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Endoplasmic reticulum (ER) stress—induced reactive oxygen
species (ROS) are detrimental for the fitness of a thioredoxin

reductase mutant
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The unfolded protein response (UPR) is constitutively active
in yeast thioredoxin reductase mutants, suggesting a link
between cytoplasmic thiol redox control and endoplasmic retic-
ulum (ER) oxidative protein folding. The unique oxidative envi-
ronment of the ER lumen requires tight regulatory control, and
we show that the active UPR depends on the presence of oxi-
dized thioredoxins rather than arising because of a loss of thi-
oredoxin function. Preventing activation of the UPR by deletion
of HACI, encoding the UPR transcription factor, rescues a num-
ber of thioredoxin reductase mutant phenotypes, including slow
growth, shortened longevity, and oxidation of the cytoplasmic
GSH pool. This is because the constitutive UPR in a thioredoxin
reductase mutant results in the generation of hydrogen perox-
ide. The oxidation of thioredoxins in a thioredoxin reductase
mutant requires aerobic metabolism and the presence of the
Tsal and Tsa2 peroxiredoxins, indicating that a complete cyto-
plasmic thioredoxin system is crucial for maintaining ER redox
homeostasis.

Thioredoxins are small, ubiquitous thiol proteins and are one
of the most important regulators of cellular redox homeostasis
(1,2). In the thioredoxin system, thioredoxin reductase uses the
reducing potential of NADPH to maintain thioredoxins in a
reduced state so that thioredoxins can, in turn, reduce diverse sub-
strate proteins that form a disulfide as part of their catalytic cycle.
Thioredoxins contain two redox-active cysteine residues as part of
a conserved CXXC motif that catalyzes the conversion of disulfide
bonds in substrate proteins into thiols with high efficiency. This
includes substrates that play diverse roles in numerous cellular
processes, including cell proliferation, antioxidant defenses, met-
abolic regulation, and redox signaling (1, 2).

Yeast, like most eukaryotes, contains a complete cytoplasmic
thioredoxin system, comprising two thioredoxins (Trx1 and
Trx2) and a thioredoxin reductase (Trrl) (3, 4). Trx1 and Trx2
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are highly homologous proteins containing the conserved
dithiol active site sequence (Cys-Gly-Pro-Cys) and have similar
redox potentials (5, 6). However, Trx2 appears to be more
important as an antioxidant because strains deleted for TRX2
are sensitive to hydrogen peroxide (7), whereas strains deleted
for TRX1 are unaffected in oxidant sensitivity (8). This differ-
ence in phenotype arises because of differences in the regula-
tion of TRX1 and TRX2 gene expression, as overexpression of
either isoform similarly increases resistance to oxidative stress
(8). In agreement with this idea, TRX2 is a target of the Yapl
transcription factor, which is the major regulator of oxidative
stress—related genes in Saccharomyces cerevisiae, and its expres-
sion is up-regulated in a Yap1-dependent manner following ROS?
exposure (7). In contrast, TRXI gene expression is largely unaf-
fected in response to oxidative stress conditions (8).

The main antioxidant function of the thioredoxin system is
mediated through its activity with the peroxiredoxin family of
proteins. Peroxiredoxins are thiol-specific proteins that have
multiple functions in stress protection (9). Peroxiredoxins play
key roles in redox signaling, acting as both hydrogen peroxide
sensors and thiol oxidizers (10). Protein thiol oxidation and
reduction are increasingly recognized as major reversible post-
translational modifications that regulate protein activity (11).
Cysteine residues react relatively slowly with H,O,, but reactiv-
ity can be significantly enhanced by their ionization state,
which depends on the local protein environment. This means
that some redox-regulated proteins are directly oxidized by
ROS, although it is thought that most regulatory thiol oxidation
is mediated by protein catalysts such as peroxiredoxins (11, 12).
Tsal is the major cytoplasmic 2-Cys peroxiredoxin in yeast and
was originally characterized as an antioxidant in the detoxifica-
tion of hydroperoxides (8, 13). The Tsa2 peroxiredoxin is highly
homologous to Tsal (86% amino acid identity) and possesses
similar peroxidase activity, although it is normally expressed at
significantly lower levels compared with Tsal (13, 14).

Thioredoxin reductase is a member of the flavoprotein fam-
ily of pyridine nucleotide disulfide oxidoreductases, which
includes GSH reductase (15). It promotes catalysis via FAD and
a redox-active disulfide and is the only known reductant for
thioredoxin. Not surprisingly, therefore, yeast mutants lacking

3 The abbreviations used are: ROS, reactive oxygen species; UPR, unfolded
protein response; ER, endoplasmic reticulum; DHR123, dihydrorhodamine
123; OxD, oxidation; Tm, tunicamycin; CLS, chronological life span; SR,
splicing reporter; AMS, 4-acetamido-4'maleimidyldystilbene-2,2" disulfo-
nic acid; HA, hemagglutinin.
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ER stress growth defects in a thioredoxin reductase mutant

TRRI are unable to recycle oxidized thioredoxins to their
reduced forms and accumulate oxidized thioredoxins (16).
Yeast trr]l mutants are sensitive to oxidative stress, presumably
reflecting the requirement for the thioredoxin system to reduce
oxidized peroxiredoxins (17, 18). One unexpected consequence
of the loss of TRRI is activation of the unfolded protein
response (UPR) (19). The UPR is a signaling pathway that con-
trols ER homeostasis and protein folding in eukaryotic cells. It
transcriptionally regulates genes affecting multiple ER and
secretory functions (20). An ER-localized kinase, Irel, senses
the accumulation of unfolded proteins and acts as a specific
endoribonuclease in splicing the HACI mRNA. The translation
product of spliced HACI mRNA then acts as a transcriptional
activator for genes that contain an upstream UPR element.

