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Summary
Signaling in the most conserved branch of the endoplasmic reticulum (ER) unfolded protein
response (UPR) is initiated by sequence-specific cleavage of the HAC1/XBP1 mRNA by the ER
stress-induced kinase-endonuclease IRE1. We have discovered that the flavonol quercetin
activates yeast IRE1’s RNase and potentiates activation by ADP, a natural activating ligand that
engages the IRE1 nucleotide binding cleft. Enzyme kinetics and the structure of a co-crystal of
IRE1 complexed with ADP and quercetin reveal engagement by quercetin of an unanticipated
ligand binding pocket at the dimer interface of IRE1’s Kinase Extension Nuclease (KEN) domain.
Analytical ultracentrifugation and crosslinking studies support the preeminence of enhanced dimer
formation in quercetin’s mechanism of action. These findings hint at the existence of endogenous
cytoplasmic ligands that may function alongside stress signals from the ER lumen to modulate
IRE1 activity and at the potential for the development of drugs that modify UPR signaling from
this unanticipated site.

INTRODUCTION
The endoplasmic reticulum (ER) unfolded protein response (UPR) couples perturbation of
the protein-folding environment in the ER lumen to rectifying changes in transcription and
translation (Bernales et al., 2006; Ron and Walter, 2007). The oldest and most conserved
branch of the UPR is initiated by IRE1, an ER localized type-I transmembrane protein
whose lumenal domain senses ER stress and transmits the signal to the cytosolic effector
domain (Cox et al., 1993; Mori et al., 1993; Tirasophon et al., 1998; Wang et al., 1998). The
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latter possess two distinct enzymatic activities: a protein kinase, whose only known substrate
is IRE1 itself and a sequence-specific endoribonuclease that cleaves the HAC1 or XBP1
mRNA in yeast and metazoans, respectively (Cox and Walter, 1996; Mori et al., 1996;
Yoshida et al., 2001; Calfon et al., 2002). IRE1 recognizes an RNA stem loop structure,
found twice in its substrates. Cleavage occurs at both sites, and initiates an unconventional
splicing event that is completed when the two ends of the mRNA are ligated. The spliced
HAC1/XBP1 mRNAs encodes a transcription factor that activates numerous UPR target
genes.

There is a good correlation between IRE1 oligomerization, autophosphorylation and RNase
activity (Shamu and Walter, 1996; Bertolotti et al., 2000; Liu et al., 2000).
Autophosphorylation favors nucleotide binding at the kinase active site. This promotes
dimerization of IRE1’s cytosolic domain (Lee et al., 2008b). Interestingly, while kinase
activity is required for IRE1 function in vivo (Cox et al., 1993; Mori et al., 1993), this
requirement can be bypassed by a mutation that enables non-phosphorylated IRE1 to bind an
ATP competitive inhibitor at the kinase active site (Papa et al., 2003). The crystal structure
of the active form of yeast IRE1 provides further clues to the coupling of kinase and
nuclease activity: The cytosolic portion of IRE1 forms an extensive back-to-back dimer.
Nucleotide is bound in the conventional nucleotide-binding cleft (the kinase active site) and
the phosphorylated activation loop of the kinase portion is disordered in one structure (Lee
et al., 2008b) and ordered in another (Korennykh et al., 2009). Together, these observations
support a model whereby a lumenal stress signal initiates oligomerization in the plane of the
membrane promoting (trans)-autophosphorylation of IRE1’s activation loop. The resulting
conformational change favors nucleotide binding, which, in turn, stabilizes the back-to-back
dimer. The dimer interface extends through the length of IRE1, juxtaposing the Kinase
Extension Nuclease (KEN) domain located at the C-terminus of each IRE1 protomer, which
thereby attains an active conformation for sequence-specific RNA cleavage. The RNase
activity of the dimer may be further reinforced by formation of higher-order oligomers
(Aragon et al., 2009; Korennykh et al., 2009)

The aforementioned model, which places nucleotide binding at the center of IRE1 activation
and subordinates kinase activity to that end, suggests the possibility that ligands that bind the
nucleotide binding pocket (e.g. kinase inhibitors) may activate IRE1’s endonuclease (Han et
al., 2009; Korennykh et al., 2009). The desire to modulate IRE1 activity is fuelled in part by
evidence that chronic ER stress (and aspects of the cellular response to it) contribute to the
time and use-dependent attrition of tissues with high secretory capacity, for example, the
insulin-producing beta cells of the pancreas (Kaufman, 2002; Powers et al., 2009).
Furthermore, in addition to promoting the first step in XBP1 splicing, phosphorylated
mammalian IRE1 is able to activate Jun N-terminal kinase (JNK), by recruiting the scaffold
protein TRAF2 (Urano et al., 2000). This latter activity of phosphorylated IRE1 is believed
to contribute to some of the deleterious consequences of ER stress, such as insulin resistance
(Ozcan et al., 2004). Therefore, ligands that drive a wedge between IRE1 kinase and RNase
activity would be of special interest. Here we report on the surprising discovery of an
additional ligand-binding pocket at the dimer interface of IRE1 that can be targeted to
modulate IRE1’s RNase.

RESULTS
Identification of small molecules that modulate IRE1 activity

To detect modulators of IRE1 we developed a kinetic assay for the sequence-specific RNase
activity. An RNA substrate was prepared incorporating the IRE1 recognition loop from
XBP1 and a destabilized stem that dissociates upon cleavage. The RNA probe was modified
at the 5’ and 3’ positions with AlexaFluor647 (AF647) and Black-Hole Quencher 3 (BHQ),
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respectively, resulting in a quenched IRE1 substrate. Cleavage relieves the BHQ-dependent
quenching of AF647 allowing fluorescence. (Figure 1A).

