nm
g o cambce (Acbi o sl 1984) and aconkme {Caxto o ol 19%4) 5t 290 o Pynnvate
cirborylsse (PO ) was ireasred afer Payoe amd Mo (P96} sl cimire symilase (05 ) afler
Brere 1971, The other ensre acthitics were determined by changes m SADH ab 340 om:
pyrnvate defndrogesse (POH), socimte defndrogems:e (ICDH) and ke debypdmgenase
- (MO} (Bergmeyer of o, 1974), MDH (decarbonylaiing) (Geer of ol 19800, aklchyde
wo  dehdrogemase (ALDH) (Hostion and Betts 1978), and mymoate decarhoxylise (PDC)
v (Gosnars. o @l 1971 Inall coses specific activity wis expressed nomllime of proten.
. Estlmaiben of the concentrathm of cliraie
S lpracelular and exrncellular  cimale comcenimbon  was desermimed by o Ciirele assay kit
= J (Siwnrn-Aklrich) snd expeossed m gl

- RN A bolation asd gPCR
st BNA molmton cIINA prepanusion and qPMCR was mesourced 10 D, KPC Lile sciences, India,
1 For ths, wenied gml unireated  sormples were contrifiged ot 5000 ¢ and afles Pan wash sieps

. wih PES, EMA wus sobied by wse of slamdand affimity cobimes - and chied i mekease- froe
.;,:ﬂ'ﬁ?: waber, 5 ng of RMNA was used as the empliie ©r c[INA symhess which wns performed with
< 00 mits of reverse mwrscrpinss (RT) eyme {Themmo Scientific) m RT buffer contamning [0

M dNTPs and 10 g random hessner. Following moubased an 4250 o 60 man snd heat
msctvation @ 6570 for 15 mn The cDA was wed e +RT qCR (Biomd CFX-%) sing
SUPERZym qPCR masser mex (T, KPC Lile scences), The Dikeed RNA mapie wes wsed

as the wirplae o -RT) gPCEL A nogatne comtrod (WTC) was set up withow senplue.  The

ra-gtep PUR was mbimbad sith denatiration at 4550 fie 15 50 and pmealing and expension
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was done at 60°C for 30 sec for 40 cyckes, Bllowed by a melt curve. The pamers for the
expermental and housckeepng penes were desgmed from NCBI and enlsted i Table S1.
Functional annotation and network analysis

The cruvnes, with allered activey m presence of 0.5 oM ac NaNO:, were subjected for
fectiomal enrichment amabsis. Fist, the STRING dotabase was wsed o screen stemictio ns
Ollowed by creatmg a Secoomlly miercting octwork (Szklarczyk e al, 2019). Few closcly
assocumted enzymes were added to e petwork © meresse swbilty and obtan relablke
predictons.  The oetworks were amfyaed and vewlind wng Cyoscape (Versoa 3.7)
(Shamnon er al. 2003). Anpotstion of fecvonally actvmed and deactvassd coymes  were
amilyned wrg Gene Ontwobgy (GO) amhss by DAVID (Datubase for  Amotation,
Vawlimton and lmegrated Ducovery) (Dennis of al. 2003). Emnyme  sets were taken from
respective networks, and ther smotations chissified o biokigeal process (BP), cellular
component (CC) and moleculir fnction (MF). For the GO analyses, Bonferroni comection
method was wsed to dentify sunificant terms associted with the genes und the emor mtes was
redied by removing the fibe dscovery oucomes from ey prediction.

Western blotting

Western hiots were produced fom 0% polyseryhimide geb (Laemmii e al. 1970) baded
with the pure enames aconsase (Sgrm-Alrich) and ADH (Sigma-Alrch),  Folowing
trnsler to0 PYDF membranes  the blots were probed weh aeei 3-nitrotyrosine monockonal
antbody (Smrru-Alfrich) ot 11000 diltion 5 TBST and fllowing scubation with HRP
conjugated gont ant-mouse 1gG secondary amtbody (Sigme-Alrich) ot 110000 diktion
TBST. bands were venlized by wing chersluminescence reagent (Abcam),  lmpes were
captured using DNR bio-rmaging system mniBIS Pro (USA) with GelQuant Express Aralys is
Software.

