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ABSTRACT: The dual kinase endoribonuclease IRE1 is a
master regulator of cell fate decisions in cells experiencing
endoplasmic reticulum (ER) stress. In mammalian cells, there
are two paralogs of IRE1: IRE1α and IRE1β. While IRE1α has
been extensively studied, much less is understood about IRE1β
and its role in signaling. In addition, whether the regulation of
IRE1β’s enzymatic activities varies compared to IRE1α is not
known. Here, we show that the RNase domain of IRE1β is
enzymatically active and capable of cleaving an XBP1 RNA
mini-substrate in vitro. Using ATP-competitive inhibitors, we
find that, like IRE1α, there is an allosteric relationship between
the kinase and RNase domains of IRE1β. This allowed us to
develop a novel toolset of both paralog specific and dual-
IRE1α/β kinase inhibitors that attenuate RNase activity (KIRAs). Using sequence alignments of IRE1α and IRE1β, we propose
a model for paralog-selective inhibition through interactions with nonconserved residues that differentiate the ATP-binding
pockets of IRE1α and IRE1β.

Various perturbations within the cell can cause endoplas-
mic reticulum (ER) stress, resulting in unfaithful folding

and the accumulation of proteins within the lumen of the
ER.1,2 In mammalian cells, these perturbations result in the
unfolded protein response (UPR), which consists of three
transmembrane sensor proteins: IRE1, PERK, and ATF6.3−7

The initial aim of the UPR is to restore ER homeostasis, where
all three UPR sensors initiate signals to upregulate genes that
aid in ER stress adaptation.8 Additionally, PERK mediates a
global translation block to help decrease the ER’s protein
folding burden.5 If these initial adaptive responses fail, the
UPR switches to terminal outputs that result in apoptosis.9

IRE1α is the most ancient and conserved component of the
UPR and is thought to be one of the dominant factors in cell
fate decision making in cells experiencing ER stress.4,10 IRE1α
contains a stress sensing N-terminal lumenal domain that is
connected to cytosolic protein kinase and RNase domains
through a transmembrane linker.11 Upon ER stress, IRE1α
becomes active through lumenal domain dimerization and
kinase trans-autophosphorylation. Phosphorylation of the
kinase promotes IRE1α dimerization on the cytosolic face of
the ER, an event required for RNase domain activity.12,13

Under an adaptive UPR, the RNase domain of IRE1α
facilitates the cleavage of XBP1 mRNA, which results in the
subsequent generation of a mature form of XBP1 that encodes

for an active transcription factor that upregulates targets that
aid in ER adaptation.14−16 Conversely, prolonged ER stress
leads to the cleavage of ER-localized mRNA by IRE1α’s RNase
in an event called regulated IRE1 dependent decay, or
RIDD.17−19 RIDD increases ER stress and promotes apoptosis
through the cleavage of mRNA encoding for adaptive ER
proteins and antiapoptotic proteins, as well as cleaving miRNA
functioning to suppress pro-apoptotic and pro-inflammatory
proteins.20

In mammalian cells, IRE1α has a highly homologous paralog
called IRE1β. While IRE1α is ubiquitously expressed, IRE1β’s
expression is mainly isolated to epithelial cells in the
gastrointestinal tract and bronchia.21 IRE1β’s domain
architecture is the same as IRE1α’s, but much less is known
about its RNase activity or its functional role in the cell. While
it has been shown that IRE1β’s kinase retains phosphotransfer-
ase function, there have been conflicting reports about the
ability of its RNase domain to cleave XBP1 and the efficiency
of this cleavage event compared to IRE1α.16,22 It has been
suggested that under ER stress, rather than prioritizing XBP1
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cleavage, IRE1β’s RNase primarily cleaves ER-localized mRNA
encoding secretory proteins.23 Furthermore, there is evidence
that IRE1β might have a distinct set of mRNA substrates from
IRE1α.23−25 These differences in enzymatic activity have been
highlighted in vivo, where IRE1β but not IRE1α has been
shown to be functionally required for mucin production.25

This relationship suggests that selective IRE1β inhibition may
be an attractive target in diseases characterized by the
overproduction of mucin, like cystic fibrosis, chronic
obstructive pulmonary disease, and asthma.26 Additionally,
mice that lack IRE1β develop colitis at an advanced rate and
have more pronounced hyperlipidemia, revealing that IRE1β
may play an essential role in lipid metabolism and
inflammation responses in gut and bronchial tissues.21,27