When purified from bacteria, the cytosolic portion of yeast IRE1 (residues 658–1115;
inclusive of both the kinase and KEN domains) is phosphorylated (Sidrauski and Walter,
1997; Lee et al., 2008b; Korennykh et al., 2009), thus the assay is predicted to report on the
liganddependent activation of IRE1 RNase. Cleavage of the probe by IRE1 was ADP-
dependent with an EC50 of ~40 µM, consistent with the previously reported binding constant
of ADP to IRE1 (KD = 20 µM) (Lee et al., 2008b) (Figure 1B & 1C). Removal of the 2’
hydroxyl from the 5’ residue at the predicted cleavage site (G3→dG3 of IRE1’s recognition
loop) blocked cleavage, attesting to the sequence-specificity of the assay (Figure 1D).

IRE1 binds nucleotide in its conventional kinase active site cleft herein referred to as the
nucleotide binding site. Therefore we searched for IRE1 modulators among a collection of
small molecules that are known to bind the active site of various kinases. This exercise led
to the identification of several small molecules that modulated IRE1’s RNase; the naturally
occurring flavonol, quercetin, a well known ATP competitive kinase inhibitor (e.g. Sicheri
et al., 1997; Walker et al., 2000), stood out as a particularly potent activator in this assay
(Figure 1E).

Quercetin activates IRE1 through a site distinct from the nucleotide-binding site
At a concentration of 30 µM, quercetin promoted ~10 fold more RNase activity than
saturating concentrations of ADP (2 mM; Figure 1B & Figure 2A), without altering the
specificity of IRE1’s RNase (Figure 2B and Supplemental Figure 1A).

To determine if quercetin’s activity correlated with its affinity towards the nucleotide-
binding site, we compared ADP and quercetin’s ability to compete with ATP and block
IRE1 autophosphorylation. Quercetin was the weaker inhibitor, indicating a lower affinity
for the nucleotide-binding site (Figure 2C). These findings predict that if quercetin activates
IRE1 exclusively by allosteric effects mediated from the nucleotide-binding site, the
enhanced RNase activity of quercetin-bound IRE1 would be inhibited by an excess of ADP;
as the weaker activator, but more avid ligand (ADP), displaces the more potent but less avid
quercetin from a common binding site. Surprisingly the opposite was observed; addition of
saturating amount of ADP to quercetin-activated IRE1 enhanced RNase activity (Figure 2A
and 2D). Furthermore, chelating divalent cations by adding EDTA strongly attenuated
ADP’s effect, indicating that potentiation is observed when ADP engages the nucleotide-
binding site in complex with Mg+2;Supplemental figure 1B).

Analysis of the reaction’s initial rate revealed that in the presence of saturating
concentrations of ADP (2 mM), the EC50 for quercetin-mediated activation of IRE1’s
RNase was diminished from >20 µM (in the absence of ADP) to 6 µM in its presence
(Figure 2E); in the absence of ADP, an accurate EC50 could not be determined, as the
analysis was limited by quercetin’s solubility. Together these observations are consistent
with simultaneous engagement of ADP and quercetin and imply the existence of a second
site for ligand binding to IRE1.

A co-crystal structure of IRE1, ADP and quercetin defines an unanticipated ligand-binding
pocket

We solved the crystal structure of IRE1 in the presence of both quercetin and ADP (PDB:
3LI0), using the same construct of yeast IRE1 (658–1115) that had previously been
crystallized with ADP alone (Lee et al., 2008b).
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IRE1:ADP:quercetin crystals diffracted to better than 3.2 Å resolution (Supplemental Table
1) revealing a protein dimer defined by two discontinuous contact surfaces formed by the
kinase domain and KEN domain (Figure 3A). The structure of IRE1 in the
IRE1:ADP:quercetin complex demonstrated a tri-lobed architecture nearly identical to that
of the previously reported IRE1:ADP complex (Supplemental Figure 2A) with two notable
exceptions: Two regions that are disordered in the IRE1:ADP binary complex (PDB: 2RIO)
are now visible as ordered structural elements in the IRE1:ADP:quercetin crystal structure,
namely amino acids 837 to 844 corresponding to the N-terminal portion of the activation
loop and amino acids 1036 to 1042 corresponding to a flexible region in the KEN domain
thought to contain putative nuclease specificity determinants (Figure 3B). The structure of
these regions corresponds well to an alternative crystal structure of the IRE1 cytosolic
domain (PDB: 3FBV, Korennykh et al., 2009).

Apart from ADP at the nucleotide binding site of IRE1 (which is indistinguishable between
the IRE1:ADP and IRE1:ADP:quercetin crystals, Supplemental Figure 2B), the
IRE1:ADP:quercetin complex also demonstrated a unique density at the dimeric interface of
the KEN domains attributed to two quercetin molecules (Figure 3A, 3C). We refer to this
deep solvent exposed symmetric binding pocket as the Q-site. The electron density for
quercetin in the Q-site is highly asymmetric and we were able to unambiguously dock the
larger bi-cyclic benzopyran ring and smaller monocyclic phenyl ring of quercetin into the
wider and narrower part of the quercetin electron density, respectively (Figure 3D). The
similarity at the Q-site between the structures of IRE1:ADP:quercetin and IRE1:ADP
(Figure 3E) suggests that this site is a preformed pocket generated through dimerization.

