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Abstract

The endoplasmic reticulum (ER) is the key organelle for membrane biogenesis. Most lipids are
synthesized in the ER, and most membrane proteins are first inserted into the ER membrane before
they are transported to their target organelle. The composition and properties of the ER membrane
must be carefully controlled to provide a suitable environment for the insertion and folding of
membrane proteins. The unfolded protein response (UPR) is a powerful signaling pathway that
balances protein and lipid production in the ER. Here, we summarize our current knowledge of
how aberrant compositions of the ER membrane, referred to as lipid bilayer stress, trigger the
UPR.

Diving into Biomembranes

Biomembranes are fascinating materials composed of lipids and proteins. Driven by the
hydrophobic effect, lipids can self-assemble into liquid crystalline bilayers that are soft,
semipermeable, and self-repairing. Both simple model membranes and complex biological
membranes that are composed of hundreds of proteins and lipids feature remarkable
heterogeneities along their thickness. An imaginary journey into a lipid bilayer would

set off in an aqueous environment and cross a layer of high charge density from the

lipid headgroups at the water—membrane interface before the hydrophobic core of the
bilayer is reached. Heterogeneities in polarity are accompanied by dramatic changes of
pressure and tension on the scale of hundreds of atmospheric pressures (Marsh 2007). The
folding, function, and stability of membrane proteins are remarkably sensitive to their local
environments and collective bilayer properties such as the bending rigidity, surface viscosity,
and compressibility (Dowhan et al. 2019; Levental and Lyman 2023; Renne and Ernst 2023).

Membranes Organize Biochemistry and Maintain Organelle Identity

Eukaryotic cells organize biochemistry in a variety of organelles with characteristic
membrane properties and compositions (van Meer et al. 2008; Harayama and Riezman
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2018). Organelles exchange membrane material via vesicular traffic and lipid transfer
proteins (Prinz 2010; Holthuis and Menon 2014), and they adjust their composition

in response to metabolic and physical stimuli. Hence, cells invest substantial resources
for maintaining characteristic organelle membrane compositions that ultimately establish
membrane identity (Bigay and Antonny 2012).

Plasma membranes are thick, asymmetric, and feature low permeabilities due to their

high content of cholesterol and saturated (glyco)sphingolipids in the extracellular
membrane leaflet (Lorent et al. 2020). Anionic lipids such as phosphatidylserine (PS),
phosphatidylinositol (PI), and phosphoinositides (PIPs) populate the cytosolic leaflet and
serve, both through their negative charge and the recruitment of proteins via stereospecific
interactions, as signposts for the plasma membrane and its subcompartments (Gassama-
Diagne et al. 2006; Balla 2013; Posor et al. 2022). Lipid rafts are fluctuating nanoscale
assemblies of sterols, sphingolipids, and proteins, which provide another layer of plasma
membrane organization (Lingwood and Simons 2010). In the #rans-Golgi network (TGN)
they provide a basis for protein and lipid sorting, while at the plasma membrane they
provide an organizational principle that orchestrates cellular signaling (Simons and van
Meer 1988; Simons and Ikonen 1997; Castello-Serrano et al. 2023). The endoplasmic
reticulum (ER) membrane, on the other hand, is less rigid and more compressible due to its
low sterol content and the high abundance of loosely packing lipids with monounsaturated
fatty acyl chains (Fig. 1; Antonny et al. 2015; Reinhard et al. 2022; Renne and Ernst 2023).
Here, we discuss the role of the ER membrane in triggering and modulating ER stress.

The ER is a Key Organelle for Membrane Biogenesis

The ER forms a complex and dynamic network of interconnected sheets and tubules

that originates from the nuclear envelope (NE). Membrane curvature in ER tubules and
sheet edges are stabilized by proteins of the reticulon family featuring wedge-shaped
transmembrane domains and sizable intrinsically disordered regions (Voeltz et al. 2006).

A significant proportion of the ER is involved in membrane contact sites (MCSs) to other
organelles for the exchange of ions and lipids (Valm et al. 2017). Intriguingly, the abundance
and size of MCSs are dynamically adapted to metabolic cues and in response to ER stress
(Elbaz-Alon et al. 2014; Gatta et al. 2015; Kwak et al. 2020; Liao et al. 2022).

The ER hosts important functions in Ca2* homeostasis, lipid metabolism, and the folding of
secretory and membrane proteins (Braakman and Bulleid 2011; Ernst et al. 2016; Carreras-
Sureda et al. 2018; Wenzel et al. 2022). In mammalian cells, it handles at least 10,000
different proteins (roughly 30% of the proteome) adding up to ~0.1 to >2.0 million client
proteins per minute depending on the cell type (Hibi and Dosch 1986). For example,
120,000 copies of each Semliki Forest virus protein are transiting the ER every minute

in infected baby hamster kidney cells (Quinn et al. 1984), while hepatocytes fold and
secrete ~1.5 million molecules of albumin at the same time (Schulze et al. 2019). Most
proteins entering the secretory pathway in Saccharomyces cerevisiae are membrane proteins,
which have more complex folding requirements. Their delivery into the ER membrane is
facilitated by insertases that locally compress and distort the lipid bilayer (Wu et al. 2020;
Wu and Rapoport 2021; Li et al. 2023). ER membrane thinning by compression lowers the

Cold Spring Harb Perspect Biol. Author manuscript; available in PMC 2024 August 05.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Ernst et al. Page 3

energetic penalty for moving hydrophilic amino acid residues across the hydrophobic core
of the membrane. Insertion of membrane proteins is therefore lipid-dependent and efficiently
stalled by increased cholesterol levels that reduce ER membrane compressibility (Nilsson et
al. 2001; Brambillasca et al. 2006). Membrane protein production and lipid metabolism must
be tightly coordinated for maintaining the ER membrane in a permissive state for insertion.

