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The unfolded protein response signals
through high-order assembly of Irel

Alexei V. Korennykh'?, Pascal F. Egea', Andrei A. Korostelev*, Janet Finer-Moore', Chao Zhang®?,
Kevan M. Shokat*?, Robert M. Stroud' & Peter Walter'

Aberrant folding of proteins in the endoplasmic reticulum activates the bifunctional transmembrane kinase/endoribonuclease
Irel. Irel excises an intron from HACT messenger RNA in yeasts and XbpT1 messenger RNA in metozoans encoding homologous
transcription factors. This non-conventional mRNA splicing event initiates the unfolded protein response, a transcriptional

program that relieves the endoplasmic reticulum stress. Here we show that oligomerization is central to Irel function and is an
intrinsic attribute of its cytosolic domains. We obtained the 3.2-A crystal structure of the oligomer of the Ire1 cytosolic domains

in complex with a kinase inhibitor that acts as a potent activator of the Ire1 RNase. The structure reveals a rod-shaped
assembly that has no known precedence among kinases. This assembly positions the kinase domain for
trans-autophosphorylation, orders the RNase domain, and creates an interaction surface for binding of the mRNA substrate.
Activation of Irel through oligomerization expands the mechanistic repertoire of kinase-based signalling receptors.

Approximately one-third of all proteins in eukaryotes enter the endo-
plasmic reticulum (ER) for processing and folding. The quality of
protein folding is monitored by the ER-membrane-resident kinase/
RNase Irel, which is activated by misfolded proteins. On activation,
Irel initiates a non-spliceosomal mRNA splicing reaction. Translation
of the spliced mRNA yields an unfolded protein response (UPR)-
specific transcription factor, termed Hacl (ref. 1) in yeasts and
Xbpl (ref. 2) in metazoans, that induces a comprehensive transcrip-
tional program to adjust the protein-folding capacity of the ER
according to need. The UPR is activated in cancers™, viral infections”,
protein-folding diseases®” and other cellular anomalies®”.

Under ER stress conditions, the ER-lumenal domain of Irel acts as a
sensor of unfolded proteins'® (Fig. 1a). It crystallizes as a polymer that
has two distinct crystallographic interfaces important for function'.
This feature can explain an early observation of oligomerization of Irel
during the UPR" and provide a structural rationalization of Irel
organization into UPR-induced clusters (foci) that can be observed
by live cell imaging'>". Oligomerization of the ER-lumenal domain of
Irel has been proposed to promote dimerization and activation of the
kinase/RNase domains'®'* analogous to other cell-surface signalling
receptors". Additionally, trans-autophosphorylation and binding of
ADP are thought to contribute to activation of the Irel RNase'®".

A recent crystal structure of the kinase/RNase domain of Irel
reveals a two-fold symmetric dimer with a back-to-back arrangement
of the kinase domains, compactly attached to an RNase dimer pro-
posed to have two independent active sites'!. The back-to-back
arrangement of the kinases in the dimer is unexpected because it
positions the phosphorylation sites in the activation loops more than
40 &ngstrom (A) away from the active site of the partnering molecule
in the dimer. This arrangement does not seem to be productive for
the trans-autophosphorylation of Irel observed in vivo''. We propose
that a different Irel dimer enables the trans-autophosphorylation
reaction (below). Dimerization of the RNase domains has been pro-
posed to match functionally the conserved pair of splice sites in
HACI/Xbpl mRNA™" (Fig. 1b). Our results indicate an alternative
explanation because we observe fully reactive RNA substrates that

contain only a single splice site, as well as poorly reactive RNA sub-
strates that contain dual splice sites. In this work, we combine several
approaches to show that the cytosolic region of Irel from
Saccharomyces cerevisiae undergoes spontaneous oligomerization
that activates Irel for signalling in the UPR.