The Q-site is lined by residues S984, K985, E988, K992, P1077, I1108 and F1112, with the
quercetin pair interacting with residues from both IRE1 protomers (Figure 3D). This site is
predicted to be largely conserved in mammalian IRE1 (Supplemental Figure 2C & 2D) and
is large enough to accommodate potential endogenous ligands the size of a sterol molecule
(Supplemental Figure 2E & 2F). The primary contacts that dictate quercetin binding are
mediated by 1) pi-pi stacking between F1112 and the bi-cyclic benzopyran ring of quercetin;
2) a hydrophobic interaction between K985 and the monocylic quercetin ring (which is
rotated 30 degrees relative to the benzopyran ring); and 3) hydrogen bonds between the 4’-
hydroxyl of quercetin and the S984 sidechain. Quercetin also engages the other protomer in
the IRE1 dimer through formation of a hydrogen bond between the 7-hydroxyl and the
carboxylate moiety of E988, stabilizing the dimeric interface between the two protomers
(Figure 3D). The two quercetin molecules in the Q-site are symmetrically arranged about the
two-fold axis of the IRE1 dimer bridging and strengthening the interaction between the two
IRE1 protomers through propagation of the pi-pi stacking in the pocket across the KEN
domain dimer interface (Figure 3F).

To test the importance of the contacts predicted by the crystal structure, we examined
several mutations in residues predicted to interact with the bound ligand (Figure 3F). Like
the wildtype, IRE1S984E, IRE1K985A, IRE1K992L and IRE1F1112L mutants were well
expressed in E. coli and purified as soluble phosphorylated proteins (as evidenced by
enhanced mobility following incubation with lambda phosphatase, Figure 4A) and exhibited
ADP-mediated RNase activity (Figure 4B–C). All four mutations abolished quercetin-
mediated activation of IRE1’s RNase (Figure 4B–C), validating the importance of the
contacts revealed in the crystal structure to quercetin-mediated activation and supporting the
crystal-based model of the ligand’s disposition in the Q-site.

Quercetin’s pleiotropic effects in mammalian cells, which include induction of ER stress (Ito
et al., 1999), obscure analysis of possible interactions with endogenous mammalian IRE1 in
vivo, whereas inertness in yeast, suggesting poor bioavailability, precluded analysis in that
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species (data not shown). In an effort to circumvent these difficulties, we stably transfected
IRE1 knockout cells (Calfon et al., 2002) with a chimeric IRE1 construct consisting of
residues 1–549 of human IRE1α (encoding the lumenal, transmembrane and juxta-
membrane domains) and residues 658–1115 of yeast IRE1 (the kinase and endonuclease
domains) (hyIRE1; Figure 4D). Fortunately, the chimeric protein proved unresponsive to ER
stress alone (Figure 4E) and thus could be exploited to evaluate the Q-site dependent
activation of hyIRE1 RNase by quercetin in vivo. Exposure of hyIRE1-rescued knockout
cells to quercetin promoted hyIRE1-dependent splicing of endogenous XBP1 (Figure 4F)
and mutations that blocked quercetin-mediated activation of yeast IRE1 in vitro also blocked
activation in vivo (Figure 4F & 4G). While this observation does not indicate that Q-site
activation by quercetin is sufficient to promote XBP1 splicing, it strongly suggests that
engagement of the Q-site is required for quercetin-mediated activation.

The crystal structure of IRE1 in complex with two other activators (JAK inhibitor I (PDB:
3LI1) and CDK1/2 inhibitor III (PDB: 3LI2), also indentified from a library of kinase
inhibitors) showed that these ligands engage the conventional nucleotide binding site and,
like ADP, activated the RNase of both the wildtype and quercetin-unresponsive K985A
mutant IRE1 (Supplemental Figure 3). Furthermore, no density was observed at the Q-site in
either co-crystal structure or in the complex of IRE1 with a different activator that binds the
nucleotide site, APJ1999 (data not shown and PDB 3FBV). Together these findings point to
the unusual mode of IRE1 activation through the Q-site by quercetin.

In the crystal structure quercetin is modeled with the 3’-hydroxyl facing the bulk solvent
(Figure 3C, 3D), but the resolution of the X-ray data cannot unambiguously rule out an
alternative orientation whereby the monocyclic phenyl ring is rotated 180 degrees
(Supplemental Movie 1). To identify the most probable orientation of the quercetin 3’-
hydroxyl group (syn or anti relative to the 3 and 3’ hydroxyl moieties) and to further probe
the interaction between quercetin and the Q-site, we compared the ability of structurally
diverse flavonols to activate IRE1’s RNase in vitro (Figure 5A).

Among the flavonols tested, quercetin was the most potent activator of IRE1 RNase in vitro,
both in the absence (Figure 5B) and presence of saturating concentrations of ADP (Figure
5C). Kampferol, a quercetin derivative lacking the 3’-hydroxyl, was next in potency.
Kampferol is a weak inhibitor of IRE1 autokinase activity (Figure 5D), suggesting that its
ability to activate IRE1’s RNase is derived mainly through binding the Q-site. The weak
potentiation with ADP of isorhamnetin and morin, luteolin and apigenin (relative to
quercetin) supports quercetin binding in the syn-orientation between its 3- and 3’-hydroxyl
moieties, which likely defines the angular rotation of the two ring systems of quercetin.

The structure activity relationship in vivo was similar to that observed in vitro, but produced
some surprises: Luteolin and galangin were strong activators of XBP1 splicing in IRE1
knockout cells expressing hyIRE1 (Figure 5E). The potent activation of XBP1 splicing by
luteolin was dependent on binding the Q-site, as splicing was strongly attenuated in cells
expressing Q-site mutant hyIRE1 chimeras (Figure 5F). The basis of the observed
differences in the relative activity of flavonols in vitro and in vivo remains to be determined.

Quercetin increases the population of IRE1 dimers in vitro
As the Q-site is located at the dimer interface of the KEN domain and as dimerization is a
pre-requisite for RNase activity (Lee et al., 2008b; Korennykh et al., 2009), we sought to
determine if quercetin binding affects dimer stability. On SDS-PAGE IRE1 (658–1115) has
the mobility predicted of a monomer (53 kDa), which is unaltered by the crosslinker
disuccinimidyl suberate (DSS). Upon addition of ADP, a faint slower migrating, DSS-
dependent band that corresponds in mobility to a predicted dimer was observed. The
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intensity of this slower migrating band was increased by incubation with quercetin and was
increased further upon addition of both quercetin and ADP (Figure 6A). Quercetin’s effects
on IRE1 crosslinking were abolished by the Q-site mutant IRE1K985A, although ADP-
dependent crosslinking was still observed (Figure 6B). The hierarchy at which the various
flavonols activated IRE1’s RNase correlated with their ability to promote IRE1 crosslinking
(Figure 6C), further demonstrating that quercetin-mediated crosslinking is dependent on
binding to the Q-site identified in the crystal.

