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IRE1 couples endoplasmic reticulum unfolded protein load to RNA
cleavage events that culminate in the sequence-specific splicing
of the Xbp1 mRNA and in the regulated degradation of diverse
membrane-bound mRNAs. We report on the identification of a
small molecule inhibitor that attains its selectivity by forming an
unusually stable Schiff base with lysine 907 in the IRE1 endonu-
clease domain, explained by solvent inaccessibility of the imine
bond in the enzyme-inhibitor complex. The inhibitor (abbreviated
4μ8C) blocks substrate access to the active site of IRE1 and selec-
tively inactivates both Xbp1 splicing and IRE1-mediated mRNA
degradation. Surprisingly, inhibition of IRE1 endonuclease activity
does not sensitize cells to the consequences of acute endoplasmic
reticulum stress, but rather interferes with the expansion of secre-
tory capacity. Thus, the chemical reactivity and sterics of a unique
residue in the endonuclease active site of IRE1 can be exploited
by selective inhibitors to interfere with protein secretion in patho-
logical settings.

8-formyl-umbelliferone ∣ unfolded protein response ∣ high-throughput
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Perturbation of the protein folding environment in the endo-
plasmic reticulum (ER) leads to rectifying changes in gene

expression and protein synthesis. These are mediated by an
unfolded protein response (UPR), whose most conserved arm is
initiated by an ER localized transmembrane protein, IRE1 (1, 2).
The lumenal domain of IRE1 senses the perturbation in the
ER and transmits the ER stress signal across the ER membrane
to the effector cytosolic domain of the protein. This effector
domain is endowed with two linked enzymatic activities: a protein
kinase and an RNase, and both are activated by ER stress.

The most conserved output of IRE1 signaling is the site-
specific cleavage of an mRNA, the product of the yeast HAC1
gene (3) and its metazoan orthologue Xbp1 (4, 5). Cleavage
occurs at two distinct sites and is followed by ligation of the 5′
and 3′ fragments to generate an ER stress-dependent spliced
mRNA encoding a potent transcription factor. The target genes
of spliced XBP1 (and Hac1p) enhance the ability of the ER to
cope with unfolded proteins (6) and also act more broadly to
upregulate secretory capacity (7). In addition, mammalian IRE1
contributes to the promiscuous degradation of membrane-asso-
ciated mRNAs in a process known as regulated IRE1-dependent
degradation (or RIDD), but whose mechanistic basis and func-
tional consequences are incompletely understood (8, 9).

Fluctuating levels of ER stress accompany diverse physiologi-
cal conditions. In metazoans, IRE1 signaling constitutes one
arm of a three-pronged UPR. The other two arms are mediated
by the translation initiation factor 2α (eIF2α) kinase PERK,
which attenuates ER load by inhibiting protein synthesis in

stressed cells, and by a parallel transcriptional pathway mediated
by ATF6. Redundancy between the long-term transcriptional
programs mediated by the three arms of the UPR has obscured
the interpretation of genetic experiments to ascertain the unique
role of IRE1 (10). Furthermore, the UPR is engaged in cancer
cells as a survival pathway (11, 12), in effector cells of the immune
response as a means of enhancing secretion of inflammatory
mediators (13, 14), in virally infected cells to support viral repli-
cation (15), and negative feedback loops connect the UPR to
autophagy (16, 17). These considerations have generated an
interest in IRE1 inhibitors both as tools for fundamental re-
search and as potential anticancer, antiinflammatory, and anti-
viral therapeutic agents (18).

IRE1 activation is initiated by homotypic interactions of the
stress-sensing lumenal domain (19–21) favoring transautopho-
sphorylation of the kinase-extension nuclease (KEN) domain
on the cytoplasmic side of the ER membrane (22, 23). Phosphor-
ylation promotes nucleotide binding in a pocket common to other
protein kinases (24). Nucleotide binding affects a subtle confor-
mational change in IRE1, stabilizing an unusual back-to-back
dimer of the KEN domain (24, 25). This active IRE1 dimer,
which may be further reinforced by higher-order oligomerization
(26, 27), juxtaposes the RNase active site of two adjacent proto-
mers, orienting the relevant residues for catalysis (25). Ligands
have been proven to regulate (activate or inhibit) the essential
dimerization step by engaging the nucleotide-binding site or by
binding in a deep hydrophobic pocket at the dimer interface
(28). Thus, our understanding of the molecular events leading
to IRE1 activation suggest at least three sites that can be engaged
by small molecule inhibitors: the nucleotide-binding pocket, the
dimer-interface pocket, and the RNase active site.

Here, we describe the identification and characterization of
a small molecule selective inhibitor of IRE1 RNase activity. By
exploiting the unique properties of this covalent inhibitor we have
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been able to uncover the molecular basis for IRE1 inhibition by
a class of aromatic aldehydes. Our observations identify and unify
the mechanism of action of extant IRE1 inhibitors and provide
insight into the participation of IRE1 in Xbp1 splicing and RIDD
and their functional consequences.

Results
Identification of 8-formyl-7-hydroxy-4-methylcoumarin as a Potent
Inhibitor of IRE1.A previously described fluorescent-based in vitro
FRET-derepression assay for IRE1 RNase activity (28) was
adapted to high-throughput screening for small molecule inhibi-
tors. The cytoplasmic domain of human IRE1α (HsIRE1α464–977),
purified from insect SF9 cells, possesses potent sequence-specific
endoribonuclease activity and proved well suited for this assay
(Fig. S1 and SI Materials and Methods).

A collection of 238,287 pure compounds and partially purified
natural extracts was screened for inhibitors of IRE1 RNase
activity (Fig. S1). Inhibitors that satisfied our stringent in vitro
test criteria were further assayed for their ability to inhibit IRE1-
mediated Xbp1 splicing in ER stressed cultured cells. Members of
only one class of inhibitors, umbelliferones (7-hyroxy-4-methyl-
coumarin derivatives), were active in both the in vitro and in vivo
assays and were thus selected for further study.

