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SUMMARY

Emerging evidence suggests that many proteins may be regulated through cysteine modification, 

but the extent and functions of this signaling remain largely unclear. The endoplasmic reticulum 

(ER) transmembrane protein IRE-1 maintains ER homeostasis by initiating the unfolded protein 

response (UPRER). Here we show in C. elegans and mammalian cells that IRE-1 has a distinct 

redox-regulated function in cytoplasmic homeostasis. Reactive oxygen species (ROS) that are 

generated at the ER or by mitochondria sulfenylate a cysteine within the IRE-1 kinase activation 

loop. This inhibits the IRE-1-mediated UPRER, and initiates the p38/SKN-1(Nrf2) antioxidant 

response, thereby increasing stress resistance and lifespan. Many AGC-family kinases (AKT, 

p70S6K, PKC, ROCK1) seem to be regulated similarly. The data reveal that IRE-1 has an ancient 

function as a cytoplasmic sentinel that activates p38 and SKN-1(Nrf2), and indicate that cysteine 

modifications induced by ROS signals can direct proteins to adopt unexpected functions, and may 

coordinate many cellular processes.

eTOC BLURB

We report that the transmembrane endoplasmic reticulum (ER) stress sensor IRE-1 has a redox-

regulated cytoplasmic signaling function. Localized ROS sulfenylate an IRE-1 cysteine, inhibiting 

its ER functions and initiating the antioxidant response. IRE-1 therefore monitors cytoplasmic 

homeostasis through localized ROS signaling, suggesting that cysteine modifications have broad 

and diverse regulatory functions.
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INTRODUCTION

Organisms encounter stresses that include reactive small molecules from metabolic or 

exogenous sources, and accumulation of misfolded or damaged proteins. To defend against 

these perturbations, complex stress responses have evolved that attempt to restore 

homeostasis and repair damage (Fulda et al., 2010). It is an intriguing question how stresses 

might be perceived in a rapid manner that minimizes damage, and how stress responses 

might be coordinated with each other and with other cellular processes.

In the endoplasmic reticulum (ER), where secretory and membrane-bound proteins are 

synthesized, accumulation of misfolded ER proteins (ER stress) triggers a complex unfolded 

protein response (UPRER) (Ron and Walter, 2007; Wang and Kaufman, 2014). This response 

includes activation of genes that promote ER homeostasis. The most ancestral transducer of 

the transcriptional UPRER is the ER transmembrane kinase/RNase Ire1 (Figure S1A)(Maly 

and Papa, 2014; Ron and Walter, 2007). In the presence of unfolded proteins, IRE-1 

oligomerizes and is autophosphorylated by its cytoplasmic kinase (Ron and Walter, 2007; 

Wang and Kaufman, 2014). These events activate the Ire1 RNAse, which splices the mRNA 

that encodes the UPRER transcription factor XBP1 (Figure S1A). IRE-1 is important in 

development, immunity, and metabolism, and is dysfunctional or a potential therapeutic 

target in many human diseases (Fu et al., 2012; Hetz et al., 2013; Wang and Kaufman, 

2014). The various biological functions of IRE-1 are thought to derive from its role as an 

unfolded protein sensor.

ER protein folding depends upon appropriate crosslinking of cysteines (Cys), which requires 

that the ER maintain an oxidizing environment that would be deleterious to the cell at large 

(Kakihana et al., 2012; Sevier and Kaiser, 2008). An antioxidant response that defends 

against reactive oxygen species (ROS) and other small molecules is orchestrated by the 

transcription factor Nrf2, and its C. elegans ortholog SKN-1 (Blackwell et al., 2015; 
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O’Connell and Hayes, 2015; Suzuki and Yamamoto, 2015). This response promotes redox 

homeostasis, detoxifies small molecules, enhances proteostasis, regulates metabolism, and 

has been implicated in lifespan extension in various organisms. Nrf2 activity is increased 

when electrophiles interact with the Nrf2-binding ubiquitin ligase adaptor Keap1, allowing 

Nrf2 to escape degradation (Suzuki and Yamamoto, 2015). The paradigm of Nrf2 regulation 

by Keap1 has been studied in great detail, but it is still unclear how Nrf2 is regulated by 

some ROS-based stimuli (Jomova et al., 2011; Lau et al., 2013). Moreover, C. elegans lacks 

a Keap1 ortholog, implying that additional mechanisms regulate SKN-1/Nrf2 responses to 

stress. In C. elegans, ROS and other stresses increase SKN-1 levels in nuclei within the 

intestine, the digestive system counterpart (Blackwell et al., 2015). This generally requires 

phosphorylation of SKN-1 by the p38 mitogen-activated protein kinase (MAPK) (Figure 

S1B) (Inoue et al., 2005). ROS activate p38 pathway signaling in C. elegans and mammals 

(Inoue et al., 2005; Nadeau et al., 2007), but the primary trigger of this response is unknown.

While high levels of ROS damage proteins, a growing body of evidence suggests that ROS 

also have physiological signaling functions that are mediated through oxidation of specific 

Cys residues (D’Autreaux and Toledano, 2007; Gould et al., 2015; Holmstrom and Finkel, 

2014; Paulsen et al., 2012; Tonks, 2005). Many examples have been described in which 

stress or exogenously provided ROS induce modifications that affect protein function 

(D’Autreaux and Toledano, 2007; Holmstrom and Finkel, 2014), and in some cases 

endogenously generated ROS have been demonstrated to regulate proteins physiologically. 

For example, certain growth factors induce NADPH oxidase (NOX) enzymes to generate 

ROS that inhibit phosphatases (Bae et al., 1997; Finkel, 2011; Sundaresan et al., 1995; 

Tonks, 2005), and potentiate epidermal growth factor receptor kinase activity (Paulsen et al., 

2012). In brown adipocytes, cold induces production of mitochondrial ROS that oxidize 

uncoupling protein 1, leading to thermogenesis (Chouchani et al., 2016). Remarkably, in 

cultured human cells over 700 proteins are prone to Cys oxidation, in patterns that can be 

altered by oxidizing or growth conditions (Gould et al., 2015; Yang et al., 2014). The 

number of cellular processes that might be regulated physiologically through such 

modifications remains an open question, and it is largely unknown how versatile these 

modifications are with respect to their effects on protein function.

