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In Brief

The unfolded protein response (UPR)
controls the secretory capacity of a cell
and is activated by accumulating
unfolded proteins in the lumen of the ER.
More recently, it became obvious that
aberrant membrane lipid compositions of
the ER are equally potent in activating the
UPR. Halbleib et al. identify a membrane-
based mechanism of UPR activation and
establish that Ire1, the most conserved
transducer of ER stress, uses an
amphipathic helix to sense and respond
to aberrant physical properties of the ER
membrane.
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SUMMARY

The unfolded protein response (UPR) is a conserved
homeostatic program that is activated by misfolded
proteins in the lumen of the endoplasmic reticu-
lum (ER). Recently, it became evident that aberrant
lipid compositions of the ER membrane, referred to
as lipid bilayer stress, are equally potent in acti-
vating the UPR. The underlying molecular mecha-
nism, however, remained unclear. We show that the
most conserved transducer of ER stress, Irel, uses
an amphipathic helix (AH) to sense membrane aber-
rancies and control UPR activity. In vivo and in vitro
experiments, together with molecular dynamics
(MD) simulations, identify the physicochemical prop-
erties of the membrane environment that control
Ire1 oligomerization. This work establishes the mo-
lecular mechanism of UPR activation by lipid bilayer
stress.

INTRODUCTION

Secretory and transmembrane proteins of the secretory
pathway are folded and assembled in the endoplasmic reticu-
lum (ER) before they are distributed to their target destina-
tion via vesicular traffic. When the secretory load surpasses
the folding capacity of the ER, misfolded proteins accumulate
in the membrane and the lumen of the ER, a condition referred
to as ER stress. The unfolded protein response (UPR) repre-
sents a program for cellular adaptation to ER stress involving
a large-scale transcriptional response. The targets of the
UPR include genes involved in protein folding, secretion,
and degradation, as well as lipid biosynthesis (Cox et al.,
19983; Jonikas et al., 2009; Travers et al., 2000; Walter and
Ron, 2011).

The inositol-requiring enzyme 1 (Ire1) is the most conserved
sensor of ER stress and crucial for UPR activation in yeast,

plants, and metazoans (Cox et al., 1993; Kimata and Kohno,
2011; Mori, 2009; Mori et al., 1993; Tirasophon et al., 1998). It
is embedded in the ER membrane via a single transmembrane
helix (TMH) and senses unfolded proteins via its N-terminal
sensor domain residing in the ER lumen (Figure 1A). The binding
of unfolded proteins and the concomitant dissociation of the ER
chaperone Kar2/BiP trigger the oligomerization of Ire1 (Gardner
and Walter, 2011; Kimata et al., 2004, 2007). On the cytosolic
side, Ire1 contains a kinase domain and an endoribonuclease
(RNase) effector domain that are activated by oligomerization
(Cox et al., 1993; Mori et al., 1993; Sidrauski and Walter, 1997).
The regulated RNase activity of Ire1 initiates unconventional
splicing of the HACT mRNA precursor as a prerequisite for the
production of the transcriptional activator Hac1 (Mori et al.,
1996; Sidrauski and Walter, 1997). Hac1 is imported into the nu-
cleus and binds to unfolded protein response elements (UPREs)
to activate the expression of UPR target genes (Mori et al., 1996).
The mammalian UPR is more complex than in baker’s yeast
and relies on the coordinated action of three major branches
defined by the upstream transducers of ER stress: IRE1 (inositol
requiring enzyme 1), PERK (double-stranded RNA-activated
protein kinase [PKR]-like ER kinase), and ATF6 (activating
transcription factor 6) (Walter and Ron, 2011). The UPR has
been implicated in a number of pathological conditions including
cancer, type |l diabetes, and neurodegenerative diseases such
as Alzheimer’s (Fu et al., 2011; Ozcan et al., 2004; Walter and
Ron, 2011).

A classical way of studying the UPR is in the context of
massive ER stress induced by the reducing agent dithiothreitol
(DTT), which interferes with the formation of disulfide bridges
in the lumen of the ER. It came as a surprise that the Alll
mutant of Ire1, which cannot bind unfolded proteins, activates
the UPR in DTT-stressed cells (Kimata et al., 2007; Promlek
et al., 2011). The strength of activation was similar in mutant
and WT cells, but significantly delayed for the mutant (Prom-
lek et al., 2011). As this delayed response cannot be due to
the binding of unfolded proteins, it was proposed to rely on
changes of the ER lipid composition during prolonged periods
of ER stress (Promlek et al., 2011). If so, DTT would activate
the UPR both by interfering with protein folding in the ER
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Figure 1. Ire1 Contains an AH Adjacent to the TMH on the ER-Lumenal Side Involved in UPR Activation

(A) The binding of unfolded proteins in the lumen of the ER induces Ire1 oligomerization and UPR activation. Lipid bilayer stress emerged as an additional activator
of the UPR. The oligomerization of Ire1 is required for the activation of its cytosolic kinase and RNase domain. The RNase domain mediates the unconventional
splicing of the HACT mRNA in concert with the yeast tRNA ligase RIg1. After translation of the spliced HAC7 mRNA, the transcription factor Hac1 activates UPR
target gene expression.

(B) The predicted TMH of Ire1 overlaps with a putative AH on the ER-lumenal side. Residues mutated in the course of this study are highlighted in blue (F531) and

green (V535).
(C) Schematic representation of the Ire1 variant used in this study.

(D) HeliQuest analysis of the AH (Ire1%26-547) and the TMH (Ire1%%8-5%%) of Ire1 (Gautier et al., 2008).
(E) Growth assay of the indicated yeast strains. Cells were cultivated in minimal medium (SCD) supplemented with the given concentrations of DTT at 30°C for

18 hr, and the density of the culture was determined using the ODg2o.
(F) Growth assay of the indicated AH mutants as in (E).

The error bars represent the mean + SEM of at least three independent experiments. See also Figures S1 and S2 and Tables S1 and S2.

and by inducing lipid bilayer stress. A much milder form of ER
stress is induced by inositol depletion, which does not result in
a detectable accumulation of unfolded proteins in the lumen of
the ER (Lajoie et al., 2012; Merksamer et al., 2008). Instead, it
seems to activate the UPR entirely by a membrane-based
mechanism and independently of unfolded proteins (Promlek
et al.,, 2011). These findings suggested that Ire1 might sense
two fundamentally distinct types of signals: unfolded proteins
and lipid bilayer stress. Similar observations for the mamma-
lian transducers of ER stress IRE1a and PERK point in the
same direction and suggest that membrane responsiveness
might be a conserved feature of the UPR (Volmer et al,
2013). Even in the absence of an ER-lumenal domain, which
is required for binding of unfolded proteins, IRE1a. and PERK
are activated by aberrant membrane environments (Volmer
et al.,, 2013). It was shown that membrane tethering by the
TMH is crucial for membrane-responsiveness of IRE1a and
PERK, but the structural element(s) and mechanism(s)
rendering these proteins particularly sensitive to aberrant lipid
compositions remained elusive (Volmer et al., 2013). Given the
broad and fundamental importance of the UPR in cellular
physiology, these findings provided a fresh perspective on
the role of lipids in health and disease (Walter and Ron,
2011). Here, we describe the mechanism of UPR activation
by lipid bilayer stress.
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RESULTS

Ire1 Contains a Conserved Amphipathic Helix Important
for Function

How does Ire1 sense diverse aberrant ER lipid compositions
caused by dysregulated sphingolipid production (Han et al.,
2010), disrupted sterol homeostasis (Pineau et al., 2009), inositol
depletion (Lajoie etal.,2012; Promlek et al., 2011), impaired phos-
phatidylcholine (PC) biosynthesis (Thibault et al., 2012), and
increased proportions of saturated membrane lipids (Pineau
et al., 2009; Surma et al., 2013; Volmer et al., 2013)? We ap-
proached this question by a systematic inspection of the trans-
membrane helix (TMH) region of the baker’s yeast Ire1 revealing
a putative amphipathic helix (AH) (Ire1%25%4%) adjacent to and
overlapping with the ER-lumenal end of the TMH (Ire15385%9
(Figures 1B-1D) (Gautier et al., 2008). The predicted AH exhibits
alarge hydrophobic face composed of aromatic and hydrophobic
residues and a small hydrophilic face composed of polar and
charged residues (Figure 1D). Intriguingly, the amphipathic char-
acter of the ER-lumenal, juxta-membrane region is conserved in
Ire1 among eukaryotes including mammals, plants, and
numerous fungi as well as in the mammalian PERK (Figures S1A
and S1B). CD spectroscopy revealed that a synthetic peptide
(Ire15227%%3) of the predicted AH is unstructured in aqueous buffer,
but acquires an a-helical fold in the presence of a hydrophobic
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matrix provided by detergent micelles of n-Dodecyl-B-D-malto-
side (Figure S2A), thereby revealing the potential to form an AH.

To test the physiological relevance of the juxta-membrane
AH, we generated a knock-in construct for the expression of
IRE1 from its endogenous genomic locus and promoter. For
detection, Ire1 was internally tagged with GFP and a 3xHA
epitope tag inserted in a flexible loop at the position H875 (van
Anken et al., 2014) (Figure 1C; Tables S1 and S2). Compared to
an expression strategy based on CEN-based plasmids, our
knock-in approach provided a >2.5-fold lower steady-state level
of this low-abundance signaling protein (Figure S2B) and seemed
to accomplish a lower cell-to-cell heterogeneity of expression
(Figure S2C). Due to its low copy number, Irelaxya.grp Cannot
be detected in unstressed knock-in cells above the autofluores-
cence background (Figure S2D). Nevertheless, cells producing
the internally tagged variant were phenotypically indistinguish-
able from isogenic wild-type (BY4741) cells, while cells lacking
IRE1 were highly sensitive to long-term ER stress induced by
DTT (Figure 1E). Thus, the functionality of the engineered
knock-in construct was confirmed by a sensitive phenotypic
readout.