Here, we demonstrate that IRE1β’s RNase domain is
similarly efficient as IRE1α in cleaving an XBP1 mini-substrate
in vitro. Using different ATP-competitive inhibitors that have
been shown to either activate or inhibit IRE1α’s RNase
activity, we investigated the allostery between IRE1β’s kinase
and RNase domains. We find that an ATP-competitive
inhibitor that is a potent activator of IRE1α’s RNase activity
has a similar effect on IRE1β. Furthermore, we demonstrate
that, like IRE1α, IRE1β’s RNase activity can be allosterically
inhibited with ATP-competitive ligands called kinase inhibitor
RNase attenuators (KIRAs). This result motivated us to
determine whether we could develop KIRAs that demonstrate
paralog selectivity. By performing medicinal chemistry around
the scaffold of a KIRA developed to target IRE1α, we were able
to identify both dual IRE1α/β and paralog-selective KIRAs.
Using a kinobead-based profiling method, we demonstrate that
these inhibitors are selective for IRE1 on the kinome level.
Together, we expect our IRE1-targeting toolset will provide
valuable reagents for defining paralog-specific function in cells
and disease models.

■ RESULTS AND DISCUSSION

Activity and Allosteric Regulation of IRE1β’s RNase
Domain. We first performed biochemical characterization of
IRE1β with a construct that contains just the cytosolic kinase
and RNase domains, which we refer to as IRE1β*. Previous
studies have demonstrated that a similar construct of IRE1α,
IRE1α*, possesses both kinase and RNase activity.28,29 For in
vitro studies of IRE1, IRE1α* and IRE1β* were expressed in
baculovirus-infected insect cells and purified in the activation
loop phosphorylated form. Activation loop phosphorylation of
IRE1 promotes the formation of an RNase active dimer,
commonly referred to as the back-to-back dimer.13 In contrast,

dephosphorylated versions of IRE1 are monomeric and RNase
inactive.28,29 To assess the RNase activities of IRE1α* and
IRE1β*, we used a fluorescence-quenched XBP1 mini-
substrate labeled with a 5′-AlexaFluor647 and a 3′-IowaBlack
fluorescence quencher (Figure 1A). We tested the activity of
IRE1β*’s RNase by monitoring the real-time cleavage of a
XBP1 mini-substrate in vitro. Despite previous reports that
IRE1β’s RNase is less capable or incapable of cleaving XBP1,22

a comparison of equal concentrations of IRE1α* and IRE1β*
reveal that both are able to efficiently cleave the XBP1 mini-
substrate (Figure 1B). Further inspection of the XBP1 mini-
substrate product revealed that the RNase domains of IRE1α*
and IRE1β* generate fragments of similar size, supporting the
notion that these paralogs cleave XBP1 at the same site
(Supporting Information Figure 1). Next, we measured the
rate of IRE1α* and IRE1β* cleavage for varying concen-
trations of the XBP1 mini-substrate to determine their
Michaelis constant (KM) values for this RNA substrate. The
KM values for the XBP1 mini-substrate between the two
paralogs were nearly identical (Figure 1C). This result reveals
that IRE1β* can form back-to-back dimers, which are
necessary for RNase activity. Additionally, when dimerized,
the RNase domains of IRE1α* and IRE1β* are similarly able
to bind and cleave XBP1.
Previously, it has been established that the kinase and RNase

domains of IRE1α are allosterically coupled.28−30 The basis of
this allostery relies on the conformation of a structural element
in the ATP-binding site called helix-αC. When IRE1α is
unphosphorylated and inactive, helix-αC adopts a conforma-
tion that is incompatible with the back-to-back dimer required
for RNase activity. Phosphorylation of IRE1α’s activation loop
stabilizes the active conformation of helix-αC, which promotes
back-to-back dimerization and RNase activity.29 It has been
shown that ATP-competitive inhibitors can have divergent
effects on IRE1α’s RNase activity by preventing or promoting
formation of the back-to-back dimer through modulation of
helix-αC’s conformation.13,28 For example, AT9283 potently
activates IRE1α’s RNase activity by promoting IRE1α
dimerization, presumably though stabilization of the active
conformation of helix-αC.29 In contrast, inhibitor 1 (KIRA8)
inactivates IRE1α’s RNase domain by stabilizing an inactive
helix-αC conformation and preventing IRE1α dimerization.31

We refer to ATP-competitive inhibitors that dually inhibit
kinase and RNase activity, like 1, as kinase inhibitor RNase
attenuators (KIRAs). To examine the allostery between the
kinase and RNase domain of IRE1β, we tested the effects of
AT9283 and 1 on IRE1β’s RNase activity. To allow us to