Condition of stress and assays with pure aconitase and alcobol debydrogenase

Purc proton (200 pg2) was scobated for 30 min at room tenperutre o presence of déforent
concentrations (0.1 mM, 0.3 mM, 0.5 mM) of ac.NaNO: and 0.1 mM peroxynitrite (positive
comrol). An aliquot of B0 yug was used 1o determine PTN by western botting a5 described
above, The rest was wsed for spectic activity determnation deseribed above.

Statistical analysis

Expermental data were statsteally asmalyaced by useg two tiikd paired T-test and expressed
as meantSD.  Level of significance (p) < 0,01 was conssdered as significant. Mast of the
expermments were performod at keast i irphcate.
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Rexults

Effect of acidified sodium nitrite on redox homeostasis

The gowth curves of S. covevisioe (Fig S1), were smilr between commral und 0.5 mM
ne NaNO: treated S cerevisiae with a growth rase of 0.22 hr' for both, indicating that the used
concemraton of ac, NUNO: was not toxx W the cells. The redox homeostass of treated and
untreated  cells was assessed by GSHGSSG o, GR actvity and catabise actnity, The
GSHGSSG ra was mereased by 42 Ok under the seress condition as conpared w0 the
comrol (Fiz 1A) There was oo sgnificom change n Wl ghathone concentration but the
concentration of GSSG was decreased by 2.5 bld (Fig S2A) whereas concentration of GSH
wus sereased L8 okl (Fig S28) m trested celk. In oddton, GR acthity was mercased by 4
Bkl under the stress condeion (Fig 18). Activiey  of catabise was abo ncressed, by
approvimately 2.4 fold under the stress condition as compared 10 the comtrol (Fig. 18). These
fndings  suggest that the redox homeostass of the cells were sgnificantly akered under the
stress condition and the cells were trymg % compersate and adapt, To study the akemeion of
redox homcostasts, the gereration and accumubstion of ROS and RNS within the cell was
imvestignted by contoeal microscopy (Fig2A-J) and FACS (Fig. 2K-N) The resubt showed that
ROS was generuted in both treated and untrested cells with oo sgmificant change, whik, RNS
generation was only observed i the 0.5 mM ac NaNO: treased cells (79%), clearly suggesting
that the changes ohserved in the treated cells were solely dixe s the generation of RNS. This
datn B corroborated with our previously published report (Sengupta e o, 2020).

Effect of acidificd sodium nitrite on Kinctics of ethanol production

The cffoct of 0.5 mM 3¢ NaNOz on the ethanol yield and productivity was next determined.
We foud that ethanol yield was moreased by 1.2 old and consemption of sugmr was ~14%
higher undier the stress condtion. The vokametric productivity was ncreased, by approxamte ly
1.3 0kl 0 the presence of 0.5 mM ac. NaNO:z, 692 of the theoretical ethanol yickd was achieved
durmg treatment whercas only 59 of the theoretical cthanaol yield was achieved o control
(Tabk 1) These resubs ckady indicated that akobole fermentation mite was mcreased wnder
ue, NaNO: mediled ntrosative stress. Nest, we checked the efiect of 0,5 mM oo NaNO: onthe
TCA cycke and other biochemical pathways, Sor which activiey  of some of the key creymes
were desermined.