Quercetin’s effect on the oligomeric state of IRE1 was further explored by sedimentation
velocity analytical ultracentrifugation (AUC). Non-liganded IRE1 sedimented as a single
~4S species, corresponding to the predicted molecular weight of ~50 kDa. In the presence of
ADP, IRE1 sedimented predominantly as a 4S monomer (50kDa) with a small amount of a
larger species (5.3S), consistent with the previously demonstrated ADP-dependent
dimerization of IRE (Lee et al., 2008b). Quercetin alone increased the population of the
higher molecular weight state and addition of ADP increased this further (Figure 6D),
corresponding well with both enzymatic activity (Figure 2A) and DSS-dependent
crosslinking (Figure 6B). Significant populations of larger species were not identified by
AUC, indicating that in the conditions used here IRE1 oligomers consisted primarily of
dimers. The observed differences in the sedimentation coefficient of IRE1 oligomers in the
presence of ADP, quercetin or both is consistent with the formation of a more stable dimer
by the ternary complex, which presumably undergoes less rapid equilibration with the
monomer during sedimentation (Brown et al., 2008).

To further evaluate dimerization’s role in quercetin-dependent IRE1 activation, we assessed
quercetin’s ability to activate an IRE1 variant with a well-characterized mutation in the
dimer interface, D723A, located ~30Å from the Q-site. As reported previously, IRE1D723A

was purified from bacteria as an active protein kinase in a yield similar to that of wildtype
IRE1 (Figure 6E). Neither ADP, nor quercetin nor a combination thereof activated
IRE1D723A (Figure 6F). Furthermore, neither ligand promoted DSS-induced crosslinking of
the mutant protein (Figure 6G). These findings indicate that quercetin-mediated activation of
IRE1’s RNase entails dimerization at the same interface required for ADP-mediated
activation, as suggested by the co-crystal structure.

Quercetin-binding at the Q-site modifies the nucleotide binding site
Dimerization of IRE1’s kinase and endonuclease domain, critical to activation of the RNase,
is dependent on engagement of the nucleotide binding site by a suitable ligand. Under
normal circumstances autophosphorylation must precede such ligand binding, however this
requirement can be bypassed by a mutation that alters the architecture of the nucleotide
binding site (Papa et al., 2003). Given this plasticity, we sought to determine if quercetin-
mediated activation of IRE1 also depends on autophosphorylation.

As expected, dephosphorylation with lambda phosphatase markedly diminished ADP-
mediated RNase activity. Surprisingly, the dephosphorylated IRE1 remained strongly
responsive to quercetin (Figure 7A). However, as dephosphorylation with lambda
phosphatase was incomplete (Figure 7B), we further explored the relationship between
quercetin-mediated activation and phosphorylation with a mutation that abolishes kinase
activity without (directly) altering the structure of the nucleotide binding site.

D797A alters a residue essential for de-protonation of the kinase substrate and abolishes all
measureable kinase activity (Lee et al., 2008b). Compared with the wildtype, bacterially-
expressed, IRE1D797A exhibits enhanced mobility on SDS-PAGE that is unaltered by
treatment with lambda phosphatase (Figure 7B), consistent with an unphosphorylated form
of the enzyme. While IRE1D797A had no detectable ADP-mediated RNase activity (as
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previously noted, Lee et al., 2008b), addition of quercetin substantially activates its RNase
(Figure 7C). Such activation was Q-site dependent, as it was absent in the IRE1D797A,K985A

double mutant (Supplemental Figure 4A & 4B).

Isothermal titration calorimetry had previously indicated that the IRE1D797A is unable to
bind ADP (Lee et al., 2008b), remarkably, addition of ADP attenuated the quercetin-
mediated activation of IRE1D797A (Figure 7D), suggesting that both accessibility and
functionality of the nucleotide binding site of the unphosphorylated IRE1D797A had been
altered by binding of ligand to the Q-site.

DISCUSSION
The discovery of a ligand-binding site at the dimer interface of the kinase-endonuclease
domain of yeast IRE1 provides an interesting perspective on features previously shown to
regulate the enzyme. The new finding suggests the existence of hitherto unanticipated modes
of physiological regulation of IRE1’s endonuclease activity as well as features of the
enzyme that may be exploited for pharmacological manipulation of the UPR.

The crystal structure of IRE1 with ADP and quercetin reveals two sites occupied by
different ligands: ADP in the nucleotide binding site (the kinase active site) and a very
unusual arrangement of a pair of quercetin molecules nestled at the back-to-back dimer
interface of the KEN domain engaging what we refer to as the Q-site. The two quercetin
molecules interact broadly with one another and make numerous symmetrical contacts with
residues from both IRE1 protomers.

Quercetin is known to engage the nucleotide-binding site of diverse kinases and likely does
so in the case of IRE1. Nonetheless, the observation that mutations in the Q-site abolish all
RNase activation indicates the functional dominance of the Q-site in IRE1 activation. The
suggestion that quercetin promotes RNase activity first and foremost by stabilizing the back-
to-back active dimeric configuration of the enzyme is further supported by the enhanced
population of dimers observed by analytical ultracentrifugation and by the enhanced
crosslinkability of IRE1 protomers in the presence of quercetin.