The Lipid Composition of the ER Membrane in Yeast and Mammalian Cells

The fundamental mechanisms of protein and lipid sorting along the secretory pathway

are conserved from yeast to man (Conibear 2010; Surma et al. 2012; Mufiiz and Zurzolo
2014). The ER marks the entry point to the secretory pathway and must provide a suitable
environment for the insertion and folding of transmembrane proteins irrespective of their
final subcellular destination. In yeast, the average hydrophobic length of a transmembrane
helix is 20.6 hydrophobic amino acid residues for ER-resident proteins, while it is on
average 27 for plasma membrane proteins (Sharpe et al. 2010). In vertebrates, the mean
hydrophobic length of ER-resident transmembrane helices is 20.3 residues and 24.4 for
plasma membrane proteins (Sharpe et al. 2010). Furthermore, transmembrane helices in the
plasma membrane expose different amino acid residues at different depths in the plasma
membrane. An archetypical transmembrane helix in the plasma membrane exposes bulky
amino acid residues to the more loosely packed cytosolic leaflet, but smaller residues to
the tightly packed extracellular leaflet (Sharpe et al. 2010; Quiroga et al. 2013; Lorent et
al. 2017, 2020). Mutations that disrupt this shape asymmetry result in missorting of the
respective proteins (Quiroga et al. 2013; Lorent et al. 2017).

To accommodate the entire spectrum of newly synthesized membrane proteins, the ER must
locally deform and match the varying shapes and lengths of the transmembrane domains.
The low sterol concentration in the ER (Fig. 1A), together with a high content of poorly
packing monounsaturated lipids (Fig. 1B), provide sufficient flexibility at the molecular
scale to lower the free energy penalties associated with hydrophobic mismatches between
membrane proteins and the lipid bilayer.

The cholesterol concentration in the ER is efficiently maintained at a concentration above

5 mol% (Radhakrishnan et al. 2008) and ranges between 5 and 10 mol% for different cell
types depending on the methods of ER isolation and lipid quantitation (Radhakrishnan et al.
2008; Vance 2015; Sokaoya et al. 2022). Similarly, ergosterol, the most abundant sterol in
yeast, is maintained at a low concentration between 8.5 and 9.7 mol% in the ER (Reinhard
et al. 2022). Immunoisolation experiments coupled to mass spectrometry-based lipidomics
suggest that the prominently discussed sterol gradient along the secretory pathway may be
rather flat in the early secretory pathway (Klemm et al. 2009; Surma et al. 2011; Reinhard et
al. 2022). Only in the late secretory pathway, where lipid rafts are functionalized for protein
and lipid sorting, the ergosterol concentrations increase sharply from the TGN (9.8 mol%)
via secretory vesicles (22.8 mol%) to the plasma membrane (~45 mol%), presumably
through a combination of active forward transport of sterols and the clustering of lipid rafts
(Klemm et al. 2009; Surma et al. 2011; Mesmin et al. 2013; Menon 2018). Notably, the
absence of a steep cholesterol gradient in the early secretory pathway, does not preclude the
possibility that local enrichments of cholesterol synergize with cargo receptors in the ER—
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Golgi intermediate compartment (ERGIC) to provide a length-based sorting of membrane
proteins (Herzig et al. 2012; Rodriguez-Gallardo et al. 2020; Weigel et al. 2021).

A direct comparison of the ER membrane lipid compaosition from baker’s yeast and
mammalian cells reveals that they are remarkably distinct (Fig. 1). In the yeast ER,

PI1, phosphatidylcholine (PC), and phosphatidylethanolamine (PE) lipids have similar
abundances, each contributing ~20 to ~25 mol% to the lipidome (Fig. 1A; Reinhard et

al. 2022). In mammalian cells, PC is by far the most abundant lipid class, contributing ~57
to 63 mol% to the ER lipidome (Vance 2015; Sokoya et al. 2022). This has important
implications for the properties of the ER membrane, because Pl lipids are negatively
charged, while PC and PE lipids are zwitterionic. The total concentration of anionic lipids
in the ER from S. cerevisiae of ~28 mol% compared to the ~6.5-13 mol% in the ER of
mammalian cells, means that membrane protein folding occurs in membrane environments
that differ in their negative charge densities (Fig. 1A; Vance 2015; Reinhard et al. 2022;
Sokoya et al. 2022).

Even at the level of the ER lipid acyl chains, there are substantial differences between S.
cerevisiae and mammalian cells (Fig. 1B,C). Unlike S. cerevisiae that can synthesize only
monounsaturated fatty acids (Ballweg and Ernst 2017), mammalian cells can generate fatty
acids with two or more unsaturations (Harayama and Riezman 2018). Monounsaturated fatty
acyl chains are more abundant in the ER (Schneiter et al. 1999; Reinhard et al. 2022), while
lipids with polyunsaturated acyl chains are normally enriched along the secretory pathway
(Fig. 1B; Keenan and Morré 1970; Antonny et al. 2015). Despite that, the mammalian ER
contains significant levels of lipids with polyunsaturated fatty acyl chains (Sokoya et al.
2022). The lipid acyl chains in the ER of S. cerevisiae are also shorter than the ones found
in mammalian cells (Fig. 1C; Reinhard et al. 2022; Sokoya et al. 2022). Intriguingly, this is
not reflected in the mean hydrophobic lengths of transmembrane proteins in the ER, which
is 20.6 and 20.3 amino acid residues for S. cerevisiae and mammalian cells, respectively
(Sharpe et al. 2010). Either the difference in lipid acyl chain composition compensates

for differences in acyl chain lengths, or the evolutionary pressure to match the thickness

of transmembrane domains with the ER lipid bilayer is low, because the ER is highly
compressible.

It will be an interesting task for the upcoming years to decipher how the molecular
machines that facilitate protein and lipid biogenesis have adapted to these vastly distinct
membrane environments and whether the different features of membrane proteins reflect
their coevolution with ER membrane lipids.