Activation of the Ire1 RNase by oligomerization

We prepared variants of the cytosolic portion of Irel that contain the
kinase and the RNase domains (Ire1KR), as well as the kinase and the
RNase domains extended by 24 (Ire1KR24), 32 (Ire1KR32) or 120
(Ire1KR120, ref. 18) amino acids towards the amino terminus.
These extensions are part of a ~120-amino-acid-long linker domain
that tethers the kinase/RNase domains to the transmembrane region
(Fig. 1a, ¢ and Supplementary Fig. 1a). Ire1KR120 showed an RNase
activity indistinguishable from that of Ire1KR32 but proved unsuit-
able for crystallization and was not pursued further. All Irel constructs
site-specifically cleaved 5'-**P-labelled stem-loop oligoribonucleo-
tide'” (HP21) derived from the Xbpl mRNA (Fig. 1b and Supple-
mentary Fig. 1b; Methods). The observed rate constant exhibited a
non-Michaelis dependence on the enzyme concentration and
increased cooperatively with a Hill coefficient n=2 for IrelKR and
Ire1KR24 and, surprisingly, a Hill coefficient n = 3.5-8 for Ire1KR32
(Fig. 1d). This observation indicates that the RNase activity of Irel
arises from self-association with the formation of predominantly
dimers for Ire1KR and Ire1KR24, and oligomers for IreIKR32.

At protein concentrations above 10 uM, reactions with Ire1KR32
appeared as a heterogeneous suspension, indicating self-association
of Ire1KR32 (Fig. 2a). The presence of several oligomeric species was
apparent on analytical ultracentrifugation of the sample (Fig. 2b).
The oligomerization could be readily reversed and RNase activity
suppressed by addition of salt to the solution (Fig. 2a, c). The visible
aggregation seemed to be specific because it was strongly induced by
cofactors. In contrast, solutions of Ire1KR and Ire1KR24 remained
clear at all concentrations with no signs of protein oligomerization,
consistent with the lower cooperativity of their activation profiles
(Fig. 1d).
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Figure 1| Activation of Ire1 by self-association. a, A general scheme of Irel
activation during the UPR summarizing the key events. The kinase domain
of Irel is coloured light brown; the RNase domain is coloured purple. TM,
transmembrane. b, Schematic representation of RNA substrates used in this
work. Triangles mark sites of specific cleavage by Irel. ¢, Irel constructs used
for cleavage assays and structure determination. d, Cooperative activation
profiles for Ire1KR, Ire1KR24 and Ire1KR32 obtained using 5/ 32p_HP21,
with (filled circles) and without (open circles) cofactor. E, enzyme. Asterisks
are used for reference in Fig. 2. Assay details are provided in Methods.

Ire1KR32 cleaved HP21 ~100-fold faster than did Ire1KR and
Ire1KR24 (Fig. 2d, left panel). The observed rate constants were
compared at 1 UM concentration of the enzymes, at which reactions
occur in the same kinetic regime characterized by a log-linear con-
centration response of the observed rate constant. The catalytic
advantage and the highly cooperative activation of Ire1KR32 were
even more apparent with the Xbpl 443-base polymer, which more
closely mimics the natural mRNA substrate of Irel (Fig. 2d, right
panel, and Supplementary Fig. 2). These observations demonstrate
that the N-terminal linker domain, particularly the eight amino acids
that constitute the difference between IrelKR32 and IrelKR24
(Supplementary Fig. 1a), defines the self-association properties and
the RNase activity of the cytosolic domains of Irel. Notably, point
mutations within these eight amino acids abrogate Irel signalling in
vivo'. This functionally important linker extension was absent in the
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Figure 2 | Linker controls the oligomerization and activation of Irel.

a, Observation of visible self-association of Ire1KR32 that can be reversed by
salt (NaCl). b, Analytical ultracentrifugation reveals monomers and dimers
for Ire1KR as well as dimers and higher-order assemblies for Ire1KR32.
Conditions were as in Fig. 1d; open symbols, 13.5 uM Irel (20 °C). ¢, Salt
inhibits the RNase activity of Ire1KR32. d, Ire1KR32 has higher RNase
activity against HP21 and Xbpl RNA compared to Ire1KR and Ire1KR24
(Supplementary Fig. 1b; 2). Error bars show variability between single-
exponential fits from two to five independent measurements. Conditions
similar to those used in Fig. 1d are marked * and **.

Irel variant used previously to obtain the back-to-back dimer struc-
ture'. The use of Irel that includes the extended N terminus resulted
in the crystal structure of the oligomeric state of Irel.

Structure of the Irel oligomer

To establish the mechanism of Irel oligomerization and activation, we
used X-ray crystallography. Because efforts to crystallize IreKR32 with
ADP produced crystals unsuitable for X-ray data collection, we
attempted to co-crystallize Ire1KR32 with structurally diverse protein
kinase inhibitors. Remarkably, several kinase inhibitors activated the
RNase function revealing synthetic activators of wild-type Irel (Fig. 3a,
b and Supplementary Fig. 3). These results have profound implications
for therapeutic uses of kinase inhibitors (see Conclusions).

