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Abstract Peroxiredoxins (Prxs), also termed thioredoxin per-
oxidases (TPXs), are a family of thiol-specific antioxidant
enzymes that are critically involved in cell defense and protect
cells from oxidative damage. In this study, a putative chloro-
plastic 2-Cys thioredoxin peroxidase (OsTPX) was identified
by proteome analysis from leaf tissue samples of rice (Oryza
sativa) seedlings exposed to 0.1 M NaCl for 3 days. To inves-
tigate the relationship between the OsTPX gene and the stress
response, OsTPX was cloned into the yeast expression vector
p426GPD under the control of the glyceraldehyde-3-phosphate
dehydrogenase (GPDI) promoter, and the construct was trans-
formed into Saccharomyces cerevisiae cells. OsTPX expression
was confirmed by semi-quantitative reverse transcription-
polymerase chain reaction and western blot analyses. OsTPX
contained two highly conserved cysteine residues (Cys114 and
Cys236) and an active site region (FTFVCPT), and it is struc-
turally very similar to human 2-Cys Prx. Heterologous OsTPX
expression increased the ability of the transgenic yeast cells to
adapt and recover from reactive oxygen species (ROS)-induced
oxidative stresses, such as a reduction of cellular hydroperoxide
levels in the presence of hydrogen peroxide and menadione, by
improving redox homeostasis. OsTPX expression also con-
ferred enhanced tolerance to tert-butylhydroperoxide, heat
shock, and high ethanol concentrations. Furthermore, high
OsTPX expression improved the fermentation capacity of the
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yeast during glucose-based batch fermentation at a high
temperature (40 °C) and at the general cultivation temperature
(30 °C). The alcohol yield in OsTPX-expressing transgenic
yeast increased by approximately 29 % (0.14 gg ') and 21 %
(0.12 gg ") during fermentation at 40 and 30 °C, respectively,
compared to the wild-type yeast. Accordingly, OsTPX-express-
ing transgenic yeast showed prolonged cell survival during the
environmental stresses produced during fermentation. These
results suggest that heterologous OsTPX expression increases
acquired tolerance to ROS-induced oxidative stress by improv-
ing cellular redox homeostasis and improves fermentation ca-
pacity due to improved cell survival during fermentation,
especially at a high temperature.

Keywords Thioredoxin peroxidase - Stress response -
Fermentation - Transgenic yeast

Introduction

Redox balance is important in cellular physiology and is
affected by maintaining a steady-state balance between oxi-
dants and antioxidants. However, it has been proposed that
oxidative stress may disrupt redox signaling and control
(Rouhier et al. 2008). Aerobic organisms have evolved a
complex network of mechanisms to maintain redox homeo-
stasis under the unfavorable environmental alterations im-
posed by their natural habitats (Ashraf 2009). The main
components of antioxidant defense systems are low molec-
ular mass antioxidants such as ascorbate, glutathione
(GSH), thioredoxin (Trx), and tocopherol, as well as the
enzymes of antioxidant systems (mainly the Halliwell-
Asada cycle in plants), including superoxide dismutase,
catalases, and peroxidases (Dietz 2007), which can be used
to sequentially neutralize reactive oxygen species (ROS)
(Rouhier and Jacquot 2005). Trx and GSH are important
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antioxidant molecules that are maintained in their reduced
forms by enzymes involved in the thioredoxin—glutathione
cycle. These enzymes, glutathione peroxidase, glutathione
reductase, thioredoxin reductase, and thioredoxin peroxi-
dase (TPX), are critical in protecting cells from oxidative
stress and minimizing their subsequent degradation
(Kingston-Smith and Foyer 2000). Ascorbate peroxidases,
which are involved in the ascorbate-dependent water/water
cycle in plants, are heme-containing enzymes with very high
specificity and very high turnover with hydrogen peroxide
(H,0,), but are unable to reduce the highly toxic alkyl
hydroperoxides that affect cell metabolism by causing
changes in ion homeostasis, increases in protein and lipid
peroxidation, or decreases in the mitochondrial membrane
potential (Dietz 2007). Conversely, the recently character-
ized peroxiredoxins (Prxs) reduce a broader range of perox-
ide substrates and constitute an ascorbate-independent
pathway (Rouhier et al. 2008).

Ubiquitous thiol-specific peroxidases, Prxs, have recently
been characterized as novel antioxidant systems. Prxs exist
in multiple isoforms that catalyze the reduction of peroxyni-
trites and a broad range of different peroxides, via catalytic
cysteine and thiol-containing proteins that act as reductants
(Rouhier and Jacquot 2005; Tripathi et al. 2009). These
peroxidases can be divided into three groups, typical 2-
Cys Prx, atypical 2-Cys Prx, and 1-Cys Prx, which can be
distinguished by the number and position of conserved
catalytic cysteine residues (Kim et al. 2011b; Rouhier and
Jacquot 2005). 2-Cys Prxs can resolve two cysteines, in-
cluding to the second redox-active cysteine, which localizes
to the C-terminal region of the enzyme. In plants, the ex-
pression levels of 2-Cys Prxs are modified under different
conditions. Specifically, their expression is regulated during
salt or ascorbate treatment or by changes in the light/dark
cycle and oxygen concentration, whereas it is not modified
or only very slightly modified in response to oxidative stress
(diamide and H,0,), hormones (abscisic acid and gibberel-
lic acid), heavy metals (Cd, Cu, Ni, Zn, and As), ozone, and
deficiencies in nutrients such as nitrogen, phosphorus, and
sulfur in photosynthesizing leaves (Dietz 2007). In contrast,
the expression of 2-Cys Prxs decreases with leaf age (Bhatt
and Tripathi 2011; Rouhier and Jacquot 2005).

Prxs, including 2-Cys Prxs, play different roles in cells
exposed to abiotic and biotic stresses. Specifically, their
functions are as follows: antioxidant defense, detoxification
of ROS and reactive nitrogen species (RNS), cellular redox
signaling and differentiation, and defense against pathogen
attack (Rouhier and Jacquot 2005; Tripathi et al. 2009).
Regeneration of the reduced form of Prx is facilitated by
various reducing systems including Trx or glutaredoxin
(Grx) systems, cyclophilin (Cyp) in eukaryotic organisms
such as plants, and AhpF and AhpD in bacteria (Tripathi et
al. 2009). Based on these features, it is not surprising that
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the enzymatic Prx equipment used for antioxidant repair is
considerably enhanced and diversified in plants, compared
to those of bacteria, yeast, fungi, or animal systems (Bhatt
and Tripathi 2011; Fomenko et al. 2011). Many studies have
been performed to examine Prx overexpression in a wide
variety of organisms, including plants and mammals (Kim et
al. 2011b; Morgan and Veal 2007); however, the main roles
of the chloroplastic 2-Cys peroxiredoxin BAS1 from Oryza
sativa (OsTPX) in yeast cells under fermentation and abiotic
stress conditions are very poorly understood.

During the fermentation process, yeast cells are dynam-
ically challenged by mixed and interrelated stresses, includ-
ing oxygen concentration, decreasing pH, osmotic pressure,
oxidative stress, high temperature, ethanol concentration,
and nutrient starvation (Ma and Liu 2010; Stanley et al.
2010; Zhao and Bai 2009). These conditions affect the cell
population and fermentation yield, including ethanol pro-
duction, which is dependent on the ability of yeast to adapt
to such changes, particularly during batch fermentation
(Gibson et al. 2007; Gonzalez-Parraga et al. 2008). In this
regard, studies of stress tolerance are of fundamental scien-
tific importance and significant economic interest. At pres-
ent, there is increasing demand for alternative energy
sources because the supply of fossil fuels is dwindling and
gas prices increase every year. One of the alternative options
is renewable energy sources such as biofuel for industrial
biotechnology (Ding et al. 2009; Shima and Takagi 2009).
The use of biofuel attenuates the problems caused by the use
of fossil fuels, especially with respect to greenhouse gas
emissions (Zhao and Bai 2009). Among biofuels, the great-
est issues have been experienced with bioethanol. Elucidat-
ing the underlying mechanisms of the yeast stress response
or resistance, or obtaining a stress-tolerant yeast strain,
could help increase the ethanol yield during bioethanol
production and facilitate the use of this biofuel in a wide
range of applications (Ding et al. 2009; Ma and Liu 2010).