The preeminence of dimerization in quercetin’s mechanism of action fits well the prevailing
notions on how ER stress modulates IRE1 activity: Lumenal signals initiated by dissociation
of an inhibitory ligand (Bertolotti et al., 2000) (Liu et al., 2000) or by direct binding of
misfolded proteins to IRE1’s lumenal domain (Credle et al., 2005) promote interaction
between IRE1 protomers in the plane of the ER membrane. The resulting trans-
autophosphorylation (Shamu and Walter, 1996) enhances affinity for nucleotide (likely
ADP) (Sidrauski and Walter, 1997; Papa et al., 2003) whose engagement at the nucleotide
binding site promotes conformational change(s) that favor back-to-back dimerization of the
cytoplasmic effector domain (Lee et al., 2008b). The dimer may be further incorporated into
higher order structures that favor cooperativity (Aragon et al., 2009; Korennykh et al.,
2009). Higher order oligomers were not observed in this study, perhaps because the
construct used lacked the 32 N-terminal residues required for higher order oligomers
(present in Korennykh et al., 2009). Thus, it seems likely that quercetin activates IRE1 by
promoting the dimerization step in the cascade described above.

The structure of IRE1’s cytoplasmic domain dimer in the IRE1:ADP (PDB: 2RIO),
IRE1:APJ1999 (PDB: 3FBV) and IRE1:ADP:quercetin crystals (this study; PDB: 3LI0) is
nearly identical with notable further structuring in both the kinase activation loop and the
RNA binding site in the IRE1:ADP:quercetin structure. The structure of these two region in
the ternary IRE1:ADP:quercetin complex is similar to that observed previously in IRE1 that
assembled into large oligomers (Korennykh et al., 2009), suggesting that quercetin binding
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mimics the impact of oligomerization and potentially alters enzymatic activity.
Unfortunately, we are unable to detect (or exclude) allosteric regulation at the RNase site, as
we are unable to measure IRE1’s affinity for RNA (Km) or its enzymatic activity in the
presence of saturating concentrations of RNA substrate (Vmax, data not shown).

Quercetin’s effect on the activity of the phosphorylation-defective IRE1D797A mutant
suggests a complex interplay between phosphorylation state of the activation loop, ligand
engagement at the Q- and nucleotide binding sites and RNase activity: IRE1D797A, which
lacks detectable autokinase activity, cannot bind nucleotide and is refractory to activation by
ADP (Lee et al., 2008b). Nonetheless the mutant is activated by quercetin and, as activation
of IRE1D797A is abolished by a concomitant K985A mutation, the mode of ligand binding is
likely similar in the wildtype and IRE1D797A mutant enzyme. Remarkably, addition of ADP
to quercetin bound IRE1D797A attenuates its RNase activity. Positive cooperativity between
quercetin and ADP binding, driven by quercetin-mediated dimerization, may explain the
responsiveness of quercetin-bound IRE1D797A to ADP. But the inhibitory nature of the
response suggests that the phosphorylation status of the activation loop profoundly affects
the coupling of nucleotide binding to RNase activity and reveals hitherto unanticipated
complexity in regulation of IRE1’s outputs.

It is tempting to speculate that the Q-site may engage endogenous ligand(s) and that perhaps
quercetin itself or related flavonols, which are produced in plants may represent such ligands
for plant IRE1s. Alternatively, the hydrophobic nature of the Q-site may provide an
important pathway-specific feedback component to the known links between phospholipid
metabolism and yeast IRE1 (Nikawa and Yamashita, 1992) (Cox et al., 1997). Furthermore,
modeling suggests that mammalian IRE1α also possesses a pocket analogous to the Q-site
that may be accessed by quercetin-like compounds (Supplemental Figure 2C–2D).
Therefore, interaction between products of lipid or sterol metabolism and mammalian IRE1
at the Q-site site may help explain the emerging links between lipid metabolism and the
UPR in mammals (Sriburi et al., 2004) (Lee et al., 2008a).

The findings described here also suggest a hitherto unanticipated mode for accessing the
UPR pharmacologically independent of the nucleotide binding site (that is common to many
kinases). Drugs that may bind a homologous Q-site in mammalian IRE1 and recapitulate
quercetin activation of IRE1’s RNase could serve as potent modulators of the protein-
folding environment in the ER. This may affect so-called proteostasis networks and alter the
fate of misfolding-prone medically-important mutant proteins (Powers et al., 2009).
Conversely, drugs that access the Q-site to inhibit XBP1 splicing could be used to neuter the
IRE1 branch of the UPR with beneficial effects in fighting cancers, like multiple myeloma,
which rely on the pathway for their survival.

It has recently been suggested that animal cell IRE1 can degrade mRNA promiscuously
(Hollien and Weissman, 2006) and that such degradation contributes to cell death during ER
stress. The regulation of this promiscuous IRE1 dependent RNAse activity has been linked
to occupancy of the nucleotide binding site and to IRE1’s phosphorylation status (Han et al.,
2009; Hollien et al., 2009). Given the evidence of allosteric regulation of IRE1’s activity
from the Q-site, it is interesting to speculate on the possibility that ligands of mammalian
IRE1 may have selective effects on XBP1 splicing and generalized RNA degradation and
thus bias the response in a beneficial manner. Similarly, an activator of XBP1 splicing that
works selectively through the Q-site could drive a wedge between potentially salubrious
signaling from IRE1 to XBP1 and potentially damaging IRE1 effector functions linked to its
kinase activity (e.g. JNK activation).
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Experimental Procedures
Plasmids and reagents

Quercetin, ADP, and flavonols were purchased from Sigma-Aldrich. The initial small
molecule screen was performed with the Kinase Inhibitor Library (BioMol International).
RNA probes with the sequence 5’-CAUGUCCGCAGCGCAUG-3’ were purchased from
Invitrogen either with or without modifications on the 5’ (AlexaFluor647) or 3’ (Black Hole
Quencher 3). IRE1(658–1115) was cloned into the pGEX.Smt3 vector (derived from
H6.Smt3, a kind gift of Chris Lima). All mutations in IRE1 were prepared by site-directed
mutagenesis and sequenced to confirm incorporation of the appropriate mutation.

