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Thioredoxin (TRX) is an important antioxidant presen
an antioxidant, TRX protects the gastric mucosa due
decreases allergenicity; therefore, the oral administratio

t in all types of organisms. Besides its role as
to its antiinflammatory effect. In addition, TRX
n of TRX is of considerable interest with respect

to its clinical use as well as the development of functional foods containing TRX. We have attempted
to enrich the cellular TRX content in Saccharomyces cerevisiae, and found that green tea extract

(Sunphenon), which is rich in catechins (polyphenols),
to the induction of TRX2, a target of Yapl. Production

activates the Yap1 transcription factor, leading
of yeast TRX was monitored by both a TRX2-

lacZ reporter expression assay and Western blotting using an anti-yeast TRX antibody. Maximal
production of TRX was achieved in a medium containing 0.1% green tea extract at pH 7.6. We discuss
the underlying mechanism by which green tea extract activates Yapl.
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INTRODUCTION

The budding yeasBaccharomyces cerevisiae, also known
as baker’s yeast, plays an important role in food industries, such
as alcohol fermentation and bakery. In addition to its important
roles as a food microorganisi8, cerevisiaeells are also used
as a source of medicine. For example, glutathione (GSH), one
of the antioxidants in all types of organismk),(is extracted
from yeast cells in an industrial scale. GSH is clinically used
as an adjunct to liver function impairment theragy3). Besides
GSH, thioredoxin (TRX) is also a ubiquitous antioxidant. TRX
is a low-molecular-weight protein-disulfide oxidoreductase (
5). In addition to its role as an antioxidant, TRX protects the
gastric mucosa due to its antiinflammatory effeg). (Further-
more, TRX reduces disulfide bonds of proteins, resulting in an
increase in digestibility, leading to the decrease in allergenicity
(7). Therefore, oral TRX administration is of considerable
interest with respect to not only the clinical use of TRX but
also the development of functional foods using TRX.

S. cerevisiadnas three isoforms ofRXgenes (TRXITRX2,
and TRX3 (8, 9). Of these, TRX2expression is induced by
several chemicals that cause oxidative stress, such@s tdrt-
butyl hydroperoxide, diamide and methyl viologen (paraquat)
(10). TRX2 expression under oxidative stress conditions is
regulated by Yapl and Skn7 transcription factd8, (L1). To
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enrich TRX in yeast cells, several approaches would be
applicable, e.g.TRXandYAP1lgenes overexpression using the
recombinant DNA techniques and the breeding of yeast mutants
that gain the constitutive-up function of Yapl and the constitu-
tive-up expression of RXgenes. On the other hand, improve-
ments in yeast culture conditions are promising in terms of
overcoming the cost and criticisms regarding genetically modi-
fied food. However, none of the chemicals thus far proven to
induce TRX2expression have been approved for use as food
additives.

Tea polyphenols, such as catechin, epicatechin, epigallocat-
echin, and epigallocatechin gallate, are widely accepted as
antioxidative food additives. Voluminous studies have demon-
strated that tea polyphenols scavenge many kinds of radical and
oxidant in vitro (for review, sed2—14). For example, green
tea extract as well as individual polyphenols inhibit the induction
of pro-oxidant enzymes such as inducible nitric oxide synthase
in cultured macrophaged4%—18). These results indicate that
tea polyphenols have reactive oxygen species (ROS)-scavenging
activity. On the other hand, catechin and its derivatives were
reported to have bactericidal activity, the mechanism of which
is yet unclarified. We have previously reported that epigallo-
catechin gallate gives rise to adverse effects on the protection
of Escherichia colicells against oxidative damage caused by
H,0, and copper ionsl@), thus on the basis of this we assumed
that epigallocatechin gallate has pro-oxidant activity under
certain conditions. Recently, Arakawa et &0J have reported
that epigallocatechin gallate induces the production gdH
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un_der physmloglcal pH, which |sth(_e major mgc_hanlsm t_JyWh|ch No additive Cafsshin Epigalla?éetléechin Gn:ﬁpaga
epigallocatechin gallate exerts its bactericidal activity. In 9

addition, Nakagawa et al.2l) also recently reported that
epigallocatechin gallate induces®b generation, which is the  GFp-vap1
primary mechanism by which epigallocatechin gallate induces

