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Abstract

In the unfolded protein response (UPR), Ire1 activates Hac1 to coordinate the transcription of 

hundreds of genes to mitigate ER stress. Recent work in C. elegans suggests that oxidative stress 

inhibits this canonical Ire1 signaling pathway, activating instead an anti-oxidant stress response. 

We sought to determine whether this novel mode of UPR function also existed in yeast, where Ire1 

has been best characterized. We show that the yeast UPR is also subject to inhibition by oxidative 

stress. Inhibition is mediated by a single evolutionarily conserved cysteine, and affects both 

luminal and membrane pathways of Ire1 activation. In yeast, Ire1 appears dispensable for 

resistance to oxidative stress and, therefore, the physiologic significance of this pathway remains 

to be demonstrated.
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Introduction

Misfolded proteins are toxic and cells have developed complex stress responses to identify 

and eliminate them. In the unfolded protein response (UPR), activation of the endoplasmic 

reticulum transmembrane protein Ire1 promotes the unusual cytoplasmic splicing of HAC1 
mRNA [1]. Hac1 (Xbp1 in mammals) then coordinates the transcription of hundreds of 

genes which adapt the cell to ER stress [2]. These include molecular chaperones within the 

ER, components of the ER-associated degradation (ERAD) pathway, genes involved in lipid 

metabolism, and others [2].

Two major pathways of Ire1 activation have been described. In the canonical luminal sensing 

pathway, Ire1 detects misfolded proteins within the ER. In yeast this appear to be mediated 
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through direct interaction of Ire1 with their exposed hydrophobic domains [3–4], while in 

higher organisms the luminal chaperone BiP (Kar2) plays an important role in this process 

[5]. The second pathway of Ire1 activation, by contrast, senses defects in the ER membrane 

(so-called “bilayer stress”) and is mediated by Ire1’s transmembrane domain [6–7]. Various 

defects in lipid metabolism activate the UPR through this pathway, and the UPR in turn 

stimulates the expression of various genes involved in lipid metabolism [2, 8–10]. This 

emerging relationship between the UPR and lipid homeostasis is recapitulated at the level of 

human disease. Obesity, for still poorly understood reasons, is a major inducer of the UPR, 

and weight loss reverses UPR induction [11]. Conversely, defects in the UPR pathway lead 

to pre-diabetic insulin resistance [12–13].

Recent work suggests an entirely novel mode of regulation of the UPR by oxidative stress. 

In work done largely in C. elegans, oxidative stress was shown to result in a switch-like 

regulation of Ire1, inhibiting the canonical signaling pathway mediated by Hac1/Xbp1 while 

simultaneously stimulating an antioxidant response mediated by the p38 MAP kinase family 

and the transcription factor Nrf2 [14]. Ire1 and the UPR have been best characterized in the 

budding yeast S. cerevisiae. Therefore, it was important to determine whether this pathway 

also exists in yeast, its similarity to the pathway in higher organisms, and its physiologic 

significance.

Materials and Methods

Strains and Plasmids

Yeast strains are listed in Table 1. Standard techniques were used for strain construction and 

plasmid transformation. Cells were cultured at 30°C. YPD medium consisted of 1% yeast 

extract, 2% Bacto-peptone, and 2% dextrose. Synthetic medium consisted of 0.7% Difco 

yeast nitrogen base supplemented with amino acids, uridine, adenine, and 2% dextrose. 

Plasmid selection was by omission of uridine.

The following chemicals were used: sodium arsenite (1 mM; Sigma #S7400), tunicamycin 

(5 μg/ml; Sigma #T7765), dithiothreitol (1.5 mM; Gold Bio #DTT50), and hydrogen 

peroxide (5 mM; Sigma #H1009). All treatments were for one hour. Double drug treatments 

were applied concurrently.

