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Abstract
Protein tyrosine nitration (PTN), in which tyrosine (Tyr) residues on proteins are converted into 3-
nitrotyrosine (NT), is one of the post-translational modi�cations mediated by reactive nitrogen species
(RNS). Many recent studies have reported that PTN contributed to signaling systems by altering the
structures and/or functions of proteins. This study aimed to investigate connections between PTN and
the inhibitory effect of nitrite-derived RNS on fermentation ability using the yeast Saccharomyces
cerevisiae. The results indicated that RNS inhibited the ethanol production of yeast cells with increased
intracellular pyruvate content. We also found that RNS decreased the activities of pyruvate decarboxylase
(PDC) as a critical enzyme involved in ethanol production. Our proteomic analysis revealed that the main
PDC isozyme Pdc1 underwent the PTN modi�cation at Tyr38, Tyr157, and Tyr344. The biochemical
analysis using the recombinant puri�ed Pdc1 enzyme indicated that PTN at Tyr157 or Tyr344
signi�cantly reduced the Pdc1 activity. Interestingly, the substitution of Tyr157 or Tyr344 to
phenylalanine, which is no longer converted into NT, recovered the ethanol production under the RNS
treatment conditions. These �ndings suggest that nitrite impairs the fermentation ability of yeast by
inhibiting the Pdc1 activity via its PTN modi�cation at Tyr157 and Tyr344 of Pdc1.

Introduction
Nitric oxide (NO) is a highly permeable free radical produced in a wide range of cells and tissues. NO is
now known to regulate various biological functions in cells when present at low or appropriate
concentrations, including neurotransmission, gene expression, protein translation, apoptosis, and signal
transduction1–4. In terms of industrial applications, the enhancement of NO production has previously
been reported to improve stress tolerance and fermentation ability in baker’s yeast5. Exogenous NO also
increases an oxidative stress response involving a negative feedback system to regulate the intracellular
ROS levels in the �ssion yeast Schizosaccharomyces pombe6. However, at high concentrations, NO and
various NO-derived molecules known as reactive nitrogen species (RNS) can cause cellular dysfunctions
and/or cell death via a process known as nitrosative stress7. For example, Almeida and co-workers
reported that NO-induced cell death was mediated by S-nitrosation of GAPDH as an apoptotic trigger8.

After translation, proteins can be edited enzymatically or non-enzymatically by post-translational
modi�cations (PTMs), which dynamically alter the structures, stabilities, and functions of proteins9.
Protein tyrosine nitration (PTN) is one of the RNS-dependent PTMs. PTN is a chemical process that
selectively introduces a nitro group (NO2) to an ortho carbon to a phenolic hydroxyl group on the aromatic

ring of a tyrosine (Tyr) residue, leading to the conversion of Tyr into 3-nitrotyrosine (NT)10. PTN is caused
by several combinatorial reactions of RNS with reactive oxygen species (ROS)11, including the production
of peroxynitrite (ONOO)12. The protein structure, nitration mechanism, and cellular environment of the
protein all can in�uence the biological speci�city of PTN13. PTN contributes to cellular signaling
mechanisms because of its speci�city, reversibility, and controlled rate14,15. It affects protein structures
and functions by the steric hindrance of its nitro group, the deprotonated phenolic hydroxyl group caused
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by its reduced pKa value, or the crosstalk with Tyr phosphorylation signaling, leading to an immune
response modulation16. It also plays a role in the pathogenesis of in�ammatory responses, cytoskeletal
dysfunction, platelet activation, age-related macular degeneration (AMD), and neurodegenerative
disorders11,17−21. There have been few reports about the demodi�cation of PTN. However, a previous
study showed that an NT-containing peptide was reduced to a peptide containing 3-aminotyrosine (AT),
which is a reduced form of NT, in cells, probably through enzymatic activities22. Numerous studies on
PTN in mammals and plants have been conducted. However, the NO signaling mechanisms mediated by
PTN in the lower eukaryotic yeasts have remained unclear. A previous study identi�ed yeast
mitochondrial proteins including proteins in the TCA cycle and respiratory system, such as aconitase and
isocitrate dehydrogenase, as a target of PTN23. Furthermore, 14 nitrated proteins have been identi�ed by
proteomic analysis using the yeast Saccharomyces cerevisiae treated with a mating pheromone; these
include proteins related to gene expression, actin cytoskeleton organization, cell wall organization, and
spermidine transport24. However, the effects of PTN on these yeast proteins have not been investigated.

S. cereivisae has been used in the fermentation processes to produce various goods, including alcoholic
beverages, breads, and biofuels. When yeast cells promote fermentation to synthesize ethanol, sugars are
converted into pyruvate via the glycolytic pathway and then further metabolized to ethanol by the two
additional enzymatic reactions, decarboxylation of pyruvate to acetaldehyde by pyruvate decarboxylase
(PDC) and reduction of acetaldehyde to ethanol by alcohol dehydrogenase (ADH)25. The ethanol
production is crucial for oxidation of NADH to maintain the appropriate NAD+/NADH redox balance for
glycolysis. S. cerevisiae cells prefer the fermentative pathway when the glucose concentration is above
150 mg/L to the respiration via the TCA cycle even under aerobic conditions, which is known as the
Crabtree effect26,27. Only a small amount of acetaldehyde is converted into acetate by aldehyde
dehydrogenase28. PDC is a cytosolic enzyme that catalyzes the conversion of pyruvate into acetaldehyde
and carbon dioxide with thiamin diphosphate (TPP) and Mg2+ as cofactors29. PDC plays an essential role
in the diversion of pyruvate toward fermentation and lipid synthesis in some bacteria, yeasts, fungi, and
plants. The genome of S. cerevisiae contains three genes encoding PDC, PDC1, PDC5, and PDC6. Pdc1, a
major isozyme consisting of 563 amino acids, is highly expressed under most physiological conditions30.
The catalytically active enzyme in yeast is composed of four identical subunits of Pdc1; however, the
dimer is required as the smallest catalytically active unit31. Pdc1 in S. cerevisiae represents the allosteric
regulation of catalytic activity, in which its substrate pyruvate binds to the regulatory site to induce the
protein conformational changes32.