Jurkat cell apoptosis. These recent reports support our previous
assumption that tea polyphenols may cause oxidative stressFigure 1. Effect of green tea extract and catechins on the localization of
Concomitantly, our previous finding together with recent GFP-Yapl. yapIA cells carrying GFP-Yapl were cultured in the SD
publications led us to explore the possibility of tea polyphenols minimal medium until Asio = 0.5, and then 1% catechin, 0.25%
functioning as an inducer of oxidative stress response in yeast,epigallocatechin gallate, and 1% green tea extract were added. After 20
leading to TRX production. min, GFP-Yap1 localization was monitored by fluorescence microscopy.
In this study, we present evidence that demonstrates that Yapl
is activated by green tea extract and individual polyphenols,
and thereby induceBRX2expression. We establish the condi-
tions for TRXinduction and discuss the effect of tea polyphenols
on the cellular response in yeast.

Chemicals. Catechin and epigallocatechin gallate were purchased
from Wako Pure Chemicals, Osaka, Japan. We used Sunphenon, which
was obtained from Taiyo Kagaku, Mie, Japan, as green tea extract.
The composition of tea polyphenols in Sunphenon was described
previously (29).

MATERIALS AND METHODS

RESULTS
Strains and Media. S. cerevisiaeyeast strains used in this study o
have the YPH250 backgrounmATatrpl-Al his3-A200 leu2A1l lys2- Green 'I_'ea_Ponpher_loIs Ir_1duce NUC|¢ar Local'zat'c_m of
801 ade2-101 ura3-52). The constructionyaplA::HIS3andskn7A:: Yapl. Taking into consideration our previous observatib8)(

TRP1in this genetic background was described previougR).(The and recent reports by Arakawa et &0f and Nakagawa et al.
nutrient media used were the YPD (yeast extract-peptone-dextrose)(21), catechins seem to cause oxidative stress in bacterial cells
medium (2% glucose, 1% yeast extract, 2% peptone; pH 5.5) and Hand cultured mammalian cells under certain conditions. To
(Hansenula) medium (1% glucose, 0.2% yeast extract, 0.5% peptone,determine whether this is also the case in yeast cells, we
0.03% KHPQ,, 0.03% KHPQ, 0.01% MgCh pH 5.5) (23). The  monitored the intracellular localization of Yap1$ cereisiae
minimal medium used was the SD (synthetic dextrose) medium (2% co|is vap1 is a redox-sensitive transcription factor, which is
glucosez 0.67%_yeast_gltrogsnbbase without amino acids; pH 5.5) with predominantly localized in the cytoplasm, whereas it is con-
ApPropriate aming acics anc bases centrated in the nucleus under oxidative stress conditidfs (

Spot Assay.Wild-type, yaplA,skn7AandyaplAskn7Acells were ;
cultured in the YPD medium untAei = 0.1 and diluted serially with ~ 50)- We, therefore, supposed that changes in the nucleocyto-

sterilized 0.85% NaCl solution. Each cell suspensionl(5vas spotted plasmic localization of Yapl are a good indicator of cellular

onto SD agar plates supplemented witrp, L-His, L-Leu, L-Lys, redox potential and/or the degree of oxidative stress conditions
adenine, and uracil (4@g/mL each) containing various concentrations (31). As shown inFigure 1, the GFP-tagged Yapl was
of green tea extract. Cells were cultured at°28for 3 days. concentrated in the nucleus of cells treated with green tea extract

GFP-Tagged Yapl.The nucleocytoplasmic localization of Yapl and individual polyphenols, such as catechin and epigallocat-
was monitored using green fluorescent protein (GFP)-tagged Yapl. Theechin gallate, suggesting that green tea extract as well as green
details of the construction of GFFYapl were described previously  teag polyphenols cause oxidative stress in yeast.