Kinetic analysis of the most potent compound, CB5305630
(Fig. 1A), displayed noncompetitive inhibition of IRE1 RNase
activity (Fig. 1B) with an apparent IC50 of 60 nM in the FRET-
derepression assay (Fig. 1C). CB5305630 also inhibited the
cleavage of a radiolabeled Xbp1-derived RNA probe in vitro
(Fig. 1D), confirming the block in IRE1 RNase activity.

CB5305630 is 8-formyl-7-hydroxy-4-methylcoumarin conju-
gated to 2-aminopyridine via an aldimine. Structure activity rela-
tionship analysis of the primary data from the screen suggested
the importance of this linkage to the activity, as the correspond-
ing reduced amines were inactive (Fig. S2). Imines of the struc-
tural form of CB5305630 will be subject to rapid hydrolytic
cleavage in aqueous media. Indeed, time-resolved NMR analysis
of CB5305630 demonstrated facile hydrolysis to its constituent

fragments (aldehyde and 2-aminopyridine) with a half-life of
approximately 10 min (Fig. S3). Of the product of this hydrolytic
event, 2-aminopyridine was inactive while 8-formyl-7-hydroxy-
4-methylcoumarin had an indistinguishable inhibitory profile to
CB5305630 when tested in pure form (Fig. S4) and therefore
likely represents the active component in CB5305630. It was
given the lab name 4μ8C (4-methyl umbelliferone 8-carbalde-
hyde) and characterized further.

Identification of 4μ8C Binding Sites in IRE1. Aldehydes, such as
4μ8C, can react covalently with diverse nucleophiles, forming a
Schiff base with the epsilon amino group of lysine side chains
(Fig. 2A). A possible covalent mode of action for 4μ8C was
suggested by the observation that the inhibitor showed noncom-
petitive inhibition (Vmax reduction) (Fig. 1B). Furthermore,
4μ8C displayed a strong inverse relationship between its apparent
IC50 and the time it was allowed to react with the enzyme before
substrate addition (Fig. 2B). The importance of the aldehyde
functionality to IRE1 inhibition was supported by the observation
that following 4μ8C reduction to a primary alcohol by treatment
with sodium borohydride the product was inactive (see reaction 3
in Fig. 2 A and C).

Coumarins absorb light strongly between 310 and 350 nm.
When resolved by size exclusion chromatography, IRE1 gave rise
to a single peak of absorbance at 280 nm. However, following
incubation with 4μ8C, a new comigrating absorbance peak at
350 nm was observed, as well as a late-eluting 350-nm peak, con-
sistent with free 4μ8C (Fig. 2D). These findings suggest a stable
chemical bond forms between a residue of 4μ8C and IRE1. To
explore this further, we exploited the fluorescent properties of
a borohydride-reduced apparent covalent conjugate between a
residue of 4u8C and IRE1 (Fig. S5). IRE1 that had been exposed
to 4μ8C without subsequent reduction by borohydride produced
no fluorescent signal on denaturing SDS-PAGE, consistent with
the lability of the putative imine bond between the inhibitor and
denatured IRE1. However, reduction to a stable amine (with bor-
ohydride), led to time-dependent fluorescence of the IRE1–4μ8C
complex (Fig. 2E).

The covalent linkage between the reduced IRE1 and 4μ8C
upon borohydride reduction suggested a method for mapping
the reactive sites in IRE1. Following denaturation, the borohy-
dride-reduced complex of IRE1 and 4μ8C was subjected to tryp-
tic digestion and the fragments were resolved by reverse-phase
HPLC. Multiple peaks absorbing at 210 nm were observed, con-
sistent with the generation of many tryptic peptides. However,
only two prominent species absorbing at 320 nm (the absorbance
peak of reduced 4μ8C, Fig. S5) were observed, and these were
unique to traces from the 4μ8C-treated samples (Fig. 3A, peaks
A and B).

The HPLC fractions containing the labeled peptides were
recovered and subjected to MALDI-TOF mass spectrometry.
This analysis indicated the presence of species with masses
predicted for the partially cleaved (skipped) tryptic peptides
NH2-N-K907-K-COOH and NH2-D-V-A-V-K599-R-COOH, each
decorated with a single 4μ8C residue via an amine bond, in frac-
tions A and B, respectively (Fig. 3B). NanoLC-ESI-tandem mass
spectrometry of doubly charged precursor ions of the above pep-
tides confirmed their identity and established that 4μ8C modified
IRE1 residues K599 and K907 (Fig. S6). These assignments were
confirmed by mutational analysis: The IREK907A mutation selec-
tively abolished peak A, while the IREK599A mutation selectively
abolished peak B (Fig. 3C).

K599 is a phosphate-coordinating residue common to all ki-
nases, whereas the side chain of K907 protrudes into the RNase
active site (22, 24) (Fig. 3D). Mutation of either residue interferes
with IRE1 function in vivo (29, 30), thus the ability of 4μ8C
to target these residues explains its ability to inhibit both the
RNase (Fig. 1B) and kinase activity of IRE1 in vitro (Fig. 3E).

Fig. 1. Coumarin-based inhibition of IRE1. (A) Structure of CB5305630 [7-hy-
droxy-4-methyl-8-((pyridine-2-ylimino)methyl)-2H-chromenone], the most
potent IRE1 inhibitor identified in a screen of 238,287 compounds. Note
the imine bond between the umbelliferone and the pyridine. (B) A plot of
IRE1’s RNase initial velocity (Vi) as a function of RNA substrate concentration
in the presence of the indicated concentration of CB5305630 (mean� SD,
n ¼ 2). Km for the RNA substrate is approximately 37 nM and is unaffected
by the inhibitor, whereas the Vmax is inhibited in a concentration-dependent
manner with a Ki of approximately 60 nM. (C) A plot of the concentration-
dependent inhibition of IRE1’s RNase activity by CB5305630 (mean� SD,
n ¼ 4). (D) Autoradiograph of 32P-labeled RNA substrate following cleavage
by IRE1 in the absence or presence of the indicated concentration of
CB5305630.

