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Abstract: The accumulation of unfolded proteins under endoplasmic reticulum (ER) stress leads to the activation
of the multi-domain protein sensor IREla as part of the unfolded protein response (UPR). Clustering of IREla
lumenal domains in the presence of unfolded proteins promotes kinase frans-autophosphorylation in the cytosol
and subsequent RNase domain activation. Interestingly, there is an allosteric relationship between the kinase and
RNase domains of IREla, which allows ATP-competitive inhibitors to modulate the activity of the RNase
domain. Here, we use kinase inhibitors to study how ATP-binding site conformation affects the activity of the
RNase domain of IREla. We find that diverse ATP-competitive inhibitors of IREla promote dimerization and
activation of RNase activity despite blocking kinase trans-autophosphorylation. In contrast, a subset of ATP-
competitive ligands, which we call KIRAs, allosterically inactivate the RNase domain through the kinase domain
by stabilizing monomeric IREla. Further insight into how ATP-competitive inhibitors are able to divergently
modulate the RNase domain through the kinase domain was gained by obtaining the first structure of apo human
IREla in the RNase active back-to-back dimer conformation. Comparison of this structure with other existing
structures of IREla and integration of our extensive structure activity relationship (SAR) data has led us to
formulate a model to rationalize how ATP-binding site ligands are able to control IREla oligomeric state and
subsequent RNase domain activity.
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Introduction

The endoplasmic reticulum (ER) is a netlike organelle consisting of interconnected sacs and branched tubules that
extend throughout the cytosol of eukaryotic cells. This organelle plays important roles in lipid biosynthesis and is
the cellular origin for almost all secreted and transmembrane proteins.” The ER maintains a distinct chemical
environment—characterized by a higher calcium concentration and a more oxidizing environment—than the
cytosol, which aids in the proper folding, posttranslational modification, and maturation of proteins prior to their
downstream trafficking.” * However, the processing capacity of the ER is not unlimited and a diversity of cellular
perturbations can result in ER stress that overloads homeostatic folding capacity and results in the accumulation
of misfolded proteins within the organelle. Professional secretory cells, such as plasma cells and B-cells of the
endocrine pancreas, are especially sensitive to ER stress because they appear to operate at or near the limits of

their secretory capacity.”’

Under ER stress, the accumulation of unfolded proteins exceeds an excitatory threshold within the organelle
causing the activation of an integrated intracellular signal transduction pathway called the unfolded protein
response (UPR).’ In mammals, the UPR contains three transmembrane sensor proteins—inositol requiring enzyme
1 alpha (IRE1a), pancreatic endoplasmic reticulum kinase (PERK), and activating transcription factor 6 (ATF6)—
that monitor the protein folding status of the ER through their lumenal domains. When unfolded proteins
accumulate in the ER, these three arms of the UPR become activated and trigger specific downstream signaling
cascades that affect cell fate.””’ Upon initial activation of the UPR, IREla, PERK, and ATF6 work to both reduce
the amount of unfolded protein arriving at the ER, through a translational block, and expand folding capacity, by
increasing the size of this organelle and upregulating ER chaperones, oxidoreductases, and biosynthetic
enzymes.'’ However, in the event of severe and prolonged ER stress, the UPR switches from adaptive outputs to
terminal signaling cascades that result in the upregulation and activation of pro-inflammatory and pro-apoptotic
regimes.’” ¥ Because the UPR has such profound effects on cellular fate, it is not surprising that dysregulated
UPR signaling has been implicated in the etiology of numerous diseases. Accordingly, there is widespread interest

in the development of pharmacological agents that modulate IRE1o,, PERK, and ATF6 function.'* ”’

The most ancient and well-conserved component of the UPR in mammals is the kinase/RNase IRE1o.* /° This
multi-domain protein consists of an N-terminal lumenal domain sensor that is connected to cytosolic kinase and
RNase domains through a transmembrane linker (Figure 1A). In the presence of misfolded proteins in the ER,
IREla’s lumenal domains oligomerize, which leads to activation segment trans-autophosphorylation in the
cytosolic kinase domains.’” IRE1a activation segment phosphorylation results in enhanced dimerization and the
stabilization of an RNase active dimeric state’*~commonly referred to as the back-to-back dimer—that positions
two RNase domains close to one another, facilitating the cleavage of a 26-nucleotide intron from the XBP1

mRNA. The RNA ligase RtcB ligates the cleaved XBP1 mRNA,”” %’ yielding XBP1s, which is translated into an
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activated transcription factor that upregulates the expression of genes that help the ER adapt to stress.”’ However,
if the initial adaptive response to ER stress is unsuccessful, IREla’s RNase domain acts upon additional
substrates, leading to extensive endonucleolytic decay of hundreds of ER-localized mRNAs.”* #* % The
endonucleolytic decay activity of IRE1a’s RNase domain further increases ER stress by inducing the activation of