(24). TheyaplAcells carrying GFP—Yapl were cultured in the SD Mutants Defective in Oxidative Stress-Responsive Tran-

medium untilAs1o = 0.5, and then catechin, epigallocatechin gallate, L o L
and green tea extract were added. After 20 min, G¥&p1 localization scription Factors Exhibit Sensitivity to Green Tea Extract.

was observed using fluorescence microscopy (BX51, Olympus). Because Yapl is the critical transcription factor for oxidative
Reporter Genes. TRX2-lacZ,CTT1-lacZ, andGPX2-lacZ were stress response in yeasyap1A mutant shows hypersensitivity
described previously (1@2, 25). The artificial Yap1-dependettcZ to HO, (32). In addition to Yap1l, the Skn7 transcription factor
reporter gene containing three SV40 AP-1 sites and the TATA-box of also plays a crucial role in the transcriptional regulation of many
the CYC1promoter (10) was subcloned into pRS415. The resultant antioxidant genesi(, 22, 33); therefore, arskn7A mutant
plasmid, which was designated AP-1-CYC1-lacZ, was also used to exhibits an increased sensitivity to®h (34). Because we found
monitpr the Yapl activityﬁ-Galactpsidase_qnd catalase assays were that green tea polyphenols activated YalgQre 1), green
described previously26). One unit of activity was defined as the  teg extract likely causes oxidative stress in yeast. If this is the
amount of enzyme that increaskiso by 1000 per min at 30C. Protein o556 mutants defective in these transcription factors are expected
concentrgnon was determined b_y the method of Bradford (27). to show increased susceptibility to green tea extract due to an
Induction of TRX. Cells carrying the reporter gene were cultured impairment of the induction of antioxidant genes. As expected
in 50 mL of the SD medium in 200 mL flasks unfis;o = 1.0. Cells o ’ '
theyaplA andskn7A mutants were sensitive to green tea extract

were collected by centrifugation and suspended in 50 mL of the medium | e
to be examined, whose pH was adjusted to 7.6 with 2 N NaOH, and IN & dose-dependent manner, and the sensitivity was exacerbated

then green tea extract (0.1%) was added. The pH of the culture wasPY the simultaneous disruption ¥¥AP1and SKN7(Figure 2).
rechecked to adjust it to 7.6 after the addition of green tea extract. These results strengthen our assumption that green tea extract
Cells were incubated at Z& for 90 min, collected by centrifugation, ~ provokes oxidative stress in yeast.

washed thr_ee times with 0.85% NacCl solution, and sus_pended in_lO Green Tea Extract Induces Expression of Yapl Target

mM potassium phosphate buffer (pH 7.0). Cells were disrupted with Geneg Our data strongly suggest that Yapl is activated by green

%I(?ss_ beads; and cell homogenates were centrifuged at 14000 rpm fortea extract. Several antioxidant genes thus far have been
min at 4°C. The resultant supernatants (cell extracts) were used . o .

for enzyme assay andior TRX Western blot analysis. identified to be the targgt of.Yapl. To venfy the effect of green
Western Blot Analysis. Cell extracts were prepared as described tea extract on Yapl activation, we investigated the expression

above, and the resultant cell extracts were subjected to-FPGE. of some Yapl target genes (APEI¥Cl-lacZGPX2-lacZ, and

The separated proteins were transferred to a PVDF membrane (Milli- CTT1-lacZ following the treatment with green tea extract under

pore), and TRX was detected using an anti-yeast Trx2 antibody raisedthe conditions folf RX2expression that we defined, which will

in rabbits as described previously (28). be described later in detail.
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Figure 2. Effect of green tea extract on growth of yapIA and skn7A
cells. Cells were cultured in the YPD medium until Ag;o = 0.1 and diluted
serially (1:10). Each cell suspension (5 uL) was spotted on SD agar plates
containing various concentrations of green tea extract as indicated in the
figure. Cells were cultured at 28 °C for 3 days.
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Figure 3. Effect of green tea extract on induction of some Yapl target
genes. Wild-type cells carrying each reporter gene (AP-1, AP-1-CYC1-
lacZ, GPX2, GPX2-lacZ, or CTT1, CTT1-lacZ) were cultured in the SD
medium until Asyo = 1.0, collected by centrifugation, and suspended in
the H medium at pH 7.6. Cells were cultured for another 90 min in the
presence of 0.1% green tea extract, and /3-galactosidase activity of each
cell extract was determined. Graph indicates the induction-fold of each
reporter gene relative to -galactosidase activity in each untreated cell
culture.