Previous studies on the mammalian IRE1a have suggested a
critical role of the TMH for membrane responsiveness (Volmer
et al., 2013). However, upon scrambling or substitution of the
TMH by an unrelated ER membrane protein, the resulting mole-
cule remained responsive to the membrane environment (Volmer
et al., 2013). This suggested that the TMH does not contain a
specific structural feature that would contribute to the activation
of the UPR in response to lipid bilayer stress (Volmer et al., 2013).
In light of these observations, we tested the role of Ire1’s TMH
and AH for normal function. We exchanged either 13 (L13;
Ire1543-55%) or 16 (L16; Ire1540-5%%) residues of the TMH with a
poly-leucine stretch (Figure S2E). Both variants were properly
inserted into the ER membrane (Figure S2F). Even though the
substitution of 13 TMH residues would remove potentially impor-
tant sequence elements from the TMH, it did not impose any
functional defect as validated by our sensitive growth assay (Fig-
ure S2G). However, the substitution of three additional residues
from the N-terminal end of the TMH overlapping with the pre-
dicted AH region (L16) resulted in a significantly decreased
cellular resistance to DTT (Figure S2H). These observations sug-
gested an important role of the AH region for normal Ire1
function.

In order to validate this interpretation, we disrupted the amphi-
pathic character of the AH by substituting either F531 or V535 to
arginine (Figure 1D). WT /RE1 and both mutant variants were
expressed to a comparable level in unstressed and stressed
cells (Figures S21 and S2J) and were properly integrated in the
ER membrane (Figure S2K). Nevertheless, when the AH was dis-
rupted either by the F531R or the V535R mutation, the cellular
resistance to DTT was markedly reduced (Figure 1F). Remark-
ably, a mutation on the hydrophilic side of the AH (R537E), which
changes the local charge but not the amphipathic character of
the helix, did not impose any detectable functional defect (Fig-
ure S2L). Together, these observations underscore the impor-
tance of the AH for Ire1’s normal function.

Because UPR activation relies on a local confinement of olig-
omeric Ire1 (van Anken et al., 2014; Aragén et al., 2009), we

imaged acutely stressed cells by confocal fluorescence micro-
scopy. We aimed at studying the clustering of Ire1 during the
onset of the UPR and imaged cells that were acutely stressed
by DTT (1.5 hr, 10 mM DTT, SCD). Due to the low copy number
of Ire1axna-grp @nd the relatively high background fluorescence
of S. cerevisiae, it was not possible to localize Ire1z,qa-gep in UN-
stressed cells (Figure S2D). In stressed cells, however, clusters
of Ire1sxna-grp could be observed as punctate structures with
high fluorescence intensity (Figure 2A) that were more prevalent
in cells overproducing Ire1z,pa-grep (Figure S2C). The abundance
of Ire1sxya-grp CONtaining clusters was significantly reduced in
cells expressing the F531R or the V535R mutant (Figure 2A).
Inositol depletion represents a milder form of ER stress that es-
tablishes over a longer period of time (3 hr) and results in UPR
activation without triggering massive protein unfolding (Lajoie
et al.,, 2012; Merksamer et al., 2008; Promlek et al., 2011).
Consistently, WT Ire13xpya-.gre formed smaller clusters of lower
intensity that were barely distinguishable from the autofluores-
cence background under this condition (Figure 2A). Still, the for-
mation of these low-intensity clusters was significantly impaired
by the F531R and the V535R mutation (Figure 2A). Together,
these data suggest that the increased sensitivity of cells produc-
ing Ire1zna-grp With a disrupted juxta-membrane AH is due to a
defect in the oligomerization and activation of Ire1.

We then tested the degree of HAC1 mRNA splicing in un-
stressed and stressed cells. Consistent with the observations
from microscopy, the unconventional splicing of the HACT
mRNA in response to an acute (1 hr) and harsh ER stress in
rich medium (4 mM DTT) was markedly impaired for the V535R
variant compared to the WT (Figure 2B), revealing that a disrup-
ted AH also impairs Ire1 activation. Similarly, the response to
inositol depletion was significantly impaired for the mutant (Fig-
ure 2B). The mRNA level of the UPR-target gene PDI1 increased
in Ire1sxna-grp WT producing cells >5-fold and >2.5-fold during
ER stress induced by DTT and depletion of inositol, respectively
(Figure 2C). In contrast, mutant cells producing the AH-disrupted
Ire1sxna-grp VB35R variant barely upregulated the mRNA of
PDI1 in response to ER stress (Figure 2C). Taken together, we
identified functional defects for the AH-disrupted mutants
in the context of two types of ER stress under conditions of
acute and long-term challenges and upon cultivation of cells in
both rich and minimal medium. Collectively, our data highlight
a crucial importance of Ire1’s AH in UPR activation.

Ire1 is a protein with many biochemical functions, which rely
on molecular interactions with the post-translational protein
translocation apparatus of the ER and the ER-lumenal chap-
erone Kar2/BiP (Kimata et al., 2004; Pincus et al., 2010; Plumb
et al., 2015). We performed co-immunoprecipitation (IP) experi-
ments with Ire1, Sec63 as a component of the post-translational
protein translocation apparatus, and endogenous Kar2/BiP to
test if the V535R and F531R mutations interfere with these inter-
actions in both the absence and the presence of ER stress. When
we immunoisolated Sec63 via a C-terminal 3xFlag-tag (Fig-
ure 2D), we co-precipitated Ire1 WT and the F531R and V535R
variants with comparable efficacy (Figure 2D). Thus, the AH-dis-
rupting mutations do not interfere with the formation of a com-
plex between Sec63 and Ire1 in both stressed and unstressed
cells. Similarly, when Ire1 WT and its mutant F531R and V535R
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Figure 2. Mutations in the AH Affect the Functionality of Ire1

(A) Live cell confocal microscopy of indicated yeast strains during acute ER stress. Cells were treated with DTT (1.5 hr, 10 mM DTT, SCD) or cultured in inositol
depleted medium (3 hr). Quantification of high and low intensity clusters of Ire1 based on a semi-automated script. The error bars represent the mean + SEM from
three independent experiments with a minimum of 40 cells from randomly chosen fields of view being analyzed for each replicate. Scale bar, 5 pm.

(B and C) Levels of spliced HACT mRNA (B) and PDIT mRNA (C). The indicated knock-in strains were stressed by a treatment with DTT (1 hr, 4 mM, YPD) or inositol
depletion (3 hr), respectively, and analyzed by qRT-PCR. The degree of splicing, i.e., the fraction of spliced HACT mRNA relative to the total HACT mRNA, was
roughly 63% in DTT-stressed WT cells and 46% in inositol-depleted cells as determined in independent experiments. For better visualization, the data were
normalized in (B) to the degree of HACT mRNA splicing in stressed WT cells and in (C) to the steady-state level of the PD/T mRNA in unstressed cells.

(D) Cells co-expressing either SEC633xfiag, the IRE1341a-crp knock-in, or both constructs were lysed prior to an IP using anti-Flag beads. Co-immunoprecipitated
Ire13.na-grp Was detected by immunoblotting using anti-HA antibodies. The strain expressing only the IRE73x1a-crp knock-in serves as a specificity control of
the co-IP.

(E) Cells expressing IRE13x1a-crp Were lysed prior to an IP using anti-HA beads. Co-immunoprecipitated, endogenous Kar2/BiP was detected by immunoblotting
using anti-Kar2 antibodies. The isogenic wild-type strain BY4741 that does not express a HA-tagged variant of IRE7 was used as a specificity control (control).
When indicated, cells were treated with DTT (1 hr, 10 mM, YPD), thereby increasing the endogenous level of Kar2/BiP.

All graphs show means + SEM for at least three independent experiments, and statistical significance was tested by an unpaired, two-tailed Student’s t test. **p <
0.001, **p < 0.01, *p < 0.05.

variants were immunoisolated from cells, comparable levels of
Kar2/BiP were co-precipitated from unstressed and stressed
cells (characterized by a higher steady-state level of Kar2/BiP)
(Figure 2E). Thus, AH-disrupting mutations do not impair the in-
teractions between Ire1, Sec63, and Kar2/BiP, thereby suggest-
ing that the functional defects observed for Ire1 with a disrupted

4 Molecular Cell 67, 1-12, August 17, 2017

AH do not result from a perturbed interaction with modulatory
interaction partners.

The oligomerization of Ire1 during ER stress occurs via spe-
cific ER-lumenal interfaces and is crucial for UPR activation
(Credle et al., 2005). The ER-lumenal interface-1 (IF1) is required
for the dimerization of Ire1, while interface-2 (IF2) mediates the
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Figure 3. Negative Epistasis between Mutations in the AH and ER-Lumenal Interfaces

(A) Model of the dimeric ER-lumenal domain (LD) of Ire1 based on the X-ray structure (PDB: 2BE1) (Credle et al., 2005) in a top view representation and a
schematic illustration of Ire1. Key residues contributing to IF1 (red) and IF2 (orange) and mutations interfering with Ire1 oligomerization are highlighted.

(B) Growth assay of the indicated yeast strains carrying mutations in IF1, IF2, and/or the AH region of Ire1. Cells were cultivated in rich medium and challenged
with the given concentrations of DTT. Cellular growth was determined using the ODgyo. The error bars represent the mean + SEM of at least three independent

experiments.

C) The relative degree of HACT mRNA splicing was determined by qRT-PCR for stressed and unstressed cell.
D) The relative level of the PDIT mRNA was determined by gRT-PCR for stressed and unstressed cells.

F) The relative level of PDIT mRNA was determined by qRT-PCR for stressed and unstressed cells.