In this study, the heterologous expression of the salt-
induced OsTPX encoding a 2-Cys Prx from O. sativa in
genetically modified Saccharomyces cerevisiae was found
to improve fermentation capacity and acquired tolerance by
enhancing redox homeostasis to abiotic stresses. Further-
more, these findings provide insight into the fermentation
of glucose-based agricultural biomass to ethanol for use as
an industrial biotechnology biofuel.

Materials and methods
Plant materials and growth conditions
The Ilmi variety of O. sativa L. japonica was used as the

source of the OsTPX gene that was overexpressed in yeast.
Rice seeds were germinated in half-strength Murashige—
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Skoog (MS) solid medium in a dark growth chamber for
2 days at 32 °C. The seeds were then transplanted into
paddy soil pots and grown in a greenhouse (16 h light/8 h
dark cycle) at 28-32 °C. Three-week-old rice seedlings were
subsequently placed in 100 mM NaCl solution for § days
and then used for the following experiments. The plants that
continued to grow were photographed to record their
phenotype.

Construction of the recombinant plasmid harboring OsTPX

Total RNA was isolated from the leaves of 4-week-old rice
seedlings using an RNeasy Plant Mini kit (Qiagen, Hilden,
Germany). The cDNA probe was synthesized according to the
manufacturer’s instructions using reverse transcription-
polymerase chain reaction (RT-PCR) premix kit (Bioneer,
Daejeon, South Korea). The OsTPX (accession no.
AK068919.1 or Os02g0537700) coding region was amplified
from cDNA by PCR using ExTaq polymerase (Takara Bio
Inc., Shiga, Japan). The PCR reaction conditions were as
follows: initial denaturation at 94 °C for 3 min, followed by
30 cycles of 94 °C for 30 s, 54 °C for 30 s, and 72 °C for
1 min, and a final extension for 7 min at 72 °C. PCR cloning of
the OsTPX gene was conducted using 5-AATCCCCTCCT
CATCCACTCC-3" and 5'-GATCAGACGAGCACAC
GATA-3' as the sense and antisense primers, respectively.
The PCR product was purified using a gel extraction kit
(Nucleogen, Siheung, South Korea) and then inserted into
the TOPO TA cloning vector (Invitrogen, Carlsbad, USA).
The cloned plasmid was sequenced using a T7 primer set to
confirm that no PCR-induced mutations had been introduced,
after which it was digested with the EcoRlI restriction enzyme.
The digested plasmid DNA fragment was ligated into the
yeast expression vector p426GPD (EUROSCAREF, Frankfurt,
Germany), and the resulting plasmid was named p426GPD::
OsTPX. Competent Escherichia coli DH5x cells that had
been transformed with the p426GPD260::0sTPX plasmid
were used to amplify the plasmid DNA in Difco™ Luria—
Bertani broth (BD, Sparks, USA) containing ampicillin
(100 pg ml™"). The plasmid DNA was isolated using a plasmid
isolation kit (Nucleogen) according to the manufacturer’s
protocol. The cloned plasmid was sequenced using the PF
primer (5-TGTTTTCTTCACCAATCAG-3") complementary
to the promoter region, to confirm proper gene ligation and
gene direction. The resulting plasmid was used to transform
yeast.

Yeast transformation

BY4741 (accession no. Y00000) and akp!-deficient (acces-
sion no. Y02720) cells of S. cerevisiae (Table 1) were grown
overnight in Difco™ YPD broth (BD), inoculated into a
fresh YPD broth, and then incubated for 4 h at 30 °C with

shaking (160 rpm) until the cultures achieved an ODgqo of
approximately 1.5. The yeast was then transformed with the
p426GPD::OsTPX plasmid using the PEG/LiCl method
(Gietz and Woods 2001) as previously described. The trans-
formants were then plated on yeast synthetic dropout agar
medium containing a 0.67 % yeast nitrogen base without
amino acids containing ammonium sulfate and 0.192 %
yeast synthetic dropout medium supplement without uracil
(Sigma, Saint Louis, USA), 2 % glucose, and 2 % agar, and
incubated at 30 °C for 3 days. Positive colonies were grown
in medium lacking uracil. The strains containing the trans-
formed plasmid (p426GPD or p426GPD::OsTPX) (Table 1)
were used for subsequent experiments.

Semi-quantitative RT-PCR

Total RNA from plant tissues and from mid-log phase yeast
cells (ODgpp=2.0) was obtained using a total RNA isolation
kit (Promega, Madison, USA) according to the manufacturer’s
instructions. Semi-quantitative RT-PCR was performed with a
one-step RT-PCR PreMix kit (iNtRON, Seongnam, South
Korea) according to the manufacturer’s instructions using
primer sets specific for the sequence of each gene. Each
semi-quantitative RT-PCR reaction contained 50 ng of total
RNA and 1 pg of primers in a total reaction volume of 20 ul.
The primers OsTPX-F (5-TCTACCCGTTGGACTTCACC-
3" and OsTPX-R (5-GAAGGGTCCTCATGGTCTCA-3")
were used for this procedure. Semi-quantitative RT-PCR was
performed by subjecting the reaction mixture to the following
conditions: 1 cycle at 42 °C for 60 min, followed by 20—
24 cycles at 94 °C for 30's, 56 °C for 30 s, and 72 °C for 1 min,
and a final extension step at 72 °C for 5 min. The PCR
products were separated on a 1.2 % agarose gel in 0.5 TBE
buffer, and stained with ethidium bromide for visualization.
The housekeeping genes TUB for tubulin and PDAI
(YER178W) encoding the El alpha subunit of the pyruvate
dehydrogenase complex (Kim et al. 2012) were used as con-
trols for plants and yeast, respectively. The TUB and PDA1
gene primer sets were as follows: TUB-F—5'-TACCGTG
CCCTTACTGTTCC-3' and TUB-R—5-CGGTGGAATGT
CACAGACAC-3"; PDAL-F—5'-CTTCATTCAAAC
GCCAACCA-3" and PDA1-R—5'-GAGGCAAAACCT
TGCTTTTTG-3".

2D electrophoresis analysis of rice plants

Rice leaves (3 g) were ground in liquid nitrogen and sus-
pended in five volumes of cold extraction buffer containing
0.7 M sucrose, 0.1 M KCl, 0.5 M Tris—HCI, pH 7.5, 50 mM
EDTA, 2 % (3-mercaptoethanol (ME), and 1 mM phenyl-
methylsulfonyl fluoride (PMSF), as well as an equal of vol-
ume of phenol saturated with Tris—HCI at pH 7.5. The mixture
was incubated for 30 min at 4 °C and then centrifuged at
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Table 1 Strains used in this study

Strain Genotype Source

E. coli

DH5a. endA, RedA, hsd, deoR, LacZ M15 KCTC

S. cerevisiae

BY4741 MATa, his3A1, leu2 A0, met15A0, ura3 A0 EUROSCAREF (acc. no. Y00000)
WT MATa, his3Al, leu2 A0, met15A0, ura3 A0, p426GPD This study

TG MATa, his3Al, leu2 A0, met15A0, ura3 A0, p426GPD::OsTPX This study

Al MATa, his3AL, leu2 A0, metl5A0, ura3A0, YLRIOIW: :KanMX EUROSCAREF (acc. no. Y02720)
A2 MATa, his3A1L, leu2 A0, met] 5AQ, ura3A0, YLR109W::KanMX, pA26GPD This study

MG MATa, his3Al, leu2 A0, metl15 A0, ura3 A0, YLR109W::KanMX, p426GPD::OsTPX This study

EUROSCARF European Saccharomyces cerevisiae Archive for Functional Analysis, KCTC Korean Collection for Type Cultures, acc. no.