The Unfolded Protein Response (UPR) and its Three Transducers

The many functions of the ER in membrane protein insertion and folding, posttranslational
modifications, and lipid metabolism are connected by the UPR (Mori 2022). When the
protein folding machinery of the ER is overwhelmed or when aberrant lipid metabolism
causes lipid bilayer stress, the UPR mounts a response that attenuates protein biosynthesis
and up-regulates the expression of ER chaperones, ER-associated degradation, and de
novo lipid biosynthesis (Travers et al. 2000; Sriburi et al. 2004; Schuck et al. 2009). In
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mammalian cells, the UPR relies on three single-pass, transmembrane proteins in the ER:
the inositol-requiring enzyme 1 (with two isoforms IRE1a/B), the double-stranded RNA-
activated protein kinase (PKR)—Iike ER kinase (PERK), and the activating transcription
factor 6 (with two isoforms ATF6a/p in mammals) (Fig. 2; Walter and Ron 2011).
Whenever necessary, we will refer to IREL from S. cerevisiae as SCIRE1, and to IRE1
from mammalian cells as IRE1a for clarity.

UPR transducers relay information from the ER to the nucleus by different means. IRE1

has The Role of Lipid Bilayer Stress in UPR Activation kinase and endoribonuclease
(RNase) activities, with the RNase domain being the main effector domain (Papa et al. 2003;
Walter and Ron 2011). PERK uses a kinase domain for signal transmission, while ATF6

is a transcription factor that is released from its transmembrane anchor upon ER stress to
initiate a transcriptional response (Yoshida et al. 1998). Each branch of the mammalian UPR
generates a distinct basic leucine zipper (bZIP) transcription factor, which can form homo-
or heterodimers with other members of the bZIP transcription factor family (Walter and Ron
2011).

Activation of IRE1 in mammalian cells leads to the expression of the X-box-binding protein
1 (XBP1) (Hacl in S. cerevisiag). Upon ER stress, IRE1’s RNase domain initiates the
unconventional splicing of the XBPI mRNA (HACI mRNA in S. cerevisiae) (Gonzalez et
al. 1999; Yoshida et al. 2001), which is completed by RNA ligases (hRtcB in mammalian
cells and tRNA ligase Rlgl in S. cerevisiae) (Welihinda et al. 2000; Jurkin et al. 2014; Lu
et al. 2014). Translation of the spliced mMRNA vyields a potent transcription factor regulating
hundreds of UPR target genes (Travers et al. 2000) including those responsible for up-
regulating de novo membrane lipid synthesis (Schuck et al. 2009; Moncan et al. 2021).
Additionally, IRE1’s RNase activity can reduce the flux of unfolded proteins into the ER by
degrading ER-targeted mMRNAs in a process referred to as regulated IRE1-dependent mMRNA
decay (RIDD) (Fig. 2; Moore and Hollien 2015). This alternative mode of signaling was
first discovered in Schizosaccharomyces pombe, is absent in S. cerevisiae, but conserved in
metazoans (Hollien et al. 2009; Li et al. 2021).

PERK attenuates protein translation via the integrated stress response by phosphorylating
the a subunit of the eukaryotic translation initiation factor 2 (elF2) (Harding et al.

1999). Specific mMRNAs escape this global inhibition of translation and are selectively
induced during ER stress (Harding et al. 2000). Among these are the mRNAs of the

bZIP transcription factor ATF4 (Harding et al. 2000), which up-regulates gene expression
for the transcription factor CHOP (GADD153) and XBP1 (Harding et al. 2000; Tsuru

et al. 2016). CHOP has proapoptotic functions by up-regulating proteins of the BCL-2
family (Matsumoto et al. 1996). It also controls the expression of growth arrest and DNA-
damaged protein 34 (GADD34) and provides negative feedback to PERK signaling by the
dephosphorylation elF2a (Novoa et al. 2001).

Unlike IRE1 and PERK, ATF6a. lacks the ability to attenuate protein translation, but

it potently promotes ER protein folding, ER-associated degradation, and ER membrane
expansion as a bZIP transcription factor (Yoshida et al. 2001; Wu et al. 2007; Maiuolo
et al. 2011). In the unstressed ER, ATF6a exists in different redox forms maintained by
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the presence of highly conserved cysteines in the ER—luminal domains forming different
types of disulfide bridges (Nadanaka et al. 2007). Upon ER stress, a specific ATF6a

C467 dimer accumulates in the ER and is preferentially transported to the Golgi complex
where the site-1 and site-2 proteases release the transcriptionally active ATF6p50 fragment
(Fig. 2; Ye et al. 2000; Oka et al. 2022). Hence, ATF6a signaling relies on the same
proteases that are required for the transcriptional regulation of lipid metabolism via the
sterol response element-binding proteins SREBP1, SREBP1c, and SREBP2 (Horton et al.
2002, 2003; Brown et al. 2018). ATF6p50 binds ER stress response elements and activates
specific UPR target genes (Yoshida et al. 1998; Bommiasamy et al. 2009; Maiuolo et al.
2011). Intriguingly, ATF6p50 can form heterodimers with SREBP2 to modulate cholesterol
homeostasis (Zeng et al. 2004).

The coordinated activation of the three UPR branches aims at reestablishing ER
homeostasis. Prolonged activation of the UPR, however, leads to cell death by necrosis,
apoptosis, orothermechanisms (Tabas and Ron 2011; Lebeaupin et al. 2015; lurlaro and
Mufioz-Pinedo 2016; Hetz and Papa 2018). Although often represented as seemingly
independent, parallel pathways, the three branches of the UPR affect each other. ATF6p50
induces the expression of XBP1 (Yoshida et al. 2001), while ATF4, which is downstream of
PERK, up-regulates ATF6 gene expression (Teske et al. 2011). The broad output functions
of the UPR and their role in health and disease have been subject to excellent reviews
(Hotamisligil 2010; Tabas and Ron 2011; Hetz et al. 2013; lurlaro and Mufioz-Pinedo 2016;
Urra et al. 2016; Wang and Kaufman 2016; Hetz and Papa 2018; Yong et al. 2021). Here, we
focus on the molecular mechanisms by which aberrant membrane compositions, referred to
as lipid bilayer stress, can contribute to UPR activation.