a number of pro-inflammatory and pro-apoptotic proteins and depleting mRNAs that encode for adaptive ER

proteins.** %’
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Figure 1. Divergent Modulation of IRE1la RNase activity. (A) Model of IREla activation under ER stress.
IRElo contains a stress sensing lumenal domain linked to a cytosolic kinase and RNase domain by a
transmembrane linker. In the presence of unfolded proteins in the ER, IREla is activated to initiate an adaptive
response. Prolonged ER stress leads to IREla oligomerization and endonucleolytic decay of ER-localized
mRNAs (B) Allosteric inhibition of IREla’s RNase activity with an ATP-competitive inhibitor—KIRA6—under
ER stress. (C) Allosteric activation of IREla’s RNase activity with an ATP-competitive inhibitor—APY29—in the
absence of ER stress.

IREla’s divergent effect on cellular fate has spurred widespread interest in the development of pharmacological
modulators of this UPR sensor. As the ribonuclease activity of IREla appears to be the primary driver of
IREla’s roles in the adaptive and terminal UPR, most of these efforts have focused on modulating the RNase
activity of this bifunctional enzyme. Towards this end, a number of aldehyde-containing small molecules that
covalently modify and inhibit the RNase domain have been developed.’”’ The allosteric relationship between the
kinase and RNase domains of IRE1a—first characterized with yeast IRE1 (yIRE1)-has also made it possible to
modulate RNase activity with ATP-binding site ligands.”’ Ligands that interact with the ATP-binding site of
IREla have the potential to either increase (Figure 1B) or decrease (Figure 1C) RNase activity. Indeed, all
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ligands that were first characterized to interact with the ATP-binding sites of yIREl and IREla, activate RNase
activity despite inhibiting the kinase domain. Recently, we have reported a series of ATP-competitive inhibitors
based on an imidazopyrazine scaffold, called kinase inhibiting RNase attenuators (KIRAs), that inhibit RNase
activity through the kinase domain.” Here, a systematic study of how ATP-competitive inhibitor structure affects
both the kinase and RNase activities of IREla is presented. By performing a structure-activity relationship (SAR)
analysis, we find that all imidazopyrazine-based inhibitors of IRE1a’s kinase domain also block RNase activity.
However, the link between kinase and RNase domain inhibition does not appear to be a general feature of ATP-
competitive ligands, as all inhibitors of IREla’s kinase domain that were identified in an unbiased screen of a
commercially available compound collection activate RNase activity rather than inactivate it. Further insight into
how ATP-competitive inhibitors are able to divergently modulate the RNase domain through the kinase domain
was gained by obtaining the first structure of apo human IREla in the RNase active back-to-back dimer
conformation. Comparison of this structure with other existing structures of IREla and integration of our
extensive structure activity relationship (SAR) data has led us to formulate a model to rationalize how ATP-

binding site ligands are able to control IRE1a oligomeric state and subsequent RNase domain activity.
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Results and Discussion
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Figure 2. Determination of IRE1a’s kinase activity and RNase activity in the presence of ATP-competitive
inhibitors. (A) Structure and proposed binding mode of parent compound 1 (KIRA3). (B) Schematic of the
activity assay used to screen inhibition of IREla’s kinase activity. IREla* contains the cytosolic kinase and
RNase domains of IREla. Kinase inhibition was determined by measuring the ability of KIRAs to block the
phosphorylation of myelin basic protein (MBP). (C) RNase inhibition was determined by measuring the ability of
KIRAs to block the cleavage of an XBP1 RNA mini-substrate. Cleavage of the 5’-FAM and 3’-BHQ labeled
RNA substrate by IREla* results in release of fluorescein quenching, which can be monitored by fluorometric
analysis.

Dual Enzymatic Activities of IREla

To better understand how specific inhibitor interactions with the ATP-binding site affect the RNase domain, a
series of KIRAs based on an imidazopyrazine scaffold (Figure 2A) were tested for their effect on both
enzymatic activities of IREla with in vitro assays. Enzymatic assays were performed using an IREla construct,
IREla*, that contains only the cytosolic kinase and RNase domains of this multi-domain protein. Mass
spectrometric analysis of this IREla* construct, which was expressed in baculovirus-infected insect cells and
purified with immobilized metal ion affinity chromatography, revealed that this construct is phosphorylated on

activation segment residues Ser724, Ser726, and Ser729 (Supplementary Figure S1).”> * Phosphorylation of

these activation segment residues constitutively activates IRE1a*’s kinase and RNase domains (Supplementary
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Figure S2). Kinase inhibition was determined by measuring the ability of a KIRA to block IREla*’s
phosphorylation of an exogenous protein substrate (myelin basic protein, Figure 2B). RNase inhibition was
determined with an assay that uses an XBP1 mini-substrate labeled with a 5’-fluorescein and a 3’-black hole
quencher (Figure 2C). KIRAs were tested for their ability to prevent mini-substrate cleavage, and the subsequent

increase in fluorescence, by IREla.