accession number

5,000 rpm for 30 min. An equal volume of extraction buffer
was then added to the upper phenolic phase, after which the
sample was incubated for 30 min at 4 °C and centrifuged at
5,000 rpm for 30 min at 4 °C. This step was repeated twice. To
precipitate the protein, five volumes of cold 0.1 M ammonium
acetate in methanol were added to the collected phenol phase,
and the mixtures were stored at —20 °C overnight and then
centrifuged at 5,000 rpm for 30 min at 4 °C. To wash the
pellet, two volumes of ice-cold methanol were added to the
cleared supernatant and mixed gently, and the solution was
centrifuged at 5,000 rpm for 10 min at 4 °C. This step was
repeated three times. The pellet was then vacuum-dried and
resuspended in sample buffer containing 9.5 M urea, 4 %
CHAPS, 40 mM Tris, 0.1 M dithiothreitol (DTT), and 0.2 %
Bio-Lyte (3-10; Bio-Rad, Hercules, USA) at room tempera-
ture with shaking. The sample was subsequently centrifuged
at 15,000 rpm for 30 min, after which the cleared supernatant
was carefully collected, and the protein concentration was
measured using a modified Bradford assay (Ramagli and
Rodriguez 1985). Next, 250 ug of proteins was loaded onto
preparative gels and analyzed with pH 4—7 immobilized
pH gradient (IPG) strips (7 cm, linear; Bio-Rad) under
the following focusing conditions: 250 V for 1 h, 250-
4,000 V for 3 h, and 28,000 V/h at 4,000 V. After
isoelectric focusing (IEF), the gel strips were equilibrat-
ed and sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) was carried out on 12 % gels
at 10 mA per gel for the first 1 h followed by 25 mA
per gel, stained with Coomassie Brilliant Blue R-250
(CBB R-250; Sigma), and then destained. Spots with
significant changes were considered to be accumulated
proteins. Overexpressed spots of interest were excised
from the gel and subjected to in-gel digestion and
matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF) analysis (Kim et al.
2012). Finally, protein identification was conducted using
the MASCOT software (http://www.matrixscience.com).
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Western blot analysis

In plants, protein extraction was performed using a modified
version of the trichloroacetic acid (TCA)/acetone precipita-
tion method. Leaf samples (0.2 g fresh weight) were finely
ground in a mortar with liquid N, to make a powder, which
was then suspended with 5 ml ice-cold acetone containing
10 % TCA and 0.07 % DTT per gram fresh weight. The
resulting protein-containing suspension was allowed to pre-
cipitate overnight at =20 °C and then centrifuged at
15,000 rpm for 30 min. The pellet was then rinsed three
times for 1 h each time, with ice-cold acetone containing
0.07 % DTT and 1 mM PMSF at —20 °C. Finally, the protein
pellet was air-dried and solubilized in 50 mM Tris—HCI, pH
7.5, 5 % glycerol, 1 % Triton X-100, 0.1 % deoxycholic
acid, 50 mM DTT, and protease inhibitor cocktail for 30 min
at room temperature. Insoluble material was removed by
centrifugation at 13,000 rpm for 30 min. The protein con-
centrations were then determined using a Pierce BCA pro-
tein assay kit (Thermo Scientific, Waltham, USA) (Komatsu
et al. 2009; Peng et al. 2011). In yeast, crude protein extracts
were prepared using glass beads. Briefly, cells grown to the
mid-log phase were exposed to 30 mM H,0,, 0.2 mM 2-
methyl-1,4-naphtoquinone (also called menadione, MD;
water-insoluble form), a superoxide-generating agent used
extensively for studies of cellular oxidative stress (Kim et al.
2012), 20 mM tert-butylhydroperoxide (--BOOH), 1 %
SDS, 15 % ethanol (EtOH), 60 mM sulfuric acid (H,SO,),
5 mM cadmium chloride (CdCl,), 10 mM copper chloride
(CuCl,), 0.1 M zinc sulfate (ZnSQ,), 0.1 M ferric chloride
(FeCl,), salicylic acid (SA), and 5.0 M sodium chloride
(NaCl) for 1 h at 30 °C (while shaking). Cells were also
heated for 10 min at 55 °C. The cells were then washed three
times with cold phosphate-buffered saline (PBS, pH 7.3 to
7.5; made from 10x% tablets) (Invitrogen) and resuspended in
a lysis buffer containing 20 mM HEPES, pH 7.5, 5 %
glycerol, | mM DTT, 1 mM PMSF, and EDTA-free protease
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inhibitor cocktails (Roche, Mannheim, Germany) with an
equal volume of glass beads (425-600 pum; Sigma).
After vigorously vortexing five times for 1 min each
at 2-min intervals on ice, the protein extracts were
cleared by centrifugation at 13,000 rpm for 20 min at
4 °C. Finally, protein concentrations were determined by
Bradford assay using a Protein Dye Reagent (Bio-Rad).
Protein extracts (20 pg) were loaded onto a 12 % SDS-
PAGE gel and separated at 50 V. The proteins were
then transferred to PVDF membranes (Bio-Rad), which
were incubated in blocking buffer containing 5 % non-
fat skim milk and 0.02 % sodium azide in TBST
(0.05 % Tween-20, 10 mM Tris—HCIl, pH 7.6; and
150 mM NaCl) for 1.5 h at room temperature, and then
incubated overnight at 4 °C with anti-Prx (Ab Frontier,
Seoul, South Korea), anti-tubulin (Tub; Santa Cruz Bio-
technology, Santa Cruz, USA), anti-glyceraldehyde-3-
phosphate dehydrogenase (GAPDH; Ab Frontier), and
anti-Tsal and anti-Ahpl (Kim et al. 2011a) antibodies
diluted appropriately with blocking buffer. The blots
were then washed three times for 30 min with TBST,
after which they were incubated with anti-rabbit or anti-
rat secondary antibodies conjugated with horseradish
peroxidase (Santa Cruz Biotechnology, Santa Cruz,
USA) diluted with blocking buffer lacking 0.02 % so-
dium azide for 1.5 h at room temperature. After wash-
ing with TBST, binding of antibodies was visualized
using the Enhanced Chemiluminescence western blotting
detection reagent (GE Healthcare, Piscataway, USA).
Tub and GAPDH were used as loading controls.

Stress tolerance assay

Yeast cells were cultured at 30 °C with shaking (160 rpm).
Fresh overnight cultures of yeast cells in YPD medium (con-
taining 1 % yeast extract, 2 % peptone, and 2 % glucose) were
resuspended in fresh YPD medium containing H,O, at con-
centrations ranging from 0 to 8 mM and MD at 0—0.1 mM.
The initial optical density was adjusted to 0.1 at 600 nm. After
culturing for 18 h at 30 °C with shaking, aliquots of each
sample were taken and their absorbances were measured at
600 nm. When Agp0>1.0, aliquots were diluted and new
measurements were taken. To measure the response to stress
under oxidative conditions, yeast cells (1x10° cells ml™")
grown overnight were used to inoculate YPD medium. Upon
reaching the mid-log phase (4500=4.0), the cells were exposed
to 20 mM H,0, and 0.2 mM MD for 1 h at 30 °C with
shaking, after which they were serially diluted 10-fold with
distilled water. Five microliters of diluted solution was loaded
onto YPD agar medium (YPD plus 1.5 % agar). One-hundred
microliters of diluted solution was spread onto YPD agar. The
plates were then incubated for 3 days at 30 °C, after which
they were photographed or counted. Relative cell viability was

considered to be 100 % in wild-type (WT) cells containing an
empty vector and grown in the absence of any stressors
(20 mM H,0, and 0.2 mM MD). To monitor the growth rate
under abiotic stress, cells (1x10° cells ml™") were grown
overnight and inoculated into YPD medium supplemented
with 5.0 mM H,0, or 50 uM MD. The optical density (OD)
at 600 nm was then measured at 2 h intervals. Mid-log phase
yeast cells were streaked onto YPD agar supplemented with
5.0 mM H,0,, 50 uM MD, and 1.5 mM#-BOOH. To induce
heat shock, cells were streaked after incubation for
5 min at 55 °C. To examine the stress response to
ethanol, mid-log phase (4¢p0=4.0) and stationary phase
(A600=8.0) yeast cells were serially diluted with distilled
water, after which 5 pl of the diluted cells was loaded
onto YPD agar plates containing 0, 12, 16, or 20 %
ethanol. All agar plates were incubated for 3 days at
30 °C and then photographed.