In this study, we analyzed the physiological consequences of
the constitutively high UPR in mutants lacking thioredoxin
reductase. We show that the UPR generates ROS in a trri
mutant and that ROS generation accounts for the well-known
phenotypes that are displayed by thioredoxin reductase
mutants, including slow growth and shortened chronological
life span. Furthermore, UPR-generated ROS activate the Yapl
transcription factor, and Yapl is required for ROS tolerance
under conditions of ER stress.

Results
Oxidized thioredoxins activate the UPR

The UPR is a stress signaling pathway that is activated in
response to an accumulation of unfolded proteins in the ER. It is
therefore not clear why the UPR is activated in a I mutant
that lacks cytoplasmic Trrl (16). We originally reported that
deleting IRE] in a trrl mutant causes a slow growth phenotype
(19). However, we subsequently found that the trr1 irel mutant
had become a respiration-incompetent petite mutant, raising
the concern that the trrl irel mutant may have undergone
other mutation events, accounting for its slow growth. Therefore,
in this study, we constructed new trr1 irel and trrl hacl mutants,
which were maintained as frozen stocks, and fresh isolates were
routinely used in all experiments to avoid any subsequent rever-
sion events. We first confirmed that the constitutively high UPR in
a trrl mutant depends on Irel and Hacl using a UPR-lacZ
reporter construct. As expected, deletion of HAC1 or IREl inatrrl
mutant abrogated the high UPR, confirming that the elevated UPR
depends on its canonical regulators (Fig. 14).

We next examined the UPR in thioredoxin mutants to deter-
mine whether the increased UPR arises because of loss of thi-
oredoxin function per se or, alternatively, whether it is activated
by oxidized thioredoxins. The UPR was modestly increased in a
mutant deleted for both TRX1 and TRX2 but significantly lower
than in a trr1 mutant. Interestingly however, deleting TRX1 and
TRX2 in a trr]l mutant (trrl trxl trx2) abrogated its constitu-
tively high UPR, consistent with thioredoxins, presumably in an
oxidized form, activating the UPR (Fig. 1B). We found that the
UPR was still elevated in trrl trxl and trrl trx2 mutants, con-
firming that the presence of either Trx1 or Trx2 alone is suffi-
cient to activate the UPR (Fig. 1B). Previous studies have shown
that oxidized forms of Trx1 and Trx2 are present in trri trx2
and trrl trxl mutants, respectively (21).
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Figure 1. Oxidized thioredoxins activate the UPR. A and B, the UPR was
assayed in WT, trr1, hacl, trr1 hacl,irel,and trr1 ire (A) or WT, trx1 trx2, trr1, trr1
trx1 trx2, trr1 trx1, and trr1 trx2 (B) mutant strains containing a UPRE::lacZ
fusion construct. B-Gal activity data are shown for exponential-phase calls
grown in minimal SD medium and are the means of three independent bio-
logical repeat experiments = S.D. Significance is shown compared with the
WT strain (***, p < 0.001).

The constitutive UPR in a trr1 mutant induces the Yap1
response

One well-established role for thioredoxins is in reduction of
the Yapl transcription factor. Yapl is a redox-sensitive bZip
transcription factor that is the main transcriptional regulator of
the oxidative stress response in yeast (22). It is rapidly activated
by oxidation in response to H,O,, mediated by peroxiredoxins
(Gpx3/Orpl and Tsal) in a thiol-based relay system (23, 24).
Switching off the Yapl transcription factor by reduction is
thought to be mediated by thioredoxins; thioredoxin mutants
display constitutively high Yap1 activity, consistent with a require-
ment for thioredoxins to reduce oxidized Yap1 (25, 26). We tested
whether oxidized thioredoxins activate the Yap1 response similar
to the UPR. However, Yapl activity measured using a Yapl-re-
sponsive reporter construct (YRE-lacZ) was similarly elevated in
trrl and trrl trxl trx2 mutants (Fig. 24). This suggests that, in
contrast to the UPR, it is the loss of thioredoxin-reducing activity
that results in activation of the Yapl transcription factor rather
than being induced in response to oxidized thioredoxins.

Surprisingly, we found that the constitutively high Yapl
response observed in a £rrI mutant was abrogated by deletion of
HACI (Fig. 2A). The UPR has previously been implicated in
ROS generation via the process of disulfide bond formation
(27), raising the possibility that Yapl is activated in a trrl
mutant as an indirect effect of ROS generation. To test

J. Biol. Chem. (2018) 293(31) 11984-11995 11985



ER stress growth defects in a thioredoxin reductase mutant

A. B.
400 -+ XHKR KRR KRR
*%
350 - é 1,
=300 1 Qos.
N 250 - N KK XK FRK *
® 206
< 200 -
N 3
Q150 - = 04.
> )
100 § 0.2
50 -
2 o
0 - (&)
wt 1 txd trl hacl  trrd wt frl Ox1 tr1  hact 1
X2 trxd 2 hac] trx2 trx1 trx2 hac1
C. * D.
1000 I o i | 11 KKK
<C =< *kk KKXKe KKK
- @)
o 600 < 06-
v &
% 400 L 0.4-
E S
200 0.2 %
. M N N W .
wit trr1 trx1 trr1 hactl  trr1 wt trr1 trx1 tr1 hactl  trr1
trx2 trx1 trx2 hac1 trx2  trx1 trx2 hac1
E. F.
10 1 %%
8 1 control Tm
=) | :
= 6 - w| ® e ® s|le e & = .
N Aerobic
g vap1| @ @ & ®||l®& ¢
- 4 -
& wfo o & dl[e & o |
> 2 - - yap,, . . . . . ® ) @ naeropic
0. , , ,
m - + - +