All plasmids used were based on ycPlac33, a low copy centromeric vector (CEN) bearing 

the URA3 auxotrophic marker [15]. IRE1 was cloned with its endogenous promoter (500 bp 

upstream and 200 bp downstream) into ycPlac33 (pJH233). Site-directed mutagenesis of 

pJH233 was performed using the QuikChange method (Agilent). Ire1-C832S (pGM43) was 

generated using the following primers: 5’-

CAGACTTTGGTCTTTcCAAAAAACTAGACTCTGG-3’, 5’-

CCAGAGTCTAGTTTTTTGgAAAGACCAAAGTCTG-3’. Ire1-C748S (pGM54) was 

generated using the following primers: 5’-

TTTTGTATATTGCTTTAGAGCTCaGCAATTTGAACCTTCAAGATTTG-3’, 5’-

CAAATCTTGAAGGTTCAAATTGCtGAGCTCTAAAGCAATATACAAAA-3’. All 

plasmids were verified by sequencing
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Proteomic Analysis

The tandem mass tag-based mass spectrometry proteomic analysis of the cellular response to 

sodium arsenite was previously described in detail [16], and quantitated 4,563 proteins (of 

~6,000 in yeast) at 0, 1, and 4 hours after arsenic treatment (1 mM) and with biologic 

triplicates. The data presented here represent further original analysis of that data set. We 

previously showed that cells treated under these conditions resumed growth with a normal 

doubling time within just 1-2 hours of arsenic wash-out, indicating that the observed 

proteomic changes likely reflect a physiologic stress response rather than non-specific 

changes in dying or dead cells [16].

RT-PCR

Reverse-transcription polymerase chain reaction (RT-PCR) was performed as previously 

described [17]. HAC1 was amplified using the primers 5’-CACTCGTCGTCTGATACG-3’ 

and 5’-CATTCAATTCAAATGAATTCAAACCTG-3’. These primers amplify the region 

encompassing base pairs 373-949 of the open reading frame, allowing for detection of both 

the unspliced and spliced forms of HAC1. KAR2 (BiP in mammals) was amplified using the 

primers 5’-GTGTCTTATCCGGTGAAGAAG- 3’ and 5’-

CTAGATTCAACCTTGGCCTTG-3’ which amplify the region encompassing base pairs 

1268-1745 of the open reading frame. ACT1 was amplified with primers 5’-

CTGGTATGTTCTAGCGCTTG-3’ and 5’-GATACCTTGGTGTCTTGGTC-3’ which 

amplify the region encompassing base pairs 8-439 of the open reading frame.

Immunoblot Analysis

Whole cell lysates were prepared as previously described from logarithmic phase cultures 

that had been untreated or chemically treated as indicated [18]. In brief, cells were 

normalized by optical density (OD600) and collected by centrifugation. Pellets were then 

resuspended in cold 2 M lithium acetate and incubated on ice for 5 min, followed by a 5 min 

incubation in cold 0.4 M sodium hydroxide on ice. After centrifugation, pellets were 

resuspended in 1X Laemmli buffer and boiled at 100°C for 5 min. Standard SDS-PAGE and 

immunoblotting were performed.

The following antibodies were used in this study: anti-Kar2 (BiP) (Santa Cruz; #sc33630), 

anti-Hog1 (Santa Cruz; #sc-165978), anti-phospho-38 MAPK T180/Y182 (Cell Signaling, 

#9211S), and anti-Pgk1 (Novex; #459250).

Sequence and Structural Analysis

Sequence alignments were performed using Clustal Omega. The Ire1 crystal structure (PDB: 

3FBV) was visualized using Cn3D.

Results

Inhibition of the UPR by Oxidative Stress

We recently carried out a proteomic analysis of the cellular response to trivalent arsenic 

(arsenite) in yeast. This analysis quantitated 4,563 proteins (of approximately 6,000) at 0, 1, 

and 4 hours after arsenic treatment [16]. Widespread proteomic changes were observed, with 
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approximately 1,000 proteins showing a significant change in abundance. A large number of 

these proteins related to pathways of protein quality control, with significant upregulation of 

molecular chaperones, proteasome subunits, and autophagy components. This profile 

suggested that these cells were under significant proteotoxic stress. We were therefore 

surprised that components of the UPR were not induced under these conditions. For 

example, the UPR transcriptional targets Kar2, Lhs1, and Pdi1 showed little or no change in 

protein abundance (Fig. 1A). Stress-induced proteasome biogenesis is induced by a separate 

proteotoxic stress response mediated by the transcription factor Rpn4 [19]. In contrast to the 

UPR, Rpn4 protein levels increased by approximately twenty-fold [16], resulting in the 

increased abundance of proteasome subunits such as Pre2 (Fig. 1A).