Figure 1. In vitro activity of IRE1β’s RNase domain. (A) Schematic of the XBP1 cleavage assay with IRE1α* and IRE1β*. An increase in
fluorescence is observed upon cleavage of a FRET-quenched XBP1 mini-substrate. (B) Real time fluorescence curves for 75 nM IRE1α* and 75
nM IRE1β* with 250 nM of the XBP1 mini-substrate. (C) Michaelis−Menten curves of IRE1α* and IRE1β* for the XBP1 mini-substrate. Data
shown are mean ± SEM, n = 3.
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measure both activation and inhibition of RNase activity, we
tested these inhibitors under two different IRE1β* concen-
tration regimes. We used a concentration of IRE1β* (Low
[IRE1β*]) that is mainly monomeric and has low RNase
activity to measure activation of IRE1β’s RNase activity by
AT9283 (Figure 2A). A higher concentration of IRE1β* (High
[IRE1β*]), which contains a substantial amount of the RNase
active dimer, was used to test the inhibitory properties of KIRA

1. We found that Low [IRE1β*] treated with AT9283
demonstrated a 12-fold higher rate of XBP1 mini-substrate
cleavage than the apo form (Figure 2B). In contrast, treatment
of High [IRE1β*] with 1 led to an almost complete loss of its
ability to cleave the XBP1 mini-substrate (Figure 2C). The
ability of these two classes of ATP-competitive inhibitors to
divergently modulate IRE1β*’s RNase activity suggests that

Figure 2. Divergent modulation of IRE1β’s RNase domain with ATP-competitive inhibitors. (A) Concentration regimes for testing the allosteric
modulation of IRE1β*’s RNase domain. (Top) Schematic of the oligomeric states of Low [IRE1β*] and High [IRE1β*]. (Bottom) Real time
fluorescence curves and initial rates for Low [IRE1β*] and High [IRE1β*]. Data shown are mean ± SEM, n = 3. (B) Activation of IRE1β*’s RNase
activity. (Top) Structure of the ATP-competitive RNase activator AT9283. (Bottom) Real time fluorescence curves and rates of XBP1 mini-
substrate cleavage for Low [IRE1β*] treated with DMSO (light gray) or AT9283 (purple) in the in vitro RNase assay. Data shown are mean ±
SEM, n = 3. (C) Inhibition of IRE1β*‘s RNase activity. (Top) Structure of KIRA 1. (Bottom) Real time fluorescence curves and rates of XBP1
mini-substrate cleavage for High [IRE1β*] treated with DMSO (dark gray) or 1 (coral) in the in vitro RNase assay. Data shown are mean ± SEM,
n = 3.

Figure 3. SAR of ATP-competitive KIRAs. (A) Chemical structure of KIRA 1 (top). Structural elements of 1 that are varied in our study are
colored. RNase IC50 values for 1 against both IRE1α* and IRE1β* and the fold selectivity for IRE1α (bottom). Inhibitor data are shown as the
mean ± SEM, n = 3. (B) LigPlot map detailing the binding interactions (yellow sticks) between inhibitor 2, a close analog of 1, and the ATP-
binding site of IRE1α (PDB: 4U6R). Residues involved in hydrogen-bond interactions are shown as sticks. Residues involved in hydrophobic
interactions are shown as gray eyelashes. (C) LigPlot map detailing the hypothesized binding pocket of IRE1β and its interactions with pyridine−
pyrimidine-based ligands. Residues that are conserved between IRE1β and IRE1α are shown in gray. Conservative mutations are shown in purple,
and nonconservative mutations are shown in red.
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the allosteric communication between its kinase and RNase
domains is similar to that of IRE1α.
Paralog-Selective KIRAs. Having demonstrated that the

RNase activity of IRE1β can be modulated through its ATP-
binding site, we next determined whether it would be possible
to develop KIRAs with enhanced paralog selectivity. To do
this, we performed a structure−activity-relationship (SAR)
study around the pyrimidine−pyridine scaffold of KIRA 1 and
a close analog (KIRA 2; Figure 3A,B). Although KIRAs 1 and
2 were optimized for IRE1α, they were selected as starting
points for derivatization because of the demonstrated marked
selectivity of KIRA 1 on the kinome level.31,35 To visualize
potential differences in KIRA-binding residues between IRE1α
and IRE1β, we used a cocrystal structure of KIRA 2 bound to
IRE1α to generate a model of potential inhibitor contact
residues with IRE1β (Figure 3B,C). The basic trans-1,4-
cyclohexanediamine moiety of 2 makes several hydrophobic
contacts with residues lining the ATP-binding site of IRE1α
and forms a salt bridge with Glu651 located in IRE1α’s helix
αH. While IRE1β contains a Glu at the same position
(Glu600), an alanine residue (Ala646) in IRE1α that makes
hydrophobic contacts with the piperidine ring is substituted
with an Arg (Arg595) in IRE1β (Figure 3B,C). Therefore, we
introduced various R1 alicyclic groups that contain a basic
amine in our SAR to potentially exploit these differences
(Figure 3A). The naphthyl group of 2 bridges the core
pyrimidine−pyridine scaffold and the sulfonamide group.
While most of the residues in the ATP-binding site of
IRE1α that form contacts with the bridging naphthyl group of
2 are conserved in IRE1β, the identity of the gatekeeper
residueIle in IRE1α (Ile642) and Leu in IRE1β (Leu591)
is a clear difference between the two paralogs in this region of
the binding pocket. We thus varied the naphthyl group of 2
with various naphthyl and substituted phenyl R2 groups to see
if inhibitors could differentiate between IRE1α and IRE1β in
this region of the kinase active site. The arylsulfonamide of 2
occupies a pocket created by movement of helix-αC to an
inactive conformation. A notable difference in this pocket
between IRE1α and IRE1β includes a change from an Ala
(Ala609) in the helix-αC of IRE1α to a Val residue in IRE1β
(Val558). Therefore, we also generated analogs that contain
various sulfonamides at the R3 position to see if the pocket
formed by the movement of helix-αC could be used to gain
selectivity between IRE1β and IRE1α.
To facilitate the rapid generation of inhibitors, we