Purification of IRE1(658–1115)
BL21 E. coli expressing GST.Smt3.IRE1(658–1115) were induced with 1 mM IPTG and
grown overnight at 18 deg C. Bacterial lysates were prepared by disruption in an
EmulsiFlex-C3 (Avestin, Inc.) and cleared by centrifugation. GST.Smt3.IRE1(658–1115)
was purified on a GSTrap 4B (GE Healthcare) affinity column and eluted with 40 mM
glutathione (Sigma). The protein was further purified on a Mono Q (GE Healthcare) anion
exchange column using an Akta FPLC (GE Healthcare). IRE1(658–1115) was cleaved from
GST.Smt3 by incubation with 2 µg of Ulp1 per mg of IRE1(658–1115) overnight at 4 deg
C. The cleaved protein was gel filtered into 20 mM Hepes pH 7.5, 200 mM NaCl on a
Superdex 75 column (GE Healthcare) and frozen at −80 deg C in 10% glycerol at a
concentration of ~10 µM.

Biochemical Assays for IRE1(658–1115)
IRE1 RNase activity was measured by incubation of purified IRE1(658–1115) 0.5–1µM
with 25 nM of the quenched RNA probe at room temperature in a 384 well low-volume
round bottom plate (Corning) with a final reaction volume of 20 µL. IRE1 reaction buffer
(20 mM Hepes pH 7.5 50 mM KOAc 1 mM MgOAc and 1 mM DTT) was used for all
RNase activity measurements. Time-dependent fluorescence was measured on a TecanF500
(Tecan US) using an excitation filter of 612 nm (bandpass 10 nm) and emission filter of 670
(bandpass 25 nm). An analogous protocol was followed to measure the IRE1-dependent
cleavage of 20 nM of 32P-labeled RNA substrate, prepared by 5’ end-labeling with T4
polynucleotide kinase, Following the reaction the products were separated by denaturing
acrylamide gel electrophoresis.

IRE1 autophosphorylation was measured by incubation of 0.5 µM IRE1(658–1115) with 0.1
mCi [32P]γ-ATP (MP Biomedicals) for the indicated time in 20 mM Hepes pH 7.5 50 mM
MgCl2 2 mM MnCl2 1 mM DTT at room temperature. Incorporation of 32P was followed by
SDS-PAGE and radiography.

Crosslinking was performed by incubation of 5 µM IRE1(658–1115) with 200 µM
disuccinimidyl suberate (DSS; Pierce) for 30 min at room temperature in IRE1 reaction
buffer. The reaction was quenched by the addition of 50 mM Tris pH 7.5. The samples were
then boiled in Laemmili buffer and separated by SDS-PAGE.

Crystallization of IRE1
Bacterial expressed IRE1(658–1115) lacking residues 869–892 was purified as previously
described (Lee et al., 2008b). Crystals of IRE1 were grown in the presence of Mg2+-ADP
and quercetin or in the presence of JAK inhibitor 1 or Cdk1/2 inhibitor III in a hanging drop.
Ire1:ADP:quercetin crystals flash-frozen in cryo-protectant (10% PEG 8K, 50 mM Na-
Cacodylate pH 6.5, 300 mM KCl, 100 mM SrOAc and 30 % glycerol) and Ire1:JAK
inhibitor I or Ire1:Cdk1/2 inhibitor III crystals flash frozen in cryo-protectant (1.6M LiSO4,
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50 mM hepes pH 7.1, 20 mM MgCl2 and 30% glycerol) were used for data collection at the
NE-CAT 24-ID-C beamline at the Advanced Photon Source at the Argonne National
Laboratory. Data processing was performed using MOSFLM (Leslie, 2006) and SCALA
(Evans, 2006). Molecule replacement was performed using Phaser (McCoy et al., 2007).
Initial coordinates and refinement restraints for ADP and quercetin were obtained from HIC-
up server. The final model was obtained using iterative cycles of manual building in Coot
(Emsley and Cowtan, 2004)and automated refinement using Refmac5 (Murshudov et al.,
1997) and CNS (Brunger et al., 1998). Model validation was performed using PROCHECK
(Laskowski et al., 1993). Structural images presented in figures were prepared in Chimera
(Pettersen et al., 2004). The statistical parameters for IRE1:ADP:quercetin (PDB: 3LI0),
IRE1:JAK I inhibitor (PDB: 3LI1) and IRE1:Cdk1/2 inhibitor III (PDB: 3LI2) are provided
in Supplemental table 1.