Molasses is a viscous by-product of the processing of sugar cane or sugar beets into sugar. It has been
widely used as one of the most cost-effective carbon sources to produce ethanol and other fermentative
products in the industry. In some types of molasses, such as beet molasses, the toxic amounts of organic
or inorganic compounds inhibit the rate of ethanol production. Also, molasses contains various amounts
of nitrate and nitrite. A previous study showed that the concentration of nitrite, which has been identi�ed
as a yeast fermentation inhibitor, in undiluted beet molasses was around 93 mM33. Nitrite dramatically
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induces dose-dependent growth inhibition, the decreased ATP levels, and the inhibition of some enzyme
activities, such as glyceraldehyde-3-phosphate dehydrogenase and glutamate dehydrogenase, when
present at concentrations above 0.65 mM with pH below 5.034–37. The combination of an acidic
condition and nitrite, called acidi�ed nitrite, results in RNS production. Nitrous acid, a protonated form of
nitrite under an acidic condition, is converted into dinitrogen trioxide, followed by heterolysis to NO and
nitrogen dioxide radicals38. In contrast, the pH of the culture medium during fermentation with yeast
using glucose can fall below pH 237. These results suggest that the inhibitory effect of nitrite during
ethanol production is caused by nitrosative stress derived from acidi�ed nitrite.

In this study, we analyzed PTN and its effect on ethanol production in S. cerevisiae cells under nitrosative
stress conditions induced by acidi�ed nitrite. Our �ndings show that S. cerevisiae cells produced less
ethanol, which was caused by the decreased Pdc1 activity via PTN of Pdc1 at speci�c Tyr residues, when
exposed to nitrosative stress. These �ndings provide new insights into the molecular mechanism
underlying the negative effect of nitrite in medium on ethanol synthesis via the RNS-mediated PTN.

Results
RNS produced from acidi�ed nitrite decreases ethanol production and PDC activity. We �rst examined the
effect of nitrosative stress on ethanol production in S. cerevisiae. When yeast cells were treated with 1
mM NaNO2 at pH 4.0 for 1 h, the ethanol concentration in culture medium was signi�cantly lower than
that of untreated cells (Fig. 1A). This result indicates that nitrosative stress inhibits ethanol production,
consistent with the previous stud33. Subsequently, the intracellular concentration of pyruvate, the end
product of glycolysis, was measured. Interestingly, the pyruvate content dramatically increased when
yeast cells were treated with acidi�ed nitrite (Fig. 1B). To investigate the mechanism by which RNS
generated from acidi�ed nitrite decreases the ethanol production ability, we measured the activity of the
enzymes involved in the ethanol synthetic pathway from glycolysis, PDC and ADH. Importantly, the PDC
activities in the total protein extracts from the cells treated with acidi�ed nitrite were approximately 50%
lower than those from untreated cells (Fig. 1C), although ADH was fully active regardless of stress
treatment (Fig. 1D). These results suggest that PDC activity was speci�cally decreased by RNS, resulting
in the lower ethanol content.

Pdc1 is the target of PTN at positions Tyr38, Tyr 157, and Tyr344. Pdc1, the main isozyme of three PDCs
in S. cerevisiae39, was further analyzed as a protein responsible for the decreased PDC activity under
nitrosative stress conditions. Western blotting analysis revealed that nitrite treatment did not change the
protein level of Pdc1 (Fig. S1). This result raised the possibility that PTMs of Pdc1 are involved in the
decrease of its activity. In addition, we subjected the total protein extract from cells treated with acidi�ed
nitrite to a proteomic analysis using the stable isotope labeling with amino acids in cell culture (SILAC)
method40. As a result, we identi�ed Pdc1 with 76.02% of the protein sequence coverage, including 14 of
the 17 Tyr residues of Pdc1 (Fig. S3, Table 1). Among the peptides annotated as Pdc1, no peptides
containing NT but some peptides containing AT were detected, suggesting that the intracellular reduction



Page 5/22

of NT occurred as previously reported22. Therefore, we concluded that these AT-containing peptides were
derived from Pdc1 with PTN. From these results, we detected three AT-containing peptide in the sample
treated with nitrite, which respectively contained PTN at Tyr38, Tyr157, or Tyr344, although no
quantitative information was available due to the absence of signals of AT-containing peptides in the
control samples (Table 1, Fig. S2).

Table 1
Identi�ed peptides of Pdc1 containing trace of PTN in the proteomic analysis

Peptide sequence AT modi�cation site

QVNVNTVFGLPGDFNLSLLDKIY*EVEGMR# Tyr38

TTY*VTQR#PVYLGLPANLVDLNVPAK# Tyr157

GY*K#PVAVPAR# Tyr157

Y* = Tyr residues detected as AT, # = SILAC labeling of Lys (K) and Arg (R).

Subsequently, to con�rm the PTN modi�cation of Pdc1, yeast cells expressing Pdc1 fused with the
myc7His epitope tag at its C-terminus were subjected to a pull-down assay, followed by western blot with
anti-NT antibody. The results revealed that an acidi�ed nitrite treatment increased the PTN level of Pdc1,
consistent with the above results of proteomic analysis, but the increase in the PTN level was abolished
by dithionite reduction (Fig. 2). These results indicated that Pdc1 was nitrated in response to NO
treatment in yeast cells.

RNS induce PTN and the inactivation of Pdc1. A wild-type (WT) enzyme of the recombinant Pdc1 was
prepared using a heterologous expression system in Escherichia coli. The puri�ed Pdc1 was treated with
ONOO− and then its activity was analyzed. The result indicated that the incubation with ONOO− inhibited
the enzymatic activity of Pdc1 in a dose-dependent manner (Fig. 3A). Samples prepared by the same
method were analyzed by western blot using anti-NT antibody. The results showed that the ONOO−

treatment induced dose-dependent increases of the PTN level on Pdc1 without any decrease in the
protein amount of Pdc1 (Fig. 3B). These results suggest that the RNS-dependent PTN inactivates Pdc1.