Yapl binds to a specific DNA sequence termed YRE (Yapl
response element-3TA(C/G)TAA-3') (35). The AP-1€YC1-

Takatsume et al.

First, we added green tea extract to the yeast culture in the
SD medium directly, because we found that §feplA and
skn7Amutants exhibited susceptibility to green tea extract in
the SD mediumFigure 2). -Galactosidase activity driven by
TRX2-lacZincreased following the addition of green tea extract
to the culture in which yeast cells were growing logarithmically,
although the induction-fold was lower (approximately 1.5-fold)
than that we expected.

Next, we examined the other two media (YPD medium and
H medium) for the inducibility ofRX2-lacZ The YPD medium
contains a relatively higher concentration of nitrogen source than
the SD and H media. We once used the H medium in the
analysis of the oxidative stress response of the ydassenula
mrakii (38, 39). To avoid the loss of the plasmid-borfiRX2-
lacZ reporter gene during repeated segregations of cells in such
nutrient media, cells were initially cultured in the SD minimal
medium until the log phase, and then transferred to the media
to be analyzed. Since the addition of green tea extract slightly
decreased the pH of the medium, we surveyed the optimal pH
of the medium forTRX2 induction from 5.5, which is the
standard pH for yeast media, to 8.0. Interestingly, we found
that the expression ofRX2-lacZwas efficiently induced by
green tea extract under weak alkaline conditions in the SD and
H media Figure 4A), although the induction-fold was almost
the same (approximately 1.5-fold) ranging from pH 5.5 to pH
6.8 (data not shown). The maximal inductionT@X2-lacZwas
attained in the H medium at pH 7.6€igure 4A,B). To verify
whether TRX actually increased in cells treated with green tea
extract, Western blot analysis was carried out. As a result, the
amount of TRX increased in cells following green tea extract
treatment depending on the pH of the mediurg@re 4A).
This result also indicates that the evaluatiom BiX2expression
using this TRX2-lacZ reporter gene is valid. Because the
antibody that was raised in rabbits against Trx2 producedsl in
coli cannot distinguish Trx1 and Trx2 (28), our data indicates
the total amount of Trx1 and Trx2 in yeast cells.

The H medium contains phosphate ions. We therefore
determined whether phosphate concentrations affect the induc-
tion of TRX2-lacZby green tea extract. As shown kigure

lacZ reporter gene contains three SV40 AP-1 sites followed by 4C, phosphate ions slightly increased the induction-fold up to

the upstream activating sequence (UAS)-I€36C1 TATA
element andacZ gene (10). The nucleotide sequence of the
SV40 AP-1 site (5TTAGTCA-3) is close to that of YRE, and

10 mM, although phosphate ions at a much higher concentration
(100 mM) gave no effect onTRX2. induction We also
determined the optimal concentration of green tea extract for

the oxidative stress response of this reporter gene is mediatedTRX2induction, and 0.1% (w/v) was found to be the minimal

by Yapl (0). Previously, we reported that the expression of
GPX2, which codes for a phospholipid hydroperoxide glu-

concentration to yield the maximal induction. Green tea extract
at higher concentrations (6-®.5%) did not further enhance

tathione peroxidase homologue in yeast, was mediated by Yap1TRX2induction (data not shown). Next, we observed the time

and Skn722,36). TheGPX2promoter contains both YRE and
cis-acting element for Skn7'&GCCGGC-3 oxidative stress-
dependent Skn7 response element, OSRE).(On the other
hand, although theCTT1 promoter does not contain YRE,
interestingly, the oxidative stress-induced expressio@ o1,

course for the induction of RX2-lacZexpression, and found
that it reached the maximal level 60 min after the addition of
green tea extract (Figure 4D).