wt yap1

Figure 2. The constitutive UPRin a trr7 mutant generates ROS and induces the Yap1 response. A, the Yap1 response was assayed in WT, trr1, trx1 trx2, trr1
trx1 trx2, hacl,and trr1 hacl mutant strains containing a YRE::lacZ fusion construct. 3-Gal activity data are shown for exponential-phase calls grown in minimal
SD medium and are the means of three independent biological repeat experiments = S.D. B, hydrogen peroxide levels were measured using a peroxiredoxin-
based roGFP2-Tsa2ACR H,0, probe in the indicated strains. The degree of sensor OxD is shown with OxD = 1 for the fully oxidized probe and OxD = 0 for the
fully reduced probe. Data shown are the means of three independent biological repeat experiments = S.D. C, ROS generation was measured in the indicated
strains using DHR123. D, cytosolic GSH redox potentials were measured in strains using a roGFP2 fluorescent probe that equilibrates with the local GSH pool.
Data shown are the means of at least three independent biological repeat experiments + S.D. E, the Yap1 response is induced in response to ER stress. YRE::lacZ
activity was measured in the WT and yap T mutant strains treated with 1 ug/ml Tm for 2 h. Data shown are the means of three independent biological repeat
experiments = S.D. F, mutants deleted for YAPT are sensitive to ER stress induced by Tm exposure. Strains were grown to stationary phase, and the Ay, was
adjusted to 1, 0.1, 0.01, or 0.001 before spotting onto SD plates in the presence or absence of 0.4 ug/ml tunicamycin under aerobic or anaerobic growth
conditions. Significance is shown compared with the WT strain: *, p < 0.05; **, p < 0.01; ***, p < 0.001.

this possibility, we used the peroxiredoxin-based roGFP2-
Tsa2ACR H,O, probe (28) to measure whether the high UPR in
a trrl mutant generates ROS. Hydrogen peroxide was elevated
in the trrl mutant compared with a WT strain (Fig. 2B). This
increase in hydrogen peroxide was unaffected by deletion of
TRX1and TRX2, whereas it was decreased by deletion of HAC1,
consistent with the UPR generating ROS. Given that the
roGFP2-Tsa2ACR probe is a peroxiredoxin-based system, as
well as measuring H,O, levels, it would also be influenced by
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the overall reducing power of the thioredoxin system. Although
this would be unlikely to explain the decrease in roGFP2-
Tsa2ACR activity in the ¢rr1 hacl mutant compared with a trr1
mutant, it may complicate the interpretation of the trri, trxl
trx2, and trrl trx1 trx2 mutant strains. We therefore measured
ROS generation using dihydrorhodamine 123 (DHR123),
which is widely used for in vivo detection of ROS (29, 30). Oxi-
dation of DHR123 converts it into rhodamine, which emits a
detectable fluorescent signal. A similar pattern of ROS genera-
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tion data was obtained using DHR123 compared with the
roGFP2-Tsa2ACR probe, further confirming that deletion of
HACI abrogates ROS generation in a trrI mutant (Fig. 2C).

To further test the consequences of the constitutive UPR in a
trrl mutant, we used a roGFP2 fluorescent probe to quantify
the GSH cytosolic redox potential (31). The roGFP2 fluorescent
probe equilibrates with the local GSH pool and registers thiol
redox changes via disulfide bond formation. We calculated the
degree of oxidation (OxD) (32, 33) and found that the OxD
value was significantly increased in trr1, trx1 trx2, and trrl trxl
trx2 mutants compared with the WT strain, as might be
expected given the established links between the thioredoxin
and GSH systems (16). Deletion of HACI in trr1 shifted its OxD
value to a more reducing state, indicating that the constitutive
UPR in a trrl mutant causes GSH oxidation (Fig. 2D).

Given that Yap]1 activity was induced in a trrl mutant, de-
pendent on the UPR, we examined whether Yapl is also
required for tolerance to ER stress. ER stress can readily be
induced by chemicals such as the cytotoxic drug tunicamycin
(Tm), which inhibits N-linked glycosylation (34, 35). We first
confirmed that ER stress caused by tunicamycin could induce
the Yap1 response. Exposure of exponential-phase cells to Tm
resulted in an ~2-fold induction of Yapl activity, measured
using a Yapl-responsive reporter construct (Fig. 2E). This
induction depended on Yapl because it was absent in a yapl
mutant. Furthermore, a mutant deleted for YAPI was sensitive
to growth in the presence of tunicamycin, confirming the
requirement for Yap1 to respond to ER stress (Fig. 2F). If ROS
generation accounts for this sensitivity, we reasoned, then
anaerobic growth conditions in the absence of oxygen should
rescue growth. In agreement with this idea, anaerobic growth
conditions strongly rescued the tunicamycin sensitivity of a
yapl mutant (Fig. 2F).