PTN at Tyr157 or Tyr344 inhibits Pdc1 activity. In order to examine the effect of PTN on the Pdc1 activity
at the Tyr residues that were identi�ed as AT in proteomic analysis, the Pdc1 variants with the site-
speci�c incorporation of NT at Tyr38, Tyr157, or Tyr344, which were named Tyr38NT-, Tyr157NT-, or
Tyr344NT-Pdc1, respectively, were expressed and puri�ed using the heterologous expression system in E.
coli. Our immunoblotting analysis with anti-NT antibody showed a clear signal from each Pdc1 variant,
indicating that these variants successfully contained NT (Fig. 3C). Next, we measured the enzymatic
activities of these Pdc1 variants (Fig. 3D). We found that the activity of Tyr38NT-Pdc1 was almost the
same as that of the WT enzyme. Interestingly, Tyr157NT- and Tyr344NT-Pdc1 exhibited dramatically lower
activity than that of WT-Pdc1. These results indicate that PTN at Tyr157 or Tyr344 is important for the
inhibition of Pdc1 activity.
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Prevention of PTN at Tyr157 or Tyr344 recovers ethanol production under RNS treated conditions. To
clarify the physiological signi�cance of PTN of Pdc1 at each Tyr residue, we further measured the ethanol
content in the culture medium of yeast strains. When Tyr157 or Tyr344 was substituted to phenylalanine
(Phe) to prevent the PTN formation on these residues, the inhibitory effect of RNS on ethanol production
was signi�cantly abolished, although the ethanol content without acidi�ed nitrite treatment was not
affected by these substitutions (Fig. 4A). Additionally, it was found that the protein level of Pdc1 was not
altered by either acidi�ed nitrite treatment or the amino acid substitution to Phe on each PTN site
(Fig. 4B). These results suggest that PTN on Tyr157 and Tyr344 is critical for the inhibition of ethanol
production. Therefore, we concluded that the inhibition of Pdc1 activity via its PTN modi�cation at
Tyr157 and Tyr344 induced by RNS led to the decreased ethanol productivity in S. cerevisiae cells.

Discussion
Here, we revealed the molecular mechanism by which nitrosative stress affected the ethanol production
in yeast cells, which involved PTN of Pdc1 at Tyr157 or Tyr344 inhibiting the enzymatic activity of Pdc1.
To the best of our knowledge, this is the �rst biochemical characterization of the functions of PTN
modi�cation on yeast proteins. This study also provides new insights for future research on PTN in yeast.

The previous studies reported that nitrite affected ethanol production and that the culture medium was
acidi�ed by prolonged cultivation. Because nitrite is converted into RNS under acidic conditions, the
acidi�ed nitrite treatment used in this study could be a model experimental condition to mimic yeast
cultivation using molasses, which contains a large amount of nitrite. Our �ndings clari�ed the
mechanisms by which nitrite impaired the ethanol fermentation of yeast, at least in part. In terms of
industrial applications, the yeast strains expressing the Pdc1 variants with Tyr157Phe and Tyr344Phe
substitutions are a promising tool to boost ethanol production, because these strains are resistant to the
RNS-induced inhibition of ethanol production. Since it is considered that molasses fermentation proceeds
under nitrosation stress conditions, such yeast strains may increase the ethanol productivity.

We showed that the intracellular pyruvate content was elevated under nitrosative stress conditions
(Figs. 1B). There could be three explanations for pyruvate accumulation under nitrosative stress
conditions. First, a decrease in Pdc1 activity causes pyruvate accumulation, as observed in this study.
Second, the inhibition of the mitochondrial respiratory chain by the nitrosative stress could induce ATP
depletion. The resulting higher AMP/ATP ratio could potentially stimulate glycolysis via the AMP-
activated protein kinase to produce ATP, leading to the acceleration of pyruvate synthesis41. Third, the
pyruvate accumulation could be caused by the impairments of the TCA cycle that consumes pyruvate in
mitochondria. The metabolites in glycolysis and the TCA cycle were not measured in this study, and thus
it is unsure whether these metabolic pathways were affected by RNS. However, a previous study reported
that the activities of some TCA cycle enzymes, including α-ketoglutarate dehydrogenase and pyruvate
dehydrogenase, were inhibited by nitric oxide in Salmonella enterica42. Moreover, it has been reported that
the yeast aconitase and NAD+-dependent isocitrate dehydrogenase were nitrated in vivo, although the
biological signi�cance of these �ndings has yet to be elucidated23. These previous �ndings imply that
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pyruvate was accumulated by the inhibition of the TCA cycle enzymes via their PTN modi�cations, in
addition to the inhibition of Pdc1.

Pdc1 is the main isozyme of PDC, which is highly expressed under most conditions39 and is also induced
by the presence of glucose43. Aside from the transcriptional control of PDC1, PTMs such as
phosphorylation are another means of modulating the function of Pdc1. Dephosphorylation of Pdc1
mediated by the serine/threonine-protein phosphatase increases the ethanol fermentation and the Pdc1
activity by altering the apparent a�nity of Pdc1 for TPP and pyruvate in S. cerevisiae cells44. We did not
analyze the phosphorylation status of Pdc1, but it is possible that not only PTN but also the protein
phosphorylation are responsible for the control of the Pdc1 enzymatic activity.

Our proteomic analysis identi�ed the peptides containing AT, which is a reduced form of NT, but not those
containing NT itself, even though the PTN of Pdc1 was con�rmed by immunoblotting analysis (Table 1,
Fig. 2). A previous research reported that the PTMs with high electron a�nity, such as PTN, prevent the
cleavage of the peptide backbone, limiting the sequence information from the MS/MS analysis with
electron capture dissociation or electron transfer dissociation45,46. On the other hand, it has been reported
that proteins with PTN modi�cation were reduced in cells to the corresponding proteins with AT22. From
this information, it is possible that Pdc1 was nitrated in vivo and then partly reduced to its AT-containing
form, which alone was detected in our proteomic analysis.

As shown in this study, PTN of Pdc1 at Tyr157 and Tyr344 was responsible for the decrease in the
enzymatic activity of Pdc1 (Fig. 3D). The �ndings in a previous study47 suggest that PTN of Pdc1 is likely
to contribute to the alteration of the Pdc1 structure and thus its activity. The crystal structure of Pdc1 has
been determined at 1.71 Å of resolution in the presence of its substrate pyruvate and cofactor TPP (PDB
ID code: 2VK1). In the Pdc1 structure, neither Tyr157 nor Tyr344 directly interacts with the binding site for
pyruvate or TPP. On the other hand, because the aromatic ring of Tyr157 is located near Gly66 and
Met187, the addition of a nitro group to the side chain of Tyr157 is likely to induce a steric hindrance with
these residues (Fig. 5A). Tyr344 is buried inside the protein molecule and interacts with several residues,
including Asn213, Pro214, and Val347 or Phe240, through hydrogen bonds or π-π stacking, respectively
(Fig. 5B). These intramolecular interactions of Tyr157 or Ty344 imply that the PTN modi�cations at these
sites disturb the correct direct interaction of these Tyr residues, leading to an indirect alteration of the
whole structure and enzymatic activity of Pdc1. Our enzyme assay using the site-speci�cally NT-
incorporating Pdc1 exhibited that PTN at either Tyr157 or Tyr344 decreased its activity (Fig. 3D),
indicating that both PTN modi�cations are capable of inhibiting the Pdc1 activity. On the other hand, the
ethanol production was recovered by either Tyr157Phe or Tyr344Phe substitution, suggesting that PTN
modi�cation at both Tyr residues is required to reduce the ethanol synthesis in yeast cells (Fig. 4B). An
additive inhibition of Pdc1 activity by the combined PTN modi�cations at these two sites might be
necessary to inhibit the ethanol production. The Tyr157 and Tyr344 residues are completely conserved
among yeast species (Fig. 5C), suggesting that the inhibition of ethanol production by PTN of Pdc1 is a
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common phenomenon in yeasts. In contrast, Tyr344 is also conserved in plants, although Tyr157 is not.
Plants might possess some functions mediated by the PTN modi�cation at Tyr344.