E870 ∣ www.pnas.org/cgi/doi/10.1073/pnas.1115623109 Cross et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1115623109/-/DCSupplemental/pnas.1115623109_SI.pdf?targetid=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1115623109/-/DCSupplemental/pnas.1115623109_SI.pdf?targetid=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1115623109/-/DCSupplemental/pnas.1115623109_SI.pdf?targetid=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1115623109/-/DCSupplemental/pnas.1115623109_SI.pdf?targetid=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1115623109/-/DCSupplemental/pnas.1115623109_SI.pdf?targetid=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1115623109/-/DCSupplemental/pnas.1115623109_SI.pdf?targetid=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1115623109/-/DCSupplemental/pnas.1115623109_SI.pdf?targetid=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1115623109/-/DCSupplemental/pnas.1115623109_SI.pdf?targetid=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1115623109/-/DCSupplemental/pnas.1115623109_SI.pdf?targetid=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1115623109/-/DCSupplemental/pnas.1115623109_SI.pdf?targetid=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1115623109/-/DCSupplemental/pnas.1115623109_SI.pdf?targetid=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1115623109/-/DCSupplemental/pnas.1115623109_SI.pdf?targetid=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1115623109/-/DCSupplemental/pnas.1115623109_SI.pdf?targetid=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1115623109/-/DCSupplemental/pnas.1115623109_SI.pdf?targetid=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1115623109/-/DCSupplemental/pnas.1115623109_SI.pdf?targetid=SF6


IRE1 binds nucleotide with high affinity (24), but modeling of
4μ8C in contact with K599 predicts that the two ligands would
compete for the same site (Fig. S7). Mutually exclusive binding
of nucleotide and inhibitors is consistent with the observation
that modification of K599 requires that IRE1 be purified away
from the cell lysate in the presence of EDTA (compare Fig. 3C,
ii and Fig. 3F, iii) and with the ability of staurosporine and ADP
to selectively interfere with modification of K599 by 4μ8C in
vitro (Fig. 3G).

A Unifying Mechanism for Targeted Inhibition of IRE1. Two other
classes of IRE1 inhibitor have recently been identified. The
compounds used by Volkman et al. (31), including MK0186893,
are all aldehydes, whereas STF083010 (32) decomposes to an
aldehyde in water (Fig. S8). To determine if the chemical com-
monality among extant IRE1 inhibitors is also reflected in a

shared mechanism of action, MK0186893 and STF083010 were
allowed to compete with 4μ8C for IRE1 binding, and the out-
come was measured by analysis of the HPLC spectra. Preincuba-
tion with MK0186893 inhibited both peaks A and B (Fig. 4A, ii),
pointing to its reactivity with both active sites of IRE1.
STF083010, by contrast, selectively competed with 4μ8C for K907,
whereas ADP, used as a control, only competed for K599, as
expected (Fig. 4A, iii and iv). These observations are consistent
with the reported selectivity of STF083010 for the IRE1 RNase
activity (32) and with the ability of the compounds described by
Volkman et al. to inhibit both functions of IRE1 (31). Moreover,
IRE1 K907R a mutant with residual RNase activity in vitro, is
refractory to inhibition by any of the three inhibitors (Fig. S9).
Thus, Schiff base formation at K907 represents a consensus
mechanism by which all three inhibitors inactivate the IRE1
endoribonuclease.

Fig. 2. Stable Schiff base formation between 4μ8C and IRE1. (A) Predicted reaction schemes for Schiff base formation of 4μ8C to form a 4μ8C-lysyl imine (in
reaction 1) that can be reduced to the stable lysyl amine by borohydride (NaBH4, reaction 2). Reductive inactivation of 4μ8C to the 8-hydroxymethyl is depicted
in reaction 3. (B) Plot of the relationship between the incubation time of IRE1 with 4μ8C and the apparent IC50 in the in vitro RNase assay (mean� SEM, n ¼ 2).
(C) In vitro RNase activity of IRE1 following incubation with 4μ8C and 4μ8C that had been previously reduced with borohydride (NaBH4; mean� SEM, n ¼ 2). (D)
Absorbance trace of material eluting from a size exclusion chromatography column loaded with IRE1 or IRE1 and 200 μM 4μ8C. Note the emergence of a novel
absorbance peak at 350 nm that comigrates with IRE1 in the 4μ8C-treated sample. (E) Fluorescent micrograph (excitation 340 nm, emission 450 nm) of an SDS-
PAGE loaded with IRE1, following exposure 120 μM 4μ8C for the indicated times with or without subsequent reduction by borohydride. The sample in lane 6
was reacted with 4μ8C that had been previously reductively inactivated by borohydride.
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Fig. 3. Two critical lysines in IRE1 are selectively targeted by 4μ8C. (A) Absorption traces of peptides eluting from a C18 reverse-phase HPLC. The column was
loaded with a tryptic digest of baculovirus expressed IRE1 that had or had not been exposed to 120 μm 4μ8C followed by reduction with borohydride. Note the
appearance of two peaks at 320 nm (labeled “A” and “B”) in the sample exposed to 4μ8C. (B) MALDI-TOF spectra of the material recovered in peaks “A” and
“B” from A above. Peaks, corresponding in mass to predicted singly charged 4μ8C-modified peptides NH2-Asn-Lys-Lys-COOH (labeled NKK + 4μ8C in upper
trace) and NH2-Asp-Val-Ala-Val-Lys-Arg-COOH (labeled DVAVKR + 4μ8C in lower trace) are singled out for attention. The unmodifed DVAVKR peptide is also
detectable, likely resulting from in-source loss of the modification. (C) Absorption traces at 320 nm of peptides derived as in A from samples of immunopurified
FLAG-tagged IRE1WT that had not been modified (−4μ8C, panel i) or IRE1WT, IREK907A, and IRE1K599A that had been modified with 120 μm 4μ8C (panels ii–iv).
Note the absence of peak “A” in the IRE1K907A sample and the absence of peak “B” in the IRE1K599A sample. (D) Position of K599 and K907 in human IRE1α (from
PDB ID code 3P23 A chain). (E) (Upper) Autoradiograph of SDS-PAGE of IRE1 following incubation with γ32P-ATP in the presence of decreasing concentrations of
4μ8C in twofold dilutions from 32 μM. (Lower) Coomassie Brilliant Blue (CBB) staining of the same gel. (F) Absorption traces (320 nm) of peptides derived from
wildtype baculovirus expressed IRE1 or immunopurified Flag-IRE1 purified in the absence of either 4μ8C (ii) or EDTA (iii). (G) As in C and F. Where indicated, the
nucleotide-binding pocket ligands ADP (ii) and staurosporine (iii) were preincubated prior to addition of 4μ8C.