Crystals obtained with the inhibitor APY29 allowed determination
of the structure of the Ire1KR32¢APY29 complex at 3.9 A resolution.
The resolution improved to 3.2 A with a mutant version of Ire1KR32,
Ire1KR32A282APY29, in which we deleted the aF-oEF loop (28
amino acids, 865-892). The aF—oEF loop is not evolutionary con-
served and was disordered in the 3.9-A structure. Its deletion had no
effect on the RNase activity of Irel (Supplementary Fig. 4). Electron
density for the APY29 molecule was found in the ATP-binding
pocket of the Irel kinase domain (Fig. 3¢c). The position of APY29
indicates that it could form three hydrogen bonds with residues
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Figure 3 | Kinase inhibitors activate the RNase of wild-type Irel.

a, Activation of Ire1KR32 (3 pM) in the presence of different kinase
inhibitors. b, Inhibitor structures, with probable hydrogen bonds shown by
dashed lines. ¢, 5-weighted 3F,,—2F ;. map for APY29 bound to
Ire1KR32A28 contoured at 1.5¢. d, The network of probable hydrogen
bonds between APY29 and Irel. e, The network of interactions between
ADP+Mg and Irel (PDB ID 2RIO). f, Chelation of magnesium inhibits Irel
RNase in the presence of ADP, but not of APY29. Error bars show variability
between single-exponential fits from two independent measurements.
Reactions contained 2 mM ADP or 100 uM APY29.

Glu 746 and Cys 748 of the main chain and two additional hydrogen
bonds or van der Waals contacts with the side chains Asn751 and
Asp 828 at the active site (Fig. 3d).

Although all tested compounds can potentially form hydrogen
bonds with the protein backbone (Fig. 3b), the most potent activa-
tors, APY29 and APY24, also interact with the side chain Asn 751 and
insert bulky aromatic rings in place of the ribose-phosphate moiety of
ADP. Manual fitting of the FDA-approved anti-cancer drug

ARTICLES

Sunitinib guided by known structures of kinasesinhibitor complexes
(Protein Data Bank (PDB) IDs 2G9X and 2F4]) predicts that the
compound fills the adenine-binding site, but not the ribose and the
phosphate subsites. Such partial occupancy could explain the fairly
good binding of Sunitinib to Irel accompanied by partial activation
of the enzyme (Fig. 3a). AIN54 could not be fit to the ATP pocket
owing to steric clashes with the 1 strand.

The interactions of APY29 with the nucleotide-binding pocket
closely mimic those of ADP except that APY29 does not use a divalent
metal ion for docking (Fig. 3d, e). Accordingly, addition of EDTA
inhibits the RNase activity of Irel for reactions stimulated by ADP but
not APY29 (Fig. 3f). These findings support a model first proposed
based on Irel mutants'®: that ADP and kinase inhibitors activate Irel
RNase by filling the ATP pocket. For maximum activity the adenine
and the ribose subsites should be occupied, apparently to stabilize the
active open conformation of the kinase that favours self-association of
Irel. Electrostatic interactions due to coordination of the magnesium
ion and the phosphate groups of ADP do not have an indispensable
role as the charged moieties can be replaced with neutral space-filling
groups.

In contrast to Irel, which lacks the oligomerization-inducing
N-terminal segment and crystallizes as a back-to-back dimer',
Ire1KR32 and Ire1KR32A28 crystallize as a symmetric high-order
assembly (Fig. 4a, b). Fourteen Irel molecules constitute the asym-
metric unit in the crystal lattice. Formation of the oligomer can be
described by incremental addition of symmetric back-to-back Irel
dimers to an end of a growing filament, with a simultaneous clock-
wise turn of 51.4° per dimer, with a complete 360° turn every 14
molecules.