Here we show that Ire1 not only acts in the secretory pathway, but also has an evolutionarily 

conserved function as a sentinel that maintains cytoplasmic redox homeostasis. Localized 

ROS production at the ER leads to rapid oxidation of a single Cys within the Ire1 kinase 

active site. This modification inhibits the UPRER and directs Ire1 to adopt a distinct function 

in which it activates p38/SKN-1(Nrf2), and thereby promotes both stress resistance and 

longevity in C. elegans. This molecular switch reveals remarkable versatility in redox-based 

signaling, and suggests a paradigm by which physiological Cys modifications may 

coordinate numerous cellular processes.

RESULTS

Mutually exclusive UPRER and antioxidant response functions of IRE-1

Previously we observed that in C. elegans, RNA interference (RNAi) knockdown of ire-1 
largely blocked activation of the p38/SKN-1 antioxidant response (Glover-Cutter et al., 
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2013). We investigated why this would be the case, first by asking whether ire-1 is required 

for p38 to be activated specifically by ROS. RNAi against ire-1 diminished acute p38 

activation by the ROS generators sodium arsenite (AS) and paraquat (PQ), but not osmotic 

or heat stress (Figure 1A). The SKN-1 antioxidant response can be monitored in vivo with 

the gst-4P::GFP reporter, in which the SKN-1 target gst-4 promoter drives GFP (green 

fluorescent protein) expression (Glover-Cutter et al., 2013). Only AS and PQ required ire-1 
to activate gst-4P::GFP (Figure 1B), and ire-1(ok799) nulls were defective in AS-induced 

p38 activation and sensitive to oxidative stress (Figure S1C and S1D; Table S1). Treatment 

with the antioxidant glutathione (GSH) inhibited AS-induced ROS production, p38 activity, 

and gst-4P::GFP expression (Figure S1E–H). ire-1 therefore appears to be required 

specifically for ROS to activate p38/SKN-1, and is important for redox homeostasis.

Our current understanding of IRE-1 predicts that this requirement would be mediated 

through its canonical UPRER function. Prolonged ER stress may lead to cytoplasmic 

oxidative stress (Chaudhari et al., 2014; Kakihana et al., 2012), but we had assayed p38 

activity after AS treatment for only 30 min, under conditions that required 12 hr to result in 

death (Figure S1D). C. elegans UPRER activation can be monitored with a transcriptional 

reporter for hsp-4, an ortholog of the ER chaperone BiP (Figure S1A)(Calfon et al., 2002; 

Henis-Korenblit et al., 2010; Taylor and Dillin, 2013). In contrast to ER stress from 

tunicamycin (TM), acute AS treatment did not activate hsp-4p::GFP (Figure 1C and 1D) or 

increase levels of the fluorescent protein Pnhx-2cpl-1W32AY35A::YFP, which misfolds and 

accumulates under ER stress conditions (Miedel et al., 2012) (Figure S1I). AS also did not 

induce disruption of the IRE-1/HSP-4(BiP) complex, a key step in UPRER activation (Figure 

1E and S1A)(Ron and Walter, 2007). On the other hand, ER stress did not increase p38 

activity (Figure S1J). We conclude that AS-induced ROS trigger rapid IRE-1-dependent p38/

SKN-1 antioxidant signaling without activating the UPRER.

We next asked whether the IRE-1-dependent responses to ROS and ER stress might interfere 

with each other. Remarkably, short-term AS treatment reduced the IRE-1-mediated response 

to ER stress, as indicated by IRE-1 phosphorylation, xbp-1 mRNA splicing, production of 

the spliced form of the XBP-1 protein (XBP-1S), and hsp-4P::GFP expression (Figure 1F–

J). This suggests that acute ROS exposure inhibits the UPRER function of IRE-1. The 

UPRER also involves IRE-1-independent mechanisms, including suppression of protein 

synthesis that is triggered by activation of the ER membrane kinase PERK (Ron and Walter, 

2007; Wang and Kaufman, 2014). Treatment with AS increased activity of the C. elegans 
PERK ortholog PEK-1 (Figure 1K), suggesting that ROS exposure interferes specifically 

with IRE-1 and not all UPRER mechanisms. Having observed that pre-exposure to ROS 

antagonized IRE-1/XBP-1S signaling, we investigated whether ER stress might interfere 

with IRE-1-dependent p38/SKN-1 activation by ROS. Pretreatment with the ER stressor TM 

at a sub-lethal dose (Glover-Cutter et al., 2013) suppressed AS-induced p38 signaling, 

accumulation of a SKN-1::GFP fusion in intestinal nuclei, and gst-4P::GFP reporter 

activation (Figure 1L–O). p38 and SKN-1 target gene activation were similarly diminished 

when we activated the UPRER genetically by knocking down the retro-translocon regulator 

tfg-1 (Levi-Ferber et al., 2014) (Figure S1K–M). IRE-1 therefore mediates responses to 

acute ER stress and ROS through mechanisms that are distinct, and mutually exclusive.
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IRE-1 kinase domain sulfenylation drives the antioxidant response

Having determined that ROS exposure acutely inhibits the canonical UPRER activity of 

IRE-1, we investigated whether IRE-1 might become modified by ROS. The initial step in 

Cys oxidation is conversion of the thiol group (SH) to sulfenic acid (SOH)(Figure 2A and 

Figure S2A). This modification can be detected specifically with a chemical probe 

(Dimedone or its derivatives)(Yang et al., 2014)(Figure 2A). Using a biotin-linked 

Dimedone derivative (DCP-BIO1), we discovered that C. elegans IRE-1 is readily and 

transiently sulfenylated (IRE-1:SOH) in vivo by AS-generated ROS, with the extent of 

sulfenylation peaking at around 30 min. (Figure 2B and 2C). The AS-dependence of this 

SOH signal eliminated the possibility that it arose through post-lysis oxidation. AS treatment 

did not alter the gel mobility distribution of IRE-1 (Figure S2B), suggesting that sulfenylated 

IRE-1 did not progress to disulfide bond formation. The time course of AS-induced p38 

activity roughly paralleled that of IRE-1 sulfenylation (Figure 2D), consistent with the idea 

that IRE-1 sulfenylation might be involved in MAPK activation. Our finding that ER stress 

antagonizes the IRE-1/p38/SKN-1 response to ROS (Figure 1L–1O) suggested that IRE-1 

sulfenylation might also be inhibited. Accordingly, ER stress induced by either TM or tfg-1 
RNAi blocked subsequent IRE-1 sulfenylation (Figure 2E and S2C).