Effect of acidificd sodium nitrite on key enzymes of important blochemical pathways.
The specific acenity  of aconttase was approximately  S0% less in weased ool as compared ©
the cootrol (Fiz 3A) and the combined concentruton of mtracellular and exiracellular carate
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was ako hahed (Table S2), indicating that the synthesis of ctrate was decreased under stress
condition (Fig 3B) Mence, we asssayed the actnaty of €S and ths was abo found 10 be
decreased by 50% (Fig. JA), suggesting that the carate metabolism as well as the TCA were
affected. As e spectic sctiviy of CS was sigmficantly reduced, the wlliztion of pyruvate
was next assessed. Pyrwate & the end product of ghoolysis and 8 an mpomant secondary
metabolte that = frther wikzad i the TCA cyele, either by rmaton of acetyl-CoA ar OAA
by the actavity of P'DH or PC, respectively (Voet and Voet 1995). Imerestngly, # was found
that the speetic aciviey of PDH and PC wero lowered by approxsmately  S0% and 15%,
respeciively, wnder 1the stress condition 85 compared %0 the comrol (Fig. 3A). The fiste of OAA
m TCA cyck meeded 0 be establivhed, for which we messired the activey of MDH as ot
catalyas the reversible comversion from OAA 10 mabte. Inferestingly, activey of MDH was
mcreased by approxmutely 1.3 old under the stress condtion (Fye 3AL All these resalts
indicated that the TCA cycle was smonwed under the stress condition, but the higher activity
of MDH implied that the concentrubon of nubite maght be nereased in presence of 0.5 mM
A NaNO3, In combimtion with clevated ethanol production, ths  pomted wwards mcreased
pynnate  concentrution within  the cellk under mtrosative  stress. Ths was confiemed by
measuring the activity of MDH (decarboxylating), that catalvaes the conversion fom malate
o pyrovate, Here, the sctivity of this enzyme was 1.3 0kl increased i the treated cells (Fig.
JA). Funthermore, we assessed the specific activiey of PDC and this was sharply increased by
32 LM (Fee 3A)L A drop of approximately  S0% i the spectfic activey of ICDH was ako
observed under the stress condition (Fee 3A). Based on these findings, we hypothesizned  that
the TCA cyeke was partally inltbred under the stress condiion. Thas, we abo determined the
setvity of ALDH, an mportant etvayme for the PDELbypass patbvay (Remize of al. 2000).
The sctivity of ths crzyme was found 10 be decreased by 64% as compared w0 the control (Fig.
JA) Abng wih the, the activiy of MS, a0 mportamt enyne of ghoxylste shum (an
amaplerotic varant of TCA cycke) (Chew ef al, 2019), was decreased by approxinutely 40 %
m 0.5 mM ac.NaNO; trested S cerevisioe colis (Fig 3A).

Network and functional amsotation studies with the altered protein activitics

To valdate owr fdings obtained foon the biocherecal enpymatic assays, we envestigried the
offoct of netrosative stress on diffierent metabolic enzyoes of § corvviviae wing bomnfematics,
Under nirosative stress, the eszymes wieh akered activity  were subjected 10 a network amalysis
and Bectional amootation stadies, OF the actnated comymes, MDH and PDXC predomimant ly
pantcpatod B the notwork with 2 noumum mavber of commections (Fe 4AL Due o the
morcased setvey  of these eneymes, the yeast celulir systemn was predicted w0 be molved
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premnly m the bolbgeal processes of pynnate  and malaie oetabolsm, and =
ghiconcogenesis (Tabke 2) The network formed by eroymes with docneased acthity contained
CS, bocknte hase, PDH, and oconkase with naximum coerectiviy (Fig 4B). The terms for
predicted biobogical processes with these ennmes were TCA cyele, ghoxylate cyoke, and
brsynthesss of ghtarmate and scctate. In terms of cellbw location, most of the erzymes were
predicted 10 be beated m the maochondra.  Addrionally, the most enriched  mokcular
fections were predcted 0 be MDH actnaty  and ADH (NAD) activey doe 1o the activated
eneyenes i the trested yosst cels. On the other hand, the ALDH sctivey, tasfernse activity,
tunsferring acyl groups, acyl groups comermed mto akyl on sy, and hase acthvay might
be reduced due W the deoreased actnity of cymes particpating = these functions (Tablke 2),
Effect of acidified sodium nitrite on ADH und ACO geoes expression