The use of 14-fold non-crystallographic symmetry (NCS)
improved the quality of averaged electron density maps and helped
the modelling of all of the regions missing from the starting model
(Supplementary Fig. 5). The structure of the kinase/RNase domain in
the oligomer is similar to that in the IreleADP dimer'*. However,
tight packing of Irel in the oligomer compared to the crystal packing
of the Irel*ADP dimers (Fig. 4a, inset) orders several fragments of
Irel absent in the previous model (coloured green in Figs 4c—¢). None
of the new elements belong to the interface IF1° defined previously in
the back-to-back dimer'* (Fig. 4b, ¢). Two new interfaces, IF2° and
IF3¢, form in addition to the interface IF1€ in the oligomer. Interface
IF2° has a two-fold symmetry and forms by contacts between the
RNase domains of monomers A-D, C-F, and so on (Fig. 4d).
Interface IF3° creates a linear side-to-side arrangement of monomers
into filaments (B— D — F and, with opposite polarity, A <~ C «<—E).
Interface IF3° is formed by contacts between the kinase domains and
involves two new elements, the oD’ helix and the activation loop
(Fig. 4e). The oligomerization-inducing N-terminal extension (resi-
dues 641-662) was disordered. Its structure and the mechanism of
facilitating Irel oligomerization remain to be determined. It is pos-
sible that part of the N-tail contacts a dimerization interface, as
proposed recently for the arginine-rich linker extension of epidermal
growth factor receptor™.

Architecturally, the oligomer resembles the double helix of DNA
(Fig. 4b and Supplementary Fig. 6), where interface [F1° parallels the
interaction between nucleobases of opposing strands and interface
IF3° parallels phosphodiester linkages between nucleotides of the
same strand.

The trans-autophosphorylation complex of Irel

In the Irel oligomer, each kinase offers its activation loop to a new
partner, thereby extending the filamentous oligomeric assembly.
This interaction resembles the side-to-side arrangement of kinase
dimers implicated in trans-autophosphorylation reactions®"*.
Ire1KR32 used in this work contained 17 phosphorylated residues
(Supplementary Fig. 7). Phosphorylation was not observed on
expression of Irel with a kinase-inactivating mutation (D828A),
indicating that all Irel phosphates derive from its own kinase activity

689

©2009 Macmillan Publishers Limited. All rights reserved



ARTICLES

BN

-y o

G

PP G N |~ G |~
“\‘ 51.4° 51.4° 51.4°

By ot

NATURE|Vol 457|5 February 2009

0| ;i 0| i

Figure 4 | Structure of the Ire1 oligomer. a, Assembly of
Ire1KR32A282APY29. A parallel filament in the crystal packing is shown
above the main filament. Domains are coloured as in Fig. 1a. The inset shows
crystal packing of Irel dimers (PDB ID 2RIO). Letters A-N below the
structure refer to individual monomers in the asymmetric unit. K, kinase; R,
ribonuclease. b, Three intermolecular interfaces of Ire1KR32A28 in the

as the protein is expressed in Escherichia coli. Mass spectrometric
analyses localized the phosphorylation sites to the activation loop
and the oEF-oF loop (Supplementary Table 1), both of which face
interface IF3°. Together, the oligomer structure and mass spectro-
metry support a model wherein IF3€ serves for transfer of the phos-
phates in trans, resolving the difficulty in explaining trans-
autophosphorylation of Irel in the back-to-back dimer'. The tightly
packed oligomer makes it highly unlikely that kinases other than Irel
have access to the phospho-acceptor sites. This feature can explain
the specific phosphorylation of sites in Irel that are not part of any
recognizable consensus motif and the apparent absence of other
kinases known to phosphorylate Irel.

Three phosphorylated residues important for Irel activation
in vivo''—Ser 840p, Ser 841p and Thr 844p—are resolved in the crys-
tal structure (Fig. 4e). Thr 844p forms two intramolecular salt bridges
positioned to stabilize the open state of the activation loop and
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oligomer. ¢, Dimer formed via interface IF1°. d, Dimer formed via interface
IF2¢. e, Dimer formed via interface IF3¢ (left). Close view of the activation
loop (right). Phosphates are shown in ball representation. Arrows in b and
e show the direction of the activation loop donation. Regions with
previously unknown structures are coloured green.

conserved among kinases™. Ser 840p and Ser 841p form two addi-
tional intramolecular salt bridges, and Ser 841p forms a unique inter-
molecular salt bridge with an adjacent Irel molecule at interface [F3°.
All three phosphates are ideally placed to help Irel oligomerization
by stabilizing the oligomerization-compatible open state of Irel
kinase and positioning Ser 841p to stabilize interface IF3°.