Quercetin mediated XBP1 spicing in mammalian cells by human-yeast chimeric IRE1
Cells lacking both IRE1α and IRE1β (Calfon et al., 2002) were transduced with GFP-
marked retroviruses expressing human-yeast IRE1 chimeric proteins. Transduced
fluorescent cells were FAC sorted and tested for expression of the chimeric protein by
immunoprecipitation followed by immunoblotting with a poly-clonal serum directed to the
cytosolic juxtamembrane region of mammalian IRE1α, common to the endogenous IRE1α
(of wildtype MEFs) or the chimeric proteins (Bertolotti et al., 2000). Transduced cells were
exposed to the indicated concentrations of flavonols, or tunicamycin, thapsigargin or
dithiothreitol (DTT) and RNA was procured and XBP1 splicing measured by a ratio-metric
reverse transcriptase-PCR assay.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Small molecule screen for modulators of IRE1 RNase activity
A. Fluorescent-based assay for yeast IRE1 (aa 658–1115) RNase activity. A stem loop RNA
substrate incorporating an IRE1 endoribonuclease site (cleavage between G3-C4, labeled
bases) was modified 5’ with AlexaFluor 647 (AF647) and 3’ with BlackHoleQuencher3
(BHQ). Cleavage alleviates quenching allowing fluorescence.
B. Fluorescence timecourse measuring IRE1’s RNase. The activity of IRE1 (1.0 µM)
incubated with increasing concentrations of ADP was measured by the cleavage of the
fluorescent substrate (25 nM) depicted in Figure 1A.
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C. Quantification of the ADP-mediated activation of IRE1 RNase shown in Figure 1B. The
initial rate of IRE1 RNase activity was plotted against ADP concentration demonstrating an
EC50 of ~40 µM.
D. Fluorescence timecourse reporting on cleavage of the IRE1 substrate as in Figure 1A
(black) or an altered substrate incorporating deoxyguanosine at position 3 (dG3; red),
disrupting cleavage at that site. The maximal signal following cleavage of both substrates
was determined by incubation with RNase A (squares).
E. Bar graphs depicting the activity of IRE1’s (1.0 µM) RNase in the presence of various
small molecules (25 µM) from a collection of kinase inhibitors after a 10 minute reaction;
the wells containing quercetin (25 µM) and ADP (2 mM) are indicated.
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Figure 2. Quercetin potentiates ADP-mediated IRE1 RNase activity
A. Fluorescence timecourse of substrate (25 nM) cleavage by IRE1 (0.5 µM), alone (circles)
and in the presence of ADP (2 mM, squares), quercetin (25 µM, diamonds) or both
(triangles).
B. Autoradiograph showing the cleavage of a 32P-labeled IRE1 substrate (20 nM), of
identical sequence to that depicted in Figure 1A, by IRE1 (0.5 µM) incubated with ADP (2
mM) or quercetin (25 µM) following a 2 hour reaction. The full-length substrate and
cleavage product are indicated.
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C. Autoradiograph of IRE1 (aa 658–1115) (0.5 µM) incubated with [32P]γ-ATP for the
indicated time in the presence of ADP (30 µM) or quercetin (30 µM). A Coomassie stain of
the same gel is shown below.
D. Autoradiograph depicting the time-dependent cleavage of a 32P-labeled IRE1 substrate
(20 nM; as in Figure 2B) by IRE1 (0.5 µM) in the presence of ADP (2 mM), quercetin (25
µM) or both.
E. Plot of the initial rate of IRE1 RNase activity as a function of quercetin concentration in
the absence (filled circles) and presence (open squares) of ADP (2 mM).
(see also Supplemental Figure 1).
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Figure 3. The crystal structure of IRE1–bound by quercetin and ADP reveals a second ligand
binding site, the Q-site
A. Structure of IRE1 (658–1115, Δ869–892) crystallized in the presence of both ADP and
quercetin shown in ribbon format (PDB: 3LI0). The kinase domain N- and C-terminal lobes
of each protomer in the dimer are green and orange, respectively, and the KEN domains are
blue. The kinase and the KEN domain dimer interfaces are indicated. ADP and quercetin are
shown in a ball-and-stick representation.
B. Electron density (blue-wire mesh) and tube representation of regions of the
IRE1:ADP:quercetin ternary complex that are unstructured in the IRE1:ADP dimer (PDB:
2RIO) are shown in stereo view (two left panels) and superimposed on the structure of the
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same segments in PBD: 3FBV. Left – Amino acids 837–844 including phosphorylated
residues S840, S841, and T844 in the activation segment of IRE1 are shown with side chains
displayed in a ball and stick format. Right – Amino acids 1036–1042 from the α3’ helix of
the KEN domain are shown with side chain residues in ball and stick format. Both structured
regions show significant overlap with the previous crystal structure of oligomeric IRE1
(PDB – 3FBV).
C. Stereo view of the two-fold symmetric quercetin binding pocket (Q-site). The solvent
accessible surface of the KEN domain is shown in light blue and dark blue for the two
protomers. Quercetin is shown in a ball-and-stick representation.
D. Structure of the Q-site with the residues from the two protomers (purple and green) that
interact with quercetin (shown as ball-and-stick in the same view as Figure 3E). Unbiased
sigma A-weighted Fo-Fc electron density (see Supplementary Figure 3 for details) for each
quercetin molecule is shown as orange or gray wire-mesh.
E. A comparison of the Q-site from IRE1:ADP:quercetin (PDB: 3LI0, blue) and IRE1:ADP
(PDB: 2RIO, green) shown in a stereo view and depicted as tubes. The residues that line this
pocket are shown in ball-and-stick format (the quercetin ligand has been removed from the
IRE1:ADP:quercetin structure).
F. Schematic depicting the spatial arrangement and interactions of IRE1 and quercetin that
define quercetin binding to the Q-site.
(also see Supplemental Table 1 and Supplemental Figure 2.)
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Figure 4. Mutation of residues lining the Q-site interfere with quercetin-mediated activation of
IRE1 RNase
A. Coomassie stained SDS-PAGE of wildtype and mutant yeast IRE1 (aa 658–1115)
variants before and after incubation with lambda phosphatase.
B. Timecourse of IRE1 RNase activity of IRE1WT (black), IRE1S984E (blue), IRE1K985A