SAR Analysis of KIRASs

To determine which structural elements allow KIRAs to inhibit the RNase activity of IREla through the ATP-
binding site of the kinase domain, we performed a systematic structure-activity relationship (SAR) study using
KIRA3 (1) as a benchmark (Figure 2A). The first series of analogs tested contain variable alkyl and cycloalkyl
groups at the C-3 position (R;) and a fixed naphthylurea-3-trifluoromethylphenyl moiety displayed from the C-1
position (R,) of the imidazopyrazine scaffold (Figure 3). For this series, there is a ten-fold range in ICs, values for
kinase and RNase activities, with the isopropyl analog (1) demonstrating the lowest potency and
cyclopropylmethyl (3) demonstrating the highest. Due to cyclopropylmethyl appearing to be the most optimal R,
substituent, this group was held constant for the remainder of the analogs tested in this study. Next, we
determined how replacing the naphthyl R, group of 1 with different substituted aryl rings affects kinase and
RNase inhibition. Previously, we found that inhibitors possessing a 4-naphthylamine R, group instead of a 4-
anilino moiety are significantly more potent inhibitors of IRE1a*’s RNase activity.”” Therefore, only analogs that
contain substituted phenyl rings at the R, position were generated and tested. Of this series, only the 3-
fluorophenyl (7) R, group confers sub-micromolar potency against the kinase and RNase activities of IREl1a*.
Amongst mono-substituted phenyl R, groups, 3-fluorophenyl (7) provides the most potent inhibition of IRE1a*’s

kinase and RNase activities, with larger 3-chloro (9) or 3-methyl (8) substitutions proving to be less optimal.

Our original strategy to identify ATP-competitive inhibitors that allosterically inhibit the RNase activity
of IREla was to screen compounds previously shown to stabilize an inactive conformation (DFG-Asp-out
conformation) of the conserved Asp-Phe-Gly motif (DFG-motif) found at the base of the activation segment (type
11 inhibitors). Indeed, the original hit from this screen, and all subsequent potent KIRAs, contains an aryl-urea
moiety, which is a known pharmacophore for a number of type II inhibitors that stabilize the DFG-out inactive
conformation.”” When type II inhibitors of this class are bound to the DFG-out form of protein kinases, the aryl
group of the aryl-urea moiety occupies a hydrophobic pocket that is formed upon movement of the Phe side chain
of the DFG-motif, and the urea moiety serves as a linker that forms hydrogen bonds with a conserved glutamic
acid on helix-aC, and with the backbone of the DFG-motif. In order to test whether these canonical DFG-out-
stabilizing interactions are necessary for allosteric inhibition of IRE1a’s RNase domain, the aryl (R;) and urea
(R4) moieties of 1 were systematically varied. As shown in Figure 3, diverse 3- and 4-substituted phenyl groups

are tolerated at the R position (12-21), with all but one phenylurea demonstrating ICs, values for RNase and
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kinase inhibition that are within 10-fold of the most potent KIRA, 3. Notably, inhibitors 20 and 21, which contain
the 4-methylpiperazin-1-yl group from the DFG-out-stabilizing, clinically-approved drug imatinib, are potent
inhibitors of the kinase and RNase activities of IRE1a*. Inhibitors that possess a benzyl (23) or phenethyl (24) R;
group are poorer inhibitors of IRE1a*. Furthermore, inhibitors with heteroaryl (22) or cycloakyl (25-28) groups at
the R; position also poorly inhibit IRE1a*’s enzymatic activities. Finally, we explored whether a urea linker at the
R, position is absolutely necessary for allosteric inhibition of the RNase domain through the ATP-binding site of
IRE1a. In this series, analogs that contain either an R4 urea linkage that is not able to form a hydrogen bond donor
and acceptor (29 and 30) or an ether linkage (31 and 32) are very poor inhibitors of IRE1a*. Thus, a urea linkage
appears to be optimal for bridging the C-3 naphthyl group and the hydrophobic R; substituent. However, despite
the low potencies of non-urea containing analogs, all compounds that inhibit the kinase activity of IREla* show
at least some degree of RNase inactivation. Therefore, a urea is not strictly necessary for linking kinase inhibition