Three Irel interfaces control the RNase activity

The presence of the three distinct interfaces in the oligomer structure
raised questions about their relative contribution to activation of the
Irel RNase. Thus, we characterized Irel variants with each interface
selectively impaired by mutations. For IF1¢, we prepared Irel with an
E988Q mutation, which had the strongest deleterious effect on the
RNase activity among the tested RNase [F1° mutants'. For [F2° and
IF3°, we identified previously uncharacterized contacts and mutated
relevant residues to destabilize these contacts (Fig. 5a, b).
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In the standard cleavage assay (3 pM Irel, HP21 substrate), muta-
tions at all three interfaces had significant deleterious effects (Fig. 5¢).
Mutations mapping to IF2¢ and IF3° exhibited as strong or stronger
effects on the RNase activity as did the mutation mapping to IF1°.
Sedimentation profiles and activation profiles show that mutations at
each of the interfaces weaken the self-association properties of
Ire1KR32 (Supplementary Fig. 8). The functional importance of resi-
dues at all three interfaces indicates a conjoint effort from IF1°, IF2¢
and IF3° in activation of the RNase.

The activation mechanism of the Ire1 RNase

It has been suggested that dimerization activates the RNase of Irel by
complementing the pair of splice sites in the HAC1/Xbpl mRNA'. In
principle, this mechanism could explain why the stem-loop HP21 is
cleaved slowly compared to HAC1/Xbpl mRNA (Fig. 2d). However,
several pieces of evidence do not support the proposed model. Only
Ire1KR32 shows a large preference for cleavage of HACI/Xbpl mRNA
over stem-loop HP21, whereas IrelKR and IrelKR24 show no
discrimination (Fig. 2d). Furthermore, we prepared a 354-nucleotide
RNA substrate that contains only a single stem-loop but reacts with
Ire1KR32 at the rate of HACI and Xbpl mRNA (Fig. 6a, b). We also
prepared a 58-nucleotide RNA substrate that contains two stem-loops
but reacts with IrelKR32 at a rate of HP21 (Fig. 6¢). These findings
show that substrates with dual stem-loops do not have catalytic
advantage compared to substrates with a single stem-loop and that
self-association activates the Irel RNase by a mechanism different
from steric complementation of the dual splice sites. In the oligomer

102
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Figure 5 | Three interfaces of Ire1 contribute to the RNase activity.

a, Schematic representation of the Irel oligomer packing. Stars mark the
ATP-binding pocket of the Irel kinase. Lower panel shows a single
monomer; upper panel shows packing of four monomers. b, Contacts at the
intermolecular interfaces of the oligomer. ¢, Mutations of the predicted
interface residues designed to weaken IF1¢, IF2° and IF3¢ inhibit the RNase
activity of Ire1KR32. Reactions contained 5'-**P-HP21, 3 uM Ire1KR32 and
2mM ADP. WT, wild type. Error bars show variability between single-
exponential fits from two independent measurements. The colour of the bars
matches that in a and b.
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Figure 6 | The mechanism of Ire1 activation. a, Time courses for cleavage of
Xbp1 (lanes 1-6) and of Xbp1/Pstl (lanes 7-12) with 5 nM Ire1KR32.

b, Quantification of the gel in a. ¢, Cleavage of RNA with one and two splice
sites by Ire1KR32. Error bars show variability between single-exponential
fits from two to five independent measurements. nt, nucleotide. d, Position
of the HLE at the RNase—RNase interface IF2°. e, Molecular surface
representation of the RNase domain in the oligomer and in the dimer
structures. Putative catalytic residues in d and e are coloured orange; HLE is
coloured green. f, Revised model of Irel activation during the UPR.
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structure, the RNase domains are linked into a continuous ribbon by
two interfaces, IF1° and IF2° (Supplementary Fig. 9). IF2° places the
3" helices from the adjacent RNase monomers in reciprocal contact
(Fig. 6d). The a3" helix as well as the adjacent 3’04 loop (coloured
green in Fig. 6d, e and Supplementary Fig. 9) are disordered in the
back-to-back dimer structure', indicating that IF2° stabilizes this
helix-loop element (designated HLE). Location of HLE near a dimeri-
zation interface may provide a dynamic switch that controls the RNase
activity of Irel. Indeed, HLE completes the proposed RNase active site
and creates a cavity characteristic for substrate-binding pockets of
enzymes (Fig. 6e), and point mutations in the HLE inactivate the
RNase' .