Finally, we examined whether TRX expression can be
induced by green tea extract without changing the medium. We

which codes for the cytosolic catalase, is mediated by Yapl cultured yeast cells in the H medium until the log phase at pH

(37). As shown inFigure 3, the expression of these Yap1l-

5.5, because cell growth was poor at pH 7.6. WhgRreached

dependent reporter genes was induced by green tea extract. We .0, the pH of the culture was adjusted to 7.6, and then 0.1%

also confirmed that the catalase activity increased following
green tea extract treatment (data not shown).

Green Tea Extract Induces TRX Production.One of the
aims of this study is to enrich the TRX content in yeast cells.

green tea extract was added. The cellular TRX content was
determined by Western blotting. As showrFigure 5, the same
tendency in terms of TRX induction was obtained as that
observed under the conditions that we defined using R&2-

We have demonstrated that green tea extract activates thdacZ reporter gene.

expression of Yapl target genes, ariRIX2is one of the targets
of this transcription factorl(0); hence, we determined the culture
conditions forTRX2expression using the plasmid-borfi@X2-
lacZ reporter gene.

Collectively, our data indicate that green tea extract and
individual polyphenols activate Yap1, enabling this transcription
factor to induce the expression of its target gefé®X2being
among the targets.
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Figure 4. Determination of optimal conditions for TRX2 expression. (A)
Effect of medium pH: Wild-type cells carrying the TRX2-lacZ reporter
gene were cultured in the SD medium until Ag;o = 1.0. Cells were collected
by centrifugation, and suspended in the H medium at various pHs. After
the addition of 0.1% green tea extract, cells were cultured for 90 min and
[-galactosidase activity assay and TRX Western blot analysis were carried
out. The samples (40 ug of protein) loaded onto each lane of Western
blot analysis (lower picture) correspond to those of the upper graph. (B)
Effect of medium composition: Cells were cultured as described above,
and suspended in the YPD, SD, or H medium. The pH of each medium
was adjusted to 7.6. After 90-min incubation in the presence of 0.1%
green tea extract, 5-galactosidase activity was measured. (C) Effect of
phosphate concentration: Cells were cultured as described above, and
suspended in the H medium (pH 7.6) with phosphate ions (as sodium
phosphate) at various concentrations. After a 90-min incubation in the
presence of 0.1% green tea extract, S-galactosidase activity was
measured. (D) Time course: Wild-type cells carrying the TRX2-lacZ
reporter gene were cultured in the SD medium until Ag;p = 1.0. Cells
were collected by centrifugation, suspended in the H medium at pH 7.6,
and collected at the prescribed time to measure $-galactosidase activity.

DISCUSSION
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Figure 5.  TRX induction in the H medium. Wild-type cells were cultured
in the H medium at pH 5.5 until Ago reached 1.0. The pH of the culture
was adjusted to 7.6 with 2 N NaOH, and 0.1% green tea extract was
added. Cells were collected periodically, and TRX content was determined
by Western blot analysis using the anti-Trx2 antibody.

inhibitory mechanism seems not to be due to their ROS-
scavenging activity40). In contrast, we have demonstrated in
this study that green tea extract activates the redox-sensitive
transcription factor Yapl in yeast. Our data on Yapl nuclear
localization (Figure 1) and the increased susceptibility of the
yaplAandskn7Amutants to green tea extragtigure 2) led

us to examine whether green tea extract causes oxidative stress
in yeast. As far as we tested, several Yapl target genes were
found to be induced by green tea extract. The maximal induction
of TRX2was attained following the treatment of yeast cells with
0.1% green tea extract in the H medium at pH 7.6. The pH
dependency ofTRX2 induction is a characteristic aspect.
Recently, Arakawa et al2() reported that tea extract generated
H,0O, at physiological pH, and approximately 10®1 H»0,