Redox state analysis

The intracellular hydroperoxide level was determined
using the FOX reagent (100 uM xylenol orange,
250 uM ammonium ferrous sulfate, 100 mM sorbitol,
and 25 mM sulfuric acid) by ferrous ion oxidation in
the presence of a ferric ion indicator, xylenol orange
(Kim et al. 2011a). To measure cytosolic ROS using an
oxidant probe, exponential phase cells were incubated
for 20 min at 30 °C with 50 uM dichlorodihydrofluor-
escein diacetate (DCFHDA; Invitrogen), exposed to
20 mM H,0, or 0.2 mM MD for 1 h, washed twice
with PBS buffer, and then resuspended in the same PBS
buffer. Cells loaded with fluorescent probes were sub-
sequently viewed by fluorescence microscopy (excita-
tion, 488 nm; emission, 525 nm).

Laboratory-scale batch fermentation

To evaluate fermentation ability, cells were grown under
aerobic fermentation conditions on a shaker (160 rpm)
for 84 h at 30 and 40 °C in YG medium containing
20 % (w/v) glucose and 1 % (w/v) yeast extract. The
alcohol concentration was then determined based on the
percentage (v/v) of alcohol in the distillate after fermen-
tation, measured using an alcohol hydrometer (REF 503;
Korins, Seoul, South Korea). Residual total sugar con-
centrations were measured using a hand-held Refractom-
eter N1 (Atago, Tokyo, Japan). Alcohol and residual
glucose concentrations were obtained after removing
cell debris by centrifugation (2,000 rpm, 3 min). To
measure cell survival during the fermentation process,
the cells were harvested at various time points (24, 48,
and 72 h) and serially diluted to 107 with distilled
water, after which 5 pl of the diluted cells were loaded
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onto YPD agar plates, incubated for 3 days at 30 °C
and then photographed.

Amino acid sequence alignment and molecular building

OsTPX was aligned with known TPX sequences using the
National Center for Biotechnology Information (NCBI) Basic
Local Alignment Search Tool (BLAST) software (http://
clustalw.ddbj.nig.ac.jp/). The amino acid sequences were as
follows: O. sativa TPX (OsTPX; accession no. BAD27915.1),
Hordeum vulgare (HvTPX; accession no. Q96468.1), Arabi-
dopsis thaliana TPX (AtTPX; accession no. AAM62760.1),
Brassica rapa TPX (BrTPX; accession no. AAF00001.1), S.
cerevisiae TSA1 (ScTSA1; accession no. NP_013684.1), S.
cerevisiae TSA2 (ScTSA2; accession no. NP_010741.1), Ho-
mo sapiens TPX (HsTPX; accession no. P32119.1), Populus
tricocharpa TPX (PtTPX; accession no. EEF03570.1), and S.
cerevisiae AHP1 (ScAHP1; accession no. NP_013210.1). To
predict the OsTPX three-dimensional (3D) structure based on
this homology, we used bioinformatics tools, including the
Protein Data Bank (PDB; http://www.rcsb.org/pdb) and Chi-
mera software (http://www.cgl.ucsf.edu/chimera/index.html)
from the University of California, San Francisco (UCSF) to
obtain information regarding the OsTPX protein. Homology
modeling was performed with the target sequence and the 3D
structure of thioredoxin peroxidase B from red blood cells
(accession no. P32119). The FASTA sequences of the query
(accession no. BAD27915.1) and PDB template (1QMV_G)
were uploaded onto the ESyPred3D Web Server 1.0 (http:/
www.fundp.ac.be/sciences/biologie/urbm/bioinfo/esypred/)
to construct an OsTPX PDB file. The PDB files for the query
and homologous target sequence were further utilized for 3D
model building. Visualization of 3D protein structures was
conducted using UCSF Chimera (http://www.cgl.ucsf.edu/
chimera/index.html), which enabled assessment of the posi-
tions of different amino acids present in the active sites of the
proteins.

Statistical analysis

All experiments were repeated at least three times inde-
pendently, and the results were expressed as the mean+
standard deviation (SD). The results of a spotting assay,
growth kinetics, redox state, and fermentation ability
were representative of at least two independent experi-
ments carried out under identical conditions. In addition,
all spotting assays have been carried out with distilled
water under identical conditions; therefore, any possible
stress effects by the distilled water can be neglected in
the analysis. Expression intensity measured by semi-
quantitative RT-PCR and immunoblotting analysis was
determined using Imagel software (http://rsbweb.nih.
gov/ij/).
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Results

Identification of a putative thioredoxin peroxidase of rice
with increased expression under salt stress

We screened salt stress-responsive proteins in the leaves of
rice (O. sativa L. Ilmi), because the understanding of stress
responses via a proteome approach will be greatly helpful in
improving tolerance to abiotic stresses through genetic en-
gineering. To accomplish this, 3-week-old rice seedlings
were treated with 100 mM NaCl for 8 days. The treated
seedlings displayed stress symptoms such as shriveled
leaves, but survived the salt stress challenge (Fig. 1a). Com-
parative proteomic analysis was used to investigate the
protein profiles under salt stress. To distinguish stress
responses from protein upregulation, both normal and salt-
treated leaves were harvested. The total protein content of
the leaves was then extracted and separated by 2-DE using
pH 4-7 IPG strips and IEF (Fig. 1b). One protein spot
showing significant changes in abundance (Fig. 1b, indicat-
ed by an arrow) was then analyzed using the Mascot soft-
ware after MALDI-TOF MS analysis (Fig. 1c) and
identified as putative chloroplastic 2-Cys thioredoxin per-
oxidase (OsTPX; accession no. BAD27915.1). The pre-
dicted molecular weight and p/ of the identified protein
OsTPX were 28.079 kDa, and 5.57, respectively. We then
performed semi-quantitative RT-PCR and immunoblotting
analyses to determine if OsTPX expression was strongly
induced at both the transcription and translation levels under
salt stress conditions. As shown in Fig. 1d, e, the transcrip-
tion and translation levels of endogenous OsTPX increased
by at least 2.3- and 2.1-fold in the salt-treated sample com-
pared to the control sample, although changes in transcrip-
tion and translation differed somewhat among samples.
These results demonstrate that the expression of the OsTPX
protein was mildly upregulated in the presence of high
salinity in rice leaves.