Slow growth and decreased longevity in a trr1 mutant is
caused by the constitutive UPR

Given that the constitutively high UPR generates ROS in a
trrl mutant, we examined whether ROS generation causes the
slow growth normally observed in a trr1 mutant. Mutants lack-
ing thioredoxin reductase are very slow-growing, which is
somewhat surprising given that a significant proportion of the
thioredoxin pool is still present in a reduced state in a trrl
mutant (16). However, thioredoxin reductase mutants are sen-
sitive to oxidative stress conditions (17, 18, 36), and hence the
ROS generated by the constitutively active UPR may account
for this slow growth phenotype. We compared the growth rates
of mutant strains, and, as expected, a trrl mutant grew very
slowly (doubling time, 681 min) compared with a WT strain
(doubling time, 107 min) (Fig. 3A4). Abrogating the UPR by dele-
tion of HACI or IREI restored the doubling time of a trrl
mutant, similar to that of a WT strain (Fig. 34). To further
examine the dependence of the slow growth phenotype
observed in a ¢rrI mutant on its constitute UPR, we examined
the growth phenotype of thioredoxin mutants. Deletion of
TRX1 or TRX2 alone in a trrl mutant did not affect its growth
rate, whereas simultaneous loss of TRX1 and TRX2 improved
the slow growth of a ¢rr1 mutant (Fig. 34), consistent with the
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Figure 3. The constitutive UPR causes slow growth and shortened lon-
gevity in a thioredoxin reductase mutant. A, the growth rate (doubling
time) of the indicated strains was determined in YEPD medium. Data shown
are the means of three independent biological repeat experiments = S.D. B,
the chronological life span of the indicated strains was determined by pro-
pidium iodide staining and flow cytometry analysis. Data represent the per-
centage of live cells in stationary-phase cultures relative to day 0. G, Ire1 activ-
ity was monitored using an SR where the HACT ORF has been replaced with
GFP (40). Fluorescence was measured by flow cytometry. Significance is
shown compared with the WT strain: *, p < 0.05; **, p < 0.01; ***, p < 0.005.
AU, arbitrary units.

constitutively high UPR causing the slow growth of a ¢rrl
mutant rather than loss of thioredoxin function.

An additional phenotype we thought might be explained by
ROS generation is shortened longevity in a trrl mutant. Yeast
cells can survive for prolonged periods of time in culture and
have been used as a model of the chronological life span (CLS)
of mammals, particularly for tissues composed of nondividing
populations (37, 38). In the CLS model, populations of station-
ary phase cells are maintained in liquid, and viability is mea-
sured over time. Using this model, yeast cells were shown to
undergo a global redox collapse during CLS that is caused by

J. Biol. Chem. (2018) 293(31) 11984-11995 11987
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Figure 4. The Tsa1 and Tsa2 peroxiredoxins are required for thioredoxin oxidation in a trr7 mutant. A, the UPR was assayed in WT, trr1, trr1 tsal, trr1 tsa2,
and trr1 tsal tsa2 mutant strains using a UPRE:/acZ fusion construct. B-Gal activity data are shown for exponential-phase cells and are the means of three
independent biological repeat experiments =+ S.D. B, the growth rate (doubling time) of the indicated strains was determined in YEPD medium. Data shown are
the means of three independent biological repeat experiments = S.D. C, redox state of thioredoxins. Proteins were precipitated with TCA and free thiols
modified by reaction with AMS. Blots were probed with antibodies specific for Trx1 and Trx2 (Trx1/Trx2) or Trx2 (Trx2), and Pgk1 was included as a loading
control. Fully oxidized and fully reduced proteins are indicated. Quantification of the oxidized to reduced form is shown where the oxidized form is detected.
D, Western blot analysis of Tsa1 and Tsa2 in trr1 mutant strains. Proteins from the indicated strains were separated using reducing or nonreducing SDS-PAGE
asindicated. Blots were probed with antibodies specific for HA (Tsa2) or Tsa1, and Pab1 was included as a loading control. Significance is shown compared with

the WT strain: *, p < 0.05; **, p < 0.01; ***, p < 0.001.

decreased cellular NADPH concentrations and precedes cell
death (39). Thioredoxin reductase was identified as a key pro-
tein that becomes oxidized prior to the general redox collapse, but
itsrole in chronological aging was not directly examined. When we
measured the yeast CLS, we found that a #rr mutant has a short-
ened life span compared with a WT strain, and this was rescued by
deletion of HAC1 (Fig. 3B). These data are consistent with the UPR
accounting for the shortened chronological lifespan of a trrl
mutant, presumably because of ROS accumulation.

Our data indicate that deletion of HACI in a trrl mutant
rescues its slow growth and shortened longevity. We confirmed
that it is the loss of the UPR itself that accounts for these phe-
notypes rather than any indirect effect that might arise from
alterations in protein misfolding in the ER. We tested this using
asplicing reporter (SR) where the HACI ORF has been replaced
with GFP (40). This allows Irel activity to be monitored because
it splices the Hacl intron to derepress GFP expression. Higher
levels of SR activation were observed in a trr1 mutant compared
with a WT strain (Fig. 3C). Deletion of HAC1 did not affect this
increased SR activation, indicating that ER stress still occurs in
a trrl hacl mutant. The splicing reporter assay confirms that
protein misfolding in the ER (ER stress) is still occurring in the
trrl hacl mutant strain, but as Hacl is absent, the ROS produced
as a consequence of the constitutively activated UPR are also
absent. This highlights again that what is detrimental for the trr1

11988 . Biol. Chem. (2018) 293(31) 1198411995

mutant is not the protein misfolding in the ER but the inability to
detoxify the ROS produced by the constitutively active UPR.