to inactivation of the RNase domain.
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Figure 4. Inter-relationship between the kinase and RNase domains of IRE1a. (A) Correlation plot of the
kinase and RNase ICs, values for KIRAs. The R? value is 0.88. Inhibitors 26, 27, and 30-32 were excluded from
this analysis because kinase and RNase ICs, vales could not be accurately determined. (B) Residual kinase and
RNase activity of various inhibitors at a concentration in which the ATP-binding site is either >90% occupied
(inhibitors 3, 6-8, 12, 20, and 25) or at a concentration of 60 uM* for less potent inhibitors (24, 26-28, 29, and 32)
(mean = S.E.M, n=3). *A maximum inhibitor concentration of 60 uM was selected due to limits on inhibitor
solubility. (C) Difference in percent residual RNase activity and kinase activity [value = (% residual RNase
activity) — (% residual kinase activity)].

Correlation Between Kinase and RNase Inhibiton

Throughout this SAR study, we observed that almost all inhibitors that block the kinase activity of IREla also
inhibit RNase activity with a similar potency. Despite being based on an ATP-competitive inhibitor scaffold, we
further confirmed that KIRAs do not directly inhibit the RNase domain by demonstrating that ATP is able to dose
dependently restore RNase activity in the presence of an inhibitory concentration of 2 (Supplementary Figure
S3). Furthermore, plotting the kinase and RNase ICs, values for the inhibitors shown in Figure 3 shows strong

correlation (R* = 0.88) that spans almost three orders of magnitude in potency (Figure 4A). Despite the
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correlation in inhibitory potencies, the fact that KIRAs allosterically modulate IREla‘s RNase activity through

the kinase domain leaves open the possibility that only partial RNase inhibition may result from quantitative

ATP-binding site occupancy by an inhibitor. Therefore, representative KIRAs were tested against IREla at a

single concentration and the residual amount of kinase and RNase activity was measured (Figure 4B). For a

majority of the inhibitors tested, the observed residual RNase activity is within +/- 5% of the residual kinase

activity (Figure 4C). Therefore, the magnitude of kinase and RNase inhibition is tightly coupled for these

compounds. In contrast, for compounds 26-28, the amount of residual RNase activity is 30-50% greater than the

remaining kinase activity. For example, in the presence of 60 pM of inhibitor 28 IRE1la retains <2% of its kinase

activity but ~35% of its RNase activity. A similar disparity in inhibition levels was observed for inhibitors 26 and

27. This disparity does not appear to be solely due to the lower potencies of 26-28, as inhibitors 24, 29, and 32 are

also poor inhibitors of IREla’s kinase activity but show similar levels of RNase inhibition. The common

distinguishing feature of compounds 26-28 that differentiates them from the other KIRAs tested is that they

possess smaller substituents at the R; position. Smaller substituents at this position may only lead to partial

displacement of the structural element that is necessary for RNase inhibition.
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Figure 5. Structures and ICsy values for compounds from the Selleckchem Kinase Inhibitor Library that
inhibit the kinase activity of IREla >50% at a concentration of 10 pM. Values shown are mean + S.E.M

(n=3).
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General Effects of Kinase Inhibitors on the RNase Domain

Above, we demonstrated that all KIRAs that interact with the ATP-binding site of IREla also provide at least
some level of RNase inhibition. However, almost all other ligands that have been reported to interact with the
ATP-binding site of IREla increase RNase activity rather than decrease it.’* ¥ #* * Therefore, we were
curious whether the KIRAs are unique in their dual inhibitory properties or if there are other general classes of
kinase inhibitors that are also capable of blocking IREla‘s kinase and RNase activities. To address this question,
a diverse panel of 378 commercially-available kinase inhibitors (Selleckchem Kinase Inhibitor Library)—
containing both type I and II inhibitors—was screened for their ability to block the kinase activity of IREla
(Figure 5). Of the 378 compounds tested, 15 inhibited the kinase activity of IREla with an ICs, of less than 10
uM (Figure 5). The 13 most potent kinase inhibitors were then tested for their ability to inhibit the RNase activity
of IREla*. In contrast to the KIRAs, none of the 13 IREla kinase inhibitors reduced the RNase activity of
IREla* (Figure 6A). In the absence of any observed RNase inhibition of phosphorylated IRE1a*, the same 13
compounds were tested for their ability to activate the RNase domain of a minimally active IREla construct, dP-
IRE1la*, which is quantitatively dephosphorylated and has low basal RNase activity (Supplementary Figure S2).
Incubation of dP-IREla* with 10 uM of each inhibitor increased the cleavage of the XBP1 mini-substrate by 5-
15-fold (Figure 6B). Thus, all of the IREla kinase inhibitors identified in this screen are activators, rather than
inactivators, of dP-IREla*’s RNase domain. These results are consistent with the fact that all the inhibitors
identified in this screen contain a type I pharmacophore, which binds to the active conformation of protein kinase
ATP-binding sites. Indeed, co-crystal structures of eight of the inhibitors shown in Figure 5 have been reported
(Supplementary Figure S4), and in all cases the bound kinase target’s ATP-binding site is in an active

conformation.

