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Zusammenfassung

ZUSAMMENFASSUNG

Biologische Membranen sind zellulare Strukturen mit einer komplexen Zusammensetzung
aus Lipiden und Proteinen. Sie bilden lebenswichtige Barrieren und einzigartige
Umgebungen fiir vielfaltige und essenzielle zellulare Funktionen. Organellen von
Eukaryoten bilden spezialisierte Reaktionsrdume mit charakteristischen
Membrankompositionen. Diese Kompositionen sind von enormer Bedeutung fir die
Identitat von Organellen und werden aufrechterhalten, trotz physikalischem Kontakt zu
anderen Organellen und standigem Austausch von molekularen Komponenten.
Saccharomyces cerevisiae ist ein etablierter eukaryotischer Modellorganismus dessen
Lipidmetabolismus gut erforscht ist. Er ist daher gut geeignet, um den Effekt von
verschiedenen zellularen Stressbedingungen auf die Membranzusammensetzung und
biophysikalischen Eigenschaften der Organellen zu untersuchen. Die unfolded protein
response (UPR) und der OLE pathway sind homdostatische Programme, welche die
zellulare Proteinbiogenese und den Lipidstoffwechsel regulieren. Beide Signalwege
hangen von Transmembranproteinen des endoplasmatischen Retikulums (ER) ab, die
biophysikalische =~ Membraneigenschaften als Eingangssignale wahrnehmen und
verarbeiten. Aktuell verstehen wir nicht, wie kollektive Membraneigenschaften aus den
Protein- und Lipidzusammensetzungen von komplexen Biomembranen entstehen.
Veranderungen dieser Kompositionen, wie zum Beispiel ein erhdhter Sattigungsgrad von
Lipid Acylketten in Membranen des sekretorischen Weges und des endosomalen und
lysosomalen Systems, tragen entscheidend zu zellularem Stress und pathologischen
Konditionen bei.

Dieser kumulativen Dissertation liegen Publikationen zu Grunde, die durch zwei zentrale
Fragen miteinander verknlpft sind: I) Was sind die molekularen Mechanismen der
Sensoren von Membraneigenschaften? Il) Welchen Einfluss hat zellularer Stress auf die
Zusammensetzung der Membran einzelner Organellen?

Zur Beantwortung dieser Fragen untersuchte ich zuerst die Transmembranarchitektur des
UPR-aktivierenden Proteins Ire1. Durch Quervernetzungsexperimente in der komplexen
Umgebung isolierter Membranvesikel und konfokale Fluoreszenzmikroskopie in vivo
konnten wir zeigen, dass der Transmembranbereich von Ire1, unabhangig von der
stressauslésenden Bedingung, eine X-férmige Konformation einnimmt. Um besser zu
verstehen, wie biophysikalische Membraneigenschaften von Proteinsensoren erfasst
werden, habe ich bei der Erforschung eines Lipid-Sattigungssensors mitgewirkt, dessen
Sensitivitat auf Helix-Helix Rotationen im Transmembranbereich beruht. Das ER-Protein

Mga2 reguliert den Anteil von gesattigten und ungesattigten Acylketten in Membranlipiden.



Zusammenfassung

Entgegen der verbreiteten Lehrmeinung, dass der Sattigungsgrad von Lipiden vornehmlich
zur Aufrechterhaltung der Membranfluiditat dient, zeigten unsere Daten, dass Mga2 auf die
Packungsdichte der Lipide in einer bestimmten Tiefe im hydrophoben Kern der ER
Membran reagiert, und nicht auf die Fluiditat der Membran.