To confirm the lack of UPR induction under these conditions, we looked directly at HAC1 
splicing by RT-PCR. Tunicamycin, an inhibitor of ER glycosylation, resulted in splicing of 

HAC1 as expected (Fig. 1B). By contrast, there was no detectable HAC1 splicing upon 

arsenic treatment (Fig. 1B). In principle, this lack of UPR activation could reflect simply a 

failure to induce the UPR or active inhibition of the UPR by arsenic. To distinguish between 

these possibilities, we simultaneously treated cells with both tunicamycin and arsenic. 

Surprisingly, the tunicamycin-mediated induction of the UPR was strongly inhibited by the 

presence of arsenic (Fig. 1C). To determine whether this inhibition was specific to 

tunicamycin, we employed dithiothreitol (DTT), which also induces the UPR but is 

structurally and mechanistically distinct from tunicamycin. DTT strongly induced the UPR, 

however arsenic again was able to largely inhibit this induction (Fig. 1C). We confirmed this 

UPR inhibition at the protein level by visualizing the Hac1 target Kar2. Tunicamycin 

induced Kar2 expression at the protein level, but this effect was largely abrogated if cells had 

been simultaneously treated with arsenic (Fig. 1D). Thus, arsenic is capable of inhibiting the 

UPR.

An important aspect of arsenic toxicity is its ability to covalently interact with free thiol 

groups in the amino acid sidechains of proteins [20–21]. This may contribute to some of 

arsenic’s proteotoxic effects [16, 22–23]. However, arsenic is also a potent oxidizing agent 

capable of generating oxygen free radicals and other oxidizing species [24]. If the UPR 

inhibitory effect of arsenic derived from its ability to directly bind Ire1, this effect would 

likely not be shared with other oxidizing agents. Alternately, Ire1 inhibition by arsenic could 

reflect a more general feature of oxidizing agents. To distinguish between these possibilities, 

we employed the oxidizing agent hydrogen peroxide which is not known to covalently 

modify proteins. Hydrogen peroxide potently inhibited both tunicamycin- and DDT-

mediated UPR induction (Fig. 1E). Thus, the effects observed are not specific to arsenic, but 

appear to reflect a general capacity for oxidative stress to inhibit the UPR.

Thiol-Based Regulation of Ire1 in Response to Oxidative Stress

In C. elegans, a critical cysteine residue (C663 in C. elegans) located within the kinase 

activation loop was essential for oxidative stress-induced UPR inhibition [14]. That residue 

is conserved in yeast (Fig. 2A; ref. 14) and therefore we sought to test whether it functioned 

similarly. We cloned IRE1 into a low-copy centromeric vector expressed from the 

endogenous Ire1 promoter. This plasmid fully complemented the ire1Δ mutant (see Fig. 4A 

Guerra-Moreno et al. Page 4

FEBS Lett. Author manuscript; available in PMC 2020 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



below). We prepared an ire1-C832S mutant and tested its function in the HAC1 splicing 

assay. Arsenic-induced inhibition of the UPR was markedly attenuated in the ire1-C832S 
mutant for both tunicamycin and DTT (Fig. 2B-C). As a measure of downstream Hac1 

function, we looked at transcription of Kar2 by RT-PCR. In wild-type cells, tunicamycin-

mediated Kar2 transcription was strongly inhibited by simultaneous arsenic treatment (Fig. 

2D). However, this inhibitory effect was again largely lost in the ire1-C832S mutant (Fig. 

2D). Finally, the capacity for hydrogen peroxide to inhibit the UPR was also lost in the ire1-
C832S mutant (Fig. 2E). Thus, a critical cysteine residue mediates control of the UPR by 

oxidative stress in an evolutionarily conserved manner.