An important additional contribution of oligomerization to the
RNase activation may result from the extensive molecular surface of
the oligomer, which would provide interactions with the substrate
mRNA not possible with a monomer or a dimer. Xbpl mRNA binds
to IrelKR32 several orders of magnitude better than HP21
(Supplementary Fig. 10), indicating that protein-mRNA binding
interactions spread beyond a stem-loop binding site of Irel. These
interactions could explain why Ire1KR and Ire1KR24, which do not
form oligomers, do not discriminate between large and small RNA
substrates (Fig. 2d). We conclude that yet to be characterized
extended contacts between the Irel oligomer and mRNA feature
prominently in Irel function.

Mechanistic implications

Key attributes of Irel activation emerged soon after its discovery and
include Irel self-association, trans-autophosphorylation and the
binding of ADP as a cofactor (Fig. la). Our present functional and
structural data rationalize each of these events. In particular, we show
that the primary step activating the Irel RNase is the self-assembly of
the cytosolic region into a helical rod structure (Fig. 4a). The self-
association equilibrium built into the cytosolic kinase/RNase module
must be subservient to the ligand-controlled oligomerization of the
ER-lumenal domain of Irel to establish the flow of the UPR signal
from the ER lumen towards the cytosol. Therefore, aggregation of the
ER-lumenal domain of Irel by unfolded proteins would serve to
increase the local concentrations of the kinase/RNase domains on
the cytosolic side of the ER membrane, passing the threshold for
oligomerization and, consequently, RNase activation.

The roles and the temporal separation of trans-autophosphoryla-
tion and ADP binding are now clear. Oligomerization of the unpho-
sphorylated Irel opens the kinase domain and positions it for trans-
autophosphorylation (Supplementary Fig. 1la). ATP enters the
opened kinase and phosphorylates the activation loop in transto lock
it in the oligomerization-compatible open state and to introduce a
phosphate-mediated salt bridge at the interface IF3. These events
provide positive feedback for oligomer assembly (Fig. 6f). Binding of
a cofactor occurs in the open state of Irel kinase, shifts the equilib-
rium from monomers towards multimers and provides an addi-
tional, phosphorylation-independent level of positive modulation
for the activating transition (Fig. 6f). At increased concentrations,
Irel self-associates and becomes activated independent of phosphor-
ylation (Supplementary Fig. 11b) and cofactor binding (Fig. 1d, open
circles), directly supporting the model wherein oligomerization is the
earliest and centremost step of Irel activation. Cofactor binding and
phosphorylation enhance the self-association properties of Irel but
neither is strictly required.

A model for the structure of the UPR-induced Irel foci'>'? emerges
from our work. Oligomers formed by the ER-lumenal domain of Irel
and the cytoplasmic domains can be arranged to give similar peri-
odicity of monomers on both sides of the ER membrane
(Supplementary Fig. 12a). The resulting mesh could provide a plat-
form for the formation and growth of supramolecular Irel foci in two
dimensions. The length of the linkers connecting the functional
domains of Irel to the transmembrane region permits this arrange-
ment (Supplementary Fig. 12b). Such an assembly would allow a
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cooperative response to unfolded proteins and a prolonged time to
mount and extinguish the UPR.

Conclusions

Our knowledge of the multi-domain signalling proteins built around
protein kinases is fairly immature. This work shows how one of these
molecules, Irel, operates by forming a supramolecular structure not
observed previously. We found that kinase inhibitors—including
Sunitinib—act as potent activators of the Irel RNase. Because Irel
provides cytoprotective function**** from which cancer cells may
benefit, it may be of therapeutic value to separate the intended func-
tion of kinase inhibitors towards the targets for which they were
designed from activation of Irel. Conversely, Irel activation might
contribute to the beneficial effects of kinase inhibitors, including
Sunitinib, in mouse models of type 1 diabetes®®, and the cytoprotec-
tive effect of the Irel activators may be harnessed to combat protein-
folding diseases.