Construction and expression of OsTPX recombinant yeast

Immunoblotting analysis was performed to evaluate the
expression patterns of endogenous yeast thioredoxin perox-
idases (Tsal and Ahp1) in the presence of different stressors.
TPX expression was downregulated in the presence of var-
ious stressors, including heat shock, H,O,, MD, +-BOOH,
EtOH, SDS, H,S04, CdCl,, CuCl,, ZnSO,, FeCl,, SA, and
NaCl. As shown in Fig. 2a, the expression of Tsal and Ahpl
was unchanged or downregulated in response to various
stressors, including heat shock. However, the Tsal protein
was induced in the presence of CuCl, and NaCl, while Ahpl
was upregulated under FeCl, and SA stress. To examine the
effects of thioredoxin peroxidase downregulation, an a/p!
mutant strain unable to the produce thioredoxin peroxidase
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Fig. 1 Induction of the OsTPX
gene in the presence of salt
stress. a Three-week-old rice
seedlings were incubated in a
100 mM NaCl solution for

8 days. Upregulation of the
OsTPX gene was confirmed by
2-DE (b) and MALDI-TOF
analysis (c). Expression of this
gene was identified by semi-
quantitative RT-PCR (d) and
western blot (e). The product of
the rice TUB gene was used as a
housekeeping standard for tran-
scription and translation. Ex-
pression intensity was

Mithout sat

expressed as the ratio of OsTPX
to TUB (right). 1 Without salt
treatment, 2 with salt treatment

was examined. The ahp! mutant cells (Al cells) were hy-
persensitive to heat shock, H,O,, MD, ~~-BOOH, and EtOH,
but resistant to H,SO,4, FeCl,, SA, and NaCl (Fig. 2b).
These findings demonstrate that Al cells are sensitive to
ROS-induced oxidative stress, but not to acids, metals, or
salt. In the presence of ROS-induced abiotic stresses, TPX
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Tpx/Tub 0.521 1.117
RNA s

TPXITUB 0.476 1.126

expression of the yeast cells decreased (Fig. 2a), and the A1l
cells were hypersensitive to these stresses (Fig. 2b). Based on
our results, we examined whether expression of the exoge-
nous OsTPX gene influenced the acquired tolerance towards
ROS-induced oxidative stress in yeast cells since endogenous
yeast TPX expression was downregulated in the presence of

a ~ &> % C
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Fig. 2 Heterologous expression of the OsTPX gene in transgenic yeast
cells. a Change in the expression of endogenous yeast thioredoxin
peroxidases (Tsal and Ahpl) in the presence of various abiotic stres-
sors analyzed by western blot. Tub protein was used as a loading
control. b Stress sensitivity in ahpl mutant cells. / BY4741 cells, 2
Al cells. ¢ Schematic diagram showing the overexpression of OsTPX
in yeast. GPDIp glyceraldehyde-3-phosphate dehydrogenase

OsTPX <

GAPDH | ‘

promoter, OsTPX chloroplastic thioredoxin peroxidase gene of O.
sativa. Arrows indicate the direction of each gene. Expression of the
OsTPX gene was confirmed by semi-quantitative RT-PCR (d) and
western blot (e). The PDAI transcript and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) protein were used as standard
controls in transcriptional and translational analyses, respectively. /
WT cells, 2 TG cells
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different stimuli. To accomplish this, cDNA (accession no.
NM 001053585) containing the open reading frame (ORF) of
the OsTPX gene from O. sativa was cloned into the yeast
expression vector p426GPD, which allows constitutive ex-
pression of a target gene under control of the yeast GPDI
promoter. Upon digestion with the EcoRI restriction enzyme,
the inserted DNA fragment was found to be approximately
940 bp (Fig. 2¢). The construct was then sequenced to confirm
that the ORF orientation was correct, after which it was
introduced into S. cerevisiae strain BY4741. To explore
whether the OsTPX gene was effectively expressed, semi-
quantitative RT-PCR analysis was conducted. One DNA frag-
ment of 354 bp corresponding to a region within the OsTPX
ORF was detected in the OsTPX-expressing transgenic
BY4741 cells (TG cells), while no signal was detected in the
BY4741 cells transformed with the empty vector (WT cells)
(Fig. 2d). We then performed immunoblotting analysis to
determine if the OsTPX gene was properly translated. As
shown in Fig. 2e, immunoblotting analysis conducted using
the plant anti-Prx antibody revealed the presence of a single
band produced by the transgenic (TG) cells under normal
conditions. No signal was detected in WT cells under the same
conditions. Taken together, our results indicate that the OsTPX
gene under the control of the GPDI promoter was properly
expressed in genetically modified yeast cells.

Molecular modeling of the OsTPX protein

To examine the molecular properties of OsTPX, multiple
sequence alignment (MSA) was performed on OsTPX using
the known AtTPX, BrTPX, PtTPX, HvTPX, HsTPX,
ScTSAL, ScTSA2, and ScAHP1 sequences as described in
“Materials and methods” Pairwise alignment of OsTPX and
other TPXs was conducted using the NCBI BLAST soft-
ware, and conserved redox-active disulfide bridges were
observed between Cysl14 and Cys236 of OsTPX (red
box) as well as the Trel14, Trp149, and Trp240 residues
(blue box) (Fig. 3a). According to the MSA, these two
cysteines were preserved in SCTSA1 and ScTSA2 (Cys48
and Cysl71), as well as in SCAHP1 (Cys62 and Cys120)
(Figs. 3a and S1). The molecular weight of the OsTPX
enzyme is about 28 kDa. It has been reported that OsTPX
shows a loss of activity in the absence or mutagenesis of
thiol (redox active site Cysl114) (Pérez-Ruiz et al. 2006).
OsTPX had 91, 87, 84, 50, 50, 62, 33, and 20 % identity and
95, 94, 88, 65, 65, 76, 51, and 39 % similarity when
compared to HVTPX, AtTPX, BrTPX, ScTSA1, ScTSA2,
HsTPX, PtTPX, and ScAHP1, respectively (Fig. 3b). These
results indicate that the molecular structure of the OsTPX
protein contains a disulfide bond and conserved domains.
Since the 3D structure of yeast TPX has not been elucidated,
we introduced the 3D structure of human thioredoxin per-
oxidase (PPRX2; accession no. P32119; EC 1.11.1.15),
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which is 45.4 % homologous to OsTPX. The 3D structure
of the TPX protein from O. sativa was constructed by
homology modeling based on the PDB file obtained from
the ESyPred3D Web Server 1.0 using the UCSF Chimera
software. This structure consisted of amino acids 65-260
out of the total 261 amino acids (Fig. 3c). The active sites of
the OsTPX model fit the human thioredoxin peroxidase
template (Cys51 and Cys172) well, whereas some differ-
ences were observed between the model and template at the
N- and C-termini and in the chloroplast leader peptide
(residues 1-60) (Fig. 3d). The high sequence and structural
homology of OsTPX should enable this protein to catalyze
the thioredoxin-dependent reduction of a variety of sub-
strates and indicates that it is a 2-Cys Prx.

Cellular response of the transgenic yeast cells expressing
OsTPX to oxidative stresses

The effect of stress on cell survival was evaluated in yeast
transformed with p426GPD plasmid containing the OsTPX
gene or the vector alone to explore the ability of OsTPX
expression to enhance resistance to oxidative stresses, includ-
ing the major ROS-generating agents H,O, and MD (Kim et
al. 2011a), which are primarily used as an oxidant source in .
cerevisiae. Stress tolerance was measured based on cell via-
bility, growth kinetics, and spotting and streaking assays. To
measure cell viability, various doses of H,O, and MD were
added to cultures in YPD medium and the samples were then
incubated for an additional 18 h at 30 °C with vigorous
shaking (160 rpm). Cell viability was then calculated by
measuring the optical density at 600 nm. Concentrations of
H,0, greater than 2.0 mM caused a decrease in cell viability,
and exposure to 6.0 and 7.5 mM resulted in less than 10 %
survival for WT and TG cells, respectively (Fig. 4a). Addi-
tionally, exposure to 20 uM MD reduced viability, exposed to
50 and 75 uM resulting in less than 10 % survival for WT and
TG cells, respectively (Fig. 5a). Sensitivity to oxidants
showed a dose-dependent decrease following treatment with
exogenous drugs. Cell viability revealed that OsTPX-
expressing TG cells were inhibited by higher concentrations
of H,O, and MD than were WT cells. To further examine this
tolerance, we measured the sensitivity of the cells to oxidants
in terms of growth rate in liquid medium containing 5.0 mM
H,0, or 50 uM MD. To accomplish this, the initial OD was
adjusted to Ag0p=0.2, and the OD was then measured at
various time points. During the first 4 and 8 h, the optical
density of TG yeast cells increased at almost the same rate as
that of WT yeast cells in the presence of H;O, and MD. This
was followed by a lag, after which growth resumed more
rapidly. TG yeast cells appeared to enter the late log or early
stationary phase at 28 and 32 h in the presence of H,O, and
MD, respectively. WT yeast cells had a longer lag phase (16 h
in H,O, and 22 h in MD) compared to the rapid restoration of
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Fig. 3 Alignment and
predicted structure of OsTPX. a
Alignment between OsTPX and
eight Prx sequences. 2-Cys Prxs
were selected to represent
OsTPX. “*” indicates that the
residues in that column are
identical in all sequences in the
alignment, “:” indicates the
presence of conserved substitu-
tions, and “.” indicates the
presence of semiconserved
substitutions. b Phylogenetic
trees of OsTPX and the eight
Prxs. ¢ Predicted structure of
the OsTPX protein. The con-
served cysteine residues are
depicted and the N- and C-
terminal amino acids are indi-
cated. The model was generated
using the ESyPred3D Web
Server 1.0 based on the struc-
ture of 1QMV_G (identity,
45.4 %) and visualized using
the Chimera software. d Do-
main annotation of OsTPX
based on MSA and the pre-
dicted structure
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HuTPX
ALTPX
BrTPX
SeTSA1
SeT5A2
HsTFPX
PITPX
ScAHP!