As a truncated form of IRE1a was used for the in vitro studies described above, we next used a cell-based assay to
determine whether activating kinase inhibitors have similar effects on the full-length IREla transmembrane
protein (Figure 6C). To do this, INS-1 rat insulinoma cells, which are derived from insulin-producing pancreatic
B-cell tumors, were treated with two concentrations (3 and 10 uM) of four of the most potent IRE1a-activating
inhibitors (AT9283, AP26113, TAE684, and AZD7762). Consistent with the ability of type I kinase inhibitors to
activate full-length IRE1a, treatment with each inhibitor led to an increase in spliced cellular XBP1 mRNA levels
in the absence of ER stress. Strikingly, incubating INS-1 cells with AP26113 and AT9283 led to an equal or
greater level of spliced XBP1 mRNA than treatment with 0.5 ug/mL of the ER stress agent tunicamycin (Tm),

which is a protein glycosylation inhibitor that leads to acute ER stress.

12
ACS Paragon Plus Environment



Page 13 of 23 ACS Chemical Biology

©CoO~NOUTA,WNPE

A. Apo dP-IRE1a* dimer (5HGI) C. Apo dP-IRE1a*(5HGI):
Active kinase
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Figure 7. Apo human dP-IREla* adopts an RNase active back-to-back dimer promoted by cesium
mediated stabilization of the active kinase conformation. (A) Two apo human dP-IREla* protomers (PDB:
SHGI) adopt an active kinase conformation that is stabilized by Cs” ions (green spheres), allowing the protomers
to align parallel in a back-to-back dimer configuration comparable to the RNase active yIRE1 structure (PDB:
3FBV). Each protomer consists of a protein kinase domain (grey) and an RNase domain (purple). Protein kinase
regulatory elements such as the P-loop (red), helix-aC (orange), and activation segment (blue) are highlighted.
The helix-loop-element dubbed the HLE (cyan), a catalytic motif in the RNase domain is also shown. The arrow
denotes that the position of helix-oE has been hidden in order to reveal one of the Cs" ions that stabilize the
activation segment. A two-fold symmetry axis is indicated by the black line. (B) Cartoon schematic illustrating
that cesium and coupling between helix-aC and the activation segment helps mediate stabilization of the active
kinase hallmarks (helix-aC-in, extended activation segment), which are associated with the RNase active back-to-
back dimer. Cartoon features with reduced opacity denotes those which are behind the dimer interface plane that
is parallel to the two-fold symmetry axis (black line). (C) A close-up view of the dP-IREla* kinase active site,
presenting the canonical kinase active conformation hallmarks and key salt bridge interactions that couple the
activation segment with helix-aC.

Structure of apo dP-IRE1a*

Crystal structures of IRE1 have been highly informative in determining which interactions are necessary for
stabilizing RNase active IRE1 dimers and for providing insight into the conformational changes that occur in the

kinase domain in transitioning from a monomeric to an RNase active dimeric state.”” ** “** During our attempts
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to obtain a structure of a KIRA bound to IREla we obtained the structure of human apo dP-IREla* to a
resolution of 2.6 A (Supplementary Table S1). Even though apo dP-IREla* is not phosphorylated, it forms an
RNase active back-to-back dimer under the crystallization conditions used. The asymmetric unit of the crystal
contains a dP-IRE1a* monomer, featuring a canonical bilobal kinase domain, and a globular a-helix rich RNase
domain (Figure 7A, 7B). In the back-to-back dimer, the dP-IREla* kinase domain adopts an active kinase
conformation: the aspartate (Asp711) of the DFG motif (Asp711-Phe712-Gly713) faces into the active site (DFG-
in), and glutamate (GIlu612) of helix-aC forms a salt bridge with the catalytic lysine (Lys599), typical of the helix-
aC-in conformation (Figure 7C). Despite being dephosphorylated, the activation segment in dP-IREla* is
completely resolved and adopts an extended active conformation. Interestingly, the beginning of the activation
segment (Gly713, Cys715, Lys717) engages with helix-aC (Arg611, Glu618) and appears to anchor it in the
helix-aC-in conformation (Figure 7C). Because helix-aC is a major component of the back-to-back dimer
interface, its stabilization in the helix-aC-in orientation promotes dimerization and RNase activation.
Phosphorylation of the activation segment would further stabilize the extended active conformation of this
flexible structural element, resulting in enhanced dimerization and subsequent RNase activation. A novel feature
of our dP-IREla* kinase domain structure is the presence of two cesium ion (Cs") binding sites, CsB1 and CsB2
(Figure 7 and Supplementary Figure S5). These cesium ions stabilize the extended activation segment, and
dimer interface residues near helix-oC, into conformations conducive to back-to-back dimerization. Our structure
of dP-IREla* shows that activation segment phosphorylation is not absolutely necessary for adopting the active