We sought to identify the sulfenylated cysteine in IRE-1. Cys residues are differentially 

prone to oxidation if they are located near basic amino acids that may stabilize their thiol 

group as an anion (Poole, 2015). C663 of IRE-1 is widely conserved, and located adjacent to 

basic amino acids within the activation loop of the IRE-1 kinase domain (Figure 2F and 2G). 

It is also close to the Mg2+-binding DFG motif, which is critical for kinase function (Bayliss 

et al., 2012). We generated ire-1(ok799) nulls that transgenically expressed wild-type IRE-1 

(IRE-1WT), or IRE-1 in which C663 was mutated to serine (IRE-1C663S). AS induced rapid 

in vivo sulfenylation of IRE-1WT but not IRE-1C663S, suggesting that IRE-1 is sulfenylated 

uniquely at C663 (Figure 2H). Rescue with IRE-1WT and IRE-1C663S comparably allowed 

xbp-1 mRNA splicing in response to ER stress, indicating that this mutation does not disrupt 

IRE-1 folding or its canonical UPRER functions (Figure 2I). In striking contrast, the 

IRE-1C663S mutation prevented AS from activating p38 above the ire-1(−) mutant 

background (Figure 2J). Accordingly, the IRE-1C663S transgenics and ire-1(ok799) nulls 

were comparably sensitive to oxidative stress (Figure 2K; Table S1). We speculated that 

sulfenylation of IRE-1 at C663 might inhibit its kinase activity, given the critical location of 

this residue. ER stress strongly increased IRE-1 phosphorylation, as predicted (Ron and 

Walter, 2007), but elicited only a low level of IRE-1 sulfenylation (Figure 2L). In striking 

contrast, the sulfenylated IRE-1 population appeared to be completely unphosphorylated 

(Figure 2L), consistent with evidence that AS inhibited ER stress-induced IRE-1 

phosphorylation (Figure 1F). Together, the data suggest that when IRE-1 is exposed to ROS 

in the cytoplasm, sulfenylation at C663 inhibits its canonical kinase and UPRER activities, 

but is required for p38/SKN-1 pathway activation.

Localized ROS production initiates the p38 cascade at IRE-1

We next investigated how IRE-1 sulfenylation promotes p38 signaling. In C. elegans, the 

p38/SKN-1 antioxidant response depends largely upon the p38 MAPKKK NSY-1 (Figure 

S1B) (Inoue et al., 2005). We found that NSY-1 forms a complex with IRE-1, and that this 
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was increased by AS treatment (Figure 3A). In mammalian cells, tumor necrosis factor-

alpha and other peptide factors activate p38 by recruiting MAPKKK to their membrane 

receptor through bridging by TRAF2 (Cuadrado and Nebreda, 2010). Knockdown of C. 
elegans TRAF2 (trf-1) decreased IRE-1/NSY-1 complex formation, AS-induced p38 

phosphorylation, SKN-1 nuclear accumulation, and gst-4P::GFP activation, and increased 

oxidative stress sensitivity (Figure 3B–3F and S3A; Table S1). By contrast, trf-1 RNAi did 

not interfere with AS-induced sulfenylation of IRE-1 (Figure 3G), indicating that TRF-1 is 

not required for AS-induced ROS production. Knockdown of trf-1 also did not reduce 

UPRER activation by ER stress, indicating that TRF-1 is not required for this aspect of IRE-1 

function (Figure S3B and S3C). The data indicate that TRF-1 allows the MAPKKK NSY-1 

to be recruited to IRE-1, and that this interaction is essential for activation of the p38 

response to ROS.

We examined how NSY-1 becomes activated when bound to IRE-1. Phosphorylation within 

the kinase activation loop is critical for MAPKKK activation (Raman et al., 2007). 

Importantly, AS treatment induced activating phosphorylation of NSY-1 independently of 

ire-1 (Figure 3H), indicating that IRE-1 must be required for a different NSY-1 activation 

step. NSY-1 lacks a Cys at DFG+2 (not shown), but was sulfenylated robustly in response to 

AS treatment (Figure 3G and 3I). This NSY-1 sulfenylation required both ire-1 and trf-1, in 

contrast to NSY-1 phosphorylation (Figure 3G–3I). Thus, while IRE-1 sulfenylation at C663 

inhibits its kinase, sulfenylation of NSY-1 at a different position correlates with its 

interaction with IRE-1, and p38 cascade activation (Figure S3D). Together, the data suggest 

that AS-induced activation of the p38 cascade depends upon TRF-1-dependent recruitment 

of phosphorylated NSY-1 to an oxidizing environment at IRE-1, and the cytoplasmic surface 

of the ER membrane (Figure S3D).

Cellular antioxidant mechanisms limit the extent of ROS diffusion, making it necessary for 

ROS signals to be produced locally with respect to the target (Winterbourn, 2008). How 

might AS induce production of a localized pool of ROS in the vicinity of IRE-1? AS can 

damage proteins and lipids directly, but it is not known how AS exposure induces ROS 

production (Hughes et al., 2011). NOX enzymes represent a potential source of inducible 

ROS production. These enzymes generate superoxide anions by reducing NADPH, are 

produced in the ER, and are present in membrane structures (Lambeth and Neish, 2014; 

Laurindo et al., 2014). They have well-described roles in pathogen defense and have been 

implicated in signaling by some growth factors, but less is known about their other 

functions. The two C. elegans NOX enzymes (BLI-3 and DUOX-2) are dual oxidases 

(DUOXs), which may directly convert superoxide to hydrogen peroxide. Knockdown of 

bli-3 but not duox-2 dramatically attenuated the gst-4p::GFP response to AS (Figure 3J, 3K 

and S3E). AS treatment increased BLI-3 activity, leading to ROS production that was 

blocked by a NOX inhibitor (Figure 3L). Accordingly, bli-3 RNAi diminished AS-induced 

IRE-1 sulfenylation and p38 activation (Figure 3M and 3N). IRE-1 and BLI-3 interacted 

physically, and their association was increased by AS treatment (Figure 3O). We conclude 

that AS causes stress that leads to activation of BLI-3 that is at or near the ER, leading to 

ROS production. These ROS signal locally through IRE-1 to activate the p38/SKN-1 

antioxidant response.
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p38 activation and longevity induced by ROS at the ER