Controlling UPR Activity Via the Oligomeric State

All branches of the UPR are regulated by the oligomeric state of the UPR transducer

(Fig. 2). Dimerization and oligomerization trigger PERK and IRE1 activation, while
specific disulfide-linked dimers of ATF6 are preferentially transported to the Golgi complex
(Sundaram et al. 2018). Aberrancies in protein folding modulate the oligomeric state of UPR
transducers via their ER-luminal domains, while lipid bilayer stress is sensed by structural
features in the transmembrane region (Ho et al. 2018; Radanovi¢ and Ernst 2021). Which

of these complementary, yet fundamentally distinct, mechanisms provides the dominant
signal for triggering the UPR remains largely unexplored for most ER stress conditions—
especially in the pathophysiological context. Irrespective of the origin and molecular basis of
stress, the juxtaposition of IRE1’s cytosolic kinase and RNase domains triggers a trans-auto-
phosphorylation and activation of the RNase domain (Liu et al. 2000).

Structures of the isolated, ER—luminal sensor domains of IRE1 from yeast and humans
combined with mutational analyses have uncovered crucial interfaces for dimerization and
oligomerization (Fig. 3A; Credle et al. 2005; Zhou et al. 2006; Karagoz et al. 2017).
These have been instrumental to establish a firm link between IRE1 oligomerization and
its signaling output. Single-molecule tracking experiments in cultured mammalian cells
demonstrate that IRE1a. molecules reside, under resting conditions, predominantly in
dimers, which can assemble into higher oligomers upon ER stress (Belyy et al. 2022).

Cold Spring Harb Perspect Biol. Author manuscript; available in PMC 2024 August 05.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Ernst et al. Page 7

Signaling-active clusters of IRE1 have been observed by confocal microscopy in both S.
cerevisiae and mammalian cells and are stable for minutes (Kimata et al. 2007; Aragon et
al. 2009; Vith et al. 2021). Recently, it was suggested that flexible loops extending from
the ER—-luminal domain of IRE1a can support condensation as a mechanism to support
clustering (Kettel et al. 2023). Correlated light and electron microscopy combined with
electron cryotomography revealed that mature IRE1aclusters form helical filaments that
localize to narrow, anastomosing ER membrane tubes with complex topologies (Fig. 3B;
Tran et al. 2021). Herein, dimeric ER-luminal sensor domains form a proteinaceous zipper
that pulls together two opposing ER membranes to form membrane tubules with a diameter
of ~28 nm (Tran et al. 2021). Hence, clustering of IRE1la drives ER membrane remodeling
and establishes a highly curved ER subdomain.

Nonconventional modes of UPR signaling are facilitated by modulatory interactions of
IRE1a with the translocon (Plumb et al. 2015; Sundaram et al. 2018; Li et al. 2020), the
signal recognition particle, and ribosomes (Acosta-Alvear et al. 2018). These include a
preemptive mode, which limits the influx of unfolded nascent chains into the ER lumen
upon ER stress via RIDD, and a surveillance mode that selectively degrades ER-targeted
MRNAS, whose cotranslational folding encounters substantial problems or delays (Plumb et
al. 2015; Acosta-Alvear et al. 2018). Even the energy status of the cell may contribute to

an “anticipatory” mode of UPR signaling: SCIRE1’s RNase can be activated by adenosine—
diphosphate (ADP) binding to the kinase domain (Papa et al. 2003; Korennykh et al. 2009;
Rubio et al. 2011) such that increased cellular ADP levels can activate UPR signaling (Le
et al. 2021). How precisely different oligomeric states and interaction partners bias the UPR
toward distinct signaling outputs in different cell types remains a major open question in the
field (Han et al. 2009; Hetz and Glimcher 2009; Hetz and Papa 2018; Sundaram et al. 2018).

How UPR Transducers Sense Proteotoxic Stress

Several models of how IRE1 senses proteotoxic ER stress have been put forward (Fig.

3C; Adams et al. 2019; Karagoz et al. 2019; Preissler and Ron 2019). The “direct model”
suggests an interaction between unfolded proteins and IRE1, which stabilizes dimeric and
higher oligomeric assemblies of the UPR transducer (Gardner and Walter 2011; Karagdz et
al. 2017, 2019). According to the “competition model,” IRE1 and unfolded proteins compete
for the binding to the ER chaperone BiP/Kar2 (Bertolotti et al. 2000; Okamura et al. 2000;
Preissler et al. 2015). The dissociation of BiP/Kar2 from IRE1 during ER stress would
facilitate the dimerization and/or oligomerization of IRE1a. The “chaperone inhibition
model,” on the other hand, suggests that BiP activity, rather than its stable association with
IRE1a, is required to counteract IRE1a’s inherent tendency to oligomerize (Amin-Wetzel
etal. 2017, 2019). Again, accumulating unfolded proteins would trigger the UPR, but

also insufficient concentrations of cochaperones, ATP or Ca2* in the ER lumen, which are
required for full chaperone activity, would favor IRE1la clustering and activation even before
unfolded proteins accumulate (Amin-Wetzel et al. 2017; Preissler et al. 2020). For as long

as the level of unfolded proteins in the ER lumen cannot be quantified directly, it will

be challenging to establish the relative contribution of these alternative modes of sensing
(Rutkowski 2019; Radanovi¢ and Ernst 2021).

Cold Spring Harb Perspect Biol. Author manuscript; available in PMC 2024 August 05.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Ernst et al.

Page 8

Consistent with a direct interaction of unfolded proteins with IRE1, structural biology
revealed that the dimeric ER-luminal domain of IRE1 from S. cerevisiae and mammals
contains a hydrophobicgroove, which resembles the peptide-binding groove of antigen-
presenting major histocompatibility complex (MHC) molecules (Zhou et al. 2006; Hollien
2013). Unfolded model peptides bind to the ER—luminal domain in vitro, and control its
oligomeric state (Gardner and Walter 2011; Karag6z et al. 2017). In situ, the peptide-binding
groove of IREla is oriented toward the inner surface membrane in highly curved ER
tubules (Tran et al. 2021). It is tempting to speculate that this topological constraint renders
IRE1a particularly sensitive to aberrantly folded membrane proteins. However, whether
misfolded transmembrane proteins can partition into these highly curved ER tubules or if
they trigger IRE1a oligomerization by changing ER membrane properties, as previously
suggested (Covino et al. 2018), remains to be tested. Intriguingly, a mutant variant of

the abundant plasma membrane proton pump Pmal in S. cerevisiae accumulates in the

ER and triggers apotent UPR (Phuong et al. 2023). Likewise, over-produced flaviviral
transmembrane proteins lacking sizable ER-lumenal domains trigger the UPR via the IRE1-
XBP1 axis (Yu et al. 2006). Hence, the contribution of membrane proteins to UPR activation
is important to study.