introduced diverse R1−R3 groups into the conserved
pyrimidine−pyridine scaffold of 1 (Scheme 1). A four-step
synthetic route was used to diversify the commercially available
2-chloro-4-(2-fluoro-3-pyridinyl)pyrimidine scaffold. R1 groups
were introduced through the nucleophilic aromatic substitu-

tion (SNAr) of 2-chloro-4-(2-fluoro-3-pyridinyl)pyrimidine
with mono boc-protected diaminocycloalkanes. A subsequent
SNAr with commercially available 4-amino-phenols or amino-
naphthols was used to generate R2 group diversity. Diverse R3

groups were introduced by sulfonylation with various sulfonyl
chlorides. Following sulfonylation, final inhibitors were
generated by boc-deprotection with TFA (Scheme 1).
We screened KIRAs for the ability to inhibit the RNase

activities of IRE1α* and IRE1β* with our fluorescence-
quenched XBP1 mini-substrate assay (Figure 1A). We first
generated and tested an analog of 2 (inhibitor 3) that contains
identical trans-1,4-cyclohexanediamine R1 and 2-chlorophenyl
R3 groups but a slightly different 1,4-substituted 4-amino-1-
naphthol R2 group (Table 1). Inhibitor 3 is almost equipotent
against IRE1α* and IRE1β*. Replacement of the trans-1,4-

Scheme 1. Introduction of R1−R3 Groups into the Conserved Pyrimidine−Pyridine Scaffold of 1a

aReagents and conditions: (i) R1-amine, TEA, DMSO, 80 °C, 18 h; (ii) 4-aminophenols, 5-aminonaphthols, or 4-aminonaphthols, K2CO3, DMF,
155 °C, μW, 2 h; (iii) sulfonyl chloride, pyridine, DCM, RT, 18 h; (iv) TFA/DCM (1:1), RT, 2 h.

Table 1. SAR of KIRAs Containing Naphthyl R2 Groups
a

aRNase IC50 data are shown as mean ± SEM, n = 3. RNase selectivity
was determined by dividing the IRE1α* RNase IC50 by the IRE1β*
RNase IC50 value for each inhibitor (individual IC50 curves provided
in Supporting Information Figure 2).
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cyclohexanediamine R1 group with a 6-amino-2-aza-spiro[3.3]
heptane moiety (inhibitor 4), while maintaining the same R1
and R3 groups as inhibitor 3, led to decreased inhibition of
both IRE1β*’s and IRE1α*’s RNase domains, albeit
disproportionately, resulting in 4.2-fold selectivity for
IRE1β*. Next, we explored whether R3 sulfonamide groups
affect paralog selectivity. Varying the R3 group of 3 from a 2-
chlorophenyl to a 2-chlorobenzyl group (inhibitor 5) led to a
∼30-fold reduction in potency against IRE1β*’s RNase activity
with minimal influence on IRE1α* potency. We speculated
that the Ala to Val substitution present in the helix-αC of
IRE1β would create a more restricted binding pocket that
would favorably accommodate smaller R3 groups. However, we
found that inhibitor 6, which contains identical R1 and R2
substituents as inhibitor 3 but a smaller cyclobutyl R3 group, is
remarkably selective (>2000-fold) for IRE1α*. Finally, we
determined how changing the display of the R3 sulfonamide
from the R2 naphthyl group would affect paralog potency and
selectivity. We observed that inhibitor 7, which contains the
same R1 and R3 groups as 6 but a 1,5-naphthyl substitution
instead of a 1,4, was also highly selective (>300-fold) for
IRE1α*.
We found that a 4-amino-1-naphthol R2 group provided