Um zu verstehen, welche Veranderungen in der ER Membran zu akuter und chronischer
Aktivierung der UPR fuhren, muss der Einfluss von Stress auf die Zusammensetzung der
ER Membran quantitativ analysiert werden. Chronischer ER Stress ist eng assoziiert mit
komplexen metabolischen Erkrankungen. Die breite regulatorische Kapazitadt der UPR,
welche eine Vielzahl von Genen des Lipidmetabolismus betrifft, impliziert eine
Schlisselrolle von ER Stress und UPR fir die Membranbiogenese und die Regulation des
Lipidstoffwechsels. Die Analyse quantitativer Lipidomdaten ergab, dass nach bestimmten
akuten ER Stressbedingungen die Lipidzusammensetzung der Zelle nicht wesentlich
verandert war. Ganzzell-basierte Lipidomdaten lassen jedoch keine Rickschlisse auf die
Lipidzusammensetzung der ER Membran zu, die fir die molekularen
Aktivierungsmechanismen der Sensoren Ire1 und Mga2 ausschlaggebend ist. Um bei
quantitativen Lipidomanalysen eine subzellulare Auflésung zu erreichen, und dadurch eine
Verbindung zwischen veranderten Membranzusammensetzungen und molekularen
Sensormechanismen herzustellen, entwickelte ich eine neuartige Methode zur
Membranisolation, die MemPrep getauft wurde. Mit MemPrep konnten wir molekulare
Signaturen von anhaltendem proteotoxischem und membranbasiertem Stress
entschlisseln. Basierend auf diesen Daten konnte eine Rolle der Membran-Dicke
und -Kompressibilitdt, sowie der Oberflachenladung auf die Oligomerisierung von Ire1 und
Aktivitat der UPR identifiziert werden. Darliber hinaus adaptierte ich MemPrep zur Isolation
der Vakuolenmembran. Bei limitiertem Angebot an Nahrstoffen findet dort eine
Phasentrennung, unter der Bildung zwei koexistierender flussiger Membrandomanen, statt.
Wir konnten zeigen, dass die phasengetrennte Vakuolenmembran eine erhohte
Konzentration von Phosphatidylcholin mit hohem Schmelzpunkt aufweist. Dies kdnnte zu
einer Phasenseparation von flissigen Domanen mit hoher Acylkettenordnung beitragen.
Damit beschrieben wir das erste Mal, flr einen physiologisch relevanten Kontext, die
Lipidzusammensetzung einer phasengetrennten komplexen Biomembran.

Ire1 und Mga2 sind durch Evolution optimierte Sensoren, welche die Homdostase von
biophysikalischen Membraneigenschaften sicherstellen. Meine Arbeiten zeigen: Die
Lipidkomposition und die physikalischen Eigenschaften der ER- und Vakuolenmembran
sind zwar abhangig vom =zelluldaren Kontext, jedoch ist der Erhalt physiologischer
Membranfunktionen und der Identitdt von Organellen von enormer Bedeutung fiur das

Uberleben von Zellen.
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SUMMARY

Biological membranes are complex assemblies of lipids and proteins. They constitute
unique environments for diverse and essential cellular functions. The membrane-bound
organelles of eukaryotes are specialized compartments for biochemical reactions, featuring
characteristic membrane compositions. These membrane lipid compositions are crucial for
organellar identity and they are maintained despite physical contact to other organelles and
constant exchange of molecular components. The yeast Saccharomyces cerevisiae is an
established eukaryotic model organism, its lipid metabolism has been studied in great
detail. Hence, it is well suited to study the effect of different cellular stress conditions on the
lipid composition and collective properties of membranes. The unfolded protein response
(UPR) and the OLE pathway are homeostatic programs that regulate cellular protein and
lipid biogenesis. Both pathways depend on signal transduction from endoplasmic reticulum
(ER) transmembrane proteins that sense collective biophysical membrane properties. How
these collective properties emerge from the protein and lipid composition of a complex
biomembrane, however, is not understood. Membrane aberrancies, such as increased
levels of saturated lipid acyl chains, along the secretory pathway and the endosomal-
lysosomal-system, contribute substantially to conditions of cellular stress and pathology.
The publications that constitute this cumulative thesis are centered around two central
questions: 1) What are the molecular sensing mechanisms of membrane property sensors?
II) What is the effect of cellular stress on the membrane composition of individual
organelles?