(
(
(E) The relative degree of HACT mRNA splicing was determined by gRT-PCR for stressed and unstressed cells.
(
(

C-F) The indicated cells were stressed by a treatment with DTT (1 hr, 4 mM, YPD media) or inositol depletion (3 hr), respectively.
The data were normalized as in Figures 2B and 2C. The error bars represent the average + SEM of at least three independent experiments. Significance was
tested by an unpaired, two-tailed Student’s t test. **p < 0.001, **p < 0.01, *p < 0.05.

interaction between dimers (Figure 3A). Consistent with previous
findings (Credle et al., 2005), mutations in IF1 (T226A, F247A)
and IF2 (W426A) impair UPR activity, as revealed by the cellular
resistance to DTT (Figure 3B), quantification of the degree of
HACT splicing (Figure 3C), and UPR-target gene PDI1 induction
(Figure 3D). Intriguingly, much higher concentrations of DTT
were required to block cellular growth in rich media compared
to minimal media (Figures 1F and 3B). Whether this reflects a
difference in the effective intracellular concentration of DTT or
an increased cellular resistance to ER stress of cells cultivated
in rich medium remains to be established. An AH-disrupting
mutation in Ire1 (V535R) that significantly lowered the cellular

resistance to DTT in minimal media (Figure 1F) did not do so in
rich media (Figure 3B). This was surprising because the activity
of this mutant was clearly compromised during acute ER stress
and even in rich medium (Figures 2B and 2C). Consistent with
previous observations (Thibault et al., 2012), we speculate that
adaptive responses of both the proteostasis and the lipid meta-
bolic network become more relevant during prolonged periods
of ER stress and particularly in minimal medium. Most strikingly,
when the V535R mutation was combined with mutations in IF1
or IF2, the resulting cells exhibited a dramatically increased
sensitivity to DTT, a phenotype comparable to an /RET deletion
strain (Figure 3B). We further characterized the ability of these
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Figure 4. Binding of Unfolded Proteins and the AH of Ire1 Jointly Contribute to UPR Activation during ER Stress

(A and B) The relative degree of HAC7 mRNA splicing (A) and the relative level of the PDIT mRNA (B) were determined for the indicated stressed and unstressed
cells by gRT-PCR. The indicated cells were stressed by a treatment with DTT (30 min, 4 mM, YPD media) or inositol depletion (3 hr), respectively.

The data were normalized as in Figures 2B and 2C. The error bars represent the average + SEM of at least three independent experiments. Significance was
tested by an unpaired, two-tailed Student’s t test. ***p < 0.001, **p < 0.01, *p < 0.05.

mutants to mediate splicing of the HAC7 mRNA and to induce
PDI1 in response to two types of ER stress. Again, the combined
IF1/V535R and IF2/V535R mutations, respectively, rendered the
cells unresponsive to ER stress (Figures 3C-3F). These data
identify a strong negative epistasis between these mutations
and suggest that IF1, IF2, and the juxta-membrane AH jointly
contribute to the oligomerization and activation of Ire1 in an
additive fashion.

In order to uncouple the signals contributing to the activation
of the UPR, we used the Alll mutant of Ire1, which cannot bind
unfolded proteins (Kimata et al., 2007; Promlek et al., 2011),
and combined it with the AH-disrupting mutation V535R. Consis-
tent with previous findings (Kimata et al., 2007), the Alll mutant
exhibited a defective response to acute ER stress induced by
DTT but remained fully responsive to inositol depletion (Figures
4A and 4B). Thus, inositol depletion seems to activate the UPR
independently of unfolded proteins, while DTT induces both pro-
tein unfolding and lipid bilayer stress. When the Alll and the
V535R mutation were combined, the resulting cells failed to acti-
vate the UPR irrespectively of the ER stress-inducing condition
(Figures 4A and 4B). The synthetic defects of the Alll and the
AH-disrupting mutations were also reflected by the cellular resis-
tance to DTT: while the Alll mutation had no effect on ER stress
resistance (Figure S2M), the combined Alll/V535R mutation re-
sulted in a loss-of-function phenotype and a cellular sensitivity
comparable to /RE7T knockout cells (Figure S2M). These data
suggest that the binding of unfolded proteins is not the only
signal contributing to the activation of Ire1 and establish a crucial
role of its AH for UPR activation.

Reconstitution of a Minimal Sensor Construct in Defined
Membrane Environments

We hypothesized that the unusual architecture of Ire1’s TMH re-
gion containing a juxta-membrane AH overlapping with the TMH
represents an important structural feature for sensing perturbed
lipid compositions of the ER membrane. To test this hypothesis
in vitro, we generated a minimal sensor construct comprised of
the AH and the TMH (Ire152656") that was C-terminally fused to
the maltose-binding protein. This minimal sensor was isolated
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in the presence of octyl-B-D-glucopyranoside (OG) (Figures
S3A and S3B) and successfully reconstituted in liposomes
with defined lipid compositions (Figures 5A-5C and S3C-S3G).
The average size of the liposomes was measured using the
NanoSight technology and identical within the range of error
for all lipid compositions. The lipid compositions 1-7 were cho-
sen to form a uniform liquid-disordered membrane phase, while
covering a wide range of molecular lipid packing densities and
maintaining minimal complexity in the lipid headgroup region
(Figure 5B). These lipid compositions were based entirely on a
phosphatidylcholine (PC) matrix and differed only in their choles-
terol content and the proportion of saturated lipid acyl chains.
The lipid composition 8 was more complex (Figure 5B) and com-
bined several characteristic lipidome changes observed in cells
undergoing lipid bilayer stress: an increased degree of lipid
saturation, an increased sterol level, and an increased PE:PC
ratio (Pineau et al., 2009; Surma et al., 2013; Thibault et al.,
2012). Instead of ergosterol, which is the most abundant sterol
in S. cerevisiae, we used cholesterol in these experiments, as it
bears similar physicochemical properties to ergosterol but is
much better characterized (Klose et al., 2010). We determined
the molecular lipid packing densities of the liposomes using
the fluorescent reporter C-Laurdan (Figure 5C) and found that
they covered the full range of generalized polarization (GP)
values reported for organelles of the secretory pathway including
the unstressed ER (GP value of —0.19 reported for dog pancreas
microsomes) (Kaiser et al., 2011) and the trans-Golgi network
(GP value of ~0.09) (Klemm et al., 2009).

Membrane-Sensitive Oligomerization of the Minimal
Sensor

If the unusual architecture of the TMH region is sufficient for the
membrane-sensitive oligomerization and activation of Ire1, the
minimal sensor should recapitulate this behavior. We thus charac-
terized the oligomerization of the reconstituted minimal sensor us-
ing continuous-wave electron paramagnetic resonance (cwEPR)
spectroscopy at —115°C allowing for detection of small inter-
spin distances. Single-cysteine variants of the minimal sensor
were generated and labeled with methanethiosulfonate (MTS)
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spin probes. Broadening of cwEPR spectra occurs only when the
distal separation of two spin probes is less than ~1.8 nm, i.e.,
when the spin-labeled minimal sensor forms oligomers (Covino
etal., 2016). Detailed line-shape analysis of the low (Lf) and middle
(Mf) field peak allows for calculation of the Lf/Mfratio as semiquan-
titative index for the distal separation of the spin labels (Fig-
ure S4A). The MTS spin probe was installed on the hydrophilic
side of the AH at the position R537 of the minimal sensor
(R537C), because this residue can be mutated without imposing
functional defects in vivo (Figure S2L). We observed spectral
broadening for the spin-labeled minimal sensor, which correlated
with the molecular lipid packing: the more ordered the membrane
environment, the more distinct the spectral broadening (Figures
5C-5E). Similar results were obtained when the spin probe was
installed in the TMH of Ire1 at the position of the endogenous
C552 (Figures S4B-S4D). Spin-diluted control spectra verified
that spectral broadening was not due to unspecific effects of the
membrane environment on the spin probe (Figures S4E-S4G).
Thus, the minimal sensor oligomerizes in a membrane-sensitive
fashion. The striking dependence of spectral broadening on the

(E and F) Semiquantitative analysis of inter-spin
distances of the minimal sensor labelled at R537C
(E) and the minimal sensor with a disrupted AH
(F531R) labelled at R537C. The proximity index
Lf/Mf was derived from spectra presented in (D)
and plotted for the indicated lipid compositions
with the color code from (B). Higher values indicate
lower average inter-spin distances.

The error bars represent the average + SEM for
three independent experiments. Significance was
tested by an unpaired Student’s t test. ***p < 0.001,
**p < 0.01, *p < 0.05. See also Figures S3, S4,
and S6.

closer

*

far

composition

molecular lipid packing densities suggests
that a collective membrane property con-
tributes to the oligomerization and activa-
tion of Ire1. When the juxta-membrane AH
of the minimal sensor was disrupted by
the F531R mutation, the membrane-sensi-
tive oligomerization of the construct was
greatly impaired, irrespective of the position
of spin labeling (Figures 5D, 5F, and S4C).
This suggests that Ire1 uses its AH to sense
lipid bilayer stress. Based on these findings, we propose that the
multitude of functional defects observed for the AH-disrupted mu-
tantsinvivo (Figures 1,2, 3, and 4) are due to animpaired response
to aberrant ER membrane lipid compositions.

MD Simulations Reveal a Membrane-Based Activation
Mechanism of Ire1

To gain insights into the dynamic properties of the juxta-
membrane AH, we performed extensive atomistic molecular dy-
namics (MD) simulations of the sensor peptide comprised of the
AH and the TMH (Ire1526-%")and of the two mutant variants
V535R and F531R (Table S3). Sensor peptides were modeled
as straight alpha helices (Figures S5A-S5C) and placed into lipid
bilayers corresponding to the tightly packed lipid composition 7
(Figure 5C) of the in vitro reconstitution experiments. Within
100 ns of simulation, the WT helix underwent a considerable
conformational change (Figure 6A; Movie S1). The hydrophobic
portion of the AH entered the lipid bilayer and remained stably in-
serted throughout the >3 ps simulation, with the hydrophilic
portion of the AH facing the aqueous environment. Intriguingly,
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(A) Representative structure of the Ire1-derived sensor peptide (Ire1525-¢") in a lipid bilayer (composition 7; Figure 5B), derived from an all-atom MD simulation

and represented as an orange ribbon. The AH (Ire1526-543

) remained stably inserted in the upper monolayer (corresponding to the ER-lumenal side) during the

entire atomistic MD run of >3 ps (glycerophospholipids, gray; cholesterol, green; water, ions not shown).
(B) Representative structure of the V535R (red) variant of the sensor peptide from MD simulations. The AH rapidly unfolds and progressively disrupts over ~1.8 us

of the MD run and remains unfolded outside the bilayer.
(C) CD spectroscopic analysis of the indicated, synthetic AH peptides (Ire

1 522-543)

in a sodium carbonate buffer (pH 7.0) supplemented with 1% DDM.

(D) Representative structure of the sensor peptide simulated in a loosely packed lipid bilayer (composition 1; Figure 5B), represented as in (A).