The experiments of Fig. 2B-C were conducted in synthetic (i.e. minimal) media, which is 

relatively deficient compared to rich media in a number of lipid precursors including 

choline, ethanolamine, and inositol. Under these conditions, a mild constitutive induction of 

the UPR is present even in the absence of an exogenous proteotoxic stressor. Interestingly, 

arsenic was also capable of inhibiting this constitutive UPR induction (Fig. 2B-C, compare 

lanes 1 and 2), and Cysteine-832 was required for UPR inhibition (Fig. 2B-C, compares 

lanes 1and 2 with lanes 5 and 6). These data suggest that oxidative stress inhibits both the 

luminal (tunicamycin, DTT) and membrane (minimal media) pathways of Ire1 activation, 

and inhibition of both pathways is mediated by Cysteine-832.

Specificity of Cysteine-832 in Regulating Ire1

Cysteine oxidation may result in a number of distinct modifications, including sulfenylation, 

sulfinylation, sulfonylation, and disulfide bonding [25] . The transcription factor Yap1, for 

example, is a major mediator of the oxidative stress response in yeast and is regulated by 

disulfide bonding which controls the protein’s localization [26]. We wanted to determine 

whether other cysteines might contribute to oxidative regulation of Ire1 in this manner. We 

noticed that a second cysteine (C748) is located near C832 and also shows strong 

evolutionary conservation from yeast to humans (Fig. 2A, 3A). We mutated this residue to 

serine and determined the ability of this mutant to mediate arsenic-induced inhibition of the 

UPR. The ire1-C748S mutant showed normal induction of the UPR in response to DTT, and 

unlike the C832S mutant, showed no defect in arsenic-mediated UPR inhibition (Fig. 3B). 

This result emphasizes the specificity of the effects seen with C832, and makes a disulfide 

bonding event unlikely, as no other potential disulfide binding partner was present in the 

close vicinity of C832.

Phenotypic Analysis of the Ire1-C832S Mutant

In C. elegans, the corresponding cysteine residue (C663) is required for survival upon 

arsenic exposure [14]. Furthermore, inhibition of the canonical UPR signaling pathway is 

accompanied by stimulation of an alternate anti-oxidant response mediated by the p38 MAP 

kinase pathway [14]. We sought to determine whether similar functions of Ire1 could be 

detected in yeast. We expressed wild-type and the C832S mutant of Ire1 in the ire1Δ strain 

and measured its survival against ER stress. Both the wild-type and mutant Ire1 plasmids 

fully complemented the growth defect of the ire1Δ mutant upon tunicamycin exposure, 

confirming that Cysteine-832 is not required for normal UPR function (Fig. 4A). By 

contrast, the ire1Δ mutant showed no growth defect upon exposure to arsenic, even at high 
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doses (Fig. 4B; ref. 27), and the C832S mutant did not confer a dominant negative 

phenotype. Simultaneous treatment with both tunicamycin and arsenic also did not reveal a 

phenotype for the C832S mutant that was different from the wild-type (data not shown). 

Finally, we considered that redundancy in oxidative stress responses might have masked a 

phenotype for the C832S mutant. We therefore knocked out Yap1, a major mediator of the 

oxidative stress response in yeast [26], in the ire1Δ mutant. However, this double mutant did 

not show a synthetic negative phenotype (data not shown).

Hog1 is generally considered to be the yeast ortholog of the p38 MAP kinase family, and 

functions in a variety of stress responses including the cellular response to arsenic [28]. 

Activation of Hog1 is typically accompanied by phosphorylation of Hog1 at two key 

residues within its kinase activation segment [29]. Hog1 is best known for its role in the 

osmotic stress response, and is rapidly and strongly phosphorylated in response to sodium 

chloride (Fig. 4B). Arsenic-induced phosphorylation of Hog1 is much weaker but is readily 

detectable (ref. 30). Hog1 phosphorylation in response to arsenic was completely unaffected 

in the ire1Δ mutant (Fig. 4B).