Fig. 4. Stable binding of 4μ8C to IRE1 lysine
907. (A) Absorption traces of peptides eluting
from a C18 reverse-phase HPLC (as in Fig. 3).
Where indicated, the recently described IRE1
inhibitors MK0186893 (31) and STF083010
(32) were allowed to compete with 4μ8C for
IRE1 binding. (B) Snapshots of the IRE1 RNase
domain at the indicated time points from a
molecular dynamics simulation of the apo
state and with 4μ8C attached to K907 via an
imine. Note the relative flexibility of the
apo state and stable conformation in the pre-
sence of 4μ8C. Residues highlighted are Y892,
F889, N906, K907, and H910. Five additional re-
peat simulations with different starting velo-
cities were carried out for both protomers in
PDB ID code 3P23, and yielded comparable re-
sults. (C) Predicted solvent accessibility (SAS)
and hydrogen bonding to water of lysine re-
sidues in IRE1 (based on PDB ID code 3P23) in
the apo state and in presence of the indicated
bound ligands derived from the MD simula-
tions.
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The selectivity of 4μ8C for K907 is striking given the multitude
of other seemingly accessible nucleophiles on IRE1. To gain
insight into the basis of the apparent selectivity of 4μ8C, we
performed molecular dynamics simulations using the apo state
of human IRE1 [Protein Data Bank (PDB) ID code 3P23,
A-chain] as a point of departure (Fig. S7). The RNase active site
proved quite dynamic, with rapid conformational rearrangements
over the 25 ns of simulation (Fig. 4B, Upper). This flexibility is
almost entirely eliminated by the docking of 4μ8C (Fig. 4B,
Lower, and Movies S1 and S2). Schiff base formation between
K907 and the 8-carbaldehyde appears to constrain the RNase
site by immersion of the ligand in a hydrophobic pocket formed
by the nonpolar residues of this domain, in particular F889 that
stacks with the coumarin ring structure. In this stable configura-
tion, 4μ8C is interposed between side chains of RNase catalytic
residues Y892 and H910, disrupting catalysis.

Denaturation led to dissociation of 4μ8C from IRE1 (Fig. 2E),
attesting to the inherent susceptibility of the Schiff base to hydro-
lysis. However, in the native state both K907 and K599 are rela-
tively unexposed: their epsilon amino group having relatively low
solvent accessibility (SAS) and having weak hydrogen bonding
potential with water (Fig. 4C). Furthermore, docking of 4μ8C
diminishes predicted accessibility of these two residues to solvent
(Fig. 4C). Thus, while transient Schiff base formation may occur
with other nucleophiles on IRE1 (and indeed on other proteins),
this analysis suggests that a low off rate due to diminished hydro-
lysis accounts for the selectivity of 4μ8C toward IRE1 K907.
Indeed, in vitro 4μ8C modification of IRE1 has a half-life of
approximately 1.6 h (Fig. S10 A and B), attesting to the stability
of the adduct with IRE1.

In Vivo 4μ8C Iinhibits both Xbp1 Splicing and RIDD but not IRE1 Kinase
Activity. When applied to the media of ER stressed cultured
cells, 4μ8C inhibited Xbp1 splicing in a concentration-dependent
manner (Fig. 5A). Inhibition was observed with diverse agents
that induce ER stress; the glycosylation inhibitor tunicamycin
and thapsigargin, an inhibitor of the SERCA Ca2þ pump (Fig. 5).
By contrast, IRE1 autophosphorylation, reflected in reactivity
to an antisera specific for phospho-serine 724 and in reduced
mobility on Phos-tag™ SDS-PAGE, was unaffected by exposure
to the inhibitor (Fig. 5B). The latter is consistent with the effec-
tive competition by endogenous nucleotides (and other ligands
of the nucleotide-binding pocket) for access to K599 (Fig. 3F).

Interestingly, and in contrast to the stability of the IRE1–4μ8C
complex in vitro, Xbp1 splicing recovered rapidly from 4μ8C-
mediated inhibition following exchanges of the culture medium
(Fig. S10C).

Spliced Xbp1 serves as an important effector of IRE1, activat-
ing its target genes. Accordingly, the ER stress-induced up-
regulation of known XBP1 target genes: Derl1, Edem1, Erdj4,
and Erdj6 was inhibited in cells exposed to 4μ8C with a similar
concentration dependence as that observed for inhibition of
Xbp1 splicing (Fig. 5C). In contrast, stress-induced expression
of Bip was unaffected by the inhibitor (Fig. 5C), an observation
consistent with redundancy of the XBP1 and ATF6 arms of
the UPR in regulating the activity of this key ER chaperone
(33). Similarly, expression of the PERK and ATF4-controlled
proapoptotic gene Chop was unaffected by 4μ8C (Fig. 5C), indi-
cating selectivity of 4μ8C for the IRE1 arm of the UPR and
resistance of the PERK kinase to the compound.