PERK is structurally related and functionally equivalent to IRE1 (Liu et al. 2000). It also
shares with IRE1 the dual sensitivity to proteotoxic and lipid bilayer stress (Ariyama et
al. 2010; Volmer and Ron 2015). Like IREla, PERK interacts with BiP in the ER lumen
(Bertolotti et al. 2000). The inverse correlation between BiP binding and PERK activity
suggested that BiP may act as a sensor for unfolded proteins (Bertolotti et al. 2000) and
has fueled the idea of a competition between UPR transducers and unfolded proteins for
the binding of BiP. Based on crystal structures and biochemical reconstitutions, it was
suggested that BiP binding to the dimeric ER-luminal domain of PERK locks the access
to a peptide-binding groove for direct binding, thereby preventing the formation of PERK
tetramers in resting cells but facilitating PERK oligomerization when unfolded proteins
accumulate during ER stress (Carrara et al. 2015a,b). Hence, the different proposed modes
of ER stress sensing can synergize, rather than exclude each other.

ATF®6 is a single-pass type 2 transmembrane protein, with the amino-terminal transcription
factor domain projecting into the cytosol and a carboxy-terminal sensor domain into the

ER lumen (Haze et al. 1999). ATF6 is structurally unrelated to IREa and PERK, but also
associates with BiP in nonstressed cells (Shen et al. 2002). The ER—luminal domain of
ATF6a forms disulfide-linked and reduced dimers (Koba et al. 2020; Oka et al. 2022),
which represent an inactive pool of ATF6a that can be mobilized on demand (Nadanaka

et al. 2007; Koba et al. 2020; Oka et al. 2022). Hence, ATF6a is directly sensitive

to reducing conditions that would interfere with the oxidative folding of secretory and
membrane proteins. Upon ER stress, BiP dissociates from ATF6a., thereby unmasking Golgi
localization signals and facilitating forward transport (Shen et al. 2002) by COPII vesicles
(Schindler and Schekman 2009). While it is clear that ATF6a can be retained in the ER

by the small protein disulfide isomerase (PDI) protein ERp18 to regulate ER-to-Golgi
transport (Oka et al. 2019, 2022), less is known how the cleavage is regulated in the

Golgi complex (Jheng et al. 2018; Tam et al. 2018). The selective activation of ATF6a by
intermediates of sphingolipid metabolism and by the enforced production of cytochrome £5,
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a transmembrane protein with an unusual transmembrane helix, underscores that membrane-
based signals may contribute to UPR activation (Maiuolo et al. 2011; Tam et al. 2018).

The Sensitivity to Lipid Bilayer Stress is Evolutionarily Conserved

Despite its potent signaling outputs, the UPR often falls short in addressing metabolic
challenges, as observed in obesity, the metabolic syndrome, and atherosclerosis (Fu et al.
2012; Rutkowski 2019). Chronic ER stress manifests when UPR signaling triggers only

an insufficient adaptation or when it exacerbates the initial metabolic insult (Hotamisligil
2010). An excess of saturated fatty acids, for example, causes lipotoxicity, accompanied by
UPR activation and characteristic changes of the ER membrane composition (Borradaile et
al. 2006; Brookheart et al. 2009; Han and Kaufman 2016; Piccolis et al. 2019). UPR-driven
up-regulation of de novo lipid biosynthesis, however, can further increase the incorporation
of saturated fatty acids into membrane lipids, thereby establishing a vicious cycle that
perpetuates ER stress (Covino et al. 2018). Consistently, complex metabolic conditions
associated with ER stress such as diabetes and non-alcoholic fatty liver disease (NAFLD)
display characteristic lipid signatures (Han et al. 2007; Fu et al. 2011, 2012; Kartsoli et al.
2020; Wigger et al. 2021). The mechanistic contributions of ER membrane aberrancies to
disease, however, remain understudied.

Evidence for a membrane-based activation of the UPR has been uncovered in yeast (Cox

et al. 1997; Pineau et al. 2009; Promlek et al. 2011; Surma et al. 2013), plants (Nguyen

et al. 2019), worms (Hou et al. 2014; Garcia et al. 2023), and mammals (Ariyama et al.
2010; Volmer et al. 2013). Lipid bilayer stress activates UPR transducers directly, without
requiring signals from misfolded proteins in the ER lumen. ScIREL1 can still mount a robust
UPR even though (1) its ability to respond to unfolded proteins is impaired (Promlek et

al. 2011; Halbleib et al. 2017), (2) the dimerization and oligomerization of the ER—luminal
domain is disrupted (Vath et al. 2021), or (3) when the entire ER-luminal domain is
removed (Ho et al. 2020). Similar observations have been made for the mammalian IREla
and PERK (Ariyama et al. 2010; Volmer et al. 2013; Kono et al. 2017). Intriguingly, a
naturally occurring IRE1 isoform in Arabidopsis, IRE1C, lacks an ER-luminal domain
altogether, but still is functionally relevant (Pu et al. 2019). ATF6, on the other hand,

can be activated by specific intermediates of sphingolipid metabolism that bind to the
transmembrane helix of ATF6 to promote forward transport to the Golgi complex (Tam et al.
2018). Hence, all UPR transducers can be activated bysignals from within the membrane.