Our model predicts that any stimulus that generates ROS in the vicinity of the ER could 

activate the IRE-1/p38/SKN-1 pathway. Mitochondria are a major source of cellular ROS, 

and perturbations in mitochondrial respiration can increase ROS production to levels that are 

devastating. The ER interacts physically with mitochondria (Kornmann, 2013), raising the 

question of whether mitochondrially-produced ROS might signal through IRE-1. PQ induces 

mitochondrial ROS production by inhibiting complex 1 of the electron transport chain (Yang 

and Hekimi, 2010). Accordingly, PQ but not AS activated the mitochondrial UPR 

(Pellegrino et al., 2014), a biomarker of mitochondrial ROS production (Figure S4A). PQ 

rapidly induced IRE-1 sulfenylation (Figure 4A), as expected from the ire-1-dependence of 

the p38/SKN-1 response to PQ (Figure 1A and 1B). PQ-induced appearance of IRE-1/p38/

SKN-1 response markers was diminished by the antioxidant Mito-Tempo (MT), which 

scavenges mitochondrial ROS specifically (Figure 4A–4D). Importantly, and in contrast to 

AS, PQ activated this response independently of the NOX enzyme bli-3 (Figure S4B) 

(Hoeven et al., 2011). We conclude that the p38 antioxidant response is initiated at IRE-1 in 

response to localized ROS that can be generated either by NOX activation, or mitochondria.

We also investigated whether the IRE-1/p38/SKN-1 pathway could be activated by ROS that 

are produced by the ER itself, through the process of secretory protein folding. ER 

oxidoreducin 1 (ERO1) drives disulfide bond formation within the ER lumen by 

participating in a redox relay that generates hydrogen peroxide (Kakihana et al., 2012; 

Sevier and Kaiser, 2008). Surprisingly, in mice deletion of both ERO1 genes only subtly 

impaired ER disulfide formation, implying that an alternative mechanism can drive Cys thiol 

oxidation (Zito et al., 2012). These mutant mice exhibited increased sulfenylation of 

membrane-associated proteins, depletion of the antioxidant Ascorbic Acid, and a greater 

proportion of oxidized glutathione (Zito et al., 2012), suggesting that ROS levels were 

increased. As these mouse studies predict, knockdown of ero-1 in adult C. elegans increased 

ROS levels, IRE-1 sulfenylation, ire-1-dependent p38 phosphorylation, and SKN-1 target 

gene activity (Figure 4E–4G, S4C, and S4D). This p38 activation was abolished by GSH, 

suggesting that it is ROS-driven (Figure S4E). Knockdown of ero-1 therefore resulted in 

ROS production that activated the IRE-1/p38/SKN-1 antioxidant response. Consistent with 

our evidence that this response and the UPRER are mutually exclusive, ero-1 RNAi also 

interfered with TM-induced production of the spliced form of XBP-1 (Figure S4F).

Quiescin-Sulfhydryl Oxidase (QSOX) proteins are produced in the ER and catalyze disulfide 

formation, thereby generating peroxide, but their contributions to ER protein folding in vivo 
are unknown (Kodali and Thorpe, 2010; Sevier, 2012). Strikingly, ero-1 RNAi failed to 

generate ROS and activate p38 when C. elegans QSOX genes were knocked down (Figure 

S4G and S4H). This suggests that when ERO-1 activity is low, QSOX generates high levels 

of ROS and might play a compensatory role in the ER. Consistent with this idea, a strong 

genetic interaction between ero1 and qsox1 was previously detected in Drosophila (Tien et 

al., 2008). We conclude that when ER redox homeostasis is perturbed sufficiently to increase 

cytoplasmic ROS levels, the IRE-1/p38/SKN-1 antioxidant response becomes activated.

ROS can damage cellular macromolecules, and have long been presumed to promote aging. 

However, it is now known that C. elegans lifespan can be increased when mitochondrial 
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ROS production is modestly elevated, apparently because protective mechanisms are 

mobilized (Lee et al., 2010; Ristow, 2014; Yang and Hekimi, 2010). ero-1 is required for C. 
elegans development (not shown), but was detected in a screen that identified genes for 

which RNAi knockdown during adulthood increases lifespan (Curran and Ruvkun, 2007). 

We confirmed that lifespan is increased substantially when ero-1 is knocked down in adults 

(18–48% extension of mean lifespan). Across multiple trials, this increased longevity largely 

or completely depended upon both ire-1 and p38 signaling (Figure 4H and Table S2). 

Moreover, in skn-1 mutants ero-1 RNAi consistently decreased lifespan (Figure 4I and Table 

S2). Taken together, our data suggest that ER-derived ROS that are generated upon ero-1 
knockdown increase lifespan by activating the ire-1/p38/SKN-1 pathway. Knockdown of 

ero-1 was notably deleterious in the complete absence of the SKN-1-mediated antioxidant 

response, illustrating the importance of this protective response for defending against ER-

derived ROS. The lifespan extension enjoyed by ero-1(RNAi) animals (Figure 4H and 4I) 

also suggests that the ire-1/p38/SKN-1 response promotes both homeostasis and health.

Conservation of the IRE-1 antioxidant response function

The DFG+2 Cys in Ire1 is evolutionarily conserved (Figure 2F) suggesting that Ire1 might 

initiate the p38 antioxidant response in mammals. Accordingly, AS treatment rapidly 

induced Ire1α sulfenylation and p38 activation in human (HepG2) cells (Figure 5A and 5B). 

AS also activated the stress-response kinase JNK, but only p38 activation was blocked by 

Ire1α knockdown (Figure 5B). Similar to C. elegans results with bli-3 RNAi, the 

mammalian p38 response to AS was attenuated by a NOX inhibitor, indicating that it was 

initiated by enzymatically produced ROS (Figure 5C). The human Ire1α responses to acute 

ROS and ER stress were also mutually exclusive: short-term AS preconditioning blocked ER 

stress-induced XBP-1S induction, and pre-treatment with TM inhibited AS-induced p38 

activation (Figure 5D and 5E). Human Ire1α therefore initiates an acute p38 response to 

ROS analogously to its C. elegans counterpart. In C. elegans, stress responses can be 

influenced profoundly by signals between tissues (Prahlad and Morimoto, 2011; Taylor and 

Dillin, 2013), but our detection of this response in cultured cells demonstrates that it occurs 

cell-autonomously.