In addition to site-specific endonucleolytic activity (leading to
Xbp1 mRNA splicing), metazoan IRE1 has also been implicated
in the promiscuous degradation of diverse mRNAs encoding
secreted proteins; a process referred to as RIDD (8, 9). We were
able to recapitulate this phenomenon in vitro: highly purified
mammalian IRE1 degraded the insulin mRNA. This reaction,
which proceeds more slowly than the site-specific cleavage of
Xbp1, was nonetheless blocked by 4μ8C (Fig. 6A). By contrast,
the RNase activity of the IRE1-related endoribonuclease, RNase
L, was unaffected by 4μ8C (Fig. 6B), attesting to the specificity of
4μ8C for the IRE1 RNase domain. In vivo, 4μ8C reversed the ER
stress-dependent loss of several known RIDD targets (Fig. 6C),
with an EC50 of approximately 4 μM, approximating that of in-
hibition of XBP1 target gene activation (Fig. 6D). Together, these
observations indicate that 4μ8C inhibits IRE1-mediated gene ex-
pression and mRNA degradation by targeting the RNase domain.

In vivo, RIDD selectively targets membrane-associated
mRNAs for degradation (8, 9). Therefore to gauge the contribu-
tion of RIDD to homeostatic control of ER biosynthetic load,
we compared the rate of membrane-associated protein synthesis
in the ER of stressed cells with and without 4μ8C in both wild
type and Perk−∕− mutant cells. Following a brief (10 min) pulse
of puromycin, mouse embryonic fibroblast (MEF) cells were
semipermeabilized with low concentrations of digitonin, centri-
fuged to wash off cytosolic proteins, then triton extracted to
recover the membrane fraction. The puromycinylated proteins in

Fig. 5. Selective targeting of the IRE1 RNase by 4μ8C in vivo. (A) Fluorescent stained agarose gel of an RT-PCR assay of the Xbp1mRNA fromMEF cells treated
simultaneously with increasing concentrations of 4μ8C and either the ER stress causing agent tunicamycin (Tm 2.5 μg∕mL) or a vehicle control for 6 h. The
migration of the spliced (Xbp1S) and unspliced (Xbp1U) forms are indicated. (B) Immunoblot of endogenous IRE1α immunopurified from MEF cells treated
simultaneously with thapsigargin (Tg 0.5 μM) and 4μ8C (32 μM) or a vehicle control for the indicated times analyzed by SDS-PAGE or PhosTag™-PAGE and
probed either with phosphospecific antsera to IRE1S724 or total IRE1 as indicated. The lower panel is an RT-PCR of endogenous (mouse) Xbp1 mRNA from the
same cells. (C) Quantitative PCR (qPCR) analysis of mRNAs expressed in MEF cells following 6-h treatment with vehicle control (dark gray bar); tunicamycin
(2.5 μg∕mL) alone (light gray) or with cotreatment of twofold increasing concentrations of 4μ8C (black bars), from 0.125 to 64 μM (mean� SEM, n ¼ 2). (D)
Plots of tunicamycin-induced Xbp1 splicing and Erdj4 expression in cells cotreated with the indicated concentration of 4μ8C for 6 h. Note the similarity in the
IC50 for both in vivo read outs of 4μ8C activity (mean� SEM, n ¼ 2 for Erdj4).
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the membrane fraction were quantified by immunoblot. In wild-
type MEF cells, ER stress led to a steep transient decline in rates
of protein synthesis that was more conspicuous in response to the
rapidly acting drug thapsigargin than the slower acting tunicamy-
cin (Fig. 6E, lanes 1–6). The compound had no effect on the
intensity of the dip in membrane protein synthesis (Fig. 6, lanes
7 and 8) but accelerated the recovery of protein synthesis in thap-
sigargin treated cells (Fig. 6, lanes 9 and 10) and attenuated the
tunicamycin-mediated repression of protein synthesis (Fig. 6,
lanes 11 and 12). The steep transient phase of translation repres-
sion is entirely missing in PERKmutant cells (Fig. 6, lanes 13 and
14), as expected (34), however the PERK-independent decline in
membrane protein synthesis observed at later times of the stress
response was conspicuously alleviated by 4μ8C (Fig. 6, compare
lanes 15–18 with lanes 21–24), arguing that it was a consequence
of RIDD. Thus, ER stress-induced mRNA decay by IRE1 likely
impacts the biosynthetic output of secretory cells.

IRE1 Inhibition Interferes with Programmed Expansion of Secretory
Capacity but Has no Measurable Role in Defending Cells Against Acute
ER Stress. IRE1 loss-of-function mutations markedly sensitize
yeast and worms to the acute toxicity of ER stress. However,
mammalian cells lacking IRE1 are not hypersensitive to the
consequences of ER stress, unlike cells lacking PERK or ATF6.
Yet, unlike PERK or ATF6, which are not essential genes, mam-
malian embryos lacking IRE1 (or its XBP1 effector) succumb
early in embryonic development (35, 36). The availability of a
potent and rapidly acting inhibitor, might enable, for the first
time, determination of whether the aforementioned observations
reflect the gradual emergence of redundant mechanisms for cop-
ing with acute ER stress in cultured IRE1-deficient mammalian

cells or if IRE1 might have roles that are played out selectively
in a developmental context.