As we found that ethanol production and ADH scthity tod scrcased and scontase sctivity
had decreased m the presence of 0.5 mM ac, NaNO2, we assessed the expresson of ADJ and
ACO genes, As Fig 5 shows, expression of A, ADH2 and ADHZ were wereased by, ~2.1
fokd, ~24 Bk, and ~3.5 okl respectively, under the stress condition us compared 10 the contro|.
Expression of ACO2 was almost 5076 bwer n oeased cols a5 conpared %0 the comrol.
Surprsingly, the expression of ACOT was fand 0 be ncreased by 1.2 fold o treated cell
comparson 1o the control (Tabke S3-S7,Fig 5)

In virro Protein tyrosine nitration (PTN) stucdy with pure aconitase and ADH

As varuton in gcose metabolism was observed with s senificant upregubstion of ADH and
dowrregudation of aconitase, we assessed the prodein tyrosine mtmton (PTN) formation or
these two enzymes. PIN fommtion was observed in aconiase ©ollowing teatmest wih 0.3
mM and 0.5 mM e NaNO2 bat not with 0.1 mM 0. NaNO; trealed  acortnse  or without
treamment.  The specific activiey  of acorstnse wos gradunlly reduced with the of higher
concemrations of treatment of ac NaNO:. The reduction m sconitase activey was ouximal fr
the posttive comtrol of 0.1 mM peroxynitrite  treatment  (Fig. 6A). Different  results  were
obtaned with pare ADIL PTN formation was only observed in 0.1 mM peroxynitrite treuted
ADH, whilke it wis absere #5 o result of ac NaNO: treatment. The speciic octvity of ADH
reromed  wmltered o acNaNO: treated  samples bt dmstically  decreased i 0.1 mM
poroxyntrite trestod ADH as conpared o the untreated ADH (Fye 68).

Discussion

In this present stady, we demorstrate varition m ghcose mesabolsm in S cenvvisiae under
marosative stress that & medissed by 0.5 nM ac NaNO;. Results fom FACS and confocal
mcroscopy confiemed  thar ROS was equaly produced m both reated and untreated cells, b
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RNS was generated only m the presence of ac. NaNO2, Hence, the observed phenomema were
due fo the nerosstive stress under our expermental  condition.  Changes i the redox
homeostass & 4 key marker of nosative  siress (Kurwtas 2006; Maciejeavk er al, 2022)
Under owr expermental condrion, an ecreased GSHGSSG i, clevased comcenemtion of
GSH and reduced concentration of GSSG were observed, that in combimation suggest that the
treated cols responded by msng the intcellubir reduced equnakent o the Toem of GSH
(Astuti ot al, 2016) GSH 5 a wel-known stress resporse component that helps 1o combat
reactive-species  meduted  dammge (Aquilane K e el 2004). Proevious  reponts have abo
suggested thot the dechned keved of GSH nmay induce deketenows actavry of NO m the foom of
DNA damuge and protem oodification (Aquilano K ef al. 2014; Kalinina and Novichkova
2021; Leier al. 2016; Sies et al. 1997; Forman of al, 2009). Ths observation was cormoborated
wih the bigher sctiviey of GR which catalyass the comversion of GSSG 1o GSH uder stress
(Forman et al, 2009) Though reporied data suggests  that GR actviey  can be inhbated =
Schizosaccharomyces pombe under the peroxyntree medinted nerosative stress (Sahoo of al
2006), Nusurro of @l recenmly reported that GR sctivity cun be stimubited m the presence of
NO (Navarvo ef al. 2020). Here, we abo foond o sharp serease m GR sctnay i presence of
0.5 mM ac, NaNOz. Thes, #t can be conchaded that GSSG was comverted 1o GSH by the activity
of GR 1o martain the redox homeostass under o expermmental condition. In addiion, activity
of catalese, an rportunt stress respomse crwyme (Patra of @f, 2019), was alo meressed o the
treated cell, and ths megde be molved o detondy reactive species that were generated by the
acton of s NaNO: (Navarm of al. 2020; Bhattacharjee of al, 20105 Gebicka and Didik
2009; Sahoo e al. 2009),