In contrast to our �ndings, a previous study using 0.5 mM NaNO2 for acidi�ed nitrite treatment found that
yeast cells exposed to nitrosative stress produced more ethanol in a rich medium by increasing the
alcohol dehydrogenase activity under stress conditions, by using 0.5 mM NaNO2 for acidi�ed nitrite

treatment48. Lower concentrations of acidi�ed nitrite could produce lower concentrations of RNS. A
milder nitrosative stress might be insu�cient to cause Pdc1 nitration but adequate to inhibit the
mitochondrial electron transport chain, and then activate glycolysis to produce ATP49. Therefore, a lower
concentration of nitrite under acidic conditions might increase ethanol production through the
enhancement of glycolytic metabolic �ow, providing pyruvate a substrate for ethanol synthesis.

The alcohol dehydrogenase involved in ethanol production is an essential enzyme for NAD+ regeneration
in yeast cells50. Our �ndings here suggest that the nitrosative stress impaired ethanol synthesis by the
decreased supply of pyruvate through the inhibition of Pdc1. This process could lead to an increase in the
NADH/NAD+ ratio by inhibiting the oxidation of NADH to NAD+ by ADH. NO dioxygenase (NOD) encoded
by the YHB1 gene, which utilizes not only NADPH but also NADH as its reducing force, is the main
enzyme in NO detoxi�cation to nitrate51. It is possible that the increased concentration of NADH
contributes to the nitrosative stress tolerance via the upregulation of NOD activity.

Methods
Strains, plasmids, and medium. Tables 2, 3, or S1 represent a list of the strains, plasmids, or primers used
in this study, respectively. The yeast S. cerevisiae laboratory strain X2180-1A (MATa SUC2 mal mel gal2
CUP1) was a host strain to construct the yeast strains used in this study52. To generate the strain
expressing Pdc1 fused with myc7His-tag at its C-terminus (Pdc1-myc7His) from the genome (the PDC1-
myc7His strain), the DNA fragment ampli�ed using the primers listed in Table S1 and plasmid pYM46
(Euroscarf) as a template was introduced into strain X2180-1A by the LiAc method53,54. For the
construction of strain lacking both the PDC1 and URA3 genes (pdc1Δ ura3Δ), the DNA fragment
ampli�ed using primers listed in Table S1 and the plasmid pYM20 as a template was introduced to the
strain lacking the URA3 gene constructed in the previous study55. In order to construct the strain lacking
the ARG1 and LYS1 genes (arg1∆ lys1∆), which is capable to synthesize neither arginine (Arg) nor lysine
(Lys), for the SILAC-based proteomic analysis, strain X2180-1A was transformed with the DNA fragment
ampli�ed from plasmid pFA6a-natNT2 (Euroscarf), followed by the further transformation with the
fragment from plasmid pFA6a-hphNT1 (Euroscarf), using the primers shown in Table S1. Each positive
clone was screened on the solid medium containing antibiotics G418 or hygromycin B. E. coli DH5α or
BL21 (DE3) strain was used to construct plasmids or express Pdc1, respectively.
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Table 2
Yeast strains used in this study

Strains Genotype

X2180-1A MATa SUC2 mal mel gal2 CUP1

PDC1-myc7His X2180-1A PDC1::PDC1-myc7His-kanMX6

arg1∆ lys1∆ X2180-1A arg1∆::natNT2 lys1∆::hphNT1

WT-PDC1 X2180-1A ura3∆::kanMX4 pdc1∆::hph pRS416::PDC1-myc7His

Tyr157Phe-PDC1 X2180-1A ura3∆::kanMX4 pdc1∆::hph pRS416::PDC1Tyr157Phe-myc7His

Tyr344Phe-PDC1 X2180-1A ura3∆::kanMX4 pdc1∆::hph pRS416::PDC1Tyr344Phe-myc7His

Table 3
List of plasmids used in this study

Plasmids for
S. cerevisiae

Marker Type Promoter Protein to be produced

pRS416 URA3 CEN - -

pRS416-
PDC1-
myc7His

URA3 CEN PDC1 Pdc1-myc7His

pRS416-
PDC1Tyr157Phe-
myc7His

URA3 CEN PDC1 Pdc1Tyr157Phe-myc7His

pRS416-
PDC1Tyr344Phe-
myc7His

URA3 CEN PDC1 Pdc1Tyr344Phe-myc7His

Plasmids for
E. coli

Marker Description

pET55-PDC1 Ampr To express Pdc1 fused with His-tag at its C-terminus

pET55-
PDC1Tyr38NT

Ampr pET55-DEST to express PDC1 with amber codon at Tyr38

pET55-
PDC1Tyr157NT

Ampr pET55-DEST to express PDC1 with amber codon at Tyr157

pET55-
PDC1Tyr344NT

Ampr pET55-DEST to express PDC1 with amber codon at Tyr344

pDule-3-
nitroTyrosine
(5B)

Tetr To express the Methanocaldococcus jannaschii NT-tRNA synthetase and
the cognate amber suppressing tRNA for the production of NT-containing
protein in E. coli
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To construct the plasmid expressing Pdc1-myc7His under the control of its original promoter, the DNA
fragment from 1,000 bp upstream to downstream of PDC1 was ampli�ed from the genomic DNA of the
PDC1-myc7His strain using the primers listed in Table S1 and then introduced to pRS416 by the In-Fusion
cloning system (Clontech) following the manufacturer’s protocol. The resultant plasmid pRS416-PDC1-
myc7His was transformed to pdc1Δ ura3Δ cells, generating the strain expressing Pdc1-myc7His (the WT-
PDC1 strain). The expression plasmid pET55-PDC1 used to produce Pdc1 fused with N-terminal strep-tag
and C-terminal His-tag in E. coli was constructed as follows. The DNA fragment of PDC1 coding sequence
was ampli�ed from the genomic DNA of strain X2180-1A using the primers listed in Table S1 and then
introduced to the entry plasmid pDONR221 by the BP reaction in Gateway technology (Invitrogen). The
resultant plasmid pDONR221-PDC1 was subjected to the LR reaction with the plasmid pET55-DEST in
Gateway technology, generating pET55-PDC1. Each reaction in Gateway technology was performed
following the manufacturer’s protocol.