inhibitors that are IRE1α selective or equipotent for IRE1α
and IRE1β while maintaining reasonably potent RNase
inhibition (RNase IC50 < 20 nM). To develop KIRAs that
are potent and selective for IRE1β, we next focused on
optimizing the R2 position for this paralog (Table 2). A notable
difference between IRE1α and IRE1β is the identity of their
gatekeeper residues. IRE1α has an isoleucine residue (Ile642),
while IRE1β has a leucine (Leu591) at the gatekeeper position.
This led us to reason that it may be possible to selectively
target IRE1β over IRE1α by using smaller R2 substituents,
specifically substituted 4-aminophenol groups. First, we
generated inhibitor 8, which contains a trans-1,4-cyclo-
hexanediamine R1 group, a 2-chlorophenyl R3 group, and a
4-amino-3-fluorophenol at the R2 position. Inhibitor 8, which
contains the same R1 and R3 groups as IRE1α/IRE1β
equipotent inhibitor 3, demonstrated single-digit nanomolar
potency against IRE1β* and is 5-fold selective for this paralog
over IRE1α*. Thus, replacing the 4-amino-1-naphthol R2
group of 3 with a 4-amino-3-fluorophenol increased IRE1β*
selectivity. Replacing the trans-1,4-cyclohexanediamine R1
group of 8 with an (S)-3-aminopiperidine (inhibitor 9)
resulted in less potent inhibition of IRE1α* and IRE1β*. An
analog of 9 that contains a 2-chlorobenzylsulfonamide (10)
was found to be almost 10-fold selective for IRE1α* over
IRE1β*.
For all inhibitors tested, we found that varying away from a

2-chlorophenylsulfonamide R3 group was detrimental to
IRE1β* potency. Thus, for the remainder of inhibitors
generated in this SAR study, a 2-chlorophenylsulfonamide
group was maintained at the R3 position. Because the
introduction of a 4-amino-3-fluorophenol R2 group modestly
improved selectivity for IRE1β* (compare inhibitor 3 to
inhibitor 8), we next determined whether increasing the size of
the halogen at this position could enhance the ability to
discriminate between the two paralogs. Unfortunately,
inhibitors containing a 4-amino-3-chlorophenol (11 and 12)
were markedly less potent against IRE1β*. We next
determined the effect of changing the position of the halogen
from the 3-position to the 2-position on the 4-aminophenol R2
group by generating inhibitors 13 and 14, which contain 4-

amino-2-fluorophenols. Both inhibitors demonstrated promis-
ing selectivity for IRE1β*, with inhibitor 13, which contains a
trans-1,4-cyclohexanediamine R1 group, exhibiting single-digit
nanomolar potency against IRE1β* and 60-fold selectivity over
IRE1α*. Finally, we looked at how adding an additional
halogen to the 4-amino-2-fluorophenol R2 group affected the
potency and paralog selectivity of inhibitors. Inhibitor 15,
which contains a 4-amino-5-chloro-2-fluorophenol R2 group
and a trans-1,4-cyclohexanediamine R1 group, demonstrated
potent inhibition of IRE1β* and >100-fold selectivity over
IRE1α*. Replacing the trans-1,4-cyclohexanediamine R1 group
of 15 with an (S)-3-aminopiperidine (16) led to reduced
potency against IRE1β* and diminished selectivity. The
addition of a fluorine to the 3- or 5-positions (inhibitor 17
and 18, respectively) of the 4-amino-2-fluorophenol R2 group

Table 2. KIRAs Containing 4-aminophenol R2 Groups
a

aRNase IC50 data are shown as mean ± SEM, n = 3. RNase selectivity
was determined by dividing the IRE1α RNase IC50 by the IRE1β
RNase IC50 value for each inhibitor (individual IC50 curves provided
in Supporting Information Figure 2).
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was found to be generally detrimental to IRE1β* inhibition.
From this SAR, it is clear that employing 4-amino-2-
halophenol R2 groups and a trans-1,4-cyclohexanediamine R1
substituent can impart high IRE1β RNase selectivity.
KIRAs Inhibit the Kinase Activity of IRE1α/β. KIRA 1