In mammalian cells, AS treatment appears to activate Nrf2 independently of the canonical 

Nrf2 inhibitor Keap1 (Wang et al., 2008). Earlier work suggested a possible role for p38 

signaling in the Nrf2 antioxidant response (Zipper and Mulcahy, 2000), but this has not been 

elucidated. Nrf2 upregulates its own expression and becomes activated through stabilization, 

making Nrf2 protein levels a reliable indicator of the antioxidant response (O’Connell and 

Hayes, 2015; Suzuki and Yamamoto, 2015). Remarkably, the Nrf2 response to AS was 

dramatically attenuated by treatment with Ire1α siRNA, a NOX inhibitor, or a p38 inhibitor 

(Figure 5B, 5C, and 5F), as would be predicted from our C. elegans data. By contrast, the 

classical Keap1 inhibitor sulforaphane increased Nrf2 levels independently of Ire1 (Figure 

5G), suggesting that the Ire1α-regulated antioxidant response is parallel to and distinct from 

the Keap1-Nrf2 axis. Treatment with an Ero1 inhibitor activated p38 signaling and Nrf2 in 

human cells (Figure 5H), indicating conservation of this response to ER-derived ROS. 

Together, our C. elegans and mammalian data demonstrate the existence of a conserved 
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ancestral Ire1α/p38 pathway that activates Nrf2 when ROS accumulate at the ER (Figure 

S5).

Sulfenylation of related kinases by NOX-generated ROS

Oxidative stress affects numerous cellular functions, including protein synthesis and 

proliferation (Martindale and Holbrook, 2002), but the mechanisms involved are largely not 

understood. Interestingly, a conserved Cys is present at the same DFG+2 position as IRE-1 

in approximately 8% of human kinases, including most members of the AGC family (Figure 

6A) (Liu et al., 2013). In many cases, this Cys is predicted to be redox-reactive (not shown), 

suggesting that these kinases might be modified similarly to IRE-1 when NOX enzymes 

produce ROS in response to stress. To test this idea, we examined AGC kinases in which the 

DFG+2 Cys is predicted to be reactive (Rock1, Akt, Pkc-δ and p70S6K), or non-reactive 

(Pak1) (Figure 6A). Using available antibodies, we found that AS rapidly induced 

sulfenylation of Rock1 (LET-502) and p70S6K (RSKS-1) orthologs in C. elegans (Figure 

6B). In human cells, AS similarly induced sulfenylation of each AGC kinase tested except 

for Pak1 (Figure 6C). Remarkably, NOX inhibition blocked sulfenylation of these kinases 

(Figure 6C), suggesting that many kinases with a DFG+2 Cys may be susceptible to 

conserved modification and regulation by NOX-produced ROS signals.

Discussion

A conserved IRE-1 function that is distinct from the UPRER

Over 23 years of study have yielded deep insights into the canonical IRE-1 function of 

responding to unfolded proteins within the ER (Maly and Papa, 2014; Ron and Walter, 

2007). Here we describe a mechanistically distinct IRE-1 function, in which its cytoplasmic 

kinase transduces ROS signals from the ER, NOX enzymes, and mitochondria (Figure 7A). 

IRE-1 assumes this unexpected function through a conserved molecular switch, in which a 

Cys within its kinase activation loop becomes sulfenylated when exposed to a ROS signal. 

This addition of a single oxygen atom appears to inhibit the IRE-1 kinase and RNAse, and 

promotes recruitment and activation of p38 signaling at IRE-1. Our data provide a striking 

example of a well-described protein having an unexpected function, and suggest that Cys-

based signaling can regulate proteins in diverse ways.

IRE-1 initiates this antioxidant response upon exposure to ROS that are generated nearby, 

and need not be dispersed throughout the cytoplasm. Stress-induced phosphorylation of the 

MAPKKK NSY-1 was not sufficient to activate p38 signaling, which depended upon NSY-1 

also being physically associated with IRE-1 within an oxidative environment, and becoming 

sulfenylated (Figure 3). At the ER, IRE-1 is in an opportune location to sense ROS, and 

stimuli that trigger ROS signals. The ER lumen maintains oxidizing conditions (Kakihana et 

al., 2012; Sevier and Kaiser, 2008) apparently by balancing ERO-1 and QSOX activities 

(Figure S4G). IRE-1 is ideally poised to detect ER-derived ROS that appear in the 

cytoplasm, and is well placed to detect mitochondrial ROS (Figure 4A–4D) because of 

extensive ER-mitochondrial communication (Kornmann, 2013). In addition, NOX enzymes 

that interact with IRE-1 transduce AS stress into a ROS signal (Figure 7A). This suggests 

that certain stresses, possibly lipid or protein damage at the ER (Laurindo et al., 2014), send 
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an adaptive signal through IRE-1 to activate p38. By sensing these perturbations at the ER, 

IRE-1 acts as a sentinel that may limit their deleterious effects on the cell at large.

The requirement for IRE-1 sulfenylation would prevent ROS from activating p38 signaling 

without a “go ahead” signal from the ER environment. In C. elegans, SKN-1 and XBP-1 

regulate each other’s expression, suggesting underlying cooperation between their respective 

stress responses (Glover-Cutter et al., 2013). However, the UPRER and ROS signaling 

functions of IRE-1 are mutually exclusive (Figure 1F–1J, Figure 1L–1O, Figure 5D, and 

Figure 5E). Under ER stress conditions it could be advantageous to suppress antioxidant 

response activation, because this response could impair oxidative protein folding by 

increasing GSH levels. In the other direction, when the antioxidant response is needed it 

may be advantageous to “tap the brakes” on the IRE-1-initiated UPRER and oxidative 

protein folding, until redox homeostasis is restored. Accordingly, when the ER becomes 

overly oxidizing BiP undergoes oxidation that inhibits its chaperone function, and allows it 

to stabilize misfolded proteins by acting as a holdase (Wang et al., 2014). The mutual 

exclusivity between the these two IRE-1 functions could explain evidence that the ER and 

cytoplasm are mutually antagonistic with respect to redox status, so that proteostasis 

perturbations that make the cytoplasm more oxidizing (and thus should inhibit the IRE-1 

UPRER) render the ER more reducing (Kirstein et al., 2015).