d Transit peptide
[—ro———1

2-Cys peroxiredoxin BAS1
fpe——— ]

growth observed in TG yeast cells (Figs. 4b and 5b). Howev-
er, no difference was observed in the growth rates of TG and
WT yeast cells under normal conditions. A streaking assay on
YPD supplemented with 5.0 mM H,O, and 50 pM MD
clearly confirmed the stress response to H,O, and MD. TG
cells rapidly recovered from exposure to H,O, and MD,
compared to WT cells (boxed in Figs. 4b and 5b), even though
no difference between TG and WT cells was observed under
normal conditions. Thus, the cell recovery of TG yeast cells
was greater than that of the WT cells. In addition to the
dynamic stress response, static responses to H,O, and MD
were investigated in both cells. First, cell viability was evalu-
ated in mid-log phase cells (4¢00=2.0) exposed to 20 mM
H,0, and 0.2 mM MD for 1 h with shaking by measuring the
number of colony-forming units. The cell viability of TG cells
decreased by up to 20 and 10 % in the presence of H,O, and
MD, respectively, compared to the 100 % cell viability of
oxidant-untreated cells, whereas viability in WT cells was
reduced by up to 60 and 50 %, respectively, under the same
conditions (upper panel in Figs. 4c and 5c). The stress re-
sponse was then measured using a spotting assay with serial
dilutions. Cell recovery in mid-log TG yeast cells (4gpp=2.0)
exposed to 20 mM H,0, and 0.2 mM MD for 1 h was higher
than that seen in WT yeast cells (lower panel in Figs. 4c and
5c). Finally, we determined whether stress tolerance in TG
yeast cells conferred by OsTPX expression led to improved
redox homeostasis. To accomplish this, the redox state was
analyzed by measuring the cellular hydroperoxide level using

61 68 Active site 227 261
11 [l Il
L T 1 1
Thjoredoxinbinding domain

Cysll4 Interaction with  Cys236
disulfide bond

the ferrous oxidation in xylenol-orange (FOX) assay, which is
based on color production following the oxidation of ferrous
to ferric iron by hydroperoxide under acidic conditions, as
well as using an assay based on the cytosolic oxidant-sensitive
probe, DCFHDA, measuring the oxidative conversion of
DCFHDA to the highly fluorescent compound dichlorofluor-
escin (DCF), in the absence and presence of 20 mM H,O, and
0.2 mM MD. Cellular hydroperoxide levels in TG cells deter-
mined using the FOX reagent were 2.0- and 1.6-fold lower
than those of WT cells in the presence of H,O, and MD,
respectively. However, no differences were observed between
the cells under normal conditions (Figs. 4d and 5d). The
intensity of intracellular hydroperoxides evaluated using the
DCFHDA probe was more pronounced in WT cells than TG
cells, although an increase in DCF fluorescence was observed
in both WT and TG cells upon exposure to 20 mM H,0, and
0.2 mM MD for 1 h (Figs. 4d and 5d). We also observed a
moderate release of the probe from WT cells in the presence of
MD (Fig. 5d). The alleviation of redox state was inversely
proportional to cell viability and recovery under oxidative
stress conditions. Furthermore, we examined whether OsTPX
expression could complement thioredoxin peroxidase activity
in ahpl mutant cells without any construct (Al cells). As
shown in Fig. S2 (see Supplementary material), OsTPX ex-
pression in the asp I mutant cells (MG cells) recovered rapidly
in the presence of H,O, when compared to the asp! mutant
cells with an empty vector (A2 cells). Therefore, our results
show that heterologous OsTPX expression in transgenic yeast
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Fig. 4 Stress response and redox state in the presence of hydrogen
peroxide (H,0,). a Cell viability was monitored by measuring the
optical density at various concentrations of H,O, after incubation for
18 h with shaking. b Cell recovery was measured by monitoring
growth kinetics and by the streaking assay (boxed) in the presence of
5 mM H,0,. The growth rate was spectrophotometrically monitored at
600 nm for 24 h in the presence of 5.0 mM H,0,. ¢ To examine the
stress response in the presence of high H,O, concentrations, yeast cells
were exposed to 20 mM H,0, for 1 h. Cell viability was then measured
based on the number of colony-forming units (CFU) (upper panel) and

cells confers acquired tolerance against oxidative stress by
improving the intracellular redox state through a reduction in
the hydroperoxide levels produced by H,O, and MD, com-
pared to WT cells, and that OsTPX expression in MG cells
functionally complements thioredoxin peroxidase activity in
Al cells.

Response to abiotic stresses in OsTPX-expressing
transgenic yeast cells

We evaluated the response to other stressors because TG
cells showed enhanced tolerance against H,O, and MD. The
exogenous stimuli tested were mainly sources that inhibited
Tsal and Ahpl expression in yeast (Fig. 2a). Mid-log phase
yeast cells (4g00=2.0) were streaked onto YPD agar plates
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the spotting assay (lower panel). d Redox state analysis was carried out
using the FOX reagent and an oxidant-sensitive probe, DCFHDA, in
the absence and presence of 20 mM H,O, for 1 h. WT, yeast cells
containing empty vector; TG, OsTPX-expressing yeast cells; circles,
TG cells without H,O, treatment; squares, WT cells without H,O,
treatment; upward triangles, WT cells treated with H,O,; downward
triangles, TG cells treated with H,O,; minus (), agar plate without
H,0,; plus (+), agar plate supplemented with H,O,; white bar, yeast
cells without 20 mM H,O, treatment; black bar, yeast cells treated with
20 mM H,O, for 1 h

with and without 1.5 mM#+-BOOH. For heat shock, cells
from the same phase were exposed to 55 °C for 5 min and
then streaked onto YPD agar plates. Cell recovery was more
rapid in TG cells than WT cells in the presence of --BOOH
(Fig. 6b) and high temperature (Fig. 6¢). No differences in
the growth rates of TG and WT yeast cells were detected
under normal conditions (Fig. 6a). We also investigated the
response to various concentrations of EtOH. To accomplish
this, yeast cells were grown to the log phase (4¢00=2.0) or
stationary phase (4g00=8.0) and then exposed to 12, 16, and
20 % EtOH for 1 h with shaking, diluted serially, and
spotted onto YPD agar plates. The acquired response of
the TG yeast cells exposed to different concentrations of
EtOH was higher than that of WT cells in both the log and
stationary phases, and these responses occurred in a dose-
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Fig. 5 Stress response and redox state in the presence of menadione
(MD). a Cell viability was monitored by measuring the optical density
at various concentrations of MD after incubation for 18 h with shaking.
b Cell recovery was measured by monitoring the growth kinetics and
by the streaking assay (boxed) in the presence of 50 uM MD. ¢ To
examine the stress response in the presence of high MD concentrations,
yeast cells were exposed to 0.2 mM MD for 1 h. Cell viability was then
measured based on the number of colony-forming units (CFU) (upper
panel) and the spotting assay (lower panel). d Redox state analysis was

and phase-dependent manner (Fig. 6d). Our results indicate
that high OsTPX expression in TG cells enhances tolerance
to abiotic stresses, including -BOOH, high temperature, and
ethanol exposure.