In X covevisiae ADHI. ADH3, ADHA, and ADHS produce ethanol from scctaldehyde
whereas ADH2 & imvolved i the reverse reaction Le. producton of acetabdehyde from ethunol.
It can be expected, that the clevated expression of ADF! and ADII genes under the stress
conclition resufied | bgher enyme actvity and this most Bely contrbuted to higher cthano|
production. That expression of ADH2 was aduced under stress condion might be due w0 the
higher ethanol production. This enryme can assist in generation of reducing equivakenots o the
form of NADH and pumtain the redox status of the cell (Maestre of of, 2008). Though §
cerevisiie B a crabtroo-postve organsm (Plelffer er al, 2014), the morcased  percentages of
theoretical ethanol yickd, higher mite of siggar wtilization ndicated that the fermentation mte
under the stress condeion  was upregulited,  Overnll, these resubs siggesied  a probable
mewsbole reprogaumming wwands Remematon. [n addoon, we founsd that the actvey of PDH,
CS. sconmase, 1COH were reduced 0 treated cells, chardy indcating & partial blockmg of the
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TCA cycke, These resudts are i Bne with carfier repots which showed the dowmregulation of
mitochondrial proseis, mamly the TCA cycke envymes, under nerasative stress (Auger of al
2011; Abello er @l 2009). The activity of CS & considered 05 & marker of metochondrial
fnction, and the reduction i s specific actvity suggested  that the msochondrion was highly
afiected in the presence of 0.5 mM ac.NaNO: (Borys e al 2019), Ths was abso supported by
the hgher expression of ACQ), The pexduct of that gene not anly catalyzes  the conversion
fom cemte 10 sociraie (Stanb of of. 2008). but 5 abo mohed B certam wrelted cellular
processes, thus sctege as o mooolighting protem (Gancedo ef af, 2016). One of the myportant
fectons of ACO1p 5 w mareain the megrey of moochondrial DNA (Gancedo er al, 20165
Chen ef al. 2007; Yargan and Krebs 2012) Heoce, the bgher opression of the ACO)
mdxated that the mmochondrinl actviy meght be affected under the stress conditions we
apphod. Unbke ACOL the gene expression of ACO2 was reducad and overall specific sctivity
of acontase  was dropped by 50%, suggesting that ac NaNOx might affect transcription of
acontase. Amodel of ghcose metubolism in § cevevisiae m the presence of (1.5 mM ac.NaNO;
& proposed i Fig 7. The rwic Bmiting enzyme of the TCA cycke 5 ICDH, which cutalyaes the
comversion  from soctmte o u-kesoghitarnte (Voet and Voet 1995), and the ervyme activity
wats decreased, together with that of PDH, wisch catahzes the conversion from pynnate o
acetyl CoA (Vectand Voct 1995), This explams the observed reduction in cirase metsbolism
Other reports have ako suggesied that the actvity of PDH and ICDH can be aflected under
metrosative and oxadative stress (Auger ef al. 2011 Ferrer-Sueta G ef ol 2018). Formuton of
acetvl CoA from pynnute & the key step for wdizing ghicose vie respration pattmay (Voet
and Voet 1995), bun acetyl-CoA can abo be synthesized vin the PDH-bypass pathwvay, a PDH-
mdependert  aliermatnve  rowte which requines the actvity  of PDC and ALDEH among the other
crymes (Remdae of al. 2000). Though the activiy of PDC [abo a cnknl eryme of the
ermeseation pathmay (Voet and Voct 1995)] was fosmd to be mcreased, the actvity of ALDH
[oxiders  scctakichyde 1o acctnle (Remize of al. 2000)] was decressed under the stress
condtion. Reducton m ALDH uctnity might uffoct the acetybCoA production. In addsson,
actvity of MS was decreased as o resukt of teamment, which might be doe to the lower
availibility of acetybCoA, Reduced activiey of MS might abo aficct the ghoxylale cyck, an
mmpkrotie varant of the TCA cyeke present m 8 cerevisioe (Chew e al. 2019). Acetyd-CoA
& abo a postne alosteric modubtor of PC, an smportant anapkrotc enzyme that replenss hes
the mermedites of TCA cyck by catalyzmg the reacton from pymnvate to oxakiocete acid
(Voet and Veet 1995, Adina-Zada er al. 2012). Any dephvon o the production of acetyl
CoA wnder owr expermemal condition naght be imerfering with the activey  of PC (Voet and
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Voet 1995; Adima-Zanda er al. 2012). Hence, all these results sugpested that the requrement
for replenshing the mtermedistes of the TCA cycke might be reduced i presence of ac.NaNO;,
indicating a partil blocking of the TCA ¢yl under the stress condition