It will be important to elucidate how post-translational modification of the IRE-1 kinase 

discriminates between these two distinct IRE-1 functions (Figure 7A), and influences the 

UPRER and antioxidant responses over time. For example, a considerable body of evidence 

indicates that the IRE-1 kinase is important for xbp-1 mRNA splicing (Prischi et al., 2014; 

Ron and Walter, 2007), a model consistent with our results, but in yeast the Ire1 kinase 

limits the duration of the UPRER (Chawla et al., 2011; Rubio et al., 2011). One interesting 

question is whether the sulfenylated IRE-1 Cys progresses to further oxidation steps (Figure 

S2A), or can be “reset” to a thiol so that this IRE-1 molecule can reassume its UPRER 

function. Another is how UPRER activation might inhibit IRE-1 from responding to ROS 

(Figure 7A). Perhaps oligomerized IRE-1 is resistant to sulfenylation within the kinase loop. 

Formation of a signalosome that initiates p38 signaling might require a subtle interaction 

with sulfenylated IRE-1, or it might be sufficient simply to inhibit the IRE-1 kinase and 

oxidatively modify the p38 MAPKKK. In mammalian cells, exogenous ROS administration 

induces the p38 MAPKKK ASK1 to form an internal disulfide that promotes signalosome 

assembly (Nadeau et al., 2007). Our finding that Ire1α is required for ROS-induced 

mammalian p38 activation suggests that ASK1 oxidation is not the initiating signaling event, 

but might play a similar role to NSY-1 sulfenylation in C. elegans. In earlier cell culture 

experiments, sustained ER stress from TM led to JNK activation that was prevented by 

mutational Ire1 kinase inactivation (Urano et al., 2000). It is possible that p38 and JNK 

signaling are activated at IRE-1 through distinct mechanisms, with only the former involving 

sulfenylated kinase-inactive IRE-1 (Figure 7A). In HepG2 cells we observed robust AS-

induced JNK activation that did not require Ire1α (Figure 5B) but failed to detect TM-

induced JNK activation (not shown), suggesting that the latter pathway might be context-

dependent.
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A surprising aspect of our findings was that IRE-1 functions as a direct ROS sensor for the 

Nrf2/SKN-1 antioxidant pathway. In mammals, analyses of Nrf2 responses to stress have 

been focused almost entirely around the solidly established Keap1 inhibitory paradigm 

(Figure S5)(Suzuki and Yamamoto, 2015). p38 phosphorylates Nrf2 and has been implicated 

in its regulation in mammalian cells (Sun et al., 2009; Zipper and Mulcahy, 2000), but the 

functional significance of these findings has remained unclear. We determined that AS 

activates Nrf2 by stimulating the conserved NOX/Ire1α/p38 pathway, which apparently 

functions independently of Keap1 (Figure 5 and S5). Similarly, inhibition of mammalian 

Ero1 activated p38 and Nrf2 (Figure 5H), indicating that this is pathway is a conserved 

response to the presence of ROS at the ER. The presence of this IRE-1/p38 pathway in C. 
elegans, which lacks a Keap1 ortholog, suggests that it may represent the ancestral mode 

through which ROS and other stresses activate the antioxidant response. Perhaps Keap1 

arose in higher organisms to broaden or speed responsiveness to diverse electrophilic 

compounds. Nrf2 is either pathogenic or protective in certain cancers, diabetes, and other 

diseases (Murakami and Motohashi, 2015; O’Connell and Hayes, 2015; Uruno et al., 2013). 

It will be important to elucidate the extent to which the normal and disease-related functions 

of Nrf2 involve its regulation by Ire1α, and ER-associated ROS.

IRE-1 redox regulation in aging and disease

Ire1 is required for normal development, and is dysfunctional or a potential therapeutic 

target in diseases that include cancer, diabetes, and neurodegeneration (Fu et al., 2012; Hetz 

et al., 2013; Wang and Kaufman, 2014). Our results indicate that functional requirements for 

Ire1 are likely to involve its regulation of p38/SKN-1(Nrf2), as well as its UPRER functions. 

In mice, obesity can lead to nitric oxide modifying Ire1α within its RNase, thereby 

perturbing Xbp1 splicing and glucose homeostasis (Yang et al., 2015). Overall protein 

oxidation patterns change with age, possibly reflecting damage or maladaptive modifications 

(Brandes et al., 2013; Stadtman, 2006). Age- or disease-related oxidation of residues that 

have physiological regulatory functions, like IRE-1 C663, could have devastating effects.

Ire1 also appears to play a positive role in promoting longevity, as indicated by its being 

required for some genetic or dietary interventions to increase lifespan in C. elegans (Chen et 

al., 2009; Henis-Korenblit et al., 2010). This requirement is likely to involve not only the 

canonical UPRER function of IRE-1, but also activation of p38/SKN-1, a pathway linked to 

longevity across species (Blackwell et al., 2015). The observation that mitochondrially-

produced ROS can extend lifespan has generated considerable interest, because it shows that 

ROS-based signals can promote longevity (Lee et al., 2010; Ristow, 2014; Yang and Hekimi, 

2010). Some studies indicate that SKN-1 is essential for this beneficial effect of 

mitochondrial ROS (Blackwell et al., 2015). Here we determined that ER-derived ROS 

extend lifespan by activating the IRE-1/p38/SKN-1 pathway, but are harmful when the 

SKN-1 antioxidant response is completely ablated (Figure 4H and 4I). The data emphasize 

the importance of SKN-1-regulated mechanisms as potent drivers of longevity, identify the 

ER as another source of ROS that can extend lifespan, and suggest that physiological ROS-

mediated signaling may profoundly affect longevity and health.
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Importance of localized redox signaling for homeostasis

A conserved Cys is present at the DFG+2 position in numerous kinases (Figure 6A) (Liu et 

al., 2013). In each case in which this Cys was predicted to be redox-reactive, these kinases 

became sulfenylated in response to AS treatment and NOX activation (Figure 6C). The 

precedent of IRE-1 suggests that sulfenylation might not simply inhibit their kinase activity, 

but also could induce unexpected functions (Figure 7B). It is not understood how oxidative 

stress affects so many cellular processes, including protein synthesis and proliferation 

(Martindale and Holbrook, 2002). The sulfenylated kinases we identified are involved in cell 

polarity (Rock1), cell growth and survival (Akt, Pkc), and protein synthesis (p70S6K), 

providing a possible explanation. ROS-scavenging antioxidants have largely failed as disease 

therapies, possibly because they may suppress protective mechanisms (Ristow, 2014). The 

idea that ROS have many physiological regulatory functions provides another note of 

caution concerning such treatments. Great interest has arisen in designing covalent inhibitors 

that target Cys residues, which are present in over 200 human kinase domains (Liu et al., 

2013), and recently an Ire1 inhibitor has been designed that binds its DFG+2 Cys (Waller et 

al., 2016). Our results suggest that many of these potential Cys targets are likely to be 

physiological regulatory sites, and that pharmacological targeting of such residues might 

allow specific activities to be modulated in multifunctional proteins like IRE-1.

