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Abstract

The unfolded protein response (UPR) detects the accumulation of unfolded proteins in the
endoplasmic reticulum (ER) and adjusts the protein folding capacity to the needs of the cell. Under
conditions of ER stress, the transmembrane protein Irel oligomerizes to activate its cytoplasmic
kinase and RNase domains. It is unclear what feature of ER stress Irel detects. Here we found that
the core ER-lumenal domain (cLD) of yeast Irel binds to unfolded proteins in vivo and to peptides
primarily composed of basic and hydrophobic residues in vitro. Mutation of amino acid side
chains exposed in a putative peptide-binding groove of Irel cLD impaired peptide binding.
Peptide binding caused Irel cLD oligomerization in vitro, suggesting that direct binding to
unfolded proteins activates the UPR.

Secretory and transmembrane proteins fold within the ER. Contingent on proper folding,
they are either exported to the Golgi apparatus or degraded. An accumulation of unfolded
proteins activates the unfolded protein response (UPR), a transcriptional program that
restores ER protein folding homeostasis (1). The transmembrane protein Irel induces the
UPR by oligomerizing. Oligomerization activates Irel's cytoplasmic kinase and RNase
domains and initiates a non-conventional MRNA splicing reaction of HAC1 mRNA. Spliced
HAC1 mRNA is translated to produce the transcription factor Hacl, which upregulates
protein folding machinery (2-4). The mechanism of Irel activation and signal transduction is
conserved from yeast to mammals (5-9); however, it is unclear how Irel senses ER stress.

A direct binding model, in which Irel binding to unfolded proteins causes its
oligomerization, is suggested by structural studies on the conserved core of yeast Irel ER-
lumenal domain (cLD). The cLD structure contains two interfaces—Interface 1 creates a
two-fold symmetric dimer containing a deep groove, while Interface 2 permits further
oligomerization (Fig. S1) (10). Mutation of either interface diminishes oligomerization and
decreases HAC1 mRNA splicing (11). The groove formed across Interface 1 has
architectural similarity to the peptide-binding groove of MHCI, suggesting that Irel binds to
unfolded proteins and that binding increases Irel oligomerization (10). Also, purified Irel
cLD prevents the aggregation of unfolded proteins (12), suggesting that it binds exposed,
aggregation-prone regions.

An alternative model poses that BiP, a predominant ER-resident Hsp70 chaperone that
associates with inactive Irel, detects ER stress by preferentially binding to accumulating
unfolded proteins and releasing Irel for oligomerization (13, 14). In yeast, however, BiP
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release cannot be the primary activation step because mutations in Irel that impair BiP
binding still properly respond to ER stress (10, 15, 16).

To test the hypothesis that unfolded proteins are Irel-activating ligands, we determined if
Irel interacts with a constitutively misfolded mutant (G255R) of carboxypeptidase Y (wt:
CPY, mutant: CPY¥*) that is retained in the ER (17). Expression of CPY* induced the UPR
in an Irel-dependent manner, while expression of wild-type CPY induced the UPR to a
lesser extent (Fig. 1A). To assess whether UPR induction correlated with binding to Irel, we
immunoprecipitated FLAG-tagged Irel from cells expressing HA-tagged CPY or CPY™ at
equivalent amounts. CPY*-HA co-immunoprecipitated with Irel in larger amounts than
CPY-HA (Fig. 1B), mirroring the UPR-induction efficiency of each protein.

To show that Irel can bind directly to CPY* and identify binding sites, we probed an array
of peptide sequences derived from tiling along the sequence of CPY* with purified cLD
tagged with GST (Fig. 2A). To compare GST-cLD binding between arrays and across
CPY™*'s sequence, we quantified the average signal intensity attributed to each amino acid in
CPY™* (Fig. 2B). GST-cLD bound to the signal peptide, propeptide, and C-terminal regions
of CPY*. The GST tag did not contribute to binding because GST alone did not bind to the
array. Notably, GST-cLD did not bind strongly to the region containing the G255R
mutation, suggesting that this mutation exposed other sites through large-scale misfolding. A
mutant of GST-cLD, W426A, which disrupts Interface 2 but preserves the putative peptide-
binding groove (10, 11), bound to similar peptides on the array as GST-cLD (Fig. 2B). The
lowered affinity of GST-cLDW426A tg regions of weak binding by wild-type GST-cLD is
likely due to reduced avidity in the absence of higher-order oligomers.

The regions of CPY™* that GST-cLD (WT and W426A) recognized did not reveal a
consensus sequence. However, comparison of the amino acid composition of binding
peptides with that of CPY/CPY* showed a strong preference for arginine and an exclusion
of acidic amino acids. Leucine and phenylalanine were also enriched in the binding peptides
(Fig. S2). Further analysis by systematic mutation of a binding peptide (derived from spot
F17 in Fig. 2A) confirmed the bias for basic residues (Fig. 2C). Mutation of either of the two
arginines, and to a lesser extent the two tyrosines, in the binding peptide to non-basic amino
acids reduced binding of GST-cLD (W426A and WT) (Fig. 2C and Fig. S3). Similarly,
mutation of any amino acid to an acidic residue lowered the affinity of GST-cLDW426A for
the peptide (Fig. 2C).