(E and G) Membrane thickness around the sensor peptide, defined as the average vertical distance between the two phosphate layers, averaged over MD
simulations in bilayers of composition 7 (E) and composition 1 (G). The black solid contour line shows a 3% drop of the bilayer thickness from the bulk average.
A representative structure of the peptide is shown, with the N terminus on the right lying on the ER-lumenal leaflet of the bilayer.

(F and H) The acyl chain order parameter Scp, reports on the orientational mobility of the C-D bond in the lipid tails. Profiles of Sgp were calculated around the
sensor peptide and averaged over MD simulations in bilayers of composition 7 (F) and composition 1 (H). In averaging over the whole simulation time (E-H), the
TMH region was aligned to a common reference by using rigid body translations and restricted rigid-body rotations around an axis normal to the membrane plane.

The black contour line indicates a drop in Scp by 3.5% relative to the average bulk value (estimated distant from the peptide).

See also Figure S5, Movies S1 and S2, as well as Table S3.

membrane integration of the AH forced the TMH into a highly
tilted orientation relative to the normal of the lipid bilayer and
induced transient kinking of the sensor peptide. The MD simula-
tions of the V535R and F531R mutant variants of the sensor
peptide revealed the crucial role of the AH for this unusual archi-
tecture (Figure 6B; Movie S2; Figures S5C and S5D). The AH
region of these mutants unfolded within <1 ps and failed to insert
into the lipid bilayer. As a consequence, the TMH of the mutant
sensor peptide neither kinked nor tilted to the same extent as
the WT variant. Thus, these MD simulations strongly suggest
that the F531R and V535R mutations interfere with the architec-
ture of Ire1’s TMH region by disrupting both the amphipathic
character and the helical fold of the AH. This interpretation is
supported by CD spectra of synthetic peptides corresponding
to the AH of Ire1%227%43 recorded in the presence of detergent
micelles, showing significant unfolding of F531R and V535R
peptides compared to the WT variant (Figure 6C).

To explore the effect of the membrane lipid composition,
we performed additional MD simulations with the WT sensor
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peptide in a more loosely packed membrane environment corre-
sponding to lipid composition 1 of the in vitro experiments (Fig-
ures 6D and S5E). Again, we observed an unusual, highly tilted
conformation of the peptide similar to that observed in the
more tightly packed lipid environment 7. This argues against a
major structural change such as unfolding of the AH region in
response to lipid bilayer stress. We validated this finding
in vitro by recording low temperature cwEPR spectra of the iso-
lated and reconstituted minimal sensor that was spin labeled
individually at six consecutive residues in the AH region
(Ire15345%%) The polarity of the spin probe’s environment,
referred to as the 2Azz value, was extracted from the spectra
as the peak distance between the low and the high field peak
(Figure S6A) (Bordignon and Steinhoff, 2007). When the polarity
of the spin probes’ environment was plotted against the position
of labeling, a clear helical pattern of polarity could be observed in
two lipid environments differing substantially in the molecular
packing density (Figures S6B and S6C). This suggests that the
AH is stably inserted into the lipid bilayer even in tightly packed
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membranes. The spectral broadening that was observed when
the minimal sensor was labeled at the positions Y536C-1539C
and reconstituted in a more densely packed membrane environ-
ment further corroborated our previous interpretation of a mem-
brane-sensitive oligomerization of the minimal sensor (Figures
S6B and S6D). No spectral broadening was observed, however,
when the spin probe was installed at the more N-terminal posi-
tions L534C and V535C (Figures S6B and S6D), suggesting in-
ter-spin distances greater than ~1.8 nm at these positions in
the N-terminal part of the AH. Together, MD simulations and
EPR spectroscopy data argue against a major impact of the lipid
environment on the monomeric structure of Ire1. So if this is the
case, how does the membrane environment affect the oligomer-
ization of Ire1?

To explore how the membrane environment could affect Ire1
oligomerization, we revisited our MD simulations of the sensor
peptide (Ire1%26-%%") in two distinct membranes differing in their
degree of molecular lipid packing. Composition 7, with its higher
proportion of saturated lipid acyl chains and sterols, generally
produces a thicker (Figure 6E) and more ordered (Figure 6F) lipid
bilayer compared to composition 1 (Figures 6G and 6H). While
the thickness of the bilayer is fluctuating on the ns timescale,
integration over time revealed that the WT sensor peptide in-
duces a local membrane compression, which was more pro-
nounced in the thicker bilayer with respect to both area and
height (Figures 6E and 6G). In other words, the overall extent
of membrane compression induced by the sensor peptide is
higher in a thicker membrane. Moreover, the sensor peptide
induced a substantial disordering of the lipid acyl chains, which
was more pronounced in the more ordered membrane envi-
ronment (Figures 6F and 6H). The membrane thickness and
acyl chain order are inherently connected and any bilayer
compression comes with an energetic cost (Mouritsen and
Bloom, 1984; Nezil and Bloom, 1992). We speculate that mini-
mizing these energetic costs would create a driving force for
Ire1 oligomerization. When two Ire1 monomers approach one
another, the compressed and disordered lipid nanodomains sur-
rounding them coalesce (Figure 7). As a consequence, the total

v
g Wﬁ!

Figure 7. Schematic Model of the Mem-
brane-Based Activation Mechanism of Ire1
The juxta-membrane AH on the ER-lumenal side of
Ire1 WT (top) causes a local membrane compres-
sion. The total area of membrane compression
is minimized upon oligomerization of Irel. If the
amphipathic character of the AH is disrupted by
mutation (red), the corresponding residues fail to
insert into the lipid bilayer and thus cause sub-
stantially less membrane compression.
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region of membrane compression and acyl
chain disordering diminishes, rendering a
dimeric or oligomeric configuration more
stable. Conversely, breaking up these
oligomeric configurations of Ire1 is ener-
getically unfavorable, with a cost that
increases in thicker and more ordered
bilayers. In this way, bulk physical proper-
ties of the membrane environment can determine the typical life-
time of these transient dimeric and oligomeric configurations.
Prolonged physical proximity of the TMH regions of two Ire1 pro-
teins increases the likelihood for them to establish a stable
dimerization interface via the known IF1 in the lumen of the ER
(Aragon et al., 2009; Credle et al., 2005). Importantly, this model
is consistent with the strong negative epistasis between muta-
tions of the IF1 or IF2 with mutations in the AH of Ire1 (Figure 3).
It also explains how lipid bilayer stress can activate the UPR via
the Alll mutant of Ire1 that cannot bind unfolded proteins (Kimata
et al., 2007) (Figure 4). Our findings suggest that unfolded pro-
teins and lipid bilayer stress jointly contribute to the activation
of Ire1. The identified juxta-membrane AH represents a crucial
structural element allowing Ire1 to sense adverse membrane en-
vironments and to mount the UPR. Any failure to insert the AH
region into the lipid bilayer lowers the probability of Ire1 to
form signaling-active oligomers, which is consistent with the
array of functional defects observed for the V535R and the
F531R mutant (Figures 1, 2, 3, and 4). Thus, we provide compel-
ling evidence that bulk membrane properties contribute to the
oligomerization of Ire1 and identify a juxta-membrane AH as a
key structural element for Ire1’s response to lipid bilayer stress.

cytosol

DISCUSSION

Combining cell biology, in vitro reconstitution, and MD simula-
tions, we establish the molecular mechanism of UPR activation
by lipid bilayer stress. Ire1, the most conserved transducer of
ER stress, controls UPR activity in response to various aberrant
lipid compositions by sensing ER physicochemical membrane
properties, rather than stably binding or recognizing individual
lipid molecules. The sensing mechanism relies on a juxta-mem-
brane AH that causes local membrane compression and acyl
chain disordering. The unusual architecture of the TMH region
might render Ire1 particularly sensitive to the thickness and lipid
packing density of the membrane. A membrane-based modula-
tion of the oligomeric state, conformation, and activity of mem-
brane proteins is not unprecedented and has been reported for
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mechano-sensitive channels (Lundbaek et al., 2010), SNARE
proteins (Milovanovic et al., 2015), and G protein-coupled recep-
tors (Botelho et al., 2006; Periole et al., 2007). However, the bio-
logical and physiological context remained largely unexplored in
these examples.

Here, we identify the structural element underlying the mem-
brane responsiveness of Ire1 and show that physiologically
relevant changes of the lipid packing density can significantly
contribute to the oligomerization of Ire1 in vitro (Figure 5). Muta-
tions that disrupt the AH in vitro impair the response to unfolded
proteins and lipid bilayer stress in vivo (Figure 2). Numerous per-
turbations of lipid metabolism result in a robust activation of the
UPR (Jonikas et al., 2009) and all known conditions of lipid
bilayer stress exhibit a striking commonality: they are predicted
to increase the membrane thickness and the molecular lipid
packing density (Han et al., 2010; Lajoie et al., 2012; Pineau
et al., 2009; Promlek et al., 2011; Surma et al., 2013; Thibault
et al., 2012). Our MD simulations suggest that the unusual archi-
tecture of Ire1 with a juxta-membrane AH induces a substantial
compression of the lipid bilayer, which is more pronounced in
thicker membranes (Figures 6E and 6G). Hence, the energetic
cost for membrane compression by each Ire1 molecule in-
creases during lipid bilayer stress with the membrane thickness
and the lipid packing density. However, it can be minimized by
the formation of transient, dimeric configurations. These short-
lived, dimeric configurations do not seem to rely on specific pro-
tein-protein interactions inside the membrane but are stabilized
by the interplay of the locally compressed membrane around
Ire1 with the membrane environment. The bigger the difference
of membrane thickness between the compressed area and the
membrane environment, the more stable these transient, dimeric
configurations would be. Two Ire1 molecules that encounter
each other in an unstressed membrane would have relatively lit-
tle time to explore each other’s surfaces and to establish a stable
interaction via the large ER-lumenal and cytosolic domains
before dissociation. During lipid bilayer stress, however, the
two copies would remain in a dimeric configuration for increased
periods of time stabilized by this membrane-based mechanism.
This way, lipid bilayer stress would increase the probability of
forming more stable oligomers, for example via the ER-lumenal
interfaces IF1 and IF2 (van Anken et al., 2014; Aragon et al.,
2009). In this sense, the membrane environment sets a timer
for Ire1 to establish a stable dimerization interface. Lipid bilayer
stress would provide extra stability to transient, dimeric configu-
rations and favor Ire1 oligomerization and UPR activation.
Intriguingly, the sensory mechanism of Ire1 differs fundamentally
from the rotation-based mechanism of Mga2, a sensor of
the lipid packing density within the hydrophobic core of the
ER membrane that controls the production of unsaturated
fatty acids via the essential fatty acid desaturase Ole1 (Covino
et al., 2016; Ernst et al., 2016).