The detected clevased specific actnty of MDH and MDH (decarboxyliting) enzynwes
under the stress condition are very meeresting s this obsenvation suggests that, under the stress
condition, OAA formed by PC was rerouwted 10 pyrnate v formation of malsie, 1t bas been
reported that OAA canoot cross the meochondrml memboine  but ralite can (Voet and Voot
1995). Reponts sugeest that the affinity of MDH (decarboxylting) & very bow (K = 50 mM)
but malse metabolsm as well as acenity of the MDH (decarboxylating) may be mduced during
the adverse condtors e snuton m § cerevinioe (Redaepovic ef al. 2003) MDH
(decarboxyliting) abo contrbutes o the goocration of mtracellulir e of NADPH (Kouf ot
al, 2013) that plys 2 magor roke in the protecton agunst oxidative stress and abo particpates
in dificrers biokgcal processes (Pollak of al. 2007), suggesting a possbl sress response
actavity of MDH (decarboxybting). On the other hand, actaity of MDH & abo very impartunt
o generate cywwsole NADH, an mportant component of energy metabolsm and an antonid ant
cofactor (Voet and Voet 1995; Mivagi ev al, 2009). Therefore, it & lkely that under the stress
conclition, when the energy gereration vin TCA cycle was heavily compronwsed, upregalition
of MDH and MDH (decarboxylaing) belped o generste encryy mcrmedistes which o wirn
coused the rerouting of ghcose metabole ey towands fementation. Again, higher actwary of
MDH (decarboxylating) has been abo reported duriye akohole fermentation n $ cerevisiine
(Redaepovic e al. 2003). This enzyme can be strongly  mcreased during the switching fom
respination 10 fermentation 1 S cerevisiae (Xiao ef al. 2018). We fiether observed exreases
m the activiy of PDC and ADEL suggesting o higher mate of cthanol fermentation. Thas, o
meshole reprogramming  towards fermentation maght lave taken phice in the presence of
s NaNO:2m S cenvviviae,