A Stunning Variety of Lipid Metabolic Perturbations Trigger the UPR

Aberrant lipid metabolism can trigger the UPR directly. Inositol-depletion, for example,
causes lipid bilayer stress and triggers the UPR in S. cerevisiae (Cox et al. 1997; Promlek
et al. 2011; Véth et al. 2021). The recently established Mem-Prep technology for isolating
ER membranes from both stressed and unstressed cells provided a first glimpse into the
molecular signatures of lipid bilayer stress (Reinhard et al. 2022). Inositol depletion results
in a several-fold reduction of PI lipids in the ER (from 23.6 to 6.1 mol%) (Fig. 4A),

while CDP-DAG and phosphatidic acid (PA) lipids, the precursors of Pl lipid synthesis,
accumulate (Reinhard et al. 2022). These changes are associated with a significant, overall
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drop of anionic lipids from ~32 to 23 mol% and a markedly reduced negative charge density
at the ER membrane. The levels of inositol-containing sphingolipids, however, are barely
affected by inositol-depletion (Reinhard et al. 2022). These findings suggest distinct rates
of PI and sphingolipid metabolism under these conditions. Intriguingly, a blockade of de
novo sphingolipid biosynthesis during inositol depletion lowers UPR activity (Promlek et
al. 2011). Hence, targeting and rewiring metabolism may provide new handles to counteract
ER stress. Lipids in the stressed ER of inositol-depleted cells have—on average—slightly
shorter and slightly more saturated lipid acyl chains compared to lipids in the unstressed
ER. How precisely complex changes of the ER membrane affect the oligomeric state of
UPR transducers and whether anionic lipids indeed modulate the oligomeric state of UPR
transducers remains to be investigated in vivo and in vitro.

Mechanistically much better understood is the role of ER membrane compressibility,
especially in the case of ScCIRE1 (Halbleib et al. 2017; Renne and Ernst 2023). Both
increased abundances of tightly packing, saturated lipids and the accumulation of sterols in
the ER establish a powerful UPR-activating signal by increasing ER membrane thickness
and decreasing membrane compressibility (Fig. 4A; Feng et al. 2003; Pineau et al. 2009;
Deguil et al. 2011; Surma et al. 2013; Volmer et al. 2013). The accumulation of free
cholesterol and saturated lipid acyl chains have been associated with chronic ER stress in
hepatocytes (Wang et al. 2006; Fu et al. 2012), skeletal muscle cells (Lee et al. 2020),
and insulin-producing B cells (Pineau and Ferreira 2010; Boslem et al. 2011; Fonseca et
al. 2011). In fact, UPR activation is a major hallmark of the lipotoxicity triggered by
saturated fatty acids (Piccolis et al. 2019). Increased concentrations of cholesterol in the
ER of macrophages in advanced atherosclerotic lesions triggers the UPR and contributes
to inflammation and apoptosis (Feng et al. 2003; Devries-Seimon et al. 2005; Duewell et
al. 2010; Zhou and Tabas 2013). Both the inhibition of IRE1a by small molecules and
the availability of the monounsaturated fatty acid palmitoleate alleviate inflammation and
atherosclerosis and are modulated by the cytosolic fatty acid—binding protein aP2 (Erbay
et al. 2009; Cimen et al. 2016, 2019; Tufanli et al. 2017). Thus, the intricate connection
between lipid metabolism and UPR signaling opens up avenues for therapeutic, dietary
interventions.

Notably, UPR signaling in macrophages induced by palmitate results in the unconventional
maturation of microRNA (miR) 2137 (miR-2137) facilitated by IRE1a’s RNase domain
(Hamid et al. 2020). A direct target of miR-2137 is the lipid phosphatase inositol
polyphosphate phosphatase like-1 converting phosphatidylinositol-3,4,5,-trisphosphate to
phosphatidyl-inositol-3,4-bisphosphate to regulate cell growth via the mammalian target of
rapamycin (mTOR) (Hamid et al. 2020).

Sterols and saturated lipids are chemically distinct, but act synergistically in lowering
membrane compressibility and promoting SCIRE1 oligomerization in vitro via a
hydrophobic mismatch based mechanism (Mouritsen and Bloom 1984; Kaiser et al. 2011,
Halbleib et al. 2017; Renne and Ernst 2023). Likewise, the mammalian UPR transducers
IREla and PERK are directly activated by saturated lipids (Ariyama et al. 2010; Volmer et
al. 2013; Kono et al. 2017) even when their ER-luminal domain is removed or when the
order of amino acid residues in the transmembrane helix is scrambled (Ariyama et al. 2010;
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Volmer et al. 2013; Kono et al. 2017). However, if mammalian UPR transducers also rely on
a hydrophobic mismatch-based mechanism as demonstrated for SCIREL, is still a matter of
debate (Volmer and Ron 2015; Halbleib et al. 2017; Kono et al. 2017; Cho et al. 2019). We
are convinced that lipid bilayer stress sensing relies on physicochemical features in IRE1la’s
and PERK’s transmembrane regions, which includes not only their transmembrane helices,
but also the juxtamembrane regions (Covino et al. 2018; Véth et al. 2021).

PC and PE are among the most abundant glycerophospholipids in both S. cerevisiae

and mammalian cells (Vance 2015; Reinhard et al. 2022). Because PC has a larger
hydrophilic head group than PE, the PC-to-PE ratio is an important determinant of the lipid
bilayer structure, the lateral pressure profile and membrane fluidity (Fig. 4A; Marsh 2007;
Dawaliby et al. 2016). A decreased hepatic PC-to-PE ratio has been linked to NAFLD and
steatohepatitis (Li et al. 2006). Cells that lack a methyltransferase for PE-to-PC conversion
(opi3\ in S. cerevisiae and PEMT ™/~ in mammals) feature markedly reduced PC-to-PE
ratios and a highly active UPR (Thibault et al. 2012; Gao et al. 2015). ScIRE1 responds to
this type of lipid bilayer stress even when the ER-luminal domain is removed, thereby
suggesting a direct role of the ER membrane (Thibault et al. 2012; Ho et al. 2020).
Notably, A-monomethyl phosphatidylethanolamine (MMPE) lipids, which accumulate in
methyltransferase-deficient cells, are likely to further modulate ER membrane properties
and UPR signaling under these conditions (Shyu et al. 2019; Ishiwata-Kimata et al. 2022).
PClipids can be produced not only by methylation of PE, but also via the Kennedy pathway
(Kennedy and Weiss 1956). Consequently, the lipid bilayer stress in OP/3 knockout cells
can be rescued by choline supplementation and PC production via the Kennedy pathway
(Thibault et al. 2012; Ho et al. 2020). Analogously, liver damage observed in PEMT~~
mice is reversed by choline-enriched diets (Waite et al. 2002). These examples further
highlight the potency of lipid metabolites in modulating the UPR. Because the turnover

of ER membrane proteins via ER-associated degradation is also perturbed by aberrantly
low PC-to-PE ratios (Shyu et al. 2019), it would be interesting to study the impact of
lipids on membrane protein insertion, topogenesis, and folding more systematically on a
proteome-wide scale.