was previously confirmed to be an ATP-competitive inhibitor
of IRE1α, and we assumed that all of the analogs generated in
this study inhibit IRE1 RNase activity through the ATP-
binding site.31 To verify that our inhibitors also inhibit the
kinase activities of IRE1α* and IRE1β*, we measured the
propensity of a representative set of compounds to block IRE1-
mediated phosphorylation of an exogenous substratemyelin
basic protein (MBP; Figure 4A). As expected, we found that all
compounds tested also inhibited the kinase activity of IRE1α*
and IRE1β* (Figure 4B). While we were not able to accurately
determine kinase IC50 values for a number of our more potent
inhibitors (3, 11, 13, 14, 15, and 18) against IRE1β* due to
constraints of the assay, we found that kinase IC50 values were,
in general, several-fold lower than RNase IC50 values for this
paralog. This is in contrast to IRE1α*, where inhibitors
generally exhibited similar IC50 values against kinase and
RNase activity. The reason for this discrepancy between the
two paralogs is unknown but may reflect differences in the
energetic penalties required to disrupt the dimeric states of
IRE1α* and IRE1β*, and, in turn, RNase inhibition. Thus,
inhibitors typically demonstrate slightly greater selectivity for
IRE1β* in the kinase assay than in the RNase assay.
Collectively, these results show that trends in inhibitor
selectivity are consistent in both kinase and RNase assays.
Kinome Selectivity of Paralog-Selective KIRAs. From

our optimization efforts, we were able to generate inhibitors
with three different profiles: IRE1α-selective inhibitors, dual-
IRE1 inhibitors that are equipotent against IRE1α and IRE1β,
and IRE1β-selective inhibitors. Inhibitors with these profiles
would be excellent tools for examining the contributions of
IRE1α and/or IRE1β activity in cells if they possess sufficient
general kinase selectivity. Therefore, we used a lysate profiling

method to determine if representative inhibitors from these
three classes are selective on the kinome level. Specifically, we
measured the abilities of representative inhibitors to compete
for binding of lysate kinases to an affinity matrix containing
seven different nonselective ATP-competitive inhibitors
(kinobeads).32−34 Kinobeads enrich kinases through their
ATP-binding sites and allow inhibitors to be quantitatively
profiled against a large percentage of the human kinome.
Binding of an inhibitor prevents enrichment with the kinobead
matrix, and kinome selectivity can be determined by
comparing the relative enrichment of a kinase target between
DMSO and inhibitor-treated lysates using quantitative mass
spectrometry (Supporting Information Figure 3). In total, we
profiled five inhibitors (1 (IRE1α-selective), 4 and 9 (dual-
IRE1), and 13 and 15 (IRE1β-selective)) with an HCT116/
HEK293 cell lysate mixture spiked with exogenous recombi-
nant IRE1β* (or IRE1α* for profiling of 1). The addition of
exogenous IRE1 was required because we were not able to
reproducibly quantify the endogenous protein.
The kinome selectivity of 1 was previously assessed with in

vitro activity assays against a large panel of recombinant
kinases, where it was shown to be highly selective across the
kinome.31,35 These results were verified in our kinobead assay,
where IRE1α was the only kinase identified as a target of 1
(Supporting Information Figure 4). Out of ∼150 kinases
quantified in the assay, IRE1β was the primary target of 3, 9,
13, and 15, with only one off-target identified for each
respective inhibitor (Figure 5). Inhibitor 3, which contains a
naphthol R2 group, prevented the enrichment of PKD2 in
addition to IRE1β. Compounds 9, 13, and 15, which all
contain 4-amino-halophenol R2 groups, share the same off
target, CDK2. To determine whether the level of competition
observed in our kinobead assay would lead to potent inhibition
of CDK2 activity, we tested the ability of 9, 13, and 15 to
inhibit the CDK2/cyclin A complex in vitro. Despite the ability
of 9, 13, and 15 to moderately prevent CDK2 binding to the
kinobead matrix in our lysate profiling experiments (Support-

Figure 4. Kinase inhibition by exemplary KIRAs. (A) Schematic of the in vitro IRE1 kinase assay. Phosphotransferase activity of IRE1 was
measured by monitoring the IRE1α*/IRE1β*-mediated phosphorylation of the exogenous substrate myelin basic protein (MBP) by ATP[γP32/33].
(B) Ki values for IRE1α* and IRE1β* kinase activity. All Ki values were calculated using the Cheng-Prusoff equation. For IRE1α*, the Ki values
shown are mean ± SEM, n = 3. For IRE1β, the Ki values shown are the mean ± SEM, n = 3 (denoted by an asterisk (∗)) or the average values from
two measurements (individual inhibitory values provided in Supporting Information Table 1). Inhibitors with Ki values lower than the
concentration of IRE1α* or IRE1β* used in the assay are denoted with a double dagger (‡). Individual IC50 curves provided in Supporting
Information Figure 2.
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ing Information Figure 5A), all three KIRAs showed weak
inhibition of CDK2/cyclin A kinase activity (IC50 values > 5
μM; Supporting Information Figure 5B). For 9, 13, and 15, the
discrepancy between the activity assay with CDK2/cyclin A
and our kinobead profiling experiment could possibly be due
to the high concentrations (10 μM) of these inhibitors tested
in the profiling experiment, which allows sufficient occupation
of CDK2’s ATP-binding site despite their weak affinities for
this kinase. Another possibility is that these inhibitors can only
interact with inactive CDK2, but not active CDK2-cyclin
complexes. Previously, it has been shown that cyclin binding

causes a conformational change in CDK2’s ATP-binding site
that makes it inaccessible to certain types of ATP-competitive
inhibitors.36