kinase conformation and the RNase active back-to-back dimer.

Protomers of neighboring asymmetric units of apo dP-IRE1a* form a back-to-back dimer that is similar in overall
orientation as the RNase active yeast IRE1 structure (PDB: 3FBV) (Figure 7A, Supplementary Figures S6A, B
and Tables S2, $3).* * Analysis of the alignment of the protomers in dimeric IREla indicates that the dP-
IREla* protomers align in a parallel and symmetrical fashion for both the kinase and RNase domains, like the
active yIRE1 dimer (Supplementary Figures S6C), confirming that our dP-IREla* structure resembles a fully
RNase active state. This contrasts with the pre-active dimer configuration of a recently reported human dP-IRE1a
structure (PDB: 4Z7H).” in which the protomers are not aligned fully parallel, and the RNase domains do not
complement to form the active conformation. While the overall quaternary structure is highly conserved between
dP-IREla* and active yIRE1, sequence divergence and insertions cause secondary structure differences that
change the details of stabilizing interactions for the activation segment and helix-aC. Similarly, only three dimer

interactions in the back-to-back dimer interface are conserved (Supplementary Figures S7, S8 and Tables S2,
S3).
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ATP-Competitive Inhibitors Modulate RNase Activity by Affecting Helix-aC Conformation

To mechanistically rationalize how KIRAs are able to inhibit the RNase activity of IREla, we compared our
active apo dP-IREla* structure to two different inactive mammalian IREla structures: (1) dephosphorylated
IREla bound to ADP (PDB: 3P23)"” and (2) dephosphorylated IRE1a bound to a KIRA recently developed by
Amgen (compound 33) (PDB: 4U6R)* (Figure 8 and Supplementary Figure S9). Analysis of these structures
shows that the most direct mechanism to inhibit IRE1a’s RNase activity is through the displacement of IREla's
helix-aC from the active conformation (Figure 8 and Supplementary Figure S9). This movement of helix-aC
would disrupt important contacts that contribute to the interface of the RNase active back-to-back dimer, likely
resulting in monomeric IRE1a and subsequent loss of RNase activity. The ATP-competitive KIRA developed by
Amgen (compound 33) appears to exploit this mechanism of RNase inhibition (PDB: 4U6R).” Compound 33
projects an arylsulfonamide moiety towards IREla*’s helix-oC, which causes a ~2 A displacement from the
active conformation (Figure 8B and Supplementary Figure S9). This shift of IREla*’s helix-aC from the
active conformation disrupts part of the back-to-back dimer interface of the kinase domain and results in potent
RNase inhibition. Furthermore, incubation of a saturating concentration of 33 with phosphorylated IRE1a*
resulted in suppression of dimer formation in an in vitro crosslinking assay (Supplementary Figure S10).
Although the KIRAs characterized in this study possess aryl-urea moieties that are common in ligands that
stabilize a flipped activation segment DFG-motif (DFG-out), it is likely they also stabilize IRE1a*’s helix-aC-out
conformation based on their inhibition of dimer formation of phosphorylated IREla* in the same crosslinking
assay (Figure 8C and Supplementary Figure S11). For many of the KIRAs shown in Figure 3, this could be
accomplished by directly displacing helix-aC from an active conformation like compound 33—although a larger
movement than what is observed in structure 4U6R would likely be necessary to accommodate bulkier aryl-urea
moieties (Supplementary Figure S12). Consistent with this notion, a co-crystal structure of compound 1 bound
to an off target kinase—Src tyrosine kinase—that we have determined shows this kinase in the helix-aC-out
conformation, demonstrating that aryl-ureas are able to stabilize this inactive form (Supplementary Figure S12).
Overlay of Src-1 with our active apo dP-IREla* structure reveals that the aryl-urea moiety of 1 is sterically
incompatible with the helix-aC-in conformation (Supplementary Figure S13). Thus, it is likely that our KIRAs
and compound 33 lead to very similar conformational changes in the ATP-binding site of IREla and have similar