We suspect that many more targets and processes are regulated physiologically by post-

translational Cys modifications than is appreciated currently. At least 700 proteins are 

sulfenylated in mammalian cells, in patterns that are altered by ROS or growth factor 

treatment (Yang et al., 2014). The paradigm of IRE-1 and NSY-1 regulation we have 

described suggests that many of these modified Cys residues are likely to be play regulatory 

roles, and that this Cys-based regulation is remarkably versatile: sulfenylation inhibited the 

IRE-1 kinase and UPRER and induced IRE-1 to adopt a distinct function, whereas p38 

signaling was activated through sulfenylation of NSY-1 that is associated with IRE-1. We 

propose that Cys modification by ROS from NOX enzymes or other sources allows various 

perturbations and signals to be transduced into a language that can be interpreted by kinases 

and transcription factors, or other regulators. Elucidating these regulatory interactions and 

the stimuli that trigger them, and determining how they influence their protein targets, is 

likely to yield profound insights into physiology, development, aging, and disease.

Experimental Procedures

ROS detection

Synchronized C. elegans were incubated with the ROS sensitive fluorescent probe CM-

H2DCFDA (Life Technologies), with ROS levels indicated relative to total protein 

concentration.

GFP scoring

Expression or nuclear accumulation of transgenically expressed GFP proteins was scored as 

‘low’, ‘medium’ or ‘high’ as described previously (Glover-Cutter et al., 2013).
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Sulfenylation Assay

Sulfenylated proteins were isolated from C. elegans and HepG2 cells using the DCP-Bio1 

probe (KeraFast, Boston), prior to immunoblotting with antibodies.

Details and other methods are in the Supplemental Experimental Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• The ER stress sensor IRE-1 has a distinct function in cytoplasmic 

homeostasis

• Local redox signals block IRE-1 ER signaling by sulfenylating a kinase 

cysteine

• This functional switch initiates the p38/SKN-1(Nrf2) antioxidant 

response at IRE-1

• The IRE-1 paradigm implies broad and versatile functions for signaling 

at cysteines
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Figure 1. Distinct IRE-1-dependent responses to ROS and ER stress
(A–B) IRE-1 is required for the C. elegans p38/SKN-1 response to ROS. ire-1 RNAi 

diminished the p38 (A) and gst-4P::GFP (B) responses to sublethal exposure to AS (30 min) 

or PQ (30 min), but not Sorbitol (ST, 30 min) or heat (30 min). Phosphorylation of p38 (P-

p38) indicates p38 activation (Inoue et al., 2005). (C–E) Acute AS treatment does not 

activate the UPRER. AS (30 min) did not upregulate hsp-4P::GFP (C), with intestinal GFP 

scoring in (D), or promote IRE-1 and HSP-3/4 dissociation as determined by co-

immunoprecipitation (co-IP) (E). (F–I) AS pre-treatment blocks IRE-1 and UPRER 

activation in response to ER stress. Prior AS exposure (30 min) inhibited IRE-1 

phosphorylation (F), xbp-1 mRNA splicing, as indicated by quantitiative PCR assay of 
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levels of the indicated mRNA forms (G), XBP-1S protein accumulation (H), and 

hsp-4P::GFP induction (I–J) by ER stress (TM; 5 hr). AS-treated samples were allowed to 

recover for 30 min. prior to TM exposure. (K) AS does not inhibit the PERK kinase PEK-1, 

as indicated by phosphorylation of its substrate eIF2-α. In the right panels PEK-1 expression 

was blocked by RNAi. (L–O) Pre-exposure to ER stress inhibits the antioxidant response. 

Exposure to TM (5 hr) prior to AS treatment (30 min.) decreased p38 activation (L), SKN-1 

nuclear localization (M) and intestinal gst-4P::GFP expression (N–O). In all figures, mock 

incubations and zero time points are indicated by “C”. (B, D, J, M, O) GFP quantification 

with high (H), medium (M) or low (L) scoring. p < 0.0001****; p < 0.001***; p < 0.01**. 

All immunoblots in the paper are representative of at least two and in most cases three 

experiments. See also Figure S1.
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Figure 2. IRE-1 sulfenylation within the kinase activation loop
(A) Capture of sulfenylated (SOH) proteins with DCP-BIO1. (B) ROS induce sulfenylation 

of IRE-1. Lysates from animals treated with AS (30 min) in the absence or presence of GSH 

were incubated with DCP-BIO1, with sulfenylated IRE-1 (IRE-1:SOH) identified by 

immunoblot. (C–D) sulfenylation of IRE-1 parallels p38 activation. Animals treated with AS 

for 0–120 min were assessed for IRE-1:SOH (C) and active p38 (D) by immunoblot. (E) ER 

stress interferes with IRE-1 sulfenylation. Animals pretreated with TM (5 hr) show reduced 

IRE-1:SOH in response to AS (30 min). (F–G) Conservation of C663 within the IRE-1 

kinase domain. In (F), adjacent basic amino acids are labeled in bold. A model of the IRE-1 

kinase domain based upon the human Ire1α crystal structure (PDB ID: 3P23) shows C663 

protruding into the ATP-binding pocket (G). (H) C663 is the site of IRE-1 sulfenylation. 

IRE-1:SOH was not detected in IRE-1C663S animals after AS treatment (30 min). In (H–J), 
results are representative of two independent transgenic lines. (I) C663 mutation does not 

interfere with ER stress-induced XBP-1S production. XBP-1S protein levels were 

determined in ire-1 (ok799) animals and animals expressing either IRE-1WT or IRE-1C663S 

following TM (5 hr) treatment. (J) C663 is required for ROS-induced p38 activation. 

IRE-1C663S animals exhibit diminished AS-induced p38 activity comparable to ire-1(ok799) 
null animals. (K) IRE-1C663S animals exhibit enhanced oxidative stress sensitivity compared 

to ire-1(ok799) that was rescued with WT IRE-1. Day-1 adult worms were exposed to 5mM 

AS (p < 0.01**). (L) IRE-1 sulfenylation is not compatible with IRE-1 phosphorylation. The 
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sulfenylated IRE-1 fraction, which was isolated by Biotin (Dimedone) pull-down, does not 

contain any detectable phosphorylated IRE-1. Short exposure (S.E); long exposure (L.E). 