Effect of high OsTPX expression under batch fermentation
conditions

Since TG cells expressing OsTPX were more resistant to
high ethanol concentrations and ROS-induced oxidative
stress than were WT cells, laboratory-scale fermentation
using TG or WT yeast cells was performed at 30 and 40 °
C under aerobic conditions. A distinguishable difference in
alcohol yield and residual glucose content was observed
between TG and WT cells at 30 °C, which is the temperature
generally used for industrial fermentation. During

Optical density (Agog)

Hydroperoxide (nM/mg protein)

0 4 8 12 16 20 24 28 32
Time (h)
Without With MD
90 -
80- 'I‘G_
70

60 4

50
40
304
20
104
0
TG

WT

Strains

carried out using the FOX reagent and an oxidant-sensitive probe,
DCFHDA, in the absence and presence of 0.2 mM MD for 1 h. WT,
yeast cells containing empty vector; TG, OsTPX-expressing yeast cells;
circles, TG cells without MD treatment; squares, WT cells without MD
treatment; upward triangles, WT cells treated with MD; downward
triangles, TG cells treated with MD; minus (—), agar plate without MD;
plus (+), agar plate supplemented with MD; white bar, 0.2 mM MD-
untreated cells; black bar, 0.2 mM MD-treated cells

fermentation for 84 h at 30 °C, the alcohol yield of TG cells
was approximately 21 % higher than that of WT cells. The
final alcohol concentration was approximately 14 and 11 %
following fermentation with TG cells and WT cells, respec-
tively. The residual glucose concentration was inversely
proportional to the alcohol concentration during fermenta-
tion (Fig. 7a). In addition, a distinct difference was observed
in cell survival between WT and TG cells during the fer-
mentation period. Specifically, the survival of TG cells was
significantly higher than that of WT cells during fermenta-
tion for 72 h in YG medium, although cell viability de-
creased with time (Fig. 7b). Similar results were observed
in both WT and TG cells during fermentation at a high
temperature (40 °C). The alcohol concentration and residual
glucose content differed between WT and TG cells when the
same fermentation medium was used. Specifically, the
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Fig. 6 Stress response of heterologous Os7PX-expressing yeast cells to
the presence of various stressors. Mid-log phase yeast cells were streaked
onto YPD agar plates supplemented without (a) or with --BOOH (b). For
heat shock, yeast cells were incubated for 5 min at 55 °C and then
streaked onto YPD agar plates (c). All plates were incubated for 3 days
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Fig. 7 Fermentation ability and cell survival in OsTPX-expressing
yeast cells during the batch fermentation process. a Fermentation
ability was analyzed by measuring the alcohol (AC) and residual
glucose (RG) concentrations after incubation in YG medium for 84 h
at 30 °C. Circles, RG in WT cells; squares, RG in TG cells; upward
triangles, AC in WT cells; downward triangles, AC in TG cells. b Cell
viability was determined by performing a spotting assay. Cells were
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at 30 °C and then photographed. d To investigate the stress response to
ethanol, log and stationary phase yeast cells were challenged with various
concentrations of ethanol (0 to 20 %) for 1 h, serially diluted to 107, and
then spotted onto YPD agar plates. WT, yeast cells containing empty
vector alone; TG, yeast cells expressing OsTPX
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harvested at 24 h (upper panel), 48 h (middle panel), and 72 h (lower
panel) after initiating fermentation. WT, yeast cells containing empty
vector; TG, yeast cells expressing OsTPX. ¢ Fermentation ability was
analyzed by measuring AC and RG during fermentation for 84 h at 40 ©
C. Circles, RG in WT cells; squares, RG in TG cells; upward triangles,
AC in WT cells; downward triangles, AC in TG cells
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alcohol yield produced by TG cells was approximately 29 %
higher than that produced by WT cells. The final alcohol
concentrations were approximately 8.5 and 6.0 % in TG
cells and WT cells, respectively, following fermentation
for 84 h at 40 °C (Fig. 7c). Therefore, our findings indicate
that OsTPX expression enhances fermentation at moderate
and high temperatures; this is an important factor for the
increased alcohol yield of the TG cells during fermentation.

Discussion

Abiotic stress causes a series of morphological, physiological,
biochemical, and molecular changes that unfavorably affect
cell growth and development and productivity in crop plants
(Ashraf 2009). To protect themselves from environmental
stresses, cells initiate the activation of cascades or network
events, which begin with sensing stress and end with the
expression of various stress-responsive genes (Dinakar et al.
2010; Rouhier et al. 2008). In this study, we identified a salt-
induced putative chloroplastic 2-Cys thioredoxin peroxidase,
OsTPX, in rice leaves, and developed an OsTPX-expressing
transgenic yeast to investigate the molecular mechanism of the
gene, to offset the scarcity of available information regarding
the cellular response to abiotic stresses. OsTPX-overexpress-
ing BY4741 yeast cells (TG cells) showed enhanced resis-
tance to the abiotic stressors H,O, (Fig. 4), MD (Fig. 5), t-
BOOH, ethanol, and heat shock (Fig. 6) compared to BY4741
yeast cells containing the empty vector (WT cells). This was
because TG yeast cells could improve the redox state by
decreasing the cellular ROS levels produced by abiotic
stresses such as H,O, (Fig. 4d) and MD (Fig. 5d), thereby
likely minimizing cellular damage caused by ROS. According
to studies from the literature, overexpression of the homolo-
gous 2-Cys Prx gene encoding ubiquitous thiol-specific per-
oxidases increased stress tolerance and redox homeostasis in
several organisms. For example, salt-induced Debaryomyces
hansenii AHP (DhAHP, Prx isoform) expression conferred
higher salt tolerance by reducing the cellular ROS level in
D. hansenii, S. cerevisiae, and Pichia methanolica (Chao et al.
2009). Overexpression of A. thaliana 2-Cys Prx (At2-Cys Prx;
accession no. Y10478) resulted in enhanced tolerance to
methyl viologen (MV)-mediated oxidative stress and high
temperature in transgenic potato plants (Kim et al. 2011b)
and transgenic tall fescue plants (Kim et al. 2010). In mice,
overexpression of Prx 3 improved glucose tolerance by re-
ducing the mitochondrial H,O, level (Jonsson and Lowther
2007). As mentioned above, 2-Cys Prxs, including OsTPX,
play an important defense role in response to ROS-induced
oxidative stress in aerobic organisms. Oxidized Prx produced
during antioxidative reactions needs to be recycled to the
reduced form before the next active catalytic cycle can proceed
(Dietz 2007). Recently, a large set of various interacting

reducing partners, including Trxs, Grxs, CypA and Cyp20-3,
GSH, sulfiredoxin (Srx1), and NADPH-dependent thioredoxin
reductase, were identified in yeast, plants, and mammals and
found to be capable of reversing oxidized Prx to its original
reduced form (Dietz 2007). For example, Srx1 catalyzes the
reduction of sulfinic acid derivatives of Tsal in S. cerevisiae
(Morgan and Veal 2007). Plant Srxs induced by H,O, and
drought play a protective role under stress conditions by repair-
ing hyperoxidized 2-Cys Prxs (Jonsson and Lowther 2007).
Based on these facts, OsTPX can effectively process ROS
neutralization reactions with reducing partners in transgenic
yeast cells. On the other hand, OsTPX-expressing ahp-defi-
cient cells (MG cells) recovered more rapidly in the presence of
H,0, than did ahp-deficient cells containing the empty vector
(A2 cells) (Fig. S2). These results indicate that acquired toler-
ance to ROS-induced oxidative stress in OsTPX-expressing
BY4741 cells (TG cells) results from improved cellular ho-
meostasis and that OsTPX expression functionally comple-
ments thioredoxin peroxidase activity in ahpl-deficient cells
(Al cells). Furthermore, our findings suggest new ways of
engineering stress tolerance and outline an experimental system
with yeast for testing alternative roles for plant Prxs, because
many aspects of the functions and structures of these proteins
are highly conserved.