mechanism of RNase inhibition.
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Figure 8. The conformation of helix-aC in the kinase domain affects IRE1a oligomerization state and
RNase domain activity. (A) The kinase domain active site of apo human dP-IRE1a* adopts an active
conformation. Because helix-aC-in is a conformation conducive to dimerization, this allows the formation of
RNase active back-to-back dimers as shown by the cartoon below. (B) In contrast, human IRE1a bound to the
ATP-competitive Amgen KIRA (compound 33) (PDB: 4U6R), presents an inactive kinase conformation because
the helix-aC-out conformation is adopted. The cartoon below indicates that back-to-back dimers are incompatible
with this inactive kinase conformation due helix-aC-out steric clashes at the dimer interface (Supplementary
Figure S9). (C) Quantification of the ratios of dimeric/oligomeric to monomeric IREla* (mean + S.E.M, n=3).
IREla* (15 uM) was incubated with DMSO or the KIRA shown (100 uM) and then treated with the chemical
crosslinker disuccinimidyl suberate ([DSS] =250 uM). (Supplementary Figure S11) (D) Quantification of the
ratios of dimeric/oligomeric to monomeric IRE1a* (mean £+ S.E.M, n=3). dP-IREla* (15 pM) was incubated with
DMSO or the KIRA/Activator shown (100 uM) and then treated with 250 pM DSS. (Supplementary Figure
S11).
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Based on the observed interactions between IRE1a*’s helix-aC and the base of the activation segment in our dP-
IRE1la* structure, we propose that inhibitors that stabilize the DFG-out conformation of the DFG-motif could also
lead to helix-aC displacement and RNase inhibition by disrupting the interactions between the activation segment
and helix-aC (Figure 7C). These interactions appear to anchor helix-aC in the active conformation and the
crankshaft rotation of the DFG motif that yields the DFG-out conformation would collapse the activation segment
into an inactive disordered conformation and destabilize the helix-aC-in conformation as exemplified in existing
inactive IREla structures (PDB: 3P23, 4PL3)."”** Indeed, in the structure of dephosphorylated IRE1a* bound to
ADP (PDB: 3P23), which contains a helix-aC displaced 7.4 A from the active conformation, the Glu618-Lys717,
and Arg611-Gly713, and Cys715-backbone salt bridges are absent and the activation segment is completely
disordered (Supplementary Figure S12D). Therefore, KIRAs may be able to prevent the RNase active back-to-
back dimer and inhibit the RNase activity of IREla by displacing the activation segment, resulting in the
disruption of contacts that anchor helix-aC in the active conformation. This model is especially appealing for
KIRAs 20 and 21, which contain extended 4-methylpiperazin-1-yl aryl-urea substituents—like the DFG-out-
stabilizing inhibitor imatinib—that are unlikely to be accommodated in the relatively confined pockets created by
the movement of helix-aC in structures 4U6R and 3P23 (Figure 8B and Supplementary Figure S12). One
caveat to this model is that any KIRAs that stabilize the DFG-out inactive conformation of IRE1a must lack the
canonical hydrogen bond with Glu612 in helix-aC because this interaction would likely lead to increased dimer

formation and subsequent RNase activation.

Our data in Figure 6 suggest that ATP-competitive kinase inhibitors activate the RNase domain unless they
displace either helix-aC or the DFG-motif from the active conformation. For all IRE1a RNase activators (Figure
5) that co-crystal structures are available for, the bound kinase target is in the active, helix-aC-in conformation
(Supplementary Figure S4). Similarly, these activators could be computationally docked to the active structure
of dP-IREla*, while aryl-ureas KIRAs cannot (Supplementary Figure S14). Consistent with the RNase
activators in Figure 5 leading to stabilization of the helix-aC-in conformation all compounds tested led to
increased dimerization/oligomerization of dP-IRE1a* (Figure 8D). However, this stabilization does not appear to
be through a direct interaction with either the DFG-motif or helix-aC, as none of the crystal structures or docked
inhibitor structures show direct interactions with these structural motifs. Instead, binding of inhibitors to the ATP-
binding site complements a cluster of hydrophobic amino acids (“catalytic spine”) that promotes the closure of the
active site between the kinase N- and C-lobes, which stabilizes the active helix aC-in conformation

(Supplementary Figure S15).”