Ourfindings put Ire1 at a center stage of membrane homeosta-
sis and reveal a molecular link between lipid metabolism and pro-
tein quality control (Puth et al., 2015; Stordeur et al., 2014). Lipid
bilayer stress and unfolded proteins jointly contribute to the olig-
omerization of Ire1 and seem to activate the UPR in an interde-
pendent and additive fashion. By integrating two fundamentally
distinct signals, Ire1 orchestrates ER expansion with membrane
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homeostasis that relies on a carefully balanced production and
turnover of lipids and proteins. Our observations bear important
clinical implications, as UPR activation plays an important
role during viral infections and in certain types of cancer (Walter
and Ron, 2011), while chronic ER stress, as seen in obesity, has
been implicated in the development of insulin resistance and
type 2 diabetes (Fu et al., 2011; Ozcan et al., 2004). By establish-
ing the molecular basis of UPR activation by lipid bilayer stress,
we provide a new, membrane-based perspective to the role of
lipids in neurodegenerative diseases and for the integrity of pro-
fessional secretory cells during chronic ER stress.

Importantly, the unusual architecture in the TMH region exhib-
iting an AH on the ER-lumenal side of the TMH is conserved from
yeast to human and also found in PERK (Figure S1). Because
MD simulations provide access to short-lived processes on the
ns timescale while allowing for a direct structural interpreta-
tion, we are convinced that a molecular understanding of mem-
brane-sensitive signaling processes can be achieved best by an
integrative approach of experiments and simulations. Our find-
ings suggest that the fundamental mechanism of lipid bilayer
stress sensing is conserved throughout the eukaryotic domain.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-FLAG monoclonal (M2) Sigma Aldrich F3165; RRID: AB_259529
anti-HA monoclonal (3F10) Sigma Aldrich ROAHAHA ROCHE
anti-Dpm1 monoclonal (5C5A7) VWR ABNOMAB14032

anti-Pgk1 (22C5D8) VWR ABCAAB113687-250
anti-MBP monoclonal NEB E8032L; RRID: AB_1559730
anti-Kar2 polyclonal (y-115) Santa Cruz sc-33630; RRID: AB_672118
anti-mouse-HRP Dianova 115-035-003

anti-rat-HRP Dianova 112-035-003

Chemicals, Peptides, and Recombinant Proteins

Biotin-KNQNSLLLKFGSLVYRIIETGV-CONH,
Biotin-KNQNSLLLKRGSLVYRIIETGV-CONH,
Biotin-KNQNSLLLKFGSLRYRIIETGV-CONH,

ZIK B CUBE TU Dresden
ZIK B CUBE TU Dresden
ZIK B CUBE TU Dresden

Ire1522-843 W
Ire1%22-%43 F531R
Ire1522-543 y535R

Critical Commercial Assays

Qb5 Site-Directed Mutagenesis Kit NEB E0554S
QuikChange Site-Directed Mutagenesis Kit Agilent Technologies #200524
PHUSION High-Fidelity DNA Polymerase NEB MO0530L
RNeasy Plus RNA Isolation Kit QIAGEN 74106
Superscript [I RT ThermoFisher 18064014
Experimental Models: Organisms/Strains

BY4741 MATa; his3A1; leu2A0; met15A0; ura3A0 Euroscarf N/A
BY4741 MATa; his3A1; leu2A0; met15A0; ura3A0; Euroscarf N/A
ire1A::kanMX4

BY4741 MATa; his3A1; leu2A0; met15A0; ura3A0; This paper pUG72
ire1A::URA pUGT72

BY4741 MATa; his3A1; leu2A0; met15A0; ura3A0; This paper pRE451
ire1A::URA IRE1-3xHA-GFP::HIS pRE451

BY4741 MATa; his3A1; leu2A0; met15A0; ura3A0; This paper pRE455
ire1A::URA IRE1-3xHA-GFP::HIS pRE455

BY4741 MATa; his3A1; leu2A0; met15A0; ura3A0; This paper pRE458
ire1A::URA IRE1-3xHA-GFP::HIS pRE458

BY4741 MATa; his3A1; leu2A0; met15A0; ura3A0; This paper pRE465
ire1A::URA IRE1-3xHA-GFP::HIS pRE465

BY4741 MATa; his3A1; leu2A0; met15A0; ura3A0; This paper pRE551
ire1A::URA IRE1-3xHA-GFP::HIS pRE551

BY4741 MATa; his3A1; leu2A0; met15A0; ura3A0; This paper pRE553
ire1A::URA IRE1-3xHA-GFP::HIS pRE553

BY4741 MATa; his3A1; leu2A0; met15A0; ura3A0; This paper pRE555
ire1A::URA IRE1-3xHA-GFP::HIS pRE555

BY4741 MATa; his3A1; leu2A0; met15A0; ura3A0; This paper pRE556
ire1A::URA IRE1-3xHA-GFP::HIS pRE556

BY4741 MATa; his3A1; leu2A0; met15A0; ura3A0; This paper pRE451
ire1A::URA SEC63-FLAG::kanMX4 pRE451

BY4741 MATa; his3A1; leu2A0; met15A0; ura3A0; This paper pRE551
ire1A::URA SEC63-FLAG::kanMX4 pRE551

BY4741 MATa; his3A1; leu2A0; met15A0; ura3A0; This paper pRE556

ire1A::URA SEC63-FLAG::kanMX4 pRE556
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REAGENT or RESOURCE SOURCE IDENTIFIER
BY4741 MATa; his3A1; leu2A0; met15A0; ura3A0; This paper pREB55
ire1A::URA IRE1-3xHA-GFP::HIS pRE655

BY4741 MATa; his3A1; leu2A0; met15A0; ura3A0; This paper pRE488

ire1A::kanMX4 IRE1-3xHA-GFP::LEU pRE488

Oligonucleotides

Oligo(dt) Primer ThermoFisher 18418012
HACT spiiceq forward primer: 5-GCGTAATCCAGAAGCGCAGT-3' Sigma-Aldrich N/A
HACT spiiceq reverse primer: 5'-GTGATGAAGAAATCATTCAA Sigma-Aldrich N/A
TTCAAATG-3’

PDI1 forward primer: 5'-GATCGATTACGAGGGACCTAGA-3’ Sigma-Aldrich N/A
PDI1 reverse primer: 5'-GCGGAGGGCAAGTAAATAGAA-3' Sigma-Aldrich N/A
ACT1 forward primer: 5'-TGTCACCAACTGGGACGATA-3’ Sigma-Aldrich N/A
ACTT1 reverse primer: 5'-AACCAGCGTAAATTGGAACG-3’ Sigma-Aldrich N/A
IRE1prom/RE1 knockout forward primer: 5-GCTTTTAGGGACA Sigma-Aldrich N/A
GTTCTATTCTTCCAACGTGCGAAGCGTTCCAACAGCTGAAGC

TTCGTACGC-3'

IRE1prom/RE1 knockout reverse primer: 5'-TTAATGCAATAATC Sigma-Aldrich N/A

AACCAAGAAGAAGCAGAGGGGCATGAACATGGCATAGGCCA
CTAGTGGATCTG-3'

Recombinant DNA

pRS315-IRE1-GFP WT van Anken et al., 2014 pEvVA200
pUGT72 Gueldener et al., 2002 pRE211
pcDNABS.1-IRE1-3xHA-GFP WT This paper pRE451
pcDNABS.1-IRE1-3xHA-GFP IF2 (W426A) This paper pRE455
pcDNABS.1-IRE1-3xHA-GFP IF1 (T226A F247A) This paper pRE465
pcDNABS.1-IRE1-3xHA-GFP V535R This paper pRE551
pcDNABS.1-IRE1-3xHA-GFP V535R, IF1 This paper pRE553
pcDNABS.1-IRE1-3xHA-GFP V535R, IF2 This paper pRE555
pcDNABS.1-IRE1-3xHA-GFP F531R This paper pRE556
pcDNAS.1-IRE1-3xHA-GFP Alll This paper pRE458
pcDNAB.1-IRE1-3xHA-GFP Alll V535R This paper pRE6B55
pFABa-6xGLY-3xFLAG-kanMX6 Funakoshi and Hochstrasser, 2009 pRE170
pMAL-C2x NEB N/A
MBP-IRE1-TMH WT This paper pRE424
MBP-IRE1-TMH C552S This paper pRE431
MBP-IRE1-TMH F531R This paper pRE629
MBP-IRE1-TMH C552S L534C This paper pRE566
MBP-IRE1-TMH C552S V535C This paper pRE567
MBP-IRE1-TMH C552S Y536C This paper pRE568
MBP-IRE1-TMH C552S R537C This paper pRE432
MBP-IRE1-TMH C552S 1538C This paper pRE433
MBP-IRE1-TMH C552S 1539C This paper pRE434
Software and Algorithms

GROMACS 5 Abraham et al., 2015; Hess N/A

et al., 2008; Pronk et al., 2013;
Van Der Spoel et al., 2005

IPython Pérez and Granger, 2007 N/A
Matplotlib Hunter, 2007 N/A
NumPy Van Der Walt et al., 2011 N/A
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MDAnalysis Michaud-Agrawal et al., 2011 N/A

VMD Humphrey et al., 1996 N/A
g_lomepro v1.0.2 tool Gapsys et al., 2013 N/A

Other

PCR grade dNTP mix ThermoFisher 18427013
Absolute QPCR Mix, SYBR green ThermoFisher AB1159A

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Robert
Ernst (robert.ernst@uks.eu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

S. cerevisiae

Strains used in this study and information regarding their genotype can be found in the Key Resources Table and in Table S1. Strains
were cultivated on SCD complete or selection plates at 30°C. If not stated otherwise, a liquid culture was inoculated with a single
colony and cultured in YPD, SCD complete or SCD selection media overnight, until the cells reached the stationary phase. The over-
night culture was used to inoculate a fresh culture to an ODggo = 0.2 in the required medium and cultivated to the mid-exponential
phase (ODggo = 1.0). If indicated, the medium was supplemented with DTT from a 1M stock. For inositol depletion, cells from an over-
night culture in SCD and in mid-exponential phase were washed with SCD media lacking inositol and used to inoculate a fresh culture
in SCD lacking inositol. Additional adaptations to this general procedure are provided in the METHOD DETAILS section.