Exposure of wild-type MEFs to 4μ8C at concentrations of
up to 128 μM had no measureable toxicity, while the ER stress-
inducing agent thapsigargin markedly diminished cell viability in
a dose dependent manner (Fig. 7A). The IRE1 inhibitor was also
devoid of apparent toxicity in cells lacking PERK or cells with a
mutation in its substrate, rendering the latter nonphosphorylata-
ble (Fig. 7B). This finding suggests that the conspicuous comple-
mentation between the PERK-mediated arm that regulates the
flux of proteins into the ER (see Fig. 6E) and IRE1 signaling
in simple eukaryotes (37) is not a feature of cultured mammalian
cells. Furthermore, there was no apparent synergism of 4μ8C with
the toxicity of the ER stress-inducing agents tunicamycin or thap-
sigargin (Fig. 7C).

Loss of function mutations in Xbp1 and Ire1 selectively com-
promise the development and integrity of specialized secretory
tissues (7, 36, 38–40). Consistent with this theme, the inhibitor
attenuated the growth of multiple myeloma cell lines that are
characterized by a robust secretory apparatus (Fig. 7D). How-
ever, this interference with growth was not associated with evi-
dence of acute toxicity in these cells, nor was there evidence for
synergism with the robust antimyeloma effects of the proteasome
inhibitor Bortezomib. Furthermore, in a cell culture model of
exocrine pancreatic development induced in AR42J cells by dex-
amethasone, 4μ8C interfered with ER expansion (Fig. 7 E and F)
and amylase secretion (Fig. 7 G and H). Together, these observa-
tions point to a role for IRE1 in building ER capacity but not in
preserving ER integrity of stressed cells.

Fig. 6. Inhibition of RIDD by 4μ8C. (A) Autoradiograph of in vitro transcribed 32P-labeled mouse Xbp1 or Insulin2 (Ins2) mRNA separated by electrophoresis
after incubation with the indicated concentration of IRE1 in the absence or presence of 4μ8C (10 μM). (B) RNase L activity measured with a FRET assay in the
presence of 2–5A cofactor and in the presence or absence of the indicated concentrations of 4μ8C or Sunitinib (45). (C) Expression levels determined by qPCR of
known IRE1 RIDD target genes following 6 h of treatment with tunicamycin (2.5 μg∕mL) in the presence or absence of coapplied 32 μM 4μ8C (mean� SEM,
n ¼ 2). (D) Plot of mRNA level of the RIDD target gene Scara3 in tunicamycin-treated cells exposed simultaneously to the indicated concentrations of 4μ8C
(mean� SEM, n ¼ 2) for 6 h. (E) Immunoblot of puromycinylated proteins recovered from the membrane fraction of semipermeabilized wild-type and Perk−∕−

mutant MEFs that had been exposed to thapsigargin (500 nM) or tunicamycin (2.5 μg∕mL) in the absence and presence of 32 μM 4μ8C for the indicated times.
The intensity of the signal, integrated over the surface of each lane, is plotted under the image of the immunoblot.
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Discussion
The structure of IRE1 suggests three alternative sites that could
be targeted by small molecules: the nucleotide-binding pocket,
the dimer-interface hydrophobic pocket, and the RNase active
site. Unbiased screens for inhibitors have all yielded compounds
whose activity converges on the RNase domain, and this study
provides a unifying molecular mechanism for this surprising

observation. All extant inhibitors are aldehydes, but the spectral
properties of 4μ8C have enabled us to track its reactivity with
IRE1 and revealed a highly selective and stable modification
of lysine 907 in the RNase active site. IRE1 has 24 other lysines
in its cytosolic domain, and most are surface exposed and flexible.
By contrast, K907 is buried in the enzyme active site. The aldehyde
moiety, which is required for inhibition, forms a Schiff base with

Fig. 7. The expansion of secretory capacity is selectively inhibited by 4μ8C. (A) Viable cell mass of MEF following 24-h exposure to escalating (2-fold) con-
centrations of 4μ8C (from 1 to 128 μM) or thapsigargin (from 16 to 1,024 nM; mean� SEM, n ¼ 3). (B) Viable cell mass of MEF of the indicated genotypes
following 24-h exposure to escalating (2-fold) concentrations of 4μ8C (from 1 to 128 μM; mean� SEM, n ¼ 3). (C) Viable cell mass of three different clones of
wild-type MEFs following 24-h exposure to escalating (2-fold) concentrations of tunicamycin (from 16 to 2;048 ng∕mL), and in the absence or presence of 4μ8C
(32 μM; mean� SEM, n ¼ 3). (D) Time-dependent growth of multiple myeloma MM.1R cells exposed to the indicated concentrations of 4μ8C in the absence or
presence of bortezomib (Bz, 6 nM) as assessed byWST1 assay (mean� SEM, n ¼ 3). (E) Representative electron micrographs of AR42J cells treated for 48 h with
dexamethansone (100 nM, an inducer of differentiation to the secretory state) in the absence or presence of 4μ8C (32 μM) (F) Quantitation showing the ratio of
ER cross-section area to cytosol cross-section area (AU) in the samples treated as in E (mean� SEM, n ¼ 5; * indicates p < 0.05 by T test). (G) Amylase secretion
detected in the media of AR42J cells cultured for 48 h in the absence or presence of dexamethasome (DEX, 100 nM) with or without 4μ8C (32 μM; mean� SEM,
n ¼ 3). (H) Amylase secretion as in G, with dexamethasome (DEX, 100 nM) and a range of concentrations of 4μ8C (mean� SEM, n ¼ 3).
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lysyl side chains that is rapidly reversed by hydrolysis. However,
the imine bond with K907 is shielded from the solvent by the
protein and by the inhibitor that is held in place by hydrophobic
and stacking interactions with side chains in the active site. Thus,
steric effects specify an unusually long off-rate for inhibitor inter-
actions with a specific lysine.