METHODS SUMMARY

Proteins were expressed in E. coli and purified using glutathione S-transferase
(GST)-affinity purification and size-exclusion chromatography. The DNA oligo-
nucleotides were made by PCR or purchased from IDT. RNA oligonucleotides
were purchased from Dharmacon Inc. or prepared by in vitro transcription with
T7 RNA polymerase. All kinetic assays were done at 30 °C and neutral pH.
Diffraction data were collected from cryo-preserved crystals at a beamline 8.3.1
(Advanced Light Source, Berkeley National Laboratories). The structure was
solved at 3.2 A resolution by molecular replacement followed by refinement in
CNS? and PHENIX®. The 2.4-A structure of Irel dimer (PDB ID 2RIO™) was
used as a molecular replacement search model in PHASER*. The final model
containing amino acids 663—864 and 893—1115 of Irel has R/Rg.. of 0.235/0.283
and excellent stereochemistry (PDB ID 3FBV; Supplementary Fig. 13 and
Supplementary Tables 2-5). A part of the N-tail (residues 641-662) is disordered.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Experimental errors. All quantitative parameters were measured two or more
times. The rate variations between measurements done on different days were
within twofold and were always small compared to the effects we describe as
significant. Errors and experimental uncertainties are indicated where applicable.
Expression and purification of Irel constructs. The plasmids for Irel express-
ion were prepared using PCR with Pfu polymerase and pGEX-6P-2 vector
encoding the cytoplasmic domain of Irel (ref. 18). DNA primers for mutagenesis
were designed using Biochem Lab Solutions 3.5 and purchased from IDT.
Proteins were expressed in BL21 CodonPlus (RIPL) E. coli cells (Stratagene).
Expression and purification was conducted as described previously®. Bacteria
were grown at 22 °C and lysis and FPLC buffers contained at least 300 mM NaCl
to prevent aggregation of Irel. Protein concentrations were determined from
ultraviolet spectra using absorption peak at 280 nm and calculated extinction
coefficients (Biochem Lab Solutions 3.5). Stocks of purified Irel had concentra-
tions 1070 mgml ™" and were at least 99% pure as judged by Coomassie blue
staining and quantification of FPLC traces.

Preparation of RNA substrates. HP21 21- and HACI 28-base polymers were
purchased from Dharmacon Inc. Other RNA substrates were prepared from
restriction-digested plasmids encoding HACI and Xbpl mRNA or from PCR-
amplified products. Preparative amounts of long RNA were made using
MegashortScript kit (Ambion). Before use, the oligonucleotides were purified
by a denaturing (8 M urea) 5-20% polyacrylamide gel electrophoresis (PAGE).
Cross-linked 29:1 polyacrylamide (40%) was purchased from National
Diagnostics. Gel slices containing RNA were eluted in TE buffer and ethanol-
precipitated. Substrates labelled with **P at the 5'-terminus were prepared using
T4 PNK (NEB) and y-**P-ATP (Perkin Elmer). The **P-body-labelled substrates
were prepared by transcription with T7 RNA polymerase (Promega) in the
presence of o->*P-UTP (Perkin Elmer). All **P-labelled substrates were purified
by denaturing 5-20% PAGE, eluted in TE and ethanol-precipitated before using.
Preparation of kinase inhibitors. Kinase inhibitors were obtained by chemical
synthesis. The synthetic schemes will be reported in an upcoming publication.
The RNase cleavage assay. RNA cleavage reactions were conducted at 30 °C in
buffer containing 20 mM HEPES (pH 7.0 at 30 °C), 70 mM NaCl, 2 mM ADP
(pH 7.0), 2 mM Mg(OAc),, 5mM DTT, 5% glycerol, less than 1 nM *2p_labelled
RNA substrate and 3 nM to 20 pM Irel. Irel cleaves HACI- and XbpI-derived
RNA substrates with similar kinetics (Fig. 6b). Xbpl mRNA reacts to lower end
points and has a more robust kinetic behaviour compared to that of HACI
mRNA, presumably owing to better folding, and was used in most of the experi-
ments. Reaction solutions and buffers were designed using Biochem Lab
Solutions 3.5. Reactions were prepared such that 1pl of RNA was added to
9 ul of pre-warmed reaction mixture containing all components except RNA.
Typically, 3-10-min time courses were collected starting from 5s for the first
time point. At time intervals, 1 pl aliquots were withdrawn from each reaction
and mixed with 6 pl stop solution containing 10 M urea, 0.1% SDS, 0.1 mM
EDTA, 0.05% xylene cyanol and 0.05% bromophenol blue. The samples were
separated by a denaturing 10-15% PAGE and exposed on a phosphor storage
screen. The screens were scanned on a Storm or a Typhoon instruments and
quantified using ImageQuant 5.0 or GelQuant.NET 1.4 programs. The data were
plotted and fit in SigmaPlot 6.1. Hill equation with one added constant that
describes the low-enzyme plateau was used to fit the cooperative activation
profiles.