Discussion

The UPR is a widely studied and evolutionarily conserved stress response that detects 

misfolded proteins within the endoplasmic reticulum and orchestrates a complex program of 

cellular remodeling to mitigate this threat. Recent work suggested an exciting and entirely 

novel mode of UPR regulation by oxidative stress. In this pathway, oxidation of a key 

cysteine residue within the kinase activation loop of Ire1 inhibits the canonical signaling 

pathway through Xbp1 (the ortholog of Hac1) and instead activates an anti-oxidant stress 

response mediated by p38 kinase signaling and the transcription factor Skn1/Nrf2 [14]. Ire1 

has been best characterized in yeast, and therefore it was important to determine whether 

this pathway also existed in yeast. Our results support and extend those of Blackwell and 

colleagues [14]. We find that the UPR is not induced by arsenic in yeast, consistent with a 

prior report [27]. This was surprising since proteotoxicity appears to represent an important 

aspect of arsenic’s toxicity [16, 22]. In fact, arsenic was capable of potently inhibiting Ire1 

in a manner that was dominant to known UPR inducers such as tunicamycin and DTT. 

Inhibition was also seen under conditions of minimal media, indicating that arsenic can 

inhibit both the luminal and membrane pathways of threat sensing by Ire1. UPR inhibition 

was not specific to arsenic, but was also observed with hydrogen peroxide, suggesting that it 

is a consequence of oxidative stress generally rather than reflecting specific aspects of 

arsenic toxicity such as its ability to covalently modify thiol groups. The mechanism of 

inhibition also appears to be highly conserved as it is mediated by the same cysteine residue 

in yeast (C832) and C. elegans (C663). This novel mode of UPR regulation thus extends to 

yeast and may represent a universal aspect of Ire1 function.

In contrast to the results from higher organisms, we do not yet understand the physiologic 

significance of this regulatory program. We have not yet been able to demonstrate a 

physiologic defect of the ire1-C832S mutant (or the ire1Δ mutant) upon exposure to arsenic 

or other oxidizing agents, even under conditions where Ire1 is strongly inhibited (see also 

ref. 27). There are two possible explanations for this. First, it may be that Ire1 performs an 
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essential role in response to oxidative stress, but that additional functional redundancies in 

yeast have prevented us from visualizing this aspect of Ire1 function. Alternately, it may be 

that inhibitory cysteine oxidation of Ire1 also occurs in yeast, but that the coupling of this 

function to a physiologically efficacious Ire1-mediated antioxidant stress response represents 

an important development in higher organisms.
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Figure 1. Inhibition of the UPR by oxidative stress.
A) Relative protein abundance of UPR targets Kar2, Lhs1, and Pdi1 at 0, 1, and 4 h after 

treatment with sodium arsenite (1 mM). The data were generated using a quantitative mass 

spectrometry-based proteomic approach [16]. Pre2 is a proteasome subunit and a 

transcriptional target of the Rpn4 proteotoxic stress response which is best known for 

controlling proteasome abundance [16]. Error bars represent standard deviations from 

triplicate cultures.

B) Splicing of the Ire1 target HAC1 in response to treatment with sodium arsenite (1 mM) or 

tunicamycin (5 μg/ml) for 1 hour, as determined by RT-PCR. Spliced and unspliced forms of 

HAC1 are indicated. ACT1 serves as a loading control (lower panel).
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C) Inhibition of tunicamycin-induced (5 μg/ml) or DTT-induced (1.5 mM) HAC1 splicing 

by concurrent treatment with sodium arsenite (1 mM), as determined by RT-PCR. Chemical 

treatment was for one hour. Lower panel, ACT1 loading control.

D) Inhibition of tunicamycin-induced (5 μg/ml) expression of Kar2 (BiP) protein by 

concurrent treatment with sodium arsenite (1 mM) for one hour. Whole cell extracts were 

prepared and analyzed by SDS–PAGE followed by immunoblot with anti-Kar2 antibody 

(upper panel) or anti-Pgk1 antibody (lower panel; loading control). There was no 

tunicamycin-induced expression of Kar2 in the ire1Δ mutant. Images were quantitated using 

NIH Image J, and the relative expression of Kar2 and Pgk1 is indicated as a percentage of 

the untreated wild-type control (i.e. lane).