To answer these questions, | studied the transmembrane architecture of the UPR-activating
protein Ire1. By in vitro crosslinking experiments, in the complex environment of isolated
membrane vesicles, and in vivo fluorescence microscopy, we could show that Ire1's
transmembrane domain adopts an X-shaped dimer conformation, independent of the
stress-inducing condition. To better understand how biophysical membrane properties are
sensed by proteins, | contributed to investigate the ER membrane protein Mga2, a lipid
saturation sensor that relies on helix-helix rotations of its transmembrane domain. It
regulates the abundance of saturated and unsaturated fatty acyl chains in membrane lipids.
Against the common hypothesis, that lipid saturation mainly regulates membrane fluidity,
our data suggest that Mga2 is sensitive to increased membrane packing density at a defined
depth of the hydrophobic membrane core, and not to membrane fluidity.

To elucidate which membrane aberrancies lead to acute and chronic UPR activation, we
must quantify the molecular composition of the ER membrane under diverse stress

conditions. Chronic ER stress is tightly associated with complex metabolic diseases. The
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broad regulatory capacity of the UPR, affecting many genes of lipid metabolism, implies a
key role of ER stress and UPR activity in membrane biogenesis and the regulation of lipid
metabolism. The analysis of quantitative lipidomics data revealed that, under certain acute
ER stress conditions, the cellular lipid composition was not substantially altered. However,
whole cell lipidome data does not allow conclusions on the composition of the ER
membrane, which is decisive for the activation of the membrane property sensors Ire1 and
Mga2. To gain subcellular resolution for our quantitative lipidomics analyses, and thereby
build a connection between aberrant organelle membrane compositions and molecular
sensing mechanisms, | developed the novel membrane isolation technique MemPrep. With
MemPrep, we could elucidate the molecular fingerprints of prolonged proteotoxic and lipid
bilayer stress. Based on these data, we identified a contribution of membrane thickness
and membrane surface charge density to the oligomerization of Ire1 and UPR activation.
Furthermore, | adapted MemPrep to determine the lipid composition of the vacuole
membrane. Upon nutrient limitation, the vacuole membrane undergoes phase separation
into different coexisting liquid membrane domains. We could show that the phase
separating vacuole membrane contains increased levels of phosphatidylcholine lipids with
high melting temperatures. These can contribute to the formation of liquid membrane
domains with high acyl chain order. Our data presents, for the first time, the lipid
composition of a phase separating complex biomembrane, in a physiologically relevant
context.

Ire1 and Mga2 are evolutionarily optimized sensors that ensure homeostasis of collective
biophysical membrane properties. My work demonstrates that the lipid composition and
collective membrane properties of the ER and the vacuole membrane are context
dependent. However, maintaining physiological membrane functions and organelle

identities is crucial for cellular survival.

VI
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Introduction

1. INTRODUCTION

1.1. The origin of cellular life: Compartmentalization by self-assembling
amphiphiles

Compartmentalization has been an important factor in prebiotic chemical evolution. The
origin of cellular life most likely involved the formation of protocellular vesicles by self-
assembling amphiphilic molecules'?. Every cell we know today is surrounded by a
membrane that contains lipids and proteins. This complex biomembrane defines the
boundary between cellular life and the environment. Amphiphilic membranogenic
molecules like fatty acids and long chain alcohols might have been available on the early
earth by meteoritic infall®* or geochemical processes®. These compounds are capable of
forming vesicular compartments with semipermeable bilayer boundaries that allow the
concentration of biochemically important solutes for metabolism and replication®®.
Furthermore, compartmentalization potentially led to the emergence of Darwinian evolution
by generating individually replicating protocell units that are in competition to each other’.
Self-assembly of amphiphiles in an aequous solution is entropically driven by the
hydrophobic effect. In the presence of amphiphilic lipids, dynamic hydrogen bonding
networks of water molecules are disturbed. Instead, entropically unfavorable ordered water
structures are formed. The free energy of the system is minimized by minimizing the
interface between the aequous solvent and the hydrophobic part of the amphiphil. This is

facilitated by the aggregation of the amphiphile into larger structures®°.