See also Figure S2 and Table S1.
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Figure 3. A local ROS signal initiates the IRE-1/p38/SKN-1 response
(A) AS promotes IRE-1 and NSY-1 complex formation. IRE-1 was IP’d from C. elegans that 

had been treated with vehicle or AS (30 min), then assayed by immunoblot for NSY-1. Non-

specific IgG acted as control. (B) trf-1 promotes AS-induced IRE-1 and NSY-1 interaction. 

Lysates of animals fed control (EV) or trf-1 RNAi and treated with AS (30 min) were 

assayed by immunoblot for IRE-1/NSY-1 interaction. (C–E) trf-1 is required for the p38/

SKN-1 response to AS. Knockdown of trf-1 diminished the p38 (C) and gst-4P::GFP (D) 
responses to AS (30 min), with GFP scoring shown in (E). (F) Reduced TRF-1 levels 

sensitize to oxidative stress. Day 1 adults were scored for survival in 5mM AS. (G) 

Sulfenylation of NSY-1 but not IRE-1 requires trf-1. Knockdown of trf-1 blocked AS-

induced (30 min) sulfenylation of NSY-1. (H) AS induces NSY-1 phosphorylation 

comparably in control (EV) and ire-1(RNAi) animals. (I) AS induces NSY-1 sulfenylation in 

an ire-1-dependent manner. Animals fed either control or ire-1 RNAi were assessed for 
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NSY-1:SOH after AS (30 min) treatment. (J–K) bli-3 (DUOX) is required for the p38/

SKN-1 response to AS. bli-3 RNAi reduced intestinal gst-4P::GFP activation by AS (30 

min) (J) with intestinal GFP scoring in (K). (L) AS exposure (30 min) increases BLI-3 

activity. NOX-dependent superoxide production was measured by chemiluminescence. (M) 

AS-induced sulfenylation of IRE-1 was diminished by bli-3 RNAi. (N) bli-3 is required for 

the p38 response to AS. bli-3 RNAi decreased AS-induced p38 activity. (O) Interaction of 

IRE-1 and BLI-3 is enhanced by AS, assessed by co-IP. (E, K) GFP scored as high (H), 

medium (M) or low (L). p < 0.0001****; p < 0.01**; p < 0.05*. See also Figure S3.
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Figure 4. ER-associated ROS activate the IRE-1/p38/SKN-1 pathway to increase lifespan
(A) IRE-1 is sulfenylated in response to mitochondrial ROS production. IRE-1 sulfenylation 

(SOH) that is induced by PQ (30 min) was inhibited by pre-treatment of C. elegans with the 

mitochondrial ROS scavenger mito-tempo (MT) (1 hr). (B–D) Mitochondrial ROS activate 

the p38/SKN-1 response. Mito-tempo (MT) (1 hr) reduced the p38 response to PQ (30 min) 

(B) and diminished PQ-induced gst-4P::GFP expression (C), with GFP scoring shown in 

(D). GFP was quantified as high (H), medium (M) or low (L). (E–I) ero-1 RNAi induces 

ROS production (E), IRE-1:SOH (F), and p38 signaling (G) to extend lifespan (H, I). The 

MAPKK SEK-1 phosphorylates p38 in response to ROS and is required for p38 activity 

(Inoue et al., 2005). Lifespan extension from ero-1 RNAi depended upon ire-1- and sek-1 
(H), and in a presumed null skn-1 mutant ero-1 RNAi shortened lifespan (I). Additional 

lifespan experiments and statistics are described in Table S2. p < 0.0001****; p < 0.05*. See 

also Figure S4 and Table S2.
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Figure 5. Evolutionary conservation of the IRE-1 antioxidant response function
(A) Human Ire1α senses ROS. Ire1α sulfenylation was assessed in HepG2 cells following 

AS (30 min) treatment. (B) Ire1α is required for the p38 and Nrf2 response to AS-induced 

ROS. Levels of Nrf2 accumulation, p38 phosphorylation and activation were assayed in 

HepG2 cells treated with either control siRNA (si-SCR) or Ire1α siRNA (si-Ire1α) 

following AS (30 min) treatment. (C) NOX-derived ROS activate the p38/Nrf2 pathway. 

Levels of Nrf2 and p38 activation were determined in HepG2 cells treated with AS (30 min) 

in the absence or presence of the pan-NOX inhibitor VAS2870 (NOX-i)(1 hr). (D–E) Ire1α 
senses ROS and ER stress in a mutually exclusive manner. HepG2 cells were treated with 

AS (30 min) prior to TM (5 hr) treatment, with Xbp1S protein assayed by immunoblot (D). 
Levels of active p38 were determined in HepG2 cells following treatment with AS (30 min) 

alone, TM (5 hr) alone or pretreatment with TM prior to acute AS exposure (E). (F) Nrf2 

activation by AS requires p38. HepG2 cells were treated with vehicle control or the p38 

inhibitor SB203580 (p38-i) (2 hr) prior to AS (30 min). (G) Ire1α regulates Nrf2 

independently of Keap1. HepG2 cells treated with either control siRNA (si-SCR) or Ire1α 
siRNA (si-Ire1α) were exposed to either the Keap1 inhibitor sulforaphane (SF) (30 min) or 

AS (30 min). (H) Activation of the p38/Nrf2 response by ER-derived ROS. Treatment of 

HepG2 cells with Ero1 inhibitor II (2 hr) activated p38 and Nrf2 comparably to AS. See also 

Figure S5.
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Figure 6. Sulfenylation of AGC kinases by NOX-derived ROS
(A) Alignment of the DFG+2 Cys of selected human AGC kinases. Basic amino acids are 

underlined. (B) The C. elegans Rock1 ortholog (LET-502) and p70S6K (RSKS-1) are 

sulfenylated in vivo. Lysates from animals treated with AS (30 min) were assessed for levels 

of Rock1:SOH and RSKS-1:SOH. (C) NOX-derived ROS sulfenylate multiple AGC 

kinases. HepG2 cells were treated with AS (30 min) in the absence or presence of the NOX 

inhibitor (NOX-i) VAS2870 (1 hr).
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Figure 7. A sulfenylation-mediated switch between IRE-1 functions
(A) Model of the UPRER and antioxidant response functions of IRE-1 (see text). (B) NOX-

generated ROS sulfenylate multiple AGC kinases, resulting in IRE-1 adopting a distinct 

function.
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