E) Inhibition of tunicamycin-induced (5 μg/ml) or DTT-induced (1.5 mM) HAC1 splicing by 

concurrent treatment with hydrogen peroxide (5 mM), as determined by RT-PCR. Chemical 

treatment was for one hour. Lower panel, ACT1 loading control.
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Figure 2. Cysteine-832 mediates oxidative stress-induced inhibition of Ire1.
A) Sequence alignment of the critical region of Ire1 from S. cerevisiae, C. elegans, and 

humans. Cysteine-832 is highlighted in yellow. Cysteine-748 is highlighted in cyan. 

Asterisks, identical residues; double dots, highly similar residues; single dots, similar 

residues.

B-C) The ire1-C832S mutant is refractory to arsenic-induced inhibition of HAC1 splicing, 

as determined by RT-PCR. HAC1 splicing was induced by either DTT (1.5 mM; panel B) or 

tunicamycin (5 μg/ml; panel C). Arsenite was used at 1 mM. Treatment was for one hour. 

Lower panels, ACT1 controls.

D) The ire1-C832S mutant is refractory to arsenic-induced inhibition of transcription of the 

HAC1 target KAR2, as determined by RT-PCR. Treatment was with tunicamycin (5 μg/ml) 

and/or arsenite (1 mM) for one hour. Lower panel, ACT1 control. Images were quantitated 
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using NIH Image J, and the relative expression of KAR2 and PGK1 is indicated as a 

percentage of the respective untreated control.

E) The ire1-C832S mutant is refractory to hydrogen peroxide-induced inhibition of HAC1 
splicing, as determined by RT-PCR. HAC1 splicing was induced by tunicamycin (5 μg/ml). 

Hydrogen peroxide was used at 5 mM. Chemical treatment was for one hour. Lower panel, 

ACT1 control.
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Figure 3. An Adjacent Cysteine (748) Does not Contribute to Arsenic-Induced Inhibition of Ire1.
A) Structural features of S. cerevisiae Ire1 (PDB: 3FBV). Cysteines 748 and 832 are 

indicated in blue. Cyan, catalytic loop. Green, activation loop.

B) Inhibition of DTT-induced (1.5 mM) HAC1 splicing by concurrent treatment with 

sodium arsenite (1 mM) persists in the ire1-C748S mutant, as determined by RT-PCR. 

Chemical treatment was for one hour. Lower panel, ACT1 loading control.
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Figure 4. The ire1-C832S Mutant Does not Show Obvious Phenotypes or Alteration of MAP 
Kinase Activation
A) Growth of wild-type and ire1Δ strains expressing an empty vector, IRE1 wild-type, and 

ire1-C832S, as indicated. Cells were spotted in three-fold serial dilutions onto plates 

containing no drug, tunicamycin (1 μg/ml), or sodium arsenite (1 mM) and cultured for 2-4 

days at 30°C.

B) Arsenite-induced activation of the Hog1 is unaffected in the ire1Δ mutant. Cells were 

treated with sodium arsenite (1 mM) for hour. Whole cell extracts were prepared and 

analyzed by SDS-PAGE followed by immunoblotting for phosphorylated and total Hog1. 

Lower panel, Pgk1 (loading control). A parallel treatment with osmotic stress (0.4 M NaCl 

for 5 min) confirms the assignment of the phosphorylated Hog1 species. Parallel analysis of 

the hog1Δ strain confirms the accuracy of the Hog1 antibodies.
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Table 1.

Yeast Strains

Name Genotype Source

BY4741 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 RG collection

ire1Δ MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 ire1::KAN RG collection

sGM223 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 [YCplac33] This study

sGM224 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 ire1::KAN [YCplac33] This study

sGM225 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 ire1::KAN [pJH233] This study

sGM226 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 ire1::KAN [pGM43] This study

sGM252 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 ire1::KAN [pGM57] This study

hog1Δ MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 hog1::KAN RG collection

Note: RG collection strains were obtained from ThermoFisher Scientific.
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