Yeast cells were cultured at 30 ˚C in YPD (1% yeast extract, 2% peptone, and 2% glucose) or SD (0.17%
yeast nitrogen base without amino acids and ammonium sulfate, 0.5% ammonium sulfate, and 2%
glucose, pH 4.0) medium, with 200 mg/L of G418, hygromycin B, or 100 mg/mL nourseothricin if
necessary. For the SILAC experiment, 206.7 µM Arg and 205.2 µM Lys were supplied. E. coli cells were
grown in LB medium (0.5% yeast extract, 1% tryptone, and 1% NaCl or M9 medium (0.8% glucose, 47.7
mM Na2HPO4, 22.0 mM KH2PO4, 0.05% NaCl, 0.1% NH4Cl, 2 mM MgSO4, 0.1 mM CaCl2, 0.4% casamino
acid, and 0.5 mM thiamine), in the presence of 100 µg/mL ampicillin or 10 µg/mL tetracycline when
necessary.

Construction of the plasmid expressing the PDC1 mutants. The site-directed mutagenesis to express each
mutant of PDC1 was performed as previously described56, using the primers listed in Table S1 and
pRS416-PDC1 to generate pRS416-PDC1Tyr157Phe-myc7His or pRS416-PDC1Tyr344Phe-myc7His, which
expresses Pdc1-myc7His with Tyr157Phe or Tyr344Phe substitution, respectively. The plasmid
pDONR221-PDC1 was used as a template with the primers listed in Table S1 to introduce the amber
codon at the position corresponding to Tyr38, Tyr157, or Tyr344. The resultant pDONR221-PDC1 with
mutation was subjected to the LR reaction in Gateway technology to generate the pET55-PDC1 plasmids
with amber codon, pET55-PDC1Tyr38NT, pET55-PDC1Tyr157NT, and pET55-PDC1Tyr344NT. Successful
mutagenesis was con�rmed by DNA sequencing.

Acidi�ed nitrite treatment of yeast. Yeast cells cultured in SD medium (pH 4.0) until the exponential
growth phase were treated with 1 mM NaNO2 for 1 h at 30 ˚C. After treatment, cells were collected, frozen
with liquid nitrogen, and stored at -80˚C for further analyses.

PDC and ADH activity. The PDC reaction was performed as previously described57. The assay mixture
consisted of 40 mM imidazole-HCl buffer (pH 6.5), 0.2 mM thiamine pyrophosphate, 0.15 mM NADH, 88
U/mL alcohol dehydrogenase, 5 mM MgCl2, and the cell-free extract or puri�ed Pdc1. The reaction was
started by the addition of 50 mM pyruvate. The mixture for ADH reaction consisted of 100 mM phosphate
buffer (pH 7.6), 8 mM acetaldehyde, and the cell-free extract. Both enzymatic activities were analyzed
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spectrophotometrically by monitoring a decrease of absorbance at 340 nm derived from NADH over time
at 30 ˚C, using a spectrophotometer DU-800 (Beckman). One unit of the speci�c activity of PDC or ADH
was de�ned as the amount of enzyme to oxidize 1 µmol of NADH per min.

Pull-down assay. After culture or treatment, the PDC1-myc7His cells were collected, washed, and
resuspended in the extraction buffer (pH 7.4) containing 20 mM sodium phosphate, 0.5 M NaCl, 8 M urea,
20 mM imidazole, and Protease Inhibitor Cocktail (for Fungal and Yeast) (Wako Pure Chemical
Industries), followed by cell disruption using Multi-beads shocker (Yasui Kikai) with glass beads. The
supernatant after centrifugation was incubated with His Mag SepharoseTM Ni (Cytiva) equilibrated with
the extraction buffer at 4˚C for 1 h with continuous rotation. After washing with the extraction buffer,
Pdc1-myc7His was eluted with the elution buffer (pH 7.4) consisting of 20 mM sodium phosphate buffer,
0.5 M NaCl, 8 M urea, and 500 mM imidazole. Eluates were subjected to SDS-polyacrylamide gel
electrophoresis (SDS-PAGE), followed by immunoblotting.

Western blot analysis. Protein concentration was measured by Bio-Rad Protein Assay Dye (Bio-Rad). The
uni�ed concentrations of protein extracts were separated by SDS-PAGE under the non-reducing
conditions using Laemmli’s sample buffer without 2-mercaptoethanol and then transferred onto PVDF
membranes. After the treatment with appropriate primary and secondary antibodies, the immunoblot was
visualized using Amersham ECL prime reagents (GE Healthcare) and ImageQuantTM LAS4000 (GE
Healthcare). For the negative control of PTN detection, the PVDF membrane was incubated with 10 mM
sodium dithionite for 20 min before the treatment with anti-NT antibody.

Expression and puri�cation of WT and NT incorporated Pdc1. In order to express the Pdc1 variants
incorporating NT site-speci�cally, plasmid pET55-PDC1Tyr38NT, pET55-PDC1Tyr157NT, or pET55-
PDC1Tyr344NT, which expresses Tyr38NT-, Tyr157NT-, or Tyr344NT-Pdc1, respectively, constructed as
described above was used. E. coli BL21 (DE3) strain harboring each of these plasmids and the plasmid
pDule-3-nitroTyrosine (5B) (Addgene)58 were cultured in M9CA medium at 37˚C. When OD600 reached 0.6,
0.1 mM isopropyl-β-D-thiogalactopyranoside and 1 mM NT were added and E. coli cells were further
cultured for 16 h at 16ºC. After harvesting cells by centrifugation, the C-terminally His-tagged Pdc1 was
puri�ed by Ni SepharoseTM 6 Fast Flow (Cytiva) following the manufacturer’s protocol.