(red), and IRE1K992L (green) incubated alone, with ADP (+A; 2 mM), quercetin (+Q; 25
µM) or both (+A +Q). The concentration of each enzyme was adjusted to approximate the
activity of IRE1WT in the presence of ADP.
C. Bar graph comparing IRE1 RNase activity of IRE1WT, IRE1S984E, IRE1K985A,
IRE1K992L, and IRE1F1112L measured as in Figure 4B. The activity of the different
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enzymes, defined by the fluorescent signal following 1 h treatment, in the presence of ADP
was normalized to 1.
D. Domain structure of the human-yeast IRE1 chimera (hyIRE1). The rabbit serum used to
detect the endogenous and chimeric proteins recognizes the juxta-membrane region as
indicated.
E. RT-PCR analysis of XBP1 mRNA purified from wild-type MEFs (+/+) or IRE1 knockout
cells transduced with empty vector (Mock) or hyIRE1WT exposed to tunicamycin (Tm; 2.5
µg/mL; 4h), DTT (2 mM; 1 h) or thapsigargin (Tg; 0.5 µM; 1h). The position of the
unspliced (XBP1U) and spliced (XBP1S) product is indicated.
F. RT-PCR analysis of XBP1 mRNA purified from wild-type MEFs (+/+) or IRE1 knockout
cells transduced with empty vector (Mock), hyIRE1WT, hyIRE1S984E, or hyIRE1K985A and
exposed to 450 µM quercetin for 2 h or thapsigargin (Tg; 0.5 µM for 2h), as indicated.
G. Immunoblot of endogenous IRE1 or the hyIRE1 chimeras immunoprecipitated from
lysates of the cells shown in Figure 4F. The hyIRE1 chimera migrates slower than
endogenous IRE1 due to the larger size of the yeast kinase and endonuclease domains. The
anti-eIF2α immunoblot from the flow-through of the immunoprecipitation reaction (lower
panel) serves as a loading control.
(also see Supplemental Figure 3).
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Figure 5. The hierarchy of IRE1 activation by flavonols supports a model of ligand binding in
the syn orientation of the prime ring
A. Chemical structures of flavonol-based analogs of quercetin. Quercetin and other relevant
flavonols are shown with the 3- and 3’-moieties in the syn orientation; except morin, which
is shown in the anti conformation due to clash between the 3- and 2’-hydroxyls.
B. Timecourse of RNase activity of IRE1 (0.5 µM) incubated in the presence of various
flavonols (25 µM). The activity of IRE1 in the absence of flavonol is indicated by the x
symbols.
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C. Timecourse of RNase activity of IRE1 (0.5 µM) incubated in the presence of both ADP
(2 mM) and flavonols (25 µM). The activity of IRE1 in the absence of flavonol is indicated
by the x symbols.
D. Autoradiograph of IRE1 (0.5 µM) incubated with [32P]γ-ATP in the presence of the
known kinase inhibitor staurosporine (25 µM, a positive control for inhibition) or the
flavonols (25 µM), following either 10 or 20 min reaction, as indicated. A Coomassie stain
of the 20 min gel is shown below. The asterisk indicates the presence of an activity in the
sample containing myrecetin that reproducibly degrades IRE1.
E. RT-PCR analysis of XBP1 mRNA purified from wild-type MEF (+/+) or IRE1 knockout
cells transduced with hyIRE1WT following exposure to thapsigargin (Tg; 0.5 µM for 2 h) or
flavonols (450 µM for 2 h), as indicated.
F. RT-PCR analysis of XBP1 mRNA purified from wild-type MEF (+/+) or IRE1 knockout
cells transduced with hyIRE1WT, hyIRE1S984, hyIRE1K985A or empty vector (Mock)
following exposure to thapsigargin (Tg, 0.5 µM for 2h) or Luteolin (450 µM for 2 h), as
indicated.
(also see Supplemental Movie 1).
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Figure 6. Quercetin increases the population of IRE1 dimers
A. Coomassie stained SDS-PAGE of yeast IRE1 (aa 658–1115, 5 µM) incubated with ADP
(2 mM), quercetin (25 µM) or both in the absence (−DSS) or presence of 200 µM
disuccinimidyl suberate (+DSS), an irreversible chemical cross-linker.
B. Coomassie stained SDS-PAGE of IRE1K985A and IRE1WT incubated with ADP (2 mM),
quercetin (25 µM) or both in the presence of 200 µM DSS.
C. Comassie stained SDS-PAGE of IRE1 (5 µM) incubated with ADP (2 mM) and the
flavonols (25 µM) in the presence of DSS (200 µM).
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D. Sedimentation distribution of yeast IRE1 (aa 658–1115, 5 µM; black) in the presence of
ADP (2 mM; red), quercetin (25 µM; blue) or both (green), as determined by sedimentation
velocity analytical ultracentrifugation. Approximate molecular weights are indicated.
E. Coomassie stained SDS-PAGE of IRE1WT and IRE1D723A incubated without or with
lambda phosphatase.
F. Fluorescence timecourse of RNase activity of IRE1WT (black) and IRE1D723A (red) in the
presence of ADP (2 mM), quercetin (Q; 25 µM) or both.
G. Coomassie stained SDS-PAGE of IRE1WT and IRE1D723A (5 µM) incubated with ADP
(2 mM), quercetin (25 µM) or both in the presence of 200 µM DSS.

Wiseman et al. Page 24

Mol Cell. Author manuscript; available in PMC 2011 April 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7. The nucleotide binding site and the quercetin binding pocket interact to regulate IRE1
RNase
A. Timecourse of IRE1 RNase activity incubated without or with lambda phosphatase (λpp)
in the presence of ADP (2 mM) and quercetin (Q; 25 µM).
B. Comassie-stained SDS-PAGE of IRE1WT and IRE1D797A incubated with or without
lambda phosphatase.
C. Fluorescence timecourse of RNase activity of IRE1WT (filled symbols) and IRE1D797A

(open symbols) incubated with ADP (2 mM), quercetin (Q; 25 µM) or both.
D. Quantification of RNase activity for IRE1D797A incubated with quercetin (25 µM) and
increasing concentrations of ADP. The initial rate of IRE1 RNase activity is plotted against
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ADP concentration (the initial rate of IRE1D797A incubated with quercetin (25 µM) alone is
shown by the dashed line).
(also see Supplemental Figure 7).
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