METHOD DETAILS

Reagents and Peptides
All chemicals and reagents used in this study were purchased from Sigma Aldrich and of analytical or higher grade. Synthetic bio-
tinylated peptides were purchased from ZIK B CUBE (TU Dresden) and purified to > 90% purity. The supplier verified peptide quality
utilizing mass spectrometry. The following peptides were used:

Ire1522-%43 WT (Biotin-KNQNSLLLKFGSLVYRIIETGV-CONH,)

Ire1%22-543 F531R (Biotin-KNQNSLLLKRGSLVYRIIETGV-CONH,)

Ire1522-%43 y535R (Biotin-KNQNSLLLKFGSLRYRIIETGV-CONH,)

Plasmids
All plasmids used in this study can be found in the Key Resources Table and are listed in Table S2.

Genetic manipulation of S. cerevisiae
Construction of a 4IRE1 strain: Based on a previously established strategy the pUG72-URA deletion cassette was amplified using the
IRE1prom/IRE1 knockout forward and reverse primer in order to remove both the IRET promotor (—1 to —551 bp) and the IRE1 gene
from the genome (Gueldener et al., 2002).

Construction of an /IRET knock-in construct: A His3MX6 marker cassette flanked at the 3’ end by a sequence from the endogenous
IRET locus (for genomic insertion of the knock-in construct) was synthesized and amplified by PCR including Hindlll/BamH)| restric-
tion sites and cloned into the pcDNAB.1 (+) vector. Subsequently, the sequence of IRE71-GFP including the endogenous promoter of
IRE1 (-1 to —551 bp) and the endogenous 5’ terminator sequence were amplified from pEvA200 (van Anken et al., 2014) by PCR and
equipped with BamHI/Xhol restriction sites for cloning into pcDNAS3.1 (+). A preexisting C-terminal 1xHA-tag-encoding sequence
was removed from the resulting plasmid, and a 3xHA-tag-encoding sequence was introduced using the Q5 site-directed mutagen-
esis kit (NEB) at the position H875 to yield pcDNAS3.1-IRE134na-grp- Site-directed mutagenesis of this plasmid was performed using a
PCR-based strategy based on the QuikChange® method (Stratagene) using PHUSION polymerase (NEB). Deletion, exchange or
introduction of DNA sequences > 6bp was performed using the Q5 site-directed mutagenesis kit (NEB). For subsequent transforma-
tion of S. cerevisiae YRE127, the knock-in plasmid was linearized using Hindlll and Xhol restriction enzymes. All mutant variants are
listed in the Key Resources Table.
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In analogy to the knock-in construct, a CEN-based construct was cloned based on the pPW1628/pEvA200 plasmid (van Anken
et al.,, 2014) by deletion of the C-terminal 1xHA-tag-encoding sequence and subsequent introduction of a 3xHA-tag-encoding
sequence utilizing the Q5 site-directed mutagenesis kit (NEB) to yield pRE488.

C-terminal tagging: SEC63 was equipped with a 3xFLAG-tag by using the pFA6a-6xGly-3xFLAG-kanMX6 plasmid (Funakoshi and
Hochstrasser, 2009).

Preparation of cell lysates and immunoblot analysis

Cells were cultivated from ODggg = 0.2 to the mid-exponential phase ODggo = 1.0 and 20 OD equivalents were harvested by centri-
fugation, washed with phosphate-buffered saline (PBS), and snap frozen. Cells were lysed in 1 mL lysis buffer (PBS, 10 ug/ml chy-
mostatin, 10 pg/ml antipain, 10 ng/ml pepstatin) by bead beating with zirconia beads (Roth) for 5 min at 4°C. The cell lysate was mixed
with 5x reducing sample buffer (8 M urea, 0.1 M Tris-HCI pH 6.8, 5 mM EDTA, 3.2% (w/v) SDS, 0.15% (w/v) bromphenol blue, 4% (v/v)
glycerol, 4% (v/v) B-mercaptoethanol) at a ratio of 5:1 and heated at 95°C for 10 min. Proteins were subjected to 4%-15% Mini-
PROTEAN-TGX gels (BioRad) and separated by SDS-PAGE. For subsequent immunoblotting, proteins were transferred to meth-
anol-activated PVDF membranes using semi-dry Western-blotting. Specific proteins were detected using antigen-specific primary
antibodies, HRP-coupled secondary antibodies, and chemiluminescence.

Yeast growth assay

Overnight pre-cultures of the desired yeast strains were used to inoculate fresh cultures in either SCD complete or YPD to an ODgqg of
0.2. The cells were cultivated for 5-6 hr at 30°C. Then, the culture was diluted back to an ODggg = 0.05 using pre-warmed medium.
50 pl of these cultures were used to inoculate cultures in a 96-well plate, containing 180 pl of either SCD complete (minimal medium)
or YPD (rich medium) and 20 ul of a DTT dilution row. The cells were cultivated for 18 hr at 30°C in the 96-well plate without agitation
and carefully mixed only prior to the determination of the ODgog a 96-well plate-compatible photospectrometer.

RNA preparation, cDNA synthesis, and qRT-PCR analysis

A 30 ml-culture inoculated from a single colony of the required yeast strains was cultivated over night to the mid-exponential phase
and used to inoculate a fresh culture of 30 mL to an ODggg = 0.2. In order to induce lipid bilayer stress by inositol depletion, the cells
were thoroughly washed with inositol-depleted medium before cultivation in inositol-depleted medium for an additional 3 hr. In order
to induce massive ER-stress, the cells were first cultivated in YPD for 3h and then stressed by adjusting the medium to 4 mM DTT and
further cultivation for 1 hr (in the experiments for Figure 4 with the Alll mutant of Ire1 all analyzed strains were stressed for 30 min).
After cultivation, 5 ODggg equivalents were harvested by centrifugation, washed with PBS and snap frozen in liquid N,. Total RNA was
extracted and treated with DNase using the RNeasy Plus RNA Isolation Kit (QIAGEN). cDNA was synthesized from 500 ng isolated
total RNA using oligo(dt)12-18 primers (0.5 ug), PCR grade dNTP mix (0.5 uM) First Strand Buffer (1x), DTT (10mM) and Superscript™
Il RT (Invitrogen). Quantitative real-time PCR was performed using Absolute gPCR SYBR Green Mix (Thermo Scientific) in a PikoReal
Real-time PCR system (Thermo Scientific). The DNA of interest was amplified using the following primers:

HAC1spjiceq forward primer: 5'-GCGTAATCCAGAAGCGCAGT-3'

HAC spiiceq reverse primer: 5'-GTGATGAAGAAATCATTCAATTCAAATG-3
PDI1 forward primer: 5'-GATCGATTACGAGGGACCTAGA-3’

PDI1 reverse primer: 5'-GCGGAGGGCAAGTAAATAGAA-3’

ACTT1 forward primer: 5'-TGTCACCAACTGGGACGATA-3'

ACTT1 reverse primer: 5-AACCAGCGTAAATTGGAACG-3'.

All reactions were performed with technical duplicates and at least biological triplicates. Non-template controls (RNA) and non-re-
action controls (H,O) were routinely performed. The gPCR program included Step 1: 95°C, 15 min; Step 2: 95°C, 20 s; Step 3: 58°C,
20 s; Step 4: 72°C, 30 s, Step 5: 72°C, 5 min; the steps 2-4 were carried out in 40 cycles. Relative quantification was performed after
normalization to ACT7 levels based on the comparative AACT method (StepOnePlus™ user Manual, Applied Biosysytems).

Subcellular fractionation and test of membrane association

For membrane fractionation, 80 ODggg equivalents of cells grown in YPD to the mid-exponential phase (ODgog) Were harvested by
centrifugation, washed with PBS and rapidly frozen. All subsequent steps were performed at 4°C. The cell pellets were resuspended
in 1 mL lysis buffer (50 mM HEPES, pH 7.4, 150 mM NaCl, 1 mM EDTA, 10 pg/ml chymostatin, 10 ng/ml antipain, 10 ung/ml pepstatin)
and disrupted by bead beating with zirconia beads (Roth) for 5 x 1 min. Cell debris was removed by centrifugation (5 min, 800x g) and
the cleared lysate was further centrifuged (10 min, 5,000x g). The remaining supernatant was divided into equal parts and mixed with
an equal volume of lysis buffer supplemented with 0.2 M Na,COj3 (pH 11.0), 2% Triton X-100, 5 M urea or without further additives,
and incubated for 1 hr on an overhead rotator. Subsequently, the samples were centrifuged (45 min, 100,000x g) to separate soluble
proteins and membrane-associated proteins for further analysis using SDS-PAGE and immunoblotting.
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Live cell confocal microscopy

If not stated otherwise, cells were grown to mid-exponential growth phase as previously described. Cells were depleted for inositol by
cultivation in inositol-depleted medium for 3 hr. Massive ER-stress was induced by cultivating the cells in SCD for 1.5 hr in medium
containing 10 mM DTT. Prior to live imaging, the cells were immobilized on microscopic slides coated with the respective media con-
taining 2% agar. Microscopy was performed using a Zeiss LSM 780 and Zeiss LSM 880 confocal laser scanning microscope (Carl
Zeiss AG) with spectral detection and a Plan-Apochromat 63 x 1.40 NA oil immersion objective. GFP fluorescence was excited at
488 nm and the emission was detected between 500 and 600 nm. Transmission images were simultaneously recorded using differ-
ential interference contrast (DIC) optics.