The cxpermental  resuls  were siypporied by biomformatks  amalses  where
fermergation was prodicied us strongly  actvaled, o combration  with ckvated omlate
metbolc metbolism. In contrast, the TCA cywle and ghoxylte shunt were predicsed 10 be
slowed down under the stress condrion, confirming that variition B gucose metsbolsm m S
cerevivipe durmg ntrosative stress. The metabolic reprogramming meght not only be involved
m encrgy generation but ako seemed o be a part of the stress respose. This reprogrmmesd
ghcose metabolsm  was coupled with the anoxdamt  machmery  of the cell which m
combmation were abk w munmin e cell vobiley 10 abnost walicred kvel m 0.5 mM
a¢. NaNO; eased cubture as compared 10 the control.
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In vitro study of PTN was fisther camed oo with pure acontase and ADIL PTN & one
of the mmportant marker of redox stress (Corpas ef al. 2009; Cipak Gasparovic of al. 2017).
As mentioned  carfier, oconiase & very sensitive 10 redox saress (Radi 2018; Luxhehak of al
2010). Acontase conars # 4Fe-4S chster m s acthve ste (Frick and Wittmamn  2005) and
this & very prone 10 axdaton that kads to &5 mactivition (Radi 2018; Wachnowsky er al
2019; Fridovich 2003). Treatmene with 0.3 and 0.5 mM ac, NaNO: prodoced a postive signal
for PTN and reduced the speciic activey of the treated enpyme. Tywrosine nitration Bxcreases
the negative churge of the prosein and sbo sdds conpanathvely buky substuents that =
combmation may aker ocal charge dsrbution as well as the proscin condiguration (Radi
2018). Ths cxplars the partnl phibition of acomtase. However, ac. NaNO) trestimend. was not
abk 1o mduce the ormmton of PIN m ADH. Ths ennme renmmmed  walered  withowt o
clunge | westorn blots or specific activity, suggeesting that ac NaNO; could not alfect the
actrity of the ADH via PTN formtion,

In conchsion, our findings reveal that the nefirous activey of scadified sodum nerite
wis substuntnlly reduced by metabole reprogramming towards fermentation, conjomed  with
the anti-ooidant defense system Ths study provides insight mio the sariation o ghcose
messholsm . 8 cerevisioe under scxdified sodum mitre medinted  nirosative  stress and
contributes 10 o beter understanding of the mechanistics behind the process,
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Figare captions

Fig. 1 Efiect of 0.5 mM acidified sodum mirite on (A) GSHIGSSG matio, (B) specific activity
of gututhione redoctase, and catalese. Data are espressed as the change i the percermage of
specific activity as compared w0 the control  Assays were performed in riplicate  for each
bokgcal sample and expressed as mean=SD, White and blick bars represent control and
ac NaNOz-treated cells, respectively.

Fig. 2 Effiect of 0.5 mM acidified sodum ninte on reactive ntrogen species and reactive
oxypen speces peoeration.  Confocal microscopy  anahss  for the penerstion of reactive
nitrogen species (A-D) and ractive oxygen species (), Mcrogrphs  were reconded 21 45X
mugnification. Bar=100 jm. The mean fhorescent micnsty  for reactne ntrogen species (E)
and resctive oxygen speckes (J) were determined by wsing Leicn LAS X sofware and
repeesented as meantSD, FACS amlysis fr the reactive nitrogen species (K, L) and reactive
oxygen species (M, N). FACS analysss was done by using FACS D software.

Fig. 3 Efiect of 0.5 mM acidificd sodien mirite on (A) the specific actvity of viross sekevant
erwymes. Data are expressed o the change m the percentage of specific actnvty as compared
to the control  (B) Citrate contert of extracellubir and rerscellulsr Suctons conbmed, Assays
were done in opheate and represented as meantSD. Whate and blick bars represem control
and ac. NaNO;-treated cels, respecively,

Fig. 4 Network representation of enzymes n the presence of 0.3 mM acdificd sodum parite.
Network mepresentation of {A) ereymes  with increased  activities and (B) cymes  with
decreased actnities. Highlighted  colowr denotes the eovymes  wili experinentully vakdated
Actvtics.