was generated by epigallocatechin gallate in a solution contain-
ing 100 mM phosphate buffer at a pH8.0. Under our
conditions, phosphate concentrations did not significantly affect
TRX2induction, although pH was one of the critical factors
that influence TRX production. They also reported that almost
the same amount of @, was produced when the pH ranged
from 8 to 10; nevertheless, in the caseTd®X2induction in
yeast, the optimal pH was 7.6 and at a higher pH productivity
slightly decreased. Nakagawa et al. (21) also reported that
epigallocatechin gallate induced the production gOHin 100

mM sodium phosphate buffer at pH 7.8, although th€H
production was small at pH 6.8 and no production was observed
at pH 5.8, regardless of the presence of phosphate ions. Taken
together, green tea extract may cause oxidative stress in yeast
cells, leading to the activation of Yapl.

Alternatively, although Yapl is a redox-sensitive transcription
factor, it is also activated by some drugs, such as benomyl (anti-
microtubule drug) and ethylmethane sulfonate (DNA alkylating
reagent), resulting in the induction of the expression of some
Yapl target genes such BER1(41). However, both drugs are
not classified as the chemicals provoking oxidative stress. On
the other hand, bottSH1and GSH2, coding fory-glutamyl-
cysteine synthetase and glutathione synthetase, respectively,
which are the enzymes responsible for GSH biosynthesis, are
among the Yapl targets4Z, 43). GSH functions as an
antioxidant by supplying electrons to the glutathione peroxidase
reaction. In addition, GSH also functions as an antitoxic factor
(detoxicant) together with glutathion8-transferase (GST),
which catalyzes GSH conjugation to electrophiles (xenobiotics)
(44, 45). GST is involved in the detoxification enzymes in the
phase Il reaction, the gene expression of which is mediated via
a cis-acting element referred to as the antioxidant response

Polyphenols are widely accepted as antioxidants. Catechin,element (ARE)46—49). For exampletert-butyl hydroquinone,
epigallocatechin, and epigallocatechin gallate are the major an approved food additive possessing an antioxidant activity in
polyphenols present in green tea. These tea polyphenols possesstro, induces the phase Il reaction in vivo when taken up by

ROS-scavenging activity in vitro (for review, se&—14).
Similar to other antioxidants, tea polyphenols also inhibit the

activation of redox-sensitive transcription factors, such as NF-

kB and AP-1, in cultured mammalian cells through their
inhibitory effect on protein kinases that are involved in the

activation of such transcription factors; however, the kinase-

mammalian cells 50). Lee et al. §1) reported that the
polyphenolic fractions of green tea activate phase Il enzymes
in rat liver. Although we have not examined whether individual
polyphenols in green tea extract are taken up by yeast cells,
Yapl activation by catechins may be a phase II-like response
of yeast cells.
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Another aim of this study was to determine the optimal
condition for TRX production in yeast. Here we demonstrated
that TRX content was enriched in yeast cells treated with green

Takatsume et al.

(12) Frei, B.; Higdon, J. V. Antioxidant activity of tea polyphenols
in vitro: evidence from animal studies. Nutr. 2003, 133,
32755—-3284S.

tea extract. Green tea is a traditional and common beverage in (13) Higdon, J. V.; Frei, B. Tea catechins and polyphenols: health

Japan, and its extract is approved for use as a food additive.
We have confirmed that catechin and epigallocatechin gallate
inducedTRX2expression (data not shown); nevertheless, green
tea extract would be more suitable for TRX production in the
industrial scale if we considered the cost performance. To our
knowledge, this is the first study demonstrating that yeast TRX
production is induced by an approved food additive. Taken
together, our method of enriching TRX in yeast cells using green
tea extract is promising for food industries that supply TRX-
enriched yeast cells as the material for developing TRX-related
functional foods.

ABBREVIATIONS USED

GSH, glutathione; TRX, thioredoxin; ROS, reactive oxygen
species; GST, glutathior®-transferase; YRE, Yapl response
element
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