Cells expressing WT and mutant variants of Ire13,1a-grp Were analyzed and Ire1-positive clusters were identified using automated
scripts (as outlined below). For cells stressed with 10 mM DTT, z stacks (240 nm step-size) were recorded using 2% laser power to
minimize bleaching and merged to z-projections (high intensity clusters). The image threshold was set to 160/255 to result a b/w pic-
ture identifying fluorescent clusters of Ire1s,1a-grp. Selected clusters were analyzed utilizing the ‘analyze particles’ function in Fiji
counting all particles meeting set criteria (size: 4-infinity px; circularity: 0-1; including holes). For cells grown under inositol depletion
conditions, microscopic images were recorded using 10% laser power and one confocal plane was monitored through the center of
the cells (low intensity clusters). For Ire1 cluster analysis, the image threshold was set to 52/255. The number of cells was determined
manually and dead cells were omitted from the analysis.

Immunoprecipitation

For immunoprecipitation, 50 ODggg equivalents of cells grown in YPD to the mid-exponential phase (ODgqog) Were harvested by centri-
fugation, washed with PBS and rapidly frozen. All subsequent steps were performed at 4°C. The cells were resuspended in 1 mL lysis
buffer (50 mM HEPES, pH 7.4, 150 mM NaCl, 1 mM EDTA, 10 ng/ml chymostatin, 10 pg/ml antipain, 10 pg/ml pepstatin) and disrup-
ted by bead beating with zirconia beads (Roth) for 5 x 1 min. Cell debris was removed by centrifugation (5 min, 800x g) and the
cleared lysate was adjusted to 1% digitonin (Sec63 co-IP) or 1% Triton X-100 (Kar2/BiP co-IP) for solubilization. After 1 hr incubation
on an overhead rotator, the non-solubilized material was removed by centrifugation (10 min, 21,000x g). The supernatant was sub-
jected to immunoprecipitation. HA-tagged and FLAG-tagged were retrieved using 20 ul anti-HA high affinity matrix slurry (Roche) and
20 pl EZview™ Red ANTI-FLAG® M2 affinity Gel beads, respectively. After an incubation of > 3h on an overhead rotator, the affinity
matrix was thoroughly washed with IP buffer (50 mM HEPES, pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.1% of respective detergent). The
immunoprecipitated proteins were eluted using 5x reducing sample buffer at a ratio of 5:2 for further analysis via SDS-PAGE and
immunoblotting.

CD spectroscopic measurements

CD spectroscopy was performed on a J-715 spectropolarimeter (Jasco). Peptides were measured at a concentration of 20 uM in the
presence and absence of 1% DDM (w/v) in 20 mM sodium phosphate buffer, pH 7.0. Experiments were performed at room temper-
ature in a HELLMA quartz cell with an optical path length of 0.01 cm. Each spectrum was obtained by averaging several scans
recorded from 190 to 260 nm with a bandwidth of 2nm, a step of 1Tnm and a scan speed of 20 nm/min. All spectra were blanked
to their respective buffers.

Purification and spin labeling of the minimal sensor

The minimal sensor-encoding region of IRE1 (corresponding to the Ire was cloned into the pMAL-C2x E. coli expression
vector (NEB) to encode for a fusion protein of the Maltose-binding protein and Ire17526-561 (referred to as minimal sensor). E. coli
BL21(DE3)pLysS served as expression host for the heterologous overproduction of the minimal sensor and its mutant variants.
All mutant variants used for this study are listed in the Key Resources Table. For expression, 2 | of LB-rich medium (LB medium sup-
plemented with 2% glucose, 100 ug/ml ampicillin and 34 ug/ml chloramphenicol) was inoculated 1:50 with an overnight culture and
cultivated at 37°C under constant agitation, until an ODggo = 0.6 was reached. Protein production was induced adjusting the medium
to 0.3 mM isopropyl-B-D-thiogalactopyranoside (IPTG) and further cultivation at 37°C for 3 hr. The cells were harvested by centrifu-
gation. Cell pellets could be stored at —20°C. All further steps were carried out at 4°C. The cells were thawed and resuspended in
10 mL lysis buffer (50 mM HEPES, pH 7.4, 150 mM NaCl, 1 mM EDTA, 10 pg/ml chymostatin, 10 pg/ml antipain, 10 pg/ml pepstatin,
2 mM DTT, 5 U/ml benzonase) per liter of expression culture and disrupted by sonication (3 x 60 s, amplitude 30%, 70% duty cycle).
To increase the yield and to solubilize the MBP-Ire1*H*™H fysion protein, the lysate was adjusted to 50 mM n-octyl-B-D-glucopyr-
anoside (B-OG) and incubated for 10 min while gently shaking. Cell debris and non-solubilized material was removed by centrifuga-
tion (30 min, 100,000x g) and the supernatant was applied to a 1.5 mL amylose resin (NEB) per liter of expression culture. The column
was washed with 20 column volumes (CV) of wash buffer 1 (50 mM HEPES, pH 7.4, 150 mM NaCl, 1 mM EDTA, 50 mM B-OG, 1 mM
TCEP), followed by 20 CV of wash buffer 2 (50 mM HEPES, pH 7.4, 150 mM NaCl, 1 mM EDTA, 50 mM B-OG) to remove reducing
agents. Cysteine residues of the minimal sensor were labeled on the column by incubation with 1 mM (1-oxyl-2,2,5,5-tetramethyl-
pyrroline-3-methyl)methanethio-sulfonate (MTS-SL; Enzo Life Sciences) spin label for 4 hr under constant agitation. Excess spin
label was removed with 20 CV of wash buffer prior to eluting of the minimal sensor in 2.5 CV elution buffer (50 mM HEPES,
pH 7.4, 150 mM NaCl, 1 mM EDTA, 50 mM B-OG, 10 mM maltose). The quality of the purified fusion protein was controlled by
SDS-PAGE followed by Instant Blue™ staining (Expedeon) and immunoblotting, respectively. The efficiency of the spin-labeling
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was determined in detergent solution for all constructs by double-integration of the respective cwEPR spectra recorded at room tem-
perature and comparison to the signal of a 100 uM MTS standard. The estimated spin-label concentration was related to the protein
concentration determined using the ODygo. The spin-labeling efficiency ranged between 75% and 95% for all constructs.

Size-Exclusion Chromatography (SEC)
Analytical SEC was used to characterize the oligomeric state of the minimal sensor in detergent solution using a Superdex 200 10/300
increase column in SEC buffer (50 mM HEPES, pH 7.4, 150 mM NaCl, 1 mM EDTA, 50 mM B-OG).

Liposome preparation

All lipids were purchased from Avanti Polar Lipids and stored at —80°C as 20 mg/ml stock solutions in chloroform. 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1,2-dioleoyl-sn-glycero-3-phos-
phoethanolamine (DOPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE), 1,2-dipalmitoyl-sn-glycero-3-phos-
phocholine (DPPC), L-a-phosphatidylinositol (Soy-Pl) and cholesterol were mixed at 60°C to yield the following mixtures: 1) 50%
DOPC, 50% POPC; 2) 100% POPC; 3) 90% POPC, 10% DPPC; 4) 95% POPC, 5% cholesterol; 5) 90% POPC, 10% cholesterol;
6) 80% POPC, 10% DPPC, 10% cholesterol; 7) 80% POPC, 20% cholesterol; 8) 10% POPC, 40% POPE, 20% soy-Pl, 20%
DPPC, 10% cholesterol (Figure 5B). Then, the organic solvent was evaporated under a constant stream of nitrogen and the resulting
lipid film was dried by application of vacuum for at least 1 hr. For rehydration, the lipid film was mixed with reconstitution buffer
(20 mM HEPES, pH 7.4, 150 mM NaCl, 5% glycerol (w/v)) under strong agitation (20 min, 60°C), yielding a lipid concentration of
10 mM. Subsequently, the suspension was incubated in a sonication water bath (50°C) for 30 min prior to snap freezing of the result-
ing multi-laminar liposomes in liquid No.

Reconstitution of the minimal sensor into liposomes

The isolated and spin-labeled minimal sensor was reconstituted into liposomes composed of the lipid compositions 1-8 (described
above) at a protein:lipid molar ratio of ~1:400. 160 pl of multi-laminar liposomes (10 mM) were mixed with 3-OG for complete solu-
bilization and 0.2 mg of the minimal sensor construct. The final volume was adjusted to 1 ml, resulting in a final concentration of
37 mM B-OG and 0.2 mg/ml of the minimal sensor construct. The mixture was incubated and constantly agitated for 20 min at
room temperature. For detergent removal, 100 mg of Bio-Beads™ SM-2 Adsorbent Media (BioRad) were added and the mixture
was incubated for 90 min on an overhead rotator. Then, the suspension was transferred to a fresh tube containing 400 mg of
SM-2 Bio-Beads™ and again incubated for 90 min. After separation of the SM-2 Bio-Beads™, proteoliposomes were harvested
by centrifugation (90 min, 450,000 x g). The pellet was resuspended in 15 ul reconstitution buffer and snap frozen in liquid N, for
storage at —80°C.

Carbonate extraction with proteoliposomes

A proteoliposome-containing sample was divided into three equal parts and mixed with an equal volume of reconstitution buffer sup-
plemented with either no further additive, with 0.2 M Na,CO3 (pH 11.0), or 2% SDS. The resulting samples were incubated on an
overhead rotator (30 min, room temperature). Prior to centrifugation (4°C, 90 min, 450,000x g), the Na,COs5-treated sample was
neutralized by the addition of two volumes of neutralization buffer (200 mM HEPES pH 7.0, 150 mM NaCl), while the volume of
the other samples was adjusted by the addition of equivalent amounts of reconstitution buffer. The samples were mixed with 5x
reducing sample buffer at a ratio of 2:1 and heated to 95°C for 10 min, for subsequent analysis via SDS-PAGE and Instant Blue™
staining (Expedeon).

Sucrose density gradient centrifugation

A proteoliposome-containing sample was adjusted to a final concentration of 50% (w/v) sucrose to form the bottom layer of a sucrose
density step gradient. The proteoliposome-containing bottom layer was overlaid with 3 mL each of the following sucrose solutions in
reconstitution buffer: 40% (w/v), 20% (w/v), 10% (w/v) and 0% (w/v). The resulting step-gradient was centrifuged in a SW28.1 rotor
(4°C, 100,000x g, 16 hr, no break) and subsequently fractionated in 1 mL fractions. The relative protein and lipid content of the frac-
tions was analyzed by immunoblotting and Hoechst33342 fluorescence spectroscopy.