Fig, 5 Bt of 0.5 mM scidified sodian nrite on theee 4D and two ACO genes. The
expression kevel of the genes was momulized with that of GAPDH (ghrernlehyde. 3.

phosphate debydrogemse) in each set and expressed as the reltave okl change as compared
to the control. White and black bary represent control and ac. NaNO3-treated cells, respectively.
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Fig. 6 Effect of different concentrutions of acidified sodian ngrge (0.1, 0.3, (.5 mM) and 0.1
MM peroxynitrile  on the specific acthily of pure prolcis (sconitase and akohol
defydrogenase) along with the prosein tyrosine nismation (PTN) ormation. Westem blotting for
PTN and specific activiy of (A) acontase, (B) akohol delndrogemise. Duta are expressed o
A ond B as the change o the percentage of specific activey as compared 10 the comerol.  The
assuys were performed i tnpicate and expressed s mean=SD,

Fig. 7 Proposed switching of glucose metabolism in the presence of (L5 mM acidificd
sodium nitrite. Geeen dowemand arows represest wpregilmed  ereymes  and red upward
armows represent downregubited ersnmes m the peesence of (1.5 mM ackdiicd  sodmum marite.
In ths condition, enorgy gemeraton throagh TCA cyck was comprommed  due o0 the bwer
octrity of pyravate dehydrogenase (PDH), cirwe synthase (CS), acontase (ACO), wockrate
dehydrogenase (ICDH), pynaate carboxylese (PC) but the ghacose metabole fhax was rerouted
v higher actaty of mubte dehydrogerase (MDH) and  mubite  debydrogenase
(decarboxylting)  [MDH(DC)] sowards pyvate which was fimher memboleed v the
fermereative pathway with the help of higher activiey of pyruvate decarboryhise (PDC) and
akobol dehydrogenase (ADH) which resalted i higher  production of ethanol In sddason,
actvity of mabite synthase (MS) and aklebyde  delydrogenase (ALDH) were reduced that
myht afect the phyoxylate shat (en anaplerotic vurmnt of TCA cyek) and PDH-bypass
pathway (an alenutive route of scetyd CoA synthess without the activiy of PDH).
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Table | Estrmation of ethanol concentmtion, gocose consummption, cthunol yekl, percentage
of theoretxcal yield and vohemetric productnity of treated and wreated (control) sanmples of

5 cevevisioe

Sanple Ethanol Ghxose Ethanol e of Volumetric
cancentraton  consuamed yield theoreticn|l  Productivity
(gl (#L) {2g of yield Lg'llh)
gheose)
Control §5:03 15203 0.30 59 0.3
Treated 6=0.35 17:0.4 .35 o9 0.50
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Table 2 Functionn] enrichenent by acthation’ deacthvation of creymes

“Enrichment by activated enzymes due (o stress

Term Y of P-Value Benjumini
genes adjusted P-
Valoe
Biological pyrwate motubole process 3l J8E-10 8769
Frocess
makite metabolic process 263 3RE-10 8.7E-9
Fenmentation 105 9.7E3 4082
Cellwlar miochoadrial mtris e 3 1E-5 4154
Components
cytasol 421 21E2 90F-2

tnalkte. Goloiragennse 158 I5E-5 6164

Aty
Molecwlar akobol debydrogenase
Funiction (NAD) activ 158 | 9E-4 23E-3
Pyrnvate kinase acthity 263 IoE-4 3 SE-3
Enrichment by deactivated carymes due 1o stress
tricarboxylic ackd cyeke RS 28E-15 1.5E-13
late cyck 192 6.6k- | 2E-6
Biological ghyowylate cye 8
Procesy
scetaie bosynthetic process 115 1.2E4 9.1E4
423 43E-11 9.0E-10
Peroxisomul matriy
Cellwlar .
Com ” miochondrial mckokl 154 1.3JE4 9.2E-4
aldehyde $
febnd tivity 192 L7E-7 Q3E-H
rupsforase activiy,
tansferring acyl groups,
syl & £ o 154 9.8E-6 | 3E4
Function akyl on transfer
hase acthity 23.1 1 1E-4 9.76-4
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