The Hsp70 family of chaperones, which includes BiP (Kar2 in yeast), also binds regions
containing basic and hydrophobic residues (18-21). The overlap between Hsp70 and Irel
substrates is not congruent, however, because Irel GST-cLDW426A did not bind measurably
to several control peptides derived from known DnaK and BiP substrates (Fig. 2D).
Furthermore, probing the same peptides with purified Kar2 showed that Kar2 and Irel
bound an overlapping, but not identical, subset of peptides (Fig. 2D).

To determine the affinity of Irel cLD for peptides, we measured their binding to cLDW426A
by fluorescence anisotropy. CPY*-derived peptide FAM-F17 bound with an affinity of Ky,
=172 uM (Fig. 3A) and a Hill coefficient of 1.4. Notably, when a fragment of CPY
containing this region was expressed within the ER, it induced the UPR and co-
immunoprecipitated with Irel (Fig. S4). A signal peptide, AEspP-FAM, which contains
hydrophobic and basic amino acids as preferred by Irel (22), bound to Irel cLDW426A with
higher affinity (Kq/, = 0.75 uM, Hill coefficient=1.2). Although signal peptides are not
normally displayed in the ER lumen, AEspP proved a useful tool to probe peptide/cLD
interactions (Fig. 3A). Mutational analysis of AEspP on a peptide array confirmed that Irel
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cLDW426A phound AEspP with the same preference for basic and hydrophobic residues and
intolerance of acidic residues (Fig. S5).

These Ky,»'s are composites of several equilibria: Irel cLD self-association and binding of
Irel cLD monomer and dimer to peptide. The lack of significant Irel cLD monomer bound
to peptide (Fig. 4B) and the Hill coefficient greater than 1 in the anisotropy assay suggest
that Irel binds the peptides in a cooperative manner. By modeling Irel binding to peptide as
a cooperative reaction in which there is little Ire1 monomer bound to peptide (Fig. 4B), we
estimate the affinity of Irel dimer for AEspP-FAM is 0.068 uM (Fig. S6).

To determine if residues in the groove are important for peptide binding, we tested the
mutant M229A-F265A-Y301A (AMFY), which changes three hydrophobic residues along
the floor of the groove to alanines and reduces UPR signaling in vivo (10). We observed that
cLD-AMFY bound AEspP-FAM with reduced affinity (Kq/,=42 + 2 uM) (Fig. 3D),
corresponding with reduced UPR signaling (Fig. 3B) and impaired survival upon UPR-
induction (Fig. S7). Thus, Irel binding with high affinity to AEspP-FAM depends on groove
residues.

To interrogate whether cLD oligomerizes in response to peptide binding, as hypothesized by
the direct binding model, we assessed the oligomeric state of cLD bound to AEsSpP. Velocity
sedimentation of wild-type cLD showed a distribution of monomer, dimer, and tetramer
species when assessed without peptide, and a shift towards heterogeneous larger oligomers
in the presence of AEspP (Fig. 4A). To limit peptide-induced oligomerization to more
discrete species, we repeated this experiment with Irel cLDW426A and observed only two
predominant species of Irel cLDW426A corresponding to monomer and dimer (Fig. 4B).
Addition of AEspP caused Irel cLDWA426A to dimerize completely (Fig. 4B). In agreement,
sedimentation equilibrium showed a shift from the simulated monomer towards the
simulated dimer (Fig 4C). By fitting the data with a monomer-dimer model, we determined
that the Kp of Irel association without peptide was 8.2 uM (Fig. S8). The Kp with peptide
could not be determined because there was no remaining Irel monomer population;
however, the average molecular weight of the species in solution shifted from 62 kDa to 88
kDa.

Taken together, Irel-cLD binding to peptides causes it to oligomerize, as we predict occurs
in cells when Irel binds to unfolded proteins. Furthermore, Irel co-immunoprecipitated with
CPY*. This interaction was recently shown to be impaired by the AMFY mutation, but not
the W426A mutation (23), consistent with our in vitro work. Because BiP dissociation from
Irel during ER stress has been ruled out as the primary switch that governs the UPR, we
suggest that BiP association fine-tunes Irel signaling (10, 15, 16), while unfolded proteins
are activating ligands. The lack of congruity between Irel and BiP substrates suggests that
Irel does not always compete with BiP for binding sites and is not dependent on BiP
saturation.