Identi�cation of proteins with the PTN modi�cation by LC-MS/MS. Proteomic analysis with SILAC
method was performed to identify and quantify the NT-containing peptides. The arg1∆lys1∆ strain was
cultured in SD medium at pH 4.0 containing Arg and Lys or Arg (guanido-13C) and Lys (4,4,5,5-D4) for the
control or nitrite treatment condition, respectively. Cells cultured until the exponential phase were treated
with 1 mM NaNO2 for 1 h and harvested. The same amount of extracted protein from each sample was
mixed and subjected to SDS-PAGE under the non-reducing condition. Gels were treated with dithiothreitol,
iodoacetamide, and trypsin, followed by LC-MS/MS analysis using Ion Trap-Orbitrap Mass Spectrometer
LTQ-Orbitrap XL (Thermo Fisher Scienti�c). A database search was performed using Proteome Discoverer
1.4 (Thermo Fisher Scienti�c) with SequestHT node against the Saccharomyces cerevisiae database
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(NCBI). Searches were done with tryptic speci�city allowing maximum 4 missed cleavage sites and a
precursor mass tolerance of 10 ppm and fragment mass tolerance of 0.8 Da. Searched modi�cations
were detected as followed: Acetyl / + 42.011 Da (Any N-Terminus), Oxidation / + 15.995 Da (M),
Carbamidomethyl / + 57.021 Da (C), Nitro / + 44.985 Da (Y), Amino / + 15.011 Da (Y), Label:13C (1) / +
1.003 Da (R), Label:2H (4) / + 4.025 Da (K).

Quanti�cation of ethanol content. Yeast cells in the exponential growth phase were incubated in SD
medium with or without nitrite for 1 h. The ethanol concentration of supernatant was determined using
Ethanol Colorimetric/Fluorometric Assay Kit (Biovision), following the manufacturer’s direction. Ethanol
content in each sample was normalized by OD600 of the culture medium.

Quanti�cation of pyruvate content. Yeast cells cultured until the logarithmic phase were treated with the
acidi�ed nitrite for 1 h, harvested, and suspended in the pyruvate assay buffer, provided in Pyruvate
Assay Kit (Sigma-Aldrich). Cell-free lysate extracted using Multi-beads shocker was centrifuged and then
subjected to ultra�ltration with Amicon Ultra (10 KDa) (Merck), to remove insoluble materials and
proteins. Pyruvate concentration in the resultant solution was measured using Pyruvate Assay Kit.
Pyruvate content in each sample was normalized by OD600 of the culture medium.

Declarations
Acknowledgements

This work was supported by grants for a Grant-in-Aid for Young Scientists (19K16129) from the Japan
Society for the Promotion of Science (JSPS) to R.N. and a Grant-in-Aid for Scienti�c Research (S)
(19H05639) from JSPS to H.T.

Author contributions

S.E., R.N., and H.T. conceived the study and designed the experiments. S.E. performed the experiments.
S.E., R.N., and H.T. analyzed the data and wrote the manuscript. All authors read and approved the �nal
manuscript.

Competing interests

The authors declare no competing interests.

Additional information

Correspondence and requests for materials should be addressed to R.N. or H.T.

References



Page 13/22

1. O’Dell, T. J., Hawkins, R. D., Kandel, E. R. & Arancio, O. Tests of the roles of two diffusible substances
in long-term potentiation: evidence for nitric oxide as a possible early retrograde messenger. Proc.
Natl. Acad. Sci. U. S. A. 88, 11285–11289 (1991).

2. Brüne, B., Meβmer, U. k. & Sandau, K. The role of nitric oxide in cell injury. Toxicol. Lett. 82–83, 233–
237 (1995).

3. Schuman, E. M. & Madison, D. V. A requirement for the intercellular messenger nitric oxide in long-
term potentiation. Science 254, 1503-1506 (1991).

4. Pozdnyakov, N., Lloyd, A., Reddy, V. N. & Sitaramayya, A. Nitric oxide-regulated endogenous ADP-
ribosylation of rod outer segment proteins. Biochem. Biophys. Res. Commun. 192, 610–615 (1993).

5. Sasano, Y. et al. Enhancement of the proline and nitric oxide synthetic pathway improves
fermentation ability under multiple baking-associated stress conditions in industrial baker’s yeast.
Microb. Cell Fact. 11, 40 (2012).

�. Astuti, R. I., Watanabe, D. & Takagi, H. Nitric oxide signaling and its role in oxidative stress response
in Schizosaccharomyces pombe. Nitric Oxide 52, 29–40 (2016).

7. Radi, R. Nitric oxide, oxidants, and protein tyrosine nitration. Proc. Natl. Acad. Sci. U. S. A. 101, 4003-
4008 (2004).

�. Almeida, B. et al. NO-mediated apoptosis in yeast. J. Cell Sci. 120, 3279–3288 (2007).

9. Wang, Y.-C., Peterson, S. E. & Loring, J. F. Protein post-translational modi�cations and regulation of
pluripotency in human stem cells. Cell Res. 24, 143–160 (2014).

10. Ferrer-Sueta, G. et al. Biochemistry of Peroxynitrite and Protein Tyrosine Nitration. Chem. Rev. 118,
1338–1408 (2018).

11. Kanski, J. & Schöneich, C. Protein nitration in biological aging: proteomic and tandem mass
spectrometric characterization of nitrated sites. Nitric Oxide, 396, 160–171 (2005).

12. Bottari, S. P. Protein tyrosine nitration: A signaling mechanism conserved from yeast to man.
Proteomics 15, 185–187 (2015).

13. Bartesaghi, S. et al. Protein tyrosine nitration in hydrophilic and hydrophobic environments. Amino
Acids 32, 501–515 (2007).

14. Gow, A. J., Duran, D., Malcolm, S. & Ischiropoulos, H. Effects of peroxynitrite-induced protein
modi�cations on tyrosine phosphorylation and degradation. FEBS Lett. 385, 63–66 (1996).

15. Kamisaki, Y. et al. An activity in rat tissues that modi�es nitrotyrosine-containing proteins. Proc. Natl.
Acad. Sci. U. S. A. 95, 11584–11589 (1998).

1�. Hunter, T. Protein kinases and phosphatases: the yin and yang of protein phosphorylation and
signaling. Cell 80, 225–236 (1995).

17. Sabetkar, M. et al. The nitration of platelet vasodilator stimulated phosphoprotein following exposure
to low concentrations of hydrogen peroxide. Platelets 19, 282–292 (2008).

1�. Murdaugh, L. S., Wang, Z., Del Priore, L. V, Dillon, J. & Gaillard, E. R. Age-related accumulation of 3-
nitrotyrosine and nitro-A2E in human Bruch’s membrane. Exp. Eye Res. 90, 564–571 (2010).