Conclusions
The ATP-binding sites of protein kinases are allosterically coupled to distal binding and regulatory sites in the

kinase domain.”” These allosteric networks allow communication between the ATP-binding and protein substrate-
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binding sites and are important for the regulation of kinase catalytic activity.”” * Biochemical and structural
studies have defined how binding at allosteric regulatory sites and post-translational modifications are able to
affect kinase catalytic activity through the modulation of ATP-binding site conformation.” These kinase allosteric
networks are bidirectional in that conformation-selective ATP-competitive inhibitors are able to influence distal
sites in the kinase domain.”~” In this study, we have explored the allosteric relationship between the kinase and
RNase domains of the ER sensor protein IREla. By screening a panel of commercially available kinase
inhibitors, we find that most ATP-competitive inhibitors that interact with the kinase domain of IREla activate
RNase activity rather than inactivate it. Diverse ATP-competitive ligands show variable levels of RNase
activation of dephosphorylated IREla, which has very low basal RNase activity. Furthermore, these ATP-
competitive IREla activators increase cellular XBP1 mRNA splicing in the absence of ER stress. All tested
kinase inhibitors that increase the activity of the RNase domain also promote dimerization of the
dephosphorylated form of IREla. Thus, most ATP-competitive kinase inhibitors strengthen the dimer interface
that is necessary for RNase activity. The general characteristic of demonstrating enhanced dimerization in the
presence of most ATP-competitive ligands is shared by RAF kinase.”” For RAF, the propensity to dimerize in the
presence of ATP-competitive inhibitors is believed to be responsible for the paradoxical activation of the RAF-
>MEK->Erk signaling pathway that is observed in certain cell lines. Interestingly, inhibitors that overcome
paradoxical RAF pathway activation may prevent dimerization by enforcing a more pronounced adoption of the

helix-aC-out conformation.”

In contrast to most inhibitors of IRE1a’s kinase activity, a series of imidazopyrazine-based inhibitors that we have
developed—called KIRAs—lead to allosteric inhibition of the RNase domain. For inhibitors based on the
imidazopyrazine KIRA scaffold, ICsos for kinase and RNase inhibition are highly correlated, highlighting the
strong degree of coupling between both enzymatic activities of IREla. Furthermore, for all but a few of the
KIRAs characterized, the level of ATP-binding site occupancy directly correlates with the degree of RNase
inhibition, demonstrating that most KIRAs show complete rather than partial allosteric inhibition. The observed
ability of KIRAs to block IRE1a. dimerization/oligomerization, which is necessary for RNase activity, provides
insight into the mechanism of allosteric inhibition. By stabilizing an ATP-binding site conformation that is
incompatible with dimer formation, KIRAs are able to directly translate kinase domain interactions into RNase
domain inhibition. This mechanism of allosteric RNase inhibition appears to be shared by the only other KIRA
series that have been developed to date.” These KIRAs—exemplified by inhibitor 33—are based on a completely
different scaffold and contain an aryl sulfonamide instead of an aryl-urea, yet still inhibit RNase activity through
the kinase domain and suppress formation of IREla dimers/oligomers. ATP-competitive RNase activators are

able to competitively restore the RNase activity of IREla* in the presence of an inhibitory concentration of our
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KIRAs (2 and 20) or 33 (Supplementary Figure S16), further highlighting the similarities between these

inhibitor classes.

We have resolved an apo dP-IREla* structure that adopts a back-to-back dimer resembling the active yIREI
dimer. Furthermore, the dP-IREla* kinase domain contains the signatures of an active conformation, a
prerequisite for IREla back-to-back dimerization and subsequent RNase activity. The active helix-aC-in
conformation is critical for RNase domain activity because it allows IRE1la back-to-back dimerization to occur.
Salt bridge interactions also exist between helix-aC and the activation segment, indicating coupling between these
regulatory elements. Because these regulatory elements are coupled, the destabilization/stabilization of either one
can likely lead to destabilization/stabilization of the other, allowing for divergent modulation of RNase activity
(Supplementary Figure S17). As helix-oC is a dynamic element in the ATP-binding site that is a major
component of the dimer interface it is tempting to speculate that type I ATP-competitive RNase activators of
IRE1la exert their influence by stabilizing the active conformation of helix-aC. None of the activators described in
this study, for which kinase-bound structures are available, directly interact with helix-aC, so this influence would
have to be of an indirect nature. In contrast, KIRAs can inhibit the RNase activity of phosphorylated IREla by
displacing helix-aC from an active conformation to an inactive conformation that is incompatible with back-to-
back dimer formation. This displacement can either occur directly by inhibitors displaying substituents that would
clash with the active helix-aC-in conformation, or indirectly, by stabilizing an inactive activation segment that

disrupts the anchoring of helix-aC.
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