The Tsal and Tsa2 peroxiredoxins are required for thioredoxin
oxidation in a trr1 mutant

Recent studies have shown that peroxiredoxins propagate
hydrogen peroxide signaling by driving the oxidation of thiore-
doxins (41, 42). We therefore tested the requirement for perox-
iredoxins in oxidizing thioredoxins and activating the UPR in a
trrl mutant. Tsal and Tsa2 are the two cytoplasmic 2-Cys per-
oxiredoxins in yeast, although Tsa2 is normally expressed at
significantly lower levels compared with Tsal (13, 14). Deletion
of TSA1 and TSA2 in a trrl mutant reduced the UPR by more
than 7-fold (Fig. 4A). Surprisingly however, this reduction
depended more on the loss of TSA2, which reduced the activity
of the UPR by ~3-fold in a trr1 mutant, compared with the loss
of TSA 1, which did not alter the UPR in a ¢rr] mutant (Fig. 4A).
The extent of the UPR also correlated with the growth rate of
trrl mutants because deletion of TSA2 rescued the slow growth
of a trrl mutant compared with deletion of TSAI (Fig. 4B).

To confirm that the changes in the activation of the UPR are
mediated by thioredoxin oxidation, the redox state of Trx1 and
Trx2 was measured in Prx mutant strains (Fig. 4C). We have
previously described a rabbit anti-yeast thioredoxin antibody
generated using purified Trx1 that recognizes both Trx1 and
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Trx2 (16) and an antibody generated using purified Trx2 that is
specific for Trx2 (43). Trx1 is present at higher cellular concen-
trations compared with Trx2 in a WT strain (Fig. 4C). Loss of
TRR1 elevated cellular thioredoxin concentrations, which pre-
dominantly appeared to arise because of increased concentra-
tions of Trx2. The thioredoxin redox state was examined using
the thiol-specific reagent 4-acetamido-4'maleimidyldystilbene-
2,2" disulfonic acid (AMS), which alkylates cysteine residues in
a free -SH but not in an oxidized state (16, 36). Loss of Tsal and
Tsa2 shifted the redox state of thioredoxins to a more reduced
form, suggesting that Tsal and Tsa2 are required for Trx oxi-
dation in a trrl mutant.

Because the Tsal/Tsa2 peroxiredoxins appear to be impor-
tant for the oxidation of the Trx1/Trx2 thioredoxins, we next
examined the protein levels of Tsal and Tsa2 in trrI mutants
(Fig. 4D). We found that Tsa2 is expressed at much lower levels
than Tsal in a WT strain, in agreement with previous observa-
tions (14). Tsal and Tsa2 are both targets of the Yap1 transcrip-
tion factor and were expressed at higher levels in a 771 mutant,
consistent with its constitutive activation of Yapl (Fig. 4D).
This increase in protein levels was most apparent for Tsa2,
which was barely detectable in a WT strain and strongly
increased in the trrl mutant strain. This dramatic increase in
the levels of Tsa2 in a trr1 mutant may explain why loss of TSA2
has a stronger effect on the UPR and growth rate in a trrl
mutant compared with loss of TSA 1. Such an overexpression of
Tsa2, in combination with the already high levels of Tsal,
requires a large amount of reducing power from the thiore-
doxin system for the recycling of peroxiredoxins, which may be
detrimental in a trrI mutant, where thioredoxins cannot be
reduced. We also compared the relative levels of Tsal and Tsa2
that were present in dimeric (oxidized) versus monomeric
(reduced) forms. Tsal and Tsa2 are typical 2-Cys peroxiredox-
ins that are active as a dimer. During catalysis, the peroxidatic
cysteine residue of one subunit is oxidized to a sulfenic acid that
condenses with the resolving cysteine from the other subunit to
form a disulfide that is reduced by thioredoxin (9). Loss of TSA 1
or TSA2 in a trrl mutant did not alter the relative proportions
of monomeric or dimeric Tsal or Tsa2 present in a trrl tsa2 or
trrl tsal mutant, respectively. Tsal and Tsa2 are predomi-
nantly present in the oxidized dimeric form, even in a WT
strain, and the monomeric form is increased most in a trrl
mutant. Thus, it may be interesting in future studies to examine
the redox status of cysteine residues (Tsal/Tsa2 have two Cys
residues) that are not involved in the structural disulfide bond
maintaining the dimeric forms of Tsal and Tsa2 to determine
whether their oxidation state correlates with the oxidation state
of the Trx1/2 thioredoxins and activation of the UPR.

Mitochondrial ROS oxidize thioredoxins to activate the UPR

Although a trrl mutant lacks thioredoxin reductase activity,
it is still able to synthesize thioredoxins that are made in a
reduced form. We therefore questioned what might cause the
appearance of oxidized thioredoxins in a trrI mutant. The UPR
was first measured under reduced oxygen conditions to con-
firm that the constitutive UPR requires aerobic metabolism.
Anaerobic growth reduced the high UPR observed in a ¢rrl
mutant, indicating that the elevated UPR depends on oxidizing
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conditions (Fig. 54). Mitochondrial respiration is thought to
provide a main source of ROS in eukaryotic cells via the process
of oxidative phosphorylation (44). We measured the UPR in
mutants lacking mitochondrial function, [rh0°], and found that the
UPR was also significantly decreased in a [r/10°] version of the tr71
mutant, consistent with mitochondrially derived ROS oxidizing
thioredoxins (Fig. 5A4). Thioredoxin-specific antibodies were again
used to confirm that the oxidation state of thioredoxins is altered
by mitochondrial function. This analysis confirmed that the redox
balance of both Trx1 and Trx2 was shifted to a more reduced state
in the [r40°] version of the #rrI mutant (Fig. 5B).