Page 14/22

19. Beal, M. F. Oxidatively modi�ed proteins in aging and disease. Free Radic. Biol. Med. 32, 797–803
(2002).

20. Ischiropoulos, H. & Beckman, J. S. Oxidative stress and nitration in neurodegeneration: cause, effect,
or association? J. Clin. Invest. 111, 163–169 (2003).

21. Masri, F. A. et al. Abnormalities in nitric oxide and its derivatives in lung cancer. Am. J. Respir. Crit.
Care Med. 172, 597–605 (2005).

22. Gerding, H. R. et al. Reductive modi�cation of genetically encoded 3-nitrotyrosine sites in alpha
synuclein expressed in E.coli. Redox Biol. 26, 101251 (2019).

23. Bhattacharjee, A. et al. In vivo protein tyrosine nitration in S. cerevisiae: Identi�cation of tyrosine-
nitrated proteins in mitochondria. Biochem. Biophys. Res. Commun. 388, 612–617 (2009).

24. Kang, J. W. et al. Analysis of nitrated proteins in Saccharomyces cerevisiae in mating signal
transduction. Proteomics 15, 580-590 (2015).

25. Malakar, S., Paul, S. K. & Pou, K. R. J. Biotechnological interventions in beverage production. in
Biotechnological Progress and Beverage Consumption (ed. Grumezescu, A. M. and Holban, A. M.) 19,
1–37 (Elsevier, 2020).

2�. Verduyn, C., Zomerdijk, T. P. L., van Dijken, J. P. & Scheffers, W. A. Continuous measurement of
ethanol production by aerobic yeast suspensions with an enzyme electrode. Appl. Microbiol.
Biotechnol. 19, 181–185 (1984).

27. De Deken, R. H. The Crabtree effect: a regulatory system in yeast. J. Gen. Microbiol. 44, 149–156
(1966).

2�. Galdieri, L., Zhang, T., Rogerson, D., Lleshi, R. & Vancura, A. Protein acetylation and acetyl coenzyme
a metabolism in budding yeast. Eukaryot. Cell 13, 1472–1483 (2014).

29. Sergienko, E. A. & Jordan, F. New model for activation of yeast pyruvate decarboxylase by substrate
consistent with the alternating sites mechanism: demonstration of the existence of two active forms
of the enzyme. Biochemistry 41, 3952–3967 (2002).

30. Romagnoli, G., Luttik, M. A. H., Kötter, P., Pronk, J. T. & Daran, J.-M. Substrate speci�city of thiamine
pyrophosphate-dependent 2-oxo-acid decarboxylases in Saccharomyces cerevisiae. Appl. Environ.
Microbiol. 78, 7538-7548 (2012).

31. Killenberg-Jabs, M., Jabs, A., Lilie, H., Golbik, R. & Hübner, G. Active oligomeric states of pyruvate
decarboxylase and their functional characterization. Eur. J. Biochem. 268, 1698–1704 (2001).

32. Spinka, M. et al. Signi�cance of individual residues at the regulatory site of yeast pyruvate
decarboxylase for allosteric substrate activation. Biochemistry 56, 1285–1298 (2017).

33. Glacet, A., Letourneau, F., Leveque, P. & Villa, P. Kinetic study of nitrite inhibition during alcoholic
fermentation of beet molasses. Biotechnol. Lett. 7, 47–52 (1985).

34. Hinze, H. & Holzer, H. Accumulation of nitrite and sul�te in yeast cells and synergistic depletion of the
intracellular ATP content. Z. Lebensm. Unters. Forsch. 180, 117–120 (1985).



Page 15/22

35. Hinze, H. & Holzer, H. Effect of sul�te or nitrite on the ATP content and the carbohydrate metabolism
in yeast. Z. Lebensm. Unters. Forsch. 181, 87–91 (1985).

3�. Mortensen, H. D., Jacobsen, T., Koch, A. G. & Arneborg, N. Intracellular pH homeostasis plays a role in
the tolerance of Debaryomyces hansenii and Candida zeylanoides to acidi�ed nitrite. Appl. Environ.
Microbiol. 74, 4835-4840 (2008).

37. Jones, R. P. & Gadd, G. M. Ionic nutrition of yeast—physiological mechanisms involved and
implications for biotechnology. Enzyme Microb. Technol. 12, 402–418 (1990).

3�. Benjamin, N. et al. Stomach NO synthesis. Nature 368, 502 (1994).

39. Hohmann, S. & Cederberg, H. Autoregulation may control the expression of yeast pyruvate
decarboxylase structural genes PDC1 and PDC5. Eur. J. Biochem. 188, 615–621 (1990).

40. Amanchy, R., Kalume, D. E. & Pandey, A. Stable Isotope Labeling with Amino Acids in Cell Culture (
SILAC ) for Studying Dynamics of Protein Abundance and Posttranslational Modi�cations. Sci. STKE
2005, pl2 (2005).

41. Bolaños, J. P., Delgado-Esteban, M., Herrero-Mendez, A., Fernandez-Fernandez, S. & Almeida, A.
Regulation of glycolysis and pentose-phosphate pathway by nitric oxide: impact on neuronal
survival. Biochim. Biophys. Acta 1777, 789–793 (2008).

42. Richardson, A. R. et al. Multiple targets of nitric oxide in the tricarboxylic acid cycle of Salmonella
enterica serovar typhimurium. Cell Host Microbe 10, 33–43 (2011).

43. van den Berg, M. A., de Jong-Gubbels, P. & Steensma, H. Y. Transient mRNA responses in chemostat
cultures as a method of de�ning putative regulatory elements: application to genes involved in
Saccharomyces cerevisiae acetyl-coenzyme A metabolism. Yeast 14, 1089–1104 (1998).

44. de Assis, L. J., Zingali, R. B., Masuda, C. A., Rodrigues, S. P. & Montero-Lomelí, M. Pyruvate
decarboxylase activity is regulated by the Ser/Thr protein phosphatase Sit4p in the yeast
Saccharomyces cerevisiae. FEMS Yeast Res. 13, 518–528 (2013).

45. Jones, A. W., Mikhailov, V. A., Iniesta, J. & Cooper, H. J. Electron Capture Dissociation Mass
Spectrometry of Tyrosine Nitrated Peptides. J. Am. Soc. Mass Spectrom. 21, 268–277 (2010).

4�. Prokai-Tatrai, K., Guo, J. & Prokai, L. Selective chemoprecipitation and subsequent release of tagged
species for the analysis of nitropeptides by liquid chromatography - Tandem mass spectrometry.
Mol. Cell. Proteomics 10, M110.002923 (2011).