Cells employ elegant mechanisms to maintain the PC-to-PE molar in a range acceptable for
normal membrane functions (Cornell and Ridgway 2015; Haider et al. 2018). Not only low,
but also aberrantly increased PC-to-PE molar ratios of ~2.0 in the ER of obese mice have
been associated with chronic UPR activation underlying the progression of steatohepatitis
(Fu et al. 2011). However, high PC-to-PE ratios activate UPR transducers only indirectly.

It was suggested that an abnormally high PC-to-PE ratio impairs the ER-localized Ca%*
pump SERCA, thereby lowering the ER-luminal Ca2* level and impairing the function of
Ca?*-dependent chaperones including BiP (Fu et al. 2011; Preissler et al. 2020). Yeast lacks
the ER-localized Ca2* pump SERCA. Consistently, metabolic challenges that increase the
PC-to-PE ratio in the ER of S. cerevisiae from 1.1 to 2.4 does not lead to any detectable
UPR activation (Reinhard et al. 2022). Hence, not every lipid metabolic perturbation that
severely affects ER membrane composition and that correlates with UPR activation causes
lipid bilayer stress. For designing suitable dietary interventions to counteract ER stress—
related pathologies, it will be crucial to better understand the molecular and physical basis of
lipid bilayer stress.

Cold Spring Harb Perspect Biol. Author manuscript; available in PMC 2024 August 05.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Ernst et al. Page 12

Sphingolipids form a large group of ceramide-containing lipids. Intermediates of the
sphingolipid metabolic pathways, dihydrosphingosine and dihydroceramide, interact with
the transmembrane helix of ATF6 and promote forward transport and proteolytic processing
in the Golgi complex (Tam et al. 2018). Globally up-regulating sphingolipid biosynthesis

in S. cerevisiae by the deletion of ORMI and ORMZ causes a constitutive activation of the
UPR, while suppression of sphingolipid biosynthesis by low doses of myriocin rescues the
sensitivity of orm1AormZ2A cells to ER stress—inducing agents (Breslow et al. 2010; Liu et
al. 2012). There is a substantial cross talk between sphingolipid and glycerophospholipid
bio-synthesis at the level of regulation because they share common metabolites (Carman
and Han 2009). It is possible that a deregulated sphingolipid biosynthesis triggers the UPR
indirectly (e.g., by reducing the level of Pl lipids in the ER), which is certainly relevant
under inositol-limiting conditions (Promlek et al. 2011; Reinhard et al. 2022) and potentially
also in a yeast model of classic galactosemia (Pimentel et al. 2022). Important building
blocks for sphingolipid biosynthesis are very long chain fatty acids (VLCFAS) with 22

or more carbon atoms, which are thought to contribute to the coupling of lipid dynamics

in the two leaflets of cellular lipid bilayers. Compromising the utilization of VLCFAs by
deleting FAT1in S. cerevisiae increases the levels of the sphingolipid metabolic intermediate
phytosphingosing, results in mildly elevated levels of saturated glycerophospholipids, and
sensitizes cells to ER stress (Micoogullari et al. 2020). Because VLCFASs are incorporated
not only in sphingolipids, but also found in GPI anchors and PI, it will be important to study
how precisely the UPR is triggered under this condition (Kajiwara et al. 2012; Erdbriigger
and Frohlich 2020).

From the above-mentioned examples, it should be clear that diverse perturbations of lipid
metabolism targeting structurally distinct lipids cause lipid bilayer stress.

How UPR Transducers Sense Lipid Bilayer Stress

Most mechanistic understanding of how UPR transducers sense lipid bilayer stress stems
from studies of SCIRE1 (Promlek et al. 2011; Halbleib et al. 2017; Ho et al. 2020; Véth et
al. 2021). Withits short transmembrane helix adjacent to an ER-luminal amphipathic helix,
ScIREL1 causes a local membrane thinning and acyl chain disordering (Fig. 4B; Halbleib
etal. 2017; Vath et al. 2021). The free energy penalty for such membrane distortions is

low in the unstressed ER, whose lipid composition is ideally suited to accommodate even
extreme hydrophobic mismatches (Renne and Ernst 2023). However, when a lipid metabolic
perturbation reduces ER membrane compressibility and thickens the ER membrane, the
free energy penalty increases and provides a driving force for SCIRE1 dimerization

and/or oligomerization (Fig. 4B; Halbleib et al. 2017). The hydro-phobic mismatch-based
oligomerization relies solely on the overall architecture of SCIRE1’s transmembrane domain
and the resulting “footprint” in the membrane, but not on specific amino acid residues of
the transmembrane helix (Fig. 4B; Halbleib et al. 2017; Véth et al. 2021). Consequently,

all transmembrane helix residues of SCIRE1 can be mutated without disrupting membrane
sensitivity (Vath et al. 2021). However, mutations that disrupt the integrity of the adjacent
amphipathic helix and the architecture of the entire transmembrane region also reduce the
size of SCIRE1’s membrane footprint and, consequently, membrane sensing by ScIRE1
(Halbleib et al. 2017). Consequently, point mutations in the amphipathic helix of SCIRE1
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disrupt the response to inositol depletion (Halbleib et al. 2017; Tran et al. 2019), ethanol
treatments (Tran et al. 2019), reduced PC-to-PE ratios (Ho et al. 2020), prolonged exposures
to proteotoxic agents (Vé&th et al. 2021), and mutations that accumulate plasma membrane
proteins in the ER (Phuong et al. 2023).