Irel's preference for basic and hydrophobic residues and intolerance of acidic residues was
maintained despite the wide range in affinity between the peptides analyzed here. In vivo,
where the substrates are unfolded proteins rather than short peptides, this sequence
selectivity must be accompanied by selecting for stretches of misfolded proteins that are
sufficiently exposed to sample the depth of the groove. Importantly, acidic features
prominent in many ER resident proteins, e.g., ER-retention signals, would render them
invisible to Irel even if unstructured and exposed.

By sequence, Irel-cLD is conserved from yeast to mammalian Irela/lrelp, and including
the additional metazoan ER-stress sensor PERK. This evolutionary conservation and the
central importance of unfolded protein recognition by all of these sensors strongly suggest
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that these molecules deploy similar mechanisms. However, unlike yeast Irel, the crystal
structure of human Irela displays a groove too narrow for peptide binding (24). These two
static structures can be reconciled if the structure of hirel represents a “closed”
conformation formed in the absence of bound peptide. In this conformation, Interface 2
cannot form, and Irel cannot oligomerize. Peptide binding would induce a conformational
switch towards an “open” conformation, represented by the yeast Irel structure, establishing
Interface 2 oligomerization and leading to Irel activation. In this way, the conformational
change is induced by peptide binding, forming the core module of the signaling machine that
senses ER stress. The unique peptide-binding groove and oligomerization interfaces are
attractive candidates for targeted drug design that could help alleviate the mis-regulation of
hirel and PERK apparent in disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

An unfolded protein co-immunoprecipitates with Irel. A. The UPR activated by inducible
CPY/CPY*-HA was measured with a 4xUPRE-GFP reporter. Fold induction is the ratio of
median FITC intensity of cells in 2% galactose to cells in 2% raffinose after 4 hours. Error
bars are SD; N>4. B. FLAG-tagged Irel was immunoprecipitated from cells expressing
CPY-HA or CPY*-HA (2 hours, 2% galactose); CPY/CPY*-HA was detected with anti-HA.
The asterisk indicates unglycosylated CPY/CPY*,
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Substrate of:
E. coli DnaK
E. coli Dnak
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bovine BiP
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bovine BiP
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bovine BiP
bovine BiP
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Irel binds specific regions in CPY* containing basic and hydrophobic residues. A. Binding
of 500 nM GST-cLD to a peptide array tiling along the sequence of CPY* was detected with
anti-GST. B. The contribution of each amino acid in CPY*'s sequence to Irel-cLD binding
(WT and W426A) was calculated by averaging the intensity of spots containing that amino
acid (see Methods). Values were plotted along the sequence of CPY*. SP: signal peptide. C.
An array composed of peptides with single amino acid substitutions in peptide F17 from the
CPY* tiling array (AQLAPYQRTGRNVY D) was probed with GST-cLDW426A and GST-
cLD (Fig. S3). The bhinding intensity of the mutated peptides was normalized to the intensity
of the wild-type peptide. Large arrows highlight the basic residues in F17. Blue: introduced
basic residues. Red: introduced acidic residues. D. A peptide array of chaperone substrates

shows that GST-cLDW426A and Kar2 bind a different subset of peptides.
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A. Fluorescence anisotropy of AEspP-FAM (50 nM) and FAM-F17 (100 nM) binding to
Ire1-cLDWA26A K, for AESpP-FAM is 0.7520.03 uM with a Hill coefficient of 1.2 and
Ky, for FAM-F17 is 17244 uM with a Hill coefficient of 1.4. B. Induction of a HAC1
mMRNA splicing reporter after a 3 hour incubation with 0 or 5 mM DTT in CRY1
Airel:KAN strains expressing no Irel, WT Irel, or Irel-AMFY. N=5; error bars are SD; p
value calculated by Student T-test between WT and AMFY. C. AMFY increases the Ky, for
Ire1-cLDWA426A pinding to AEspP-FAM to 42+2 uM, while the Hill coefficient decreases to

0.9. For A and C, N>3; error bars are SD.
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The addition of peptide causes Irel oligomerization. A. C(s) analysis of velocity
sedimentation of 7 pM Irel-cLD WT (blue) and with 50 pM AEspP (red). Without peptide:
RMSD: 0.0105, f/f0: 1.65. With peptide: RMSD: 0.0080, f/f0: 2.75. B. C(s) analysis of the
velocity sedimentation of 9 uM Ire1-cLDW426A (blue) and with 20 uM of AEspP (red).
Without peptide: RMSD=0.0104, f/f0: 1.46. With peptide: 0.0086, f/f0: 1.52. C. Comparison
of the sedimentation equilibrium (20,000xg, 12 hrs) of Irel-cLDW426A (blue) and with a 2:1
molar ratio of AEspP (red) with simulated Irel monomer (dotted) and dimer (solid). The full
data set and fit to a monomer-dimer model is presented in Fig. S8.
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