Structural Model of Inhibitor Paralog Selectivity.
While extensive structural characterization has been performed
with IRE1α, equivalent information is not available for
IRE1β.29,31,37−42 To build a structural model of IRE1β
inhibition and selectivity, we used a sequence alignment of
the kinase and RNase domains of IRE1α and IRE1β. The
kinase domains of IRE1α and IRE1β share 81% sequence
identity, while the RNase domains are 61% identical (Figure

Figure 5. Kinome profiling of KIRAs 3, 9, 13, and 15. The kinome selectivities of 3, 9, 13, and 15 were determined with a previously described
kinobead lysate profiling method. Kinases that were quantified in the experiment are shown as circular nodes, where node size and color have been
scaled to the log2 difference (difference in LFQ intensity between DMSO treated and inhibitor treated lysates) between DMSO and treatment with
10 μM of KIRA 3 (A), 9 (B), 13 (C), or 15 (D). Gray nodes represent kinases that were quantified, but no competition with an inhibitor was
observed. Values shown are the mean of four replicates.
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6A).24 Due to the high degree of sequence identity between
the kinase domains of the two paralogs, we predicted that
KIRAs would have similar binding modes in their ATP-binding
sites. From our sequence alignment, we mapped sequence
differences between IRE1α and IRE1β onto a cocrystal
structure of IRE1α bound to the pyrimidine−pyridine KIRA
2 (PDB: 4U6R).31 KIRA 2 is nearly identical to potent dual-
IRE1 inhibitor 3, differing only by the presence of a methyl
group at the 2-position of the R2 naphthyl ring. Using the
mutagenesis tool in PyMol, residue side chain differences
between IRE1α and IRE1β were visualized for the cocrystal
structure of IRE1α bound to 2. We next looked at residues
within 5 Å of inhibitor 2. Of the 23 residues identified, only
four residues are not identical in IRE1α and IRE1β: Ala609
(Val558 in IRE1β), Ile642 (Leu591 in IRE1β), Ala646
(Arg595 in IRE1β), and Thr648 (Ser597 in IRE1β; Figure
6B,C). Although the specific interactions that each paralog
makes with inhibitors cannot be known in the absence of high-
resolution structural information, these sequence differences
likely play a major role in paralog selective inhibition. The
IRE1α residues Ala646 (Arg595 in IRE1β) and Thr648
(Ser597 in IRE1β) are directed toward the alicyclic portion of
2’s trans-1,4-cyclohexanediamine R1 group, which forms a salt

bridge with Glu651 in IRE1α and most likely Glu600 in
IRE1β. While we were unsuccessful in identifying R1 groups
that were optimal for IRE1β’s Arg595 and Ser597 residues, our
SAR data show that IRE1α is more permissive of variability at
this position. The stabilization of an inactive helix-αC “out”
conformation by KIRAs leads to IRE1 monomerization and
RNase inhibition. The 2-chlorophenyl aryl sulfonamide R3

group of 2 occupies the pocket created by movement of helix-
αC. In this inactive conformation, Ala609 in IRE1α (Val559 in
IRE1β) from helix-αC is projected toward inhibitor R3 groups.
Our SAR data demonstrate that the smaller Ala residue of
IRE1α allows it to favorably accommodate a greater diversity
of R3 substituents than IRE1β. Finally, the side chain of
IRE1α’s gatekeeper residue, Ile642, points directly toward the
methyl naphthyl R2 group of 2 (Figure 6B). Interestingly,
selectivity for IRE1β, which possesses a Leu gatekeeper, over
IRE1α was achieved most effectively by introducing 4-amino-
2-fluorophenol R2 groups. Thus, we hypothesize that 4-amino-
2-fluorophenol R2 groups are able to form more favorable
interactions with the Leu residue of IRE1β than with the Ile
residue of IRE1α and that paralog selectivity can be achieved
by optimizing gatekeeper/R2 group interactions.