In vitro, 4μ8C shows affinity for lysine K599, which, like K907, is
shielded from the surface, being partially buried in the nucleo-
tide-binding pocket. However, endogenous nucleotides compete
effectively with the inhibitor for this site, and in vivo inhibition
is limited to the RNase of IRE1. Similar considerations likely ap-
ply to the compounds described by Volkman et al. (31), whereas
STF083010 is restricted in its reactivity to K907. In vitro 4μ8C
dissociates slowly from IRE1, but washout of inhibitor leads to
rapid recovery of Xbp1 splicing in cells. The molecular dynamics
simulation suggests that the observed slow off-rates in vitro are
due to rigidity of the enzyme–inhibitor complex shielding the
imine bond. The higher apparent off-rates in cells is consistent
with a more flexible enzyme active site in vivo and reveals that
despite its covalent mechanism of action 4μ8C is a reversible
inhibitor of the enzyme. These observations highlight the inter-
play between steric and chemical effects in the function of IRE1
inhibitors, an interplay that features in the growing class of drugs
that are covalent inhibitors (41).

K907 is not believed to play a role in hydrolysis of the phospho-
diester bond of RNA substrates of IRE1 (24, 25). Indeed, the
corresponding residue in the related enzyme, RNaseL, is a leu-
cine. Consistent with this observation, RNaseL is refractory to the
inhibitory effect of 4μ8C. Surprisingly, however, the lysine side
chain is critical for IRE1 activity, as its replacement with alanine,
leucine and arginine inactivates or substantially retards IRE1
activity (29) (Fig. S9). Thus, the side-chain amino group of K907

is likely to be pKa perturbed and engage in charge interactions
with substrate or other residues in the active site that affect its
protonation state, and thereby also influence the rate of Schiff
base formation via acid catalysis.

Despite its potential pleiotropic reactivity with other nucleo-
philes, in cultured cells 4μ8C has remarkable selectivity for
IRE1. Furthermore, at concentrations that block all measurable
IRE1 RNase activity, the compound exhibits no measureable
acute toxicity. And, while the theoretical possibility of reactivity
with the counterpart of K599

—found in nearly all protein kinases
—conjures the possibility of inhibiting other kinases, no evidence
for that was observed. For example, the PERK kinase remains
active in 4μ8C-treated cells (Fig. 6E, compare lanes 1 and 2 with
lanes 7 and 8).

Unfavorable pharmacokinetics limit the utility of 4μ8C (and
likely that of the other aldehyde IRE1 inhibitors) for animal
studies. However, in cultured cells inhibition of IRE1 by 4μ8C
has provided valuable insights into the normal role of the enzyme
in physiology. The strong suppression of ER stress mediated
degradation of membrane-bound mRNA in compound-treated
cells supports the notion that the IRE1 RNase is directly impli-
cated in RIDD (8, 29). The impact of RIDD on membrane-
associated ER protein synthesis has been hitherto difficult to
assess, because of the dominance of PERK-mediated transla-
tional suppression in stressed cells. However, comparing the rates
of membrane-associated protein synthesis in ER stressed PERK
deficient cells in the absence and presence of 4μ8C has enabled
us to estimate the quantitative significance of RIDD to ER
associated protein synthesis. While its physiological significance
remains to be explored in further detail, our observations suggest
that RIDD is likely to exert a powerful influence on the protein
composition of the ER in severely stressed cells.

Much of what we know about IRE1 has come from genetic
loss-of-function experiments. The potential for adaptation by the
feedback loops in the two other arms of the UPR has obscured
the interpretation of such experiments. The availability of a tool

to rapidly block IRE1 activity has revealed that in mammalian
cells, unlike yeast and worms, IRE1 has no measureable role in
protecting cells against acute ER stress. Moreover, the comple-
mentation between IRE1 and PERK, conspicuous in worms,
is also not apparent in cultured mammalian cells. Instead, our
observations suggest that in mammals the IRE1 branch of the
UPR has specialized in adapting cells to a heavy secretory load
and is not important to the day-to-day ER protein folding home-
ostasis.

These observations may bear on the clinical application of
IRE1 inhibitors. The lack of a major role for IRE1 in maintaining
protein folding homeostasis of differentiated secretory cells in
mammals suggests that IRE1 inhibitors may have limited toxicity
in these species. Perhaps IRE1 inhibitors will find their greatest
utility in situations with ongoing differentiation of precursors into
pathogenic secretory cells. This might be the case in diseases
caused by the secretory products of plasma cells or their malig-
nant counterpart in multiple myeloma. Inhibitors of IRE1 might
also have utility for local administration; for example, to block the
development of mucin-producing goblet cells in the respiratory
tract, which continuously differentiate from precursors in the
mucosa and contribute to pathogenesis of asthma and chronic
obstructive pulmonary disease. Thus, compounds like 4μ8C,
which are not suited for systemic administration, may nonetheless
provide a platform for developing new locally acting drugs.

Materials and Methods
Cell Culture and Analysis. MEFs, AR42J, and HEK-293T cells were maintained
in DMEM supplemented with 10% FCS, 2 mM glutamine, nonessential
amino acids, and 50 μM 2-mercaptoethanol. MM1.R cells were maintained
in RPMI containing 10% FCS, Pen/strep, and glutamine. Xbp1 splicing was
determined by RT-PCR as previously described (4, 28), and the resulting
amplified products were stained with SYTO-60 dye (Invitrogen) and visua-
lized using the Odyssey scanner (LI-COR). Amylase secretion was measured
as described in SI Materials and Methods.

Kinase Analysis. In vitro kinase assays were performed as described previously
(28). For in vivo analysis, IRE1 was collected from AR42J or MEF cells as
previously described (19) and probed with anti-pIRE1S724 (Cell Signalling),
before the membranes were stripped and reprobed with anti-IRE1 (Cell
Signalling). Alternatively, cell lysates were run on SDS-PAGE incorporating
50 μM Phos-tag reagent (NARD institute) and 50 μM MnCl2. Gels were then
incubated in 1 mM EDTA before transfer and probing with anti-IRE1. Mem-
branes were probed with secondary antibodies conjugated to near-infrared
dyes and visualized with the LI-COR Odyssey scanner.