The membrane footprint of SCIRE1 is unusually large for a single-pass transmembrane
protein due to the amphipathic helix penetrating deep into the luminal leaflet of the ER
membrane (Fig. 4B). Its size and ellipsoid shape might maximize the sensitivity of SCIRE1
to reduced ER membrane compressibility (\Vath et al. 2021). The gain in free energy upon a
membrane-driven dimerization and oligomerization is more substantial for SCIRE1 than for
unrelated single-pass transmembrane proteins because a larger distorted membrane area can
coalesce when ScIRE1 protomers approach each other (Fig. 4B).

Based on sequence analyses and secondary structure predictions, a similar transmembrane
architecture has been proposed for the mammalian UPR transducers IRE1a and PERK
(Halbleib et al. 2017; Covino et al. 2018). However, mutations introduced in the
hydrophobic face of the predicted amphipathic helix in the transmembrane region of IREla
did not significantly lower the response to palmitic acid—induced lipid bilayer stress (Kono
et al. 2017). Because the predicted amphipathic helix region of IRE1la also contributes to a
functionally relevant interaction with the Sec61 translocon (Plumb et al. 2015; Sundaram et
al. 2017), it remains challenging to interpret the functional consequences in this region in a
straightforward manner. It is possible, however, that the responsiveness of mammalian UPR
transducers to lipid bilayer stress is further affected by lipid phase separation events in the
ER, specific changes in the lipid headgroup regions, or an overcrowding of the membrane
with proteins (Molmer and Ron 2015; Shen et al. 2017; Covino et al. 2018).

Concluding Remarks

The remarkable ability of all three mammalian UPR transducers to sense membrane
aberrancies highlights an intricate cross talk between protein quality control and lipid
metabolism. It will be important to dissect the relative contributions of proteotoxic and

lipid bilayer stress to the pathogenesis and course of ER stress—related diseases. As shown
by a number of examples from model organisms, cultured mammalian cells, and preclinical
models, this might facilitate new dietary or pharmacological interventions targeting complex
metabolic diseases and the associated pathologies.
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Figure 1.
Lipid composition of the endoplasmic reticulum (ER) from Saccharomyces cerevisiae and

HelLa cells. The lipid class composition (A), the unsaturation of phosphatidylcholine (PC)
species (B), and total acyl chain length of PC species as the sum of Catoms in both fatty
acyl chains (C) are given as relative abundance (in mol%). (This figure is based on data in
Reinhard et al. 2022 and Sokoya et al. 2022 for the yeast and mammalian ER, respectively.)
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Figure 2.

The three branches of the unfolded protein response (UPR) in mammalian cells. The UPR
in mammalian cells has three branches, relying on the stress sensors IRE1, PERK, and
ATF6. Each branch regulates the expression of specific UPR target genes by activating
branch-specific transcription factors. IRE1 interacts with the endoplasmic reticulum (ER)
chaperone BiP and forms monomers and dimers in resting cells. ER stress stabilizes IRE1
dimers and higher oligomers, thereby activating the cytosolic kinase “K” and RNase “R”
domains. The activated RNase domain removes an intron from XBP1 mRNA and initiates
unconventional splicing that yields spliced XBP1 mRNA (XBP1S). Translation of the
matured mRNA yields the XBP1 transcription factor. Like IRE1, PERK is activated by
oligomerization. Dimerization and the formation of higher order oligomers activate the
cytosolic kinase domain. Phosphorylation of the eukaryotic initiation factor 2a (elF2a.)
decreases global transcription via the integrated stress response, but selectively promotes
the production of the transcription factor ATF4. ATF6 is a membrane-tethered basic leucine-
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zipper transcription factor. During ER stress, a specific disulfide-linked ATF6 dimer of

the redox-sensitive protein is transported to the Golgi complex, where it is proteolytically
cleaved bysite-1 and site-2 proteases (S1P, S2P), releasing the soluble p50 transcription
factor (ATF6p50). The ER chaperone BiP (blue) interacts with all three UPR transducers in
the unstressed ER.
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Figure 3. Sensing proteotoxic stressby IRE1.
(A) Crystal structures of the lumenal domains of yeast (green) and mammalian (blue) IRE1,

as determined by Credle et al. (2005) and Zhou et al. (2006), respectively. Cartoon models
(/ef?d) and surface models (right) are depicted. The interfaces for dimerization (dashed line)
and oligomerization (arrowheads) are indicated in the cartoons. (B) Oligomerization of
IREla can shape the endoplasmic reticulum (ER) into constricted tubes. The ER-luminal
domains of dimeric IRE1a serves as a proteinaceous zipper that juxtaposes two ER
membranes. (C) Segmented tomograms showing normal ER (bright orange) and constricted
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ER membranes that colocalize with IRE1. Scale bar, 100 nm. (Tomogram is adapted, with
permission, from Tran et al. 2021.) (D) Three models of proteotoxic stress sensing by IRE1,
as explained in the text. The ER chaperone BiP and accumulated unfolded proteins are
depicted in blue and red, respectively.
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(A) A diverse set of lipid metabolic perturbations triggers the unfolded protein response
(UPR) by a membrane-based mechanism. Inositol depletion, increased abundances of
tightly-packing, saturated lipids, increased levels of cholesterol and reduced PC-to-PE
ratios cause lipid bilayer stress. (8) SCIRE1 (green) uses a hydrophobic mismatch-based
mechanism for sensing ER membrane compressibility. With its short transmembrane

helix and an adjacent amphipathic helix, SCIRE1 induces a local membrane thinning and
establishes an ellipsoid membrane footprint (orange and red color). Increased membrane
thickness and reduced compressibility provide a driving force for SCIRE1 oligomerization.
Upon dimerization, the total area of the membrane distortion is minimized, and large parts
of the membrane footprints coalesce where the transmembrane helices “meet.” Compared
to unrelated, single-pass membrane proteins (blue), SCIRE1 gains more free energy upon
dimerization because a much larger distorted membrane region coalesces. The cytosolic side
of the ER membrane is labeled C, the luminal side L.
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