Figure 6. Sequence alignment and structural comparison of IRE1α and IRE1β ATP-binding sites. (A) Sequence alignment of IRE1α and IRE1β.
(Top) Sequence comparison between IRE1α and IRE1β mapped onto the crystal structure of IRE1α (PDB: 4U6R). Residues that are conserved
are shown in gray, residues that have a conservative replacement are shown in purple, and residues with nonconservative replacements are shown in
red. (Bottom) Sequence alignment of IRE1α and IRE1β shows 80% sequence identity of the kinase domain and 61% sequence identity of the
RNase domain. (B) Interactions between 2, a close structural analog of KIRA 1, and the ATP-binding site of IRE1α. Compound 2 is shown as
yellow sticks, key interacting residues are shown as gray sticks, and interactions are denoted with green dashed lines. (C) Hypothesized binding
mode of KIRA 2 by mapping of nonidentical residues of IRE1β onto the structure of 4U6R. Conservative replacement nonidentical residues are
shown as purple sticks; nonconservative nonidentical residues are shown as red sticks. Residue numbering is for IRE1β.
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Conclusion. Pharmacological modulation of IRE1α’s
RNase domain using ATP-competitive inhibitors has proven
to be a useful method for examining the allosteric relationship
between the kinase and RNase domains of IRE1α, and for
better understanding the functional outputs of IRE1α’s RNase
domain. While IRE1α’s close paralog IRE1β shares the same
domain architecture, much less is known about the enzymatic
activities of IRE1β and its function within the cell. Under-
standing IRE1β’s role in the cell has been particularly difficult
to determine because, while IRE1β expression is limited to
epithelial cells of the gut and bronchia, all cells that express
IRE1β also express IRE1α. Pharmacological tools that are able
to discriminate between IRE1α and IRE1β will be useful
reagents for defining paralog-specific function in cells.
There have been conflicting reports on how efficiently the

RNase domain of IRE1β is able to cleave XBP1 mRNA.16,22

Here, we show that a cytosolic construct of IRE1β (IRE1β*)
has RNase activity comparable to IRE1α* for an XBP1 mini-
substrate. Therefore, IRE1β, like IRE1α, appears to form
dimers that bind and cleave XBP1 mRNA in vitro. A reason for
the observed discrepancies in IRE1β’s ability to cleave XBP1
may stem from differences in the phosphorylation state of the
activation loop, which promotes formation of the RNase-active
dimer, in the recombinant constructs used. The recombinant
IRE1β* construct used in our study contains a glutathione S-
transferase (GST) tag at its N-terminus. GST has been
demonstrated to form dimers,43 which likely enhances IRE1β*
activation loop autophosphorylation when being expressed in
insect cells. The N-terminal GST tag may also directly
promote formation of RNase-active back-to-back dimers in
the absence of activation loop phosphorylation. Regardless of
the source of these discrepancies, our data clearly show that
IRE1β can efficiently cleave an XBP1 mini-substrate when it is
dimerized. The implications of our results for the ability of full-
length IRE1β to cleave XBP1 mRNA in cells is unclear. In
cells, IRE1β’s ability to undergo activation loop autophosphor-
ylation appears to be hampered compared to its paralog
IRE1α.44 Therefore, XBP1 mRNA may be a poor substrate for
IRE1β in cells because the kinase domain does not undergo
activation loop phosphorylation under ER stress. Differences in
the ability of IRE1α and IRE1β to undergo autophosphor-
ylation may also help explain previously reported disparities in
the mRNA substrate preference between these two paralogs in
cells. Under ER stress, XBP1 mRNA may be cleaved by
activation loop phosphorylated IRE1α while IRE1β functions
to aid in later stages of the UPR by cleaving ER-localized
mRNAs as a part of RIDD.23−25

To examine the allosteric relationship between IRE1β’s
kinase and RNase domains, we report the first ATP-
competitive pharmacological modulators of IRE1β. We show
that ATP-competitive inhibitors that activate IRE1α’s RNase
domain also activate IRE1β’s RNase domain. Additionally, we
find that ATP-competitive KIRAs are capable of inhibiting
IRE1β’s RNase activity like IRE1α’s. The ability of ATP-
competitive inhibitors to divergently modulate the RNase
activity of IRE1β suggests that it shares all or most of the
allosteric features of IRE1α.
By generating analogs of a KIRA that are moderately

selective for IRE1α, we were able to identify inhibitors with
two new paralog selectivity profiles: KIRAs that are equipotent
against IRE1α and IRE1β and KIRAs that are highly selective
for IRE1β. Lysate profiling experiments confirmed that all
three classes of KIRAs are selective across the human kinome.

Our SAR studies suggest that the key to discriminating
between the very similar ATP-binding sites of IRE1α and
IRE1β is optimizing the KIRA substituent that is in close
proximity to their gatekeeper residues, which is Ile in IRE1α
and Leu in IRE1β. Altogether, KIRAs with differing selectivity
profiles (highly IRE1α-selective, dual-IRE1, and highly IRE1β-
selective) will serve as useful tools for work characterizing the
specific outputs of IRE1 in cells and, potentially, in animal
models of gastrointestinal and pulmonary ER stress-related
diseases.
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