Mutants deleted for TRRI are resistant to tunicamycin,
which is thought to arise because of their constitutive UPR (19).
Because loss of mitochondrial function abrogated the UPR in a
trrl mutant, we reasoned that a [rho°] version of the trrl
mutant should also become tunicamycin-sensitive. This was
indeed the case, and a [r#0°] trr1 mutant was more sensitive to
tunicamycin compared with its isogenic respiration-competent
version (Fig. 5C). We also measured Yapl activation in the
[rho®] trr]l mutant. Consistent with the more reduced state of
Trx1 and Trx2 in the [r#0°] version of the ¢rrI mutant, signifi-
cantly less activation of Yapl was detected compared with the
respiration-competent ¢rrI mutant strain (Fig. 5D).

Finally, we tested whether we could detect any alterations in the
protein levels of Tsal in the [rk0°] version of the trrl mutant.
There was no decrease in the cellular concentrations of Tsal in the
[rho°] version of the trrl mutant, which may not be surprising
because the Yap1 response is still significantly activated in a [r#10°]
trrl mutant compared with the WT strain (Fig. 5E). No differences
in the relative proportions of Tsal present in its dimeric versus its
monomeric forms were detected in a respiration-competent ver-
sus a respiration-incompetent £rr1 mutant.

Discussion

Protein homeostasis in the ER represents a fine balance
between the synthesis, folding/refolding, and degradation of
damaged or misfolded proteins. An accumulation of misfolded
proteins triggers the highly conserved UPR, which alters the
expression of many genes involved in ER quality control. In
yeast, the UPR transcriptionally regulates many genes affecting
multiple ER and secretory functions (20, 45, 46). An ER-local-
ized kinase, Irel, senses the accumulation of unfolded proteins
and acts as a specific endoribonuclease in splicing the HACI
mRNA. The translation product of the spliced HACI mRNA
then acts as a transcriptional activator for genes that contain an
upstream UPR element. The unique oxidative environment of
the ER lumen requires tight regulatory control, and the finding
that the UPR is constitutively activated in yeast thioredoxin
reductase mutants suggests a link between cytoplasmic thiol
redox control and ER oxidative protein folding.

The elevated UPR observed in a ¢rr! mutant indicates that
cytoplasmic thioredoxin reductase is required to maintain oxi-
dative protein folding in the ER. However, thioredoxin activity
itself is not required to maintain ER homeostasis because the
UPR is not significantly altered in a strain lacking cytoplasmic
thioredoxins. It is the presence of oxidized thioredoxins in a
trrl mutant that appears to mediate the cross-talk between the
cytoplasmic and ER redox-regulatory systems, resulting in activa-
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Figure 5. Mitochondrial ROS oxidize thioredoxins to activate the UPR. A, the UPR was assayed in WT and trr1 mutant strains using a UPRE::lacZ fusion
construct. Data are shown for strains grown under aerobic or anaerobic conditions and for [rho°] mutants. 8-Gal activity data are shown for exponential-phase
calls and are the means of three independent biological repeat experiments = S.D. Significance is shown compared with the WT strain: ***, p < 0.001. B, redox
state of thioredoxins. Proteins were precipitated with TCA, and free thiols were modified by reaction with AMS. Blots were probed with antibodies specific for
Trx1and Trx2 (Trx1/Trx2) or Trx2 (Trx2), and Pgk1 was included as a loading control. Fully oxidized and fully reduced proteins are indicated. Quantification of the
oxidized to reduced form is shown where the oxidized form is detected. C, strains deleted for TRR1 are resistant to tunicamycin. WT, [rho®], trr1, [rho®] trr1, trx1
trx2, [rho®] trx1 trx2, trr1 trx1 trx2,and [rho®] trr1 trx 1 trx2 mutant strains were grown to stationary phase and adjusted to an A, of 1.0,0.1,and 0.001 before spotting
onto SD plates containing 1.2 ug/ml Tm. D, the Yap1-response in a trr1 mutant is reduced in a [rho] version. YRE:lacZ activity was measured in the WT, [rho°], trr1, and
[rho®] trr1 strains. Data shown are the means of three independent biological repeat experiments + S.D. Significance is shown compared with the WT strain and
comparing the trr1 with [rho°] trr1 strains: ***, p < 0.001. E, Western blot analysis of Tsa1 in [rho®] mutants. Proteins from the indicated strains were separated using
reducing or nonreducing SDS-PAGE as indicated. Blots were probed with antibodies specific for Tsa1, and Pab1 was included as a loading control.

tion of the UPR. Our data show that the UPR is increased in  they candirectly participate in protein folding in the ER, raising the
response to the formation of oxidized thioredoxins because it can  question of how the UPR is activated in thioredoxin mutants.

be prevented by growth under anaerobic conditions and in [r#10°] The thioredoxin and GSH systems represent the major cel-
and peroxiredoxin mutants, conditions that prevent oxidized thi- lular redox-regulatory systems and are thermodynamically
oredoxins from forming in thioredoxin reductase mutants. Given linked because each uses NADPH as a source of reducing equiv-
the cytoplasmic localization of thioredoxins, it seems unlikely that ~ alents (47). Loss of the thioredoxin system results in elevated

11990 J. Biol. Chem. (2018) 293(31) 11984 ~11995 SASBMB



ER stress growth defects in a thioredoxin reductase mutant

levels of both GSH and GSSG, indicating a link between the
thioredoxin system and GSH homeostasis in cells (8, 48). GSH
provides a buffer against hyperoxidizing conditions in the ER
and may function in the reductive pathway for the formation of
native disulfide bonds (49, 50). It also competes for oxidizing
equivalents in the ER because elevated GSH disrupts ER function
and activates the UPR because of an accumulation of misfolded
proteins (49). However, the elevated UPR in a frr1 mutant does not
appear to arise as an indirect consequence of GSH alterations in a
trrl mutant because loss of GLR1, encoding GSH reductase, sig-
nificantly increases the cellular concentrations of oxidized GSH
but does not affect the UPR (19). This suggests that the elevated
UPR is a direct response to oxidized thioredoxins.