47. Radi, R. Protein tyrosine nitration: biochemical mechanisms and structural basis of functional
effects. Acc. Chem. Res. 46, 550–559 (2013).

4�. Sengupta, S., Deb, M., Nath, R., Prasad Saha, S. & Bhattacharjee, A. Optimization of ethanol
production using nitrosative stress exposed S.cerevisiae. Cell Biochem. Biophys. 78, 101–110
(2020).

49. Brown, G. C. Nitric oxide and mitochondrial respiration. Biochim. Biophys. Acta 1411, 351–369
(1999).



Page 16/22

50. Förster, J., Famili, I., Fu, P., Palsson, B. Ø. & Nielsen, J. Genome-scale reconstruction of the
Saccharomyces cerevisiae metabolic network. Genome Res. 13, 244–253 (2003).

51. Liu, L., Zeng, M., Hausladen, A., Heitman, J. & Stamler, J. S. Protection from nitrosative stress by
yeast �avohemoglobin. Proc. Natl. Acad. Sci. U. S. A. 97, 4672-4676 (2000).

52. Mortimer, R. K. & Johnston, J. R. Genealogy of principal strains of the yeast genetic stock center.
Genetics 113, 35–43 (1986).

53. Janke, C. et al. A versatile toolbox for PCR-based tagging of yeast genes: New �uorescent proteins,
more markers and promoter substitution cassettes. Yeast 21, 947–962 (2004).

54. Gietz, R. D. & Schiestl, R. H. High-e�ciency yeast transformation using the LiAc/SS carrier DNA/PEG
method. Nat. Protoc. 2, 31–34 (2007).

55. Nasuno, R., Yoshioka, N., Yoshikawa, Y. & Takagi, H. Cysteine residues in the fourth zinc �nger are
important for activation of the nitric oxide‐inducible transcription factor Fzf1 in the yeast
Saccharomyces cerevisiae. Genes Cells 26, 823-829 (2021).

5�. Liu, H. & Naismith, J. H. An e�cient one-step site-directed deletion, insertion, single and multiple-site
plasmid mutagenesis protocol. BMC Biotechnol. 8, 91 (2008).

57. Flikweert, M. T. et al. Pyruvate decarboxylase: An indispensable enzyme for growth of
Saccharomyces cerevisiae on glucose. Yeast 12, 247–257 (1996).

5�. Cooley, R. B. et al. Structural basis of improved second-generation 3-nitro-tyrosine tRNA synthetases.
Biochemistry 53, 1916–1924 (2014).

59. Kutter, S. et al. Covalently bound substrate at the regulatory site of yeast pyruvate decarboxylases
triggers allosteric enzyme activation. J. Biol. Chem. 284, 12136-12144 (2009).

Figures



Page 17/22

Figure 1

Effect of acidi�ed nitrite on ethanol production and the related enzymatic activity. (A) Ethanol
concentration in the culture medium, or (B) intracellular pyruvate content of yeast with or without
acidi�ed nitrite treatment was analyzed. Each content was normalized by OD600 of the culture medium.
(C) PDC, or (D) ADH activity in the cell-free extract from yeast exposed to acidi�ed nitrite was measured.
The values represent the averages and standard deviations from three independent experiments. **ρ <
0.01 by Student’s t-test.
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Figure 2

PTN modi�cation of Pdc1 in response to RNS. The PDC1-myc7His strain grown until the exponential
phase was treated with acidi�ed nitrite and then the extracted lysate was subjected to pull-down assay,
followed by western blot analysis with anti-NT or anti-myc antibody. The PVDF membrane was incubated
with sodium dithionite before the treatment with anti-NT antibody as a negative control for the PTN
analysis.
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Figure 3

Effect of the PTN modi�cation of Pdc1 on its enzymatic activity. (A) The enzymatic activity of
recombinant WT-Pdc1 treated with the indicated concentration of ONOO- was measured. The values are
the averages and standard deviations from three independent experiments. (B) Immunoblotting of WT-
Pdc1 treated with various concentrations of ONOO- using anti-NT antibody was shown. The membrane
was stained with Ponceau S to con�rm the uni�ed protein loaded. (C) Incorporation of NT into the
recombinant Pdc1 prepared the heterologous expression system in E. coli was examined by western
blotting with anti-NT antibody. The staining with Ponceau S was used for a loading control. (D) The
enzymatic activity of WT-, Tyr38NT-, Tyr157NT-, or Tyr344NT-Pdc1 was measured. The values represent
the averages and standard deviations from three independent experiments. **ρ < 0.01 by Student’s t-test.
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Figure 4

Ethanol production of yeast cells Pdc1 variants resistant to the PTN modi�cation. (A) Ethanol contents in
the culture medium of yeast producing Pdc1-myc7His with Tyr157Phe or Tyr344Phe substitutions in the
presence or absence of acidi�ed nitrite. The values represent the averages and standard deviations from
three independent experiments. **ρ < 0.01 by Student’s t-test. (B) Protein extracts from the cells prepared
same as (A) were analyzed by western blotting with anti-NT antibody. The pdc1Δ ura3Δ cells harboring
an empty vector pRS416 was used as a negative control.



Page 21/22

Figure 5

Three-dimensional structure and amino acid sequence conservation of Pdc1. (A, B) The crystal structures
of Pdc1 from S. cerevisiae with the PDB ID code of 2VK159 were shown with the molecular surface of
protein. Oxygen or nitrogen atom is colored by red or blue. The values nearby dotted lines indicate the
distances between two atoms. (A) Local structure around Tyr157 was exhibited with Gly66, Tyr157, and
Met187 in a stick model. Carbon atoms were colored by cyan, yellow, or green in Tyr157, Gly66 and
Met187, or the other residues, respectively. The side chain of Tyr157 is located close to Gly66 and
Met187. (B) The structure surrounding Tyr344 was shown with Asn213, Pro214, Phe240, Tyr344, and
Val347 in a stick model. Carbon atoms were colored by cyan in Tyr344, yellow in Asn213, Pro214,
Phe240, and Val347, or green in the other residues, respectively. (C) Amino acid sequences of Pdc1 from
S. cerevisiae, Candida glabrata, Kluyveromyces lactis, Arabidopsis thaliana, and Oryza sativa were
aligned using the sequence alignment tool Align in the Universal Protein Resource (UniProt)
(https://www.uniprot. org/align/) and the part of alignment was shown. Tyr157 and Tyr344 in Pdc1 from
S. cerevisiae and their corresponding residues in PDCs from the other species were highlighted by red
boxes.
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