Hoechst33342 measurements

The fluorescence intensity of the environment-sensitive Hoechst33342 increases significantly in a hydrophobic environment (e.g.,
liposomes). Thus, Hoechst33342 was used to estimate the relative lipid content of proteoliposome-containing samples. To this
end, samples were adjusted to a final concentration of 7 uM Hoechst33342. The suspension was excited at 355 nm (slit width =
3 nm) and an emission spectrum was recorded from 365 nm to 600 nm (slit width = 3 nm) using the Fluoromax-4 spectrometer
(Horiba). The lipid content of each sample was estimated by the using the background-corrected fluorescence intensity at 459 nm.

C-Laurdan spectroscopy

Liposome suspensions at a final concentration of 0.33 mM were mixed with C-Laurdan (2p probes) to a final concentration of 0.4 uM,
resulting in a 1:832 ratio of C-Laurdan to lipid. The suspension was excited at 375 nm (slit width = 3 nm) and an emission spectrum
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was recorded at 30°C from 400 nm to 600 nm (slit width = 3 nm) using a Fluoromax-4 spectrometer (Horiba). The generalized polar-
ization (GP) value was determined as described previously (Covino et al., 2016).

Continuous wave (cw) EPR measurements

Samples with a volume of 15 ul containing the spin-labeled minimal sensor in detergent solution and reconstituted in liposomes,
respectively, were filled in glass capillaries with a 1 mm inner diameter (Hirschmann). X-Band cwEPR spectra were recorded using
the MiniScope MS 400 EPR spectrometer (Magnetech) with 10 mW microwave power and 0.15 mT field modulation amplitude. EPR
spectra were recorded at room temperature for determination of the spin-labeling efficiency and at —115°C for the determination of
the inter-spin distances and the polarity of the spin probe’s nanoenvironment.

Analysis of cwEPR spectra

Analysis of the cwEPR spectra at low temperature (T = —115°C) provides information on the polarity of the spin probe’s nanoenviron-
ment based on the hyperfine splitting Azz and inter-spin distances in a distance range of 1-1.8 nm. In order to derive values for the
hyperfine splitting Azz the magnetic field difference between the low and high field peaks was determined resulting in 2Azz. In a semi-
quantitative manner, the ratio of the intensities of the low (Lf) and middle field peaks (Mf) (determined as the difference between
maximal and minimal intensity divided by two) was used to derive the degree of spectral broadening, representing a measure for
inter-spin distances. For plotting, all spectra were intensity normalized using the intensity of the middle field peak.

MD simulations

All molecular configurations were modeled in atomistic details with the CHARMM&36 force field (Best et al., 2012; Klauda et al., 2010;
Vanommeslaeghe et al., 2010). We initially set up the Ire1-derived sensor peptide (Ire1%26-56") and the F531R and V535R mutant var-
iants as straight alpha-helices (Pettersen et al., 2004), and with CHARMM-GUI (Jo et al., 2007, 2008, 2009, 2014; Lee et al., 2016; Wu
et al., 2014) placed each of them in the center of a pre-equilibrated lipid bilayer, oriented perpendicular to the membrane plane. We
considered bilayers of two different compositions matching those of the experiments: composition 1 (50 mol% POPC and 50 mol%
DOPC) and composition 7 (80 mol% POPC and 20mol % cholesterol). We placed each bilayer with an inserted peptide in boxes of
approximately 14.5x14.5x9 nm?®. We then added explicit TIP3P water and 150 mM sodium chloride. The resulting neutral simulation
boxes contain 310 POPC and 310 DOPC molecules (composition 1) and 124 cholesterol and 500 POPC molecules (composition 7) as
well as 30,000 water and ion molecules in both cases.

Each structure was relaxed first by minimizing the energy with 5,000 steps of the steepest descent algorithm, and then by careful
equilibration in short MD runs at increasing time steps, first in the NVT ensemble by using the Berendsen thermostat (Berendsen et al.,
1984) at a temperature of 303 K, then in the NPT ensemble at 1 atm with the semiisotropic Berendsen barostat (Berendsen et al.,
1984). MD production simulations were then run with a time step of 2 fs, a velocity rescaling thermostat (Bussi et al., 2007) at
303K, a semiisotropic pressure coupling at 1 atm with the Parrinello-Rahman barostat (Parrinello and Rahman, 1980), and periodic
boundary conditions. Electrostatic interactions were evaluated with the Particle-Mesh-Ewald method (Essmann et al., 1995). See
Table S3.

Thickness and acyl chain order parameter calculation

We evaluated for each trajectory the two-dimensional thickness and acyl chain order parameter (Scp) profiles of the bilayer by using
the g_lomepro v1.0.2 tool (Gapsys et al., 2013). We skipped the first 200 ns and sampled frames from the remaining trajectory every
2 ns, dividing the plane of the membrane in 100 x 100 spatial bins.

For each frame the thickness of the bilayer was calculated as the average distance between P atoms in PC lipid headgroups
belonging to the same bin in opposite leaflets. The acyl chain order parameter was obtained as the average of the order parameter
calculated for each acyl chain atom belonging to the same bin.

Each 2-dimensional profile obtained in this way was aligned with the monomer oriented along the x axis and the N terminus pointing
to the positive direction. The alignment was performed by interpolating each thickness and order parameter profile with a 2-dimen-
sional spline of order 3, and rotating it by an appropriate angle around the direction orthogonal to the plane of the membrane. We
obtained the required rotation angle by a least-square fit of the C-alpha atoms, restricted to in-plane rigid body rotations, of the helical
part of the monomer (residues 528 to 559) in each trajectory to a reference structure properly aligned along the x axis. In order not to
lose any data, each frame was extended by considering periodic boundary conditions and cropped to the original dimensions after
applying the rotation. The final plots result from a time average of all the aligned 2-dimensional profiles.

MD and analysis software

MD simulations were performed and analyzed with GROMACS 5 (Abraham et al., 2015; Hess et al., 2008; Pronk et al., 2013; Van Der
Spoel et al., 2005), NumPy (Van Der Walt et al., 2011), IPython (Pérez and Granger, 2007), Matplotlib (Hunter, 2007) and MDAnalysis
(Michaud-Agrawal et al., 2011). Molecular graphics were performed with VMD (Humphrey et al., 1996) and rendered. Videos were
encoded with ffmepg and the x264 library.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Throughout the manuscript, the data are represented as the average + SEM. All experiments were performed at least in triplicates.
The significance was tested by unpaired Student’s t tests. Further information regarding statistical analysis can be found in the figure
legends. In the following, for every dataset of this paper the exact value of n is provided:

Figures 1E and 1F: n = 9 (technical triplicates from three individual colonies)
Figure 2A: upper panel n = 3 (three independent experiments)

lower panel n = 3 (three independent experiments)

Figure 2B: left panel WT-: n =3, WT+: n =4, V535R+: n =3

right panel WT-.n =4, WT+: n=3, V535R+: n=3

Figure 2C: left panel WT-: n =3, WT+: n =4, V535R+: n=3

right panel WT-: n =4, WT+: n =4, V535R+: n=3

Figure 3B: left panel n = 9 (technical triplicates from three individual colonies)
right panel n = 3 (from individual colonies)

Figure 3C left panel WT-:n =3, WT+:n=4, IF1+: n=3, IF1/V535R: n =3
right panel WT-:n =4, WT+:n=4, IF1+:n=3, IF1/V535R: n =3

Figure 3D left panel WT-: n = 3, WT+: n =4, IF2+: n =4, IF2/V535R: n =3
right panel WT-: n =4, WT+: n =4, IF2+: n =3, IF1/V535R: n =3

Figure 3E left panel WT-: n =3, WT+: n =4, IF2+: n =4, IF2/V535R: n =3
right panel WT-:n =4, WT+: n =4, IF2+: n= 3, IF1/V535R: n =3

Figure 3F left panel WT-: n =3, WT+: n=4, IF2+: n = 4, IF2/V535R: n =3
right panel WT-:n =4, WT+: n=4, IF2+: n= 3, IF1/V535R: n =3

Figure 4A left panel WT-: n =6, WT+: n =11, Alll+: n =9, AllI/V535R: n = 8
right panel WT-: n = 4, WT+: n =5, Alll+: n = 6, Alll/V535R: n =5

Figure 4A left panel WT-: n =6, WT+: n =11, Alll+: n =9, AllI/V535R: n =9
right panel WT-: n = 4, WT+: n =5, Alll+: n = 6, Alll/V535R: n = 6
Figure 5C from lefttoright: n=12,n=8,n=4,n=4,n=4,n=4,n=6,n=17
Figure 5E from lefttoright: n=4,n=3,n=3,n=3,n=3,n=3,n=5,n=4
Figure 5F from lefttoright n=4,n=3,n=3,n=3,n=3,n=3,n=3,n=4
Figure S2B n = 3 (from individual clones)

Figure S2G IRETaxpa-gre: N = 3, AIRET: n = 3, L13%435%%: n =9

Figure S2H IRETaypa.gre: N = 3, AIRET: n = 3, L16%4%%%%: n = 8

Figure S2L IRE13xna-grp: N =3, AIRET: n =9, R537E: n=9

Figure S2M IRE13pa-grp: N = 6, AIRET: n = 3, Alll: n = 6, Alll/V535R: n = 6
Figure S4D left panel WT cl:n=4,c2:n=3,¢c7:n=5,c8: n=4

left panel F531Rc1:n=4,c2:n=3,¢c7:n=3,c8: n=4

right panel WT c1: n=3,¢c2:n=3,c7:n=4,¢c8:n=3

right panel F531Rc1: n=3,¢c2:n=3,¢c7:n=3,¢c8:n=3

Figure S4G F531R/R537C closed c1: n=4,c8:n=4

F531R/R537C opencl:n=2,¢c8:n=2

R537C closedc1: n=3,c8:n=4

R537C opencl:n=2,c8: n=2

Figure S6C composition 1 from L534 through 1539: n=3,n=5,n=4,n=4,n=3,n=3
composition 8 from L534 through 1539:n=4,n=5,n=3,n=4,n=3,n=3
Figure S6D composition 1 from L534 through 1539: n=3,n=5,n=4,n=4,n=3,n=3
composition 8 from L534 through 1539:n=4,n=5,n=3,n=4,n=3,n=3
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