In eukaryotic cells, disulfide bonds are formed in nascent
proteins within the lumen of the ER and are essential for the
folding of proteins that are secreted or localized through the
secretory pathway. Genetic evidence has identified a pathway
for disulfide formation where oxidizing equivalents are trans-
ferred between thiol-containing proteins and secretory pro-
teins (51, 52). The formation of disulfide bonds is catalyzed by
the Pdil family of proteins in a redox relay with Erol and oxy-
gen acting as a terminal electron acceptor (53). To attain their
final native structures, nonnative disulfide bonds must be
reduced and isomerized (54). In mammalian cells, cytosolic thi-
oredoxin reductase has been implicated in a pathway transfer-
ring reducing equivalents from the cytosol to the ER, which
provides the reducing power for disulfide isomerization (55).
This may therefore provide the link between the yeast cytosolic
thioredoxin reductase and the UPR. One possibility is that an
unknown redox-regulatory protein in the ER membrane may
act to mediate the cross-talk between cytoplasmic thioredoxins
and the lumen of the ER (Fig. 6). In this model, thioredoxins
would reduce this unknown factor to provide reducing equivalents
for disulfide bond isomerization. Oxidation of the cytoplasmic thi-
oredoxin pool would oxidize this factor, preventing the resolution
of non-native disulfide bonds, promoting protein misfolding and
activation of the UPR. This may explain why simple loss of thiore-
doxin activity does not influence ER homeostasis, similar to thi-
oredoxin oxidation, because loss of thioredoxin activity would not
actively oxidize this unknown factor. More work will be required
to identify the factors that mediate the cross-talk between the cyto-
plasmic thioredoxin system and the ER and why they are crucial
for maintaining ER redox homeostasis.

The ER has long been known to act as a potential source of
ROS, which can cause oxidative stress (56, 57). For example, the
UPR can contribute to cell death, following protein misfolding,
through the accumulation of ROS (27, 58). The use of oxygen as
a terminal electron acceptor implicated Erol as a source of
ROS, and overexpression of Erol is known to generate ROS (27,
59-61). We found that loss of thioredoxin reductase resulted
in hydrogen peroxide accumulation, which depended on the
UPR. An unexpected consequence of UPR-generated ROS was
the activation of the Yap1 transcription factor. The Yapl tran-
scription factor is the main regulator of the oxidative stress
response in yeast and, hence, would normally act to regulate the
protective response against ER stress—derived ROS (Fig. 6).
This would be important, as ER-derived ROS have been pro-
posed to account for a major fraction of intracellular ROS gen-
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eration (56). We also found that the constitutive UPR causes a
number of the well-known phenotypes normally observed in
thioredoxin reductase mutants. For example, our roGFP2
probe data showed that abrogating the UPR in a tr71 mutant by
deletion of HACI restored the cytosolic OxD value, indicating
that the constitute UPR accounts for cytosolic GSH oxidation
in a ¢rrl mutant. Thioredoxin reductase mutants are also very
slow-growing and show a shortened chronological life span,
which is somewhat surprising given the relatively high levels of
reduced thioredoxins that are still present in a trr1 mutant (21,
36). However, these phenotypes can also be rescued by prevent-
ing the UPR, further reinforcing the idea that an uncontrolled
UPR can be detrimental to cells and, for example, is implicated
in diseases such as diabetes (62).

Most regulatory thiol oxidation is mediated by protein cata-
lysts such as the peroxiredoxin family of enzymes, which act as
both hydrogen peroxide sensors and thiol oxidizers (10, 11, 41).
Peroxiredoxins are efficient oxidases that can, under certain
conditions, result in an accumulation of oxidized thioredoxins,
and oxidized thioredoxins can, in turn, introduce disulfide
bonds into target proteins (63, 64). We found that the oxidation
of thioredoxins in a thioredoxin reductase mutant required aer-
obic conditions and the presence of the Tsal and Tsa2 perox-
iredoxins. Hence, any oxidative stress conditions that cause
oxidation of Tsal/2 may potentially activate the UPR. Presum-
ably, the up-regulation of the UPR is important under these
conditions to buffer against any potential ER stress. The pro-
duction of ER-derived ROS would be an unwanted side effect of
the UPR, although the Yapl system is normally sufficient to
protect against detrimental damaging effects (Fig. 6). Taken
together, our data highlight an unanticipated link between the
cytoplasmic and ER redox status, which is important for cell
growth and longevity.

Experimental procedures
Yeast strains and plasmids

The WT strain W303 (MATa ura3-52 leu2-3 leu2—-112
trpl-1 ade2—1 his3—11 canl—-100) and its isogenic derivatives
deleted for TRX1 (trx1:TRPI1), TRX2 (trx2:URA3), TRRI
(trr1:HIS3), TSAI (tsal:LEU2, tsal:URA3), TSA2 (tsa2:KANMX),
GLRI (glr1:TRPI), YAPI (yapl:HIS3), IREI (irel::KanMX4),
and HACI (hacl::KanMX4) have all been described previously
(8, 19, 43, 65— 68). Strains deleted for multiple genes were con-
structed using standard yeast techniques. Respiratory incompe-
tent [r#10°] mutants were created using ethidium bromide treat-
ment. The Tsa2 coding region along with 500 bp of 5" UTR and 3’
UTR sequences was commercially synthesized (Epoch Life Sci-
ence Inc.), including the insertion of a single HA tag at the N ter-
minus of the protein. The Tsa2 construct was cloned into the
pRS414 vector using BamHI and Eagl restriction sites. The centro-
meric plasmid pFL-TSA1 has been described previously (69).