Quantitative RT-PCR. RNA from treated cells was harvested as described
previously (28), and used in duplicate for quantitative real-time PCR analysis
using the SYBR Green reagent system (Applied Biosystems) and an ABI 7900
(PerkinElmer Biosystems). Relative quantities of amplified cDNAs were
then determined using SDS software (Applied Biosystems) and normalized
to cyclophilin A mRNA.

In Vitro IRE1 RNase and RIDD Assays. Analysis of radiolabeled Xbp1 substrate
cleavage was performed as previously (28) except that mammalian IRE1
reaction buffer (see HTS screen, SI Materials and Methods) was used. In
vitro RIDD substrates were synthesized by in vitro transcription using the
T7-MAXIscript Kit (Ambion) in the presence of 32P ATP or Cy5-UTP on
templates isolated by RT-PCR from mouse Min6 cells (Ins2) or PCR from
cloned XBP1 cDNA using the primers listed in Table S1. The resulting products
were gel purified to obtain full-length substrate. Reactions were then
separated by 15% UREA-PAGE for analysis by phosphorimaging or by
near-infrared imaging using the LI-COR Odyssey scanner.

HPLC. Recombinant HsIRE1[464–977] was incubated for 3 h with 120 μM 4μ8C
in 50 mM Tris pH 7.4 100 mM NaCl prior to addition of 6 mM NaBH4. The
reaction was buffer exchanged on equilibrated PD-10, digested with trypsin
for 16 h and collected on C18 hypersep columns (Thermo). Eluted peptides
were dried and separated by reverse-phase HPLC on a poroshell 120 C18
column using a multistep acetonitrile gradient with 0.1% TFA on an Agilent
LC1290 system with a diode array detection of absorbance from 180–400 nm.
Two-drop (approximately 13 μL) fractions were collected, dried, and analyzed
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by MALDI-TOF mass spectrometry and nanoLC-ESI-MS/MS (see SI Materials
andMethods). Alternatively, HEK-293T cells were transfected with expression
vectors encoding preprotrypsin-FLAG-HsIRE1[19-977] wild type, K907A, or
K599A mutants and treated with 100 μM 4μ8C for 1 h prior to lysis in buffer
(50 mM Tris pH 7.5, 150 mM NaCl, 10% glycerol, and 1% Triton X-100)
supplemented with 5 mM NaBH4 where indicated and protease inhibitors.
Postlabeling analysis was by lysis in the above buffer with the addition of
50 mM EDTA, followed by incubation with 100 μM 4μ8C and reduction with
NaBH4. Cleared lysates were then immunopurified with anti-FLAG-M2-aggar-
ose beads, washed, and analyzed by trypsin digest and HPLC as above.

Modeling and Molecular Dynamics. Docking and molecular dynamics (MD)
simulations of 4μ8C–IRE1 are described in detail in SI Materials and Methods.
Briefly, MD systems contained dimeric IRE1 (PDB ID code 3P23), surrounded
by a 0.1 M NaCl solution in a truncated octahedral box; system sizes were
approximately 250,000 atoms. Systems included either the unmodified
protein, or the K907–4μ8C/K599–4μ8C states, all in the presence of ADP.Mg2,
along with an additional ADP-free K599–4μ8C complex. The 4μ8C-bound
states were obtained via a tailored geometry optimization protocol carried
out within CHARMM (42). Each system under went multiple stages of energy
minimization and protein-restrained equilibration, prior to production MD.
The CHARMM22/CMAP all-atom force field was used to represent the
protein, and parameters for 4μ8C were adapted from the CHARMM CGenFF
general force field for small drug-like molecules. All MD simulations were
performed with GROMACS 4.5.3 (43).

Cell Viability Assays. Cells were seeded in phenol red-free cell culture medium
in 96 or 24 well dishes at a density of 5 × 103 or 5 × 104 cells per well, respec-
tively. Cultures were incubated for 16 h before treatment with 4μ8C, borte-
zomib, tunicamycin, or thapsigargin for 24 to 96 h. Cultures were then
analyzed by the addition of 200 μM WST1 (Dojindo) and 10 μM phenazine
metho-sulfate (Sigma). After development of the reagent for 2 h at 37 °C,
the hydrolyzed dye was detected by absorbance at 450 nm, after subtracting
background and absorbance at 595 nm. Alternatively, cell viability was deter-

mined by staining of the adherent culture with crystal violet. Quantitation
of the dye uptake was analyzed by extensive washing of the stained cells
with water and solublization of the crystal violet in methanol followed by
absorbance measurements at 595 nm.

Translational Regulation/Puromycin Labeling Assays. Treated wild-type or
Perk−∕− cells were labeled for 10 min with 10 μg∕mL puromycin followed by
addition of 100 μg∕mL cycloheximide. Collected cells were then washed
twice in ice-cold HMN buffer (50 mM HEPES pH 72, 2 mM MgCl2, 150 mM
NaCl) before semipermeabilization of 2 × 106 cells∕100 μL with 0.2% digito-
nin for 10 min. Pelleted cells were then resuspended in HMN buffer supple-
mented with 0.5% Triton X-100 and protease inhibitors, cleared by
centrifugation, and analyzed by probing with antipuromycin antibody (44).

Statistics. Curve fitting and statistical values were calculated using Prism
4.0 for MacOSX. The Ki for CB5305630 was determined using a noncom-
petitive model for inhibition: Vmaxinh ¼ Vmax∕ð1þ I∕KiÞ, Y ¼ Vmaxinh � X∕
ðKm þ XÞ, where I is the concentration of CB5305630. Ki and Km for substrate
are shared for each concentration, and R2 for the model (global) was 0.9967.
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