Analytical ultracentrifugation. Irel samples (13.5 pM) were loaded to a 400 pl
cell in buffer for the RNase cleavage assay. Centrifugation was carried out on a
Beckmann XL-A analytical ultracentrifuge at 129,024¢ (20 °C). A total of 60-80
scans were collected. Sedimentation traces were analysed in UltraScan 9.8 using
C(s) model.

Mass spectrometry. A gold-coated plate was washed with 100% methanol and
water. Solution A (10 mg 4-HCCA in 0.7 ml of acetonitrile, 0.1% trifluoroacetic
acid) was quickly spread in a layer and allowed to dry. The residue was removed
gently with a tissue. 0.5 pl of a mixture containing 1 pl Irel sample (0.1-1 mgml ™)
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and 5 pl solution B (300 pl formic acid, 100 pl H,O, 200 pl iso-propanol, 10 mg
4-HCCA) was spotted over the dried surface and allowed to dry. The sample was
washed twice with 2 pl of 0.1% trifluoroacetic acid and used for MALDI analysis on
a Voyager mass spectrometer. The spectra were analysed using MoverZ (Genomic
Solutions).

Crystallization. Initially Ire1KR32 (10 mgml™") was crystallized as a complex
with ADP (2mM) by vapour diffusion in hanging drops from 1.0 M sodium
citrate. These co-crystals were disordered in one direction preventing their use in
diffraction studies. A different crystal form was found by replacing the ADP with
a kinase inhibitor APY29. Ire1KR32¢APY29 crystals were also obtained by
vapour diffusion in hanging drops. Drops were prepared by mixing 1l of
IrelKR32 (12mg ml™") and APY29 (1mM) in buffer containing 20 mM
HEPES, pH 7.0 (20°C), 500 mM NaCl, 2mM DTT and 5% glycerol with 1 pl
of solution containing 0.27 M Na,SO,, 8% PEG-3350, 10 mM EDTA and 2 mM
TCEP. Well solution contained 200 pl of 0.085 M Na,SOy,, 2.33% PEG-3350 and
5% tert-amyl alcohol. Single crystals grew at room temperature (20 °C) to a
maximum size of 0.1 X 0.4 X 0.2 mm? during three to four days. For data col-
lection, the crystals were flash-frozen in solution containing 0.085 M Na,SO,,
3% tert-amyl alcohol, 5% PEG-3350 and 30% ethylene glycol. Crystals of
Ire]1KR32A28, were grown as described previously, except well solution con-
tained 90 mM Na-citrate, pH 5.6.

Data collection and analysis. X-ray diffraction data were recorded on a beam
line BL 8.3.1 at the Advanced Light Source (Berkeley National Laboratory). The
data set, obtained using an X-ray wavelength of 1.11587 A and an oscillation
angle of 1degree, was indexed and integrated using the XDS package
(Supplementary Table 2). The data set was scaled with SCALA*. Five per cent
of the reflections were marked as a test set. To reduce possible bias in Rgee
towards R due to the high NCS, we have selected test-set reflections in thin shells
rather than randomly™, so that the symmetry-related reflections belong either to
the test or to the working set. A molecular replacement solution was found using
PHASERY. Fourteen copies of monomer A from the X-ray structure of the Irel
dimer'* were used as a starting model for refinement. Simulated annealing and
grouped B-factor refinement were carried out in CNS*” followed by simulated
annealing (starting at 10,000K) and TLS refinement in PHENIX?®, using 14-fold
NCS. One NCS group was comprised of one Irel monomer. HLE of monomer A
was excluded from NCS treatment because its conformation differed from that
in other monomers due to a close crystallographic contact. Fourier ox-
weighted® Fp—F., difference maps were used for interpretation of the parts
of the model missing from the starting structure. The model of the ligand was
created using ChemSketch 10.0 from Advanced Chemistry Development, Inc.
(ACD/Labs). Model building and local real-space refinement were performed in
Coot™, PyMol (DeLano Scientific) and RSRef*. The resulting model has excel-
lent stereochemical parameters (Supplementary Table 2), no Ramachandran
plot outliers (0 residues in disallowed regions) and low crystallographic R/Rg e
of 0.235/0.283, indicating good agreement with diffraction data.
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