Growth conditions

Strains were grown in rich YEPD medium (2% (w/v) glucose,
2% (w/v) bactopeptone, and 1% (w/v) yeast extract) or minimal
SD medium (0.17% (w/v) yeast nitrogen base without amino
acids, 5% (w/v) ammonium sulfate, and 2% (w/v) glucose) sup-
plemented with appropriate amino acids and bases at 30 °C and
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Figure 6. Graphical representation of possible models via which cytoplasmic thioredoxin reductase is required for correct disulfide bond formation
in the ER. In the absence of Trr1, oxidized thioredoxins form in the cytosol and cause misregulation of the cross-talk between the cytoplasmic and ER
redox-regulatory systems, leading to up-regulation of the UPR via activation of Ire1. Given the cytoplasmic localization of thioredoxins, it seems unlikely
that they can directly participate in protein folding in the ER, and hence an unknown protein (X) with the ability to transfer reducing equivalents across
the ER membrane may mediate this cross-talk. In the absence of thioredoxin reductase, oxidized thioredoxins cannot fully reduce protein X, leading to
its inability to transfer reducing equivalents across the membrane, and protein misfolding occurs in the ER lumen, which leads to a constitutively active
UPR.The constitutively active UPR results in ROS generation, which causes slow growth, shortened longevity, and oxidation of the cytoplasmic GSH pool
in mutants with compromised thioredoxin reductase activity. The production of ER-derived ROS activates the Yap1 system to protect it against
damaging effects. The Tsa1 and Tsa2 peroxiredoxins are required to oxidize thioredoxins in response to ROS generated because of ER protein misfold-
ing. This also highlights a possible role for peroxiredoxins in mediating the oxidation of protein X or other proteins that maintain correct ER redox
homeostasis.

(units). Values shown are the means of at least three independent
determinations.

180 rpm. Media were solidified by addition of 2% (w/v) agar. For
anaerobic growth conditions, medium was supplemented with
0.1% (v/v) Tween 80 and 30 mg/liter ergosterol. Stress sensitiv-
ity was determined by growing cells to stationary phase and

: 2 ] : Western blotting analyses
spotting onto agar plates containing various concentrations of

tunicamycin.

B-gal assays

Plasmids were used containing a lacZ reporter construct
under the control of the UPR element (70) or the Yap1 response
element (71). For the determination of -gal activity, transfor-
mants were assayed essentially as described previously (72). Activ-
ity is expressed as nanomoles of O-nitrophenyl-B-p-galactopyra-
noside hydrolyzed per minute per microgram of total protein

11992  J Biol. Chem. (2018) 293(31) 1198411995

Protein extracts were electrophoresed under reducing or
nonreducing conditions on SDS-PAGE minigels and electro-
blotted onto polyvinylidene difluoride membranes (Amer-
sham Biosciences). Bound antibody was visualized using
WesternSure® chemiluminescent reagents (LI-COR). Pro-
tein concentrations were measured using a NanoDrop
ND-8000 spectrophotometer. Primary antibodies used were
Pgkl (Thermo Fisher Scientific), Trx1 (16), Trx2 (43), Tsal
(73), HA (Sigma), and Pabl (74).
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Redox state measurements

The redox state of Trx1 and Trx2 was measured by covalent
modification with the thiol-reactive probe AMS (Molecular
Probes) as described previously (16). For nonreducing Western
blot analysis, proteins were extracted in the presence of N-eth-
ylmaleimide to prevent any nonspecific thiol oxidation during
sample preparation. A redox-responsive fluorescent protein
probe (roGFP2) was used to quantify cytosolic redox potentials
(75), and a peroxiredoxin-based probe (roGFP2-Tsa2ACR) was
used to measure H,O, concentrations based on the methodol-
ogy described by Morgan et al. (28). To obtain measurements of
the fully oxidized and fully reduced probes, cells were treated
with 20 mm H,O, or 100 mm DTT for 30 min, respectively. Ten
thousand cells were counted for each sample using a BD Bio-
sciences LSRFortessa™ cell analyzer, and data were analyzed
using BD Biosciences FACSDiva 8.0.1 software. The degree of
probe OxD was calculated as described previously (32).

DHR123 was used to measure intracellular ROS, using a pro-
tocol modified from Ref. 65. Briefly, 5 ug/ml DHR123 was
added to mid-exponentially grown cells and incubated for 1 h at
30 °C in the dark. Fluorescence was measured by flow cytom-
etry at 485/528 nm. Ten thousand cells were counted for each
sample using a BD Biosciences LSRFortessa’ ™ cell analyzer.

Chronological life span experiments were performed accord-
ing to Ref. 76. Briefly, cells were cultured in liquid synthetic
complete (SCD) medium (180 rpm, 30 °C), with aliquots taken
every 2-3 days for flow cytometry analysis (501 nm excitation,
586 nm/15 nm emission detection on a BD Biosciences LSR-
Fortessa™ cell analyzer and BD FACSDiva 8.0.1 software) after
propidium iodide staining.

Splicing reporter

The GFP SR used to monitor Irel activity has been described
previously (40). 10,000 cells were analyzed in a BD Biosciences
LSRFortessa flow cytometer with excitation at 488 nm and emis-
sion at 530/30 nm. The average median value of the intensity of
fluorescence of three independent biological repeats was calculated.
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