In addition to OsTPX overexpression, the physiological
importance of 2-Cys Prx has been reported in different
organisms. S. cerevisiae Prx (AHPI)-deficient mutant cells
(A1 cells) were sensitive to various oxidants (Fig. 2b), as
evidenced by the fact that excessive ROS accumulation in
the Al cells showed increased evidence of oxidative dam-
age such as enzyme inactivation by protein carbonylation
and membrane instability by lipid peroxidation (Sideri et al.
2010; Wong et al. 2004). Similar physiological phenotypes
were observed in photosynthetic organisms. Transgenic 2-
Cys Prx mutant plants of Arabidopsis exhibited increased
sensitivity to oxidative stress, as evidenced by increased
photoinhibition, degradation of chloroplast proteins like
D1, light-harvesting protein complex associated with pho-
tosystem II (LHCP II) and ATP synthase, and an altered
oxidation state of the ascorbate pool (Baier and Diekz 1999;
Baier et al. 2000) Additionally, 2-Cys Prx mutants (A2-CP)
of Synechocystis sp. PCC 6803 exhibited decreased growth
rates in conditions of light-induced oxidative stress (Dietz et
al. 2002). These results show that the defense machinery
requires high levels of 2-Cys Prx to protect the cells from
oxidative stress and that stress sensitivity is reduced by the
accumulation of 2-Cys Prx. According to recent studies, 2-
Cys Prx family members are versatile and multifunctional
proteins that act as regulators of signal transduction, molec-
ular chaperones, and regulators of responses to DNA dam-
age in yeast (Fomenko et al. 2011; Morgan and Veal 2007).
Taken together, it can be concluded that the 2-Cys OsTPX
protein could play a central role in cells as a molecular
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chaperone and regulator of signal transduction and that it
might act as an antioxidant in the oxidative stress response.

The function of a protein could stem directly from its
structure; therefore, information regarding the predicted 3D
structures of proteins plays a crucial role in guiding our
understanding of protein function at the molecular level (Kar-
plus and Hall 2007). MSA analysis revealed that the sequence
identities of OsTPX to the 2-Cys Prxs analyzed ranged from
20 to 91 %. Similar to other Prxs, OsTPX contains a con-
served catalytic peroxidatic cysteine (Cys114) in the N-
terminal region, another cysteine residue (Cys236) that likely
forms a disulfide bond with Cys114, and a highly conserved
active site region, FTFVCPT (blue box) (Fig. 3a). OsTPX also
possesses amino acid residues (Thrl11, Trp114, and Trp240;
blue box) that are likely involved in peroxide reduction
(Fig. 3a, d). Mutations in two amino acids that are strictly
conserved among nine 2-Cys Prxs, including OsTPX, Thr48
of poplar PtTPX (Thrlll in OsTPX) and Cys64 of barley
HvTPX (Cysl14 of OsTPX) (Fig. S1) (see Supplementary
material), decreased Prx activity (Rouhier and Jacquot 2005),
indicating that these residues are essential for catalysis. More-
over, modifications of Thr66, Trp99, and Trp189 of barley
HvTPX (Thrl16, Trp149, and Trp240 of OsTPX) implicated
these residues in the conformational change (dimer to oligo-
mer) that alters protein function (Konig et al. 2003). In addi-
tion, molecular building analysis showed that two conserved
cysteine residues (Cys114 and Cys236) of OsTPX could have
an important role in neutralizing toxic ROS because the
corresponding two cysteine residues (Cys51 and Cys172) of
2-Cys Prx (PDB code 1QMV_G) from H. sapiens (Schroder
et al. 2000), which was used as a template, were significantly
involved in detoxifying ROS through Trx or Grx regeneration
to protect the cells from oxidative stress (Konig et al. 2003). In
an in vitro assay, all plant 2-Cys Prxs reduced a wide range of
hydroperoxides (mainly H,0,), alkyl hydroperoxides, phos-
pholipid hydroperoxides, and peroxynitrites (Rouhier and
Jacquot 2005). Altogether, these results suggest that OsTPX,
as a 2-Cys Prx family member, can efficiently reduce a wide
range of peroxide substrates produced by abiotic stresses
through absolutely conserved, activated residues (Cysl14
and Thrl11) within a strictly conserved active site pocket
region, although there is no direct evidence of the physiolog-
ical roles of these compounds in specific enzymological
terms.

To further elucidate the functions of the OsTPX protein, we
conducted OsTPX-transformed yeast batch fermentations at
the general cultivation temperature (30 °C) and at a high
temperature (40 °C) because the most important physical
factor influencing the life of yeast is temperature. During
fermentation at 30 and 40 °C, the alcohol yields from sugar
were 21 % (0.12 gg ") (Fig. 7a) and 29 % (0.14 gg ") higher
(Fig. 7c) in OsTPX-expressing BY4741 cells (TG cells), re-
spectively, than in BY4741 cells containing empty vector
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(WT cells). Cell survival was also higher in TG cells than in
WT cells during fermentation at 30 °C (Fig. 7b). One of the
most common stresses that yeast cells encounter during fer-
mentation is increased ethanol concentration. Under normal
fermentation conditions, final ethanol concentrations range
from 3 to 6 %, though under high gravity fermentation the
alcohol concentration may be >10 % (Gibson et al. 2007), as
observed in the present study (Fig. 7). The high toxicity of the
ethanol produced endogenously during fermentation causes a
reduction in cell viability, growth rate, and fermentation rate
(Ding et al. 2009; Gibson et al. 2007). To withstand and/or
prevent various types of damage generated by increased eth-
anol concentrations during fermentation, yeast cells have de-
veloped effective mechanisms, including changes in
membrane composition, accumulation of L-proline and treha-
lose, the expression of molecular chaperones, and transcrip-
tome remodeling through the expression of stress-related
genes such as zinc finger proteins (Msn2p and Msn4p) and
alcohol sensitive ring/PHD finger 1 protein (Asrlp) (Ding et
al. 2009; Gibson et al. 2007; Shima and Takagi 2009; Zhao
and Bai 2009). However, this approach has the intrinsic lim-
itation that yeast is able to adapt to different metabolic envi-
ronments such as a high concentration of ethanol during
fermentation. The genetically engineered yeast strain (TG),
capable of heterologous OsTPX overexpression, displayed
improved alcohol yield and cell viability (Fig. 7). Indeed,
the final alcohol concentrations in the TG cells from conver-
sion of sugar were 14 % (0.66 gg ') and 8.5 % (0.40 gg ),
respectively, during fermentation at 30 and 40 °C, while these
concentrations were 11 % (0.52 gg ') and 6 % (0.28 gg "),
respectively, in WT cells under the same fermentation con-
ditions. Considering that the current theoretical yield of etha-
nol from sugar is 0.50-0.55 gg ' and in the industrial context
90-95 % of this can generally be achieved by S. cerevisiae
(Zhao and Bai 2009), we think that these results are very
meaningful and constitute an effective approach to develop
stress-tolerant yeast during fermentation. Therefore, in sum-
mary, our results indicate that OsTPX-supported fermen-
tation by TG cells could effectively overcome the toxic
levels of ethanol generated during fermentation, leading
to increased cell viability (Fig. 7b) and fermentation
capacity (Fig. 7a, ¢) when compared to WT cells.

In conclusion, the high expression of OsTPX in trans-
genic yeast conferred enhanced tolerance to ROS-
induced oxidative stress, such as that generated by
H,0, and MD, by maintaining the balance of cellular
redox homeostasis and functionally complementing thi-
oredoxin peroxidase activity in ahpl-deficient cells. Fur-
ther, heterologous OsTPX expression increased the
acquired tolerance to high concentrations of ethanol
and led to improved fermentation capacity, especially
at high temperature. Future studies of the relationship
between OsTPX expression and stress tolerance are
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required to develop better ethanol-tolerant yeast for ef-
ficient ethanol production.
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