packing parameter
P =v/al Arca
val < 1/3 vial =1 a

v

Vial > 1

Volume é

P
e

length
~

Micelles Hexagonal Lamellar Cubic Inverted In_verted
() bilayer hexagonal micelles
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Figure 1: Lipid polymorphism. The apparent geometry of lipid molecules can be described as
a packing parameter P, calculated as the volume v divided by the amphiphile length / times the
area a of the lipid headgroup region. Depending on the P value, amphiphiles form different
non-bilayer and bilayer aggregates in water. Adapted from®.



Introduction

Besides environmental parameters like the degree of hydration, ionic strength and
temperature, the type and shape of the assembly depends on the intrinsic average shape
of the amphiphilic molecule, which is described by its packing parameter P. Inverted-cone-
shaped molecules with packing parameters < 1/3, typically found for detergents and some
biologically relevant lipids with only a single hydrocarbon chain, form spherical micelles.
Packing parameters greater than 1 correspond to cone-shaped molecules with a small
hydrophilic head and two, often unsaturated, hydrocarbon tails. Such amphiphiles can form
inverted hexagonal phases (Hu), in the shape of elongated tubes with hydrocarbon tails
pointing outwards towards the aqueous solution, and inverted micelles (Figure 1). However,
the vast majority of biological lipid aggregates are lamellar bilayer membranes, typically
formed by molecules with packing parameters ranging from 1/2 to 1'"'2. Hexagonal (H) and
cubic phases are transitional forms from micelles to bilayers and bilayers to H, respectively.
Whether non-bilayer phases play a role in vivo is a matter of active debate''. Evidence
has been presented for a role of local Hi phases in the inner mitochondrial and thylakoid

membrane and more generally for membrane fusion events'>8,

1.2. Lipid diversity in eukaryotes

Considering that, in principle, one type of amphiphilic lipid molecule is sufficient to form a
lipid bilayer membrane, it is astonishing that even relatively simple organisms contain
hundreds of different lipid species'®'. The complexity of representative lipidomes ranges
from 27 distinct lipid species in the prokaryote Methylobacterium extorquens® to over 250
in the single-celled eukaryote Saccharomyces cerevisiae (yeast)'® and over 1100 in the
mouse liver®2*, A thought-provoking counter example is the result of a synthetic biology
approach where a viable strain of Mycoplasma mycoides was generated that contained
only 2 lipid species?®. This raises the question: Why do naturally evolved cellular membrane
systems contain so many different lipid species?

Eukaryotic lipids are categorized into three major groups: 1) glycerolipids, including
glycerophospholipids and neutral lipids, Il) sphingolipids, and Il1) sterols?'. Prokaryotic and
especially archaeal lipids are structurally distinct and deserve their own in-depth
reviews?®%’,

Glycerophospholipids are characterized by a glycerol-3-phosphate (G3P) backbone with
one or two fatty acids esterified to its sn-1 and sn-2 positions and a headgroup bound via
the sn-3 phosphate. They are considered the main structural lipids of cellular membranes.
Bacterial lipids have the same G3P backbone, archaeal lipids however, contain

glycerol-1-phosphate, the 'mirror image' molecule of G3P. This so-called lipid divide is
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amongst the most fundamental unresolved questions in evolutionary biology®®?°. Attached
to the sn-3 phosphate can be a number of class-defining headgroups with the most
abundant classes in yeast, as well as in mammals® or plants®', being phosphatidylcholine
(PC), phosphatidylethanolamine (PE), phosphatidylinositol (Pl), phosphatidylserine (PS),
phosphatidic acid (PA) and phosphatidylglycerol (PG) (Figure 2)*. These hydrophilic lipid
headgroups differ in their size, charge, and polarity, which greatly influence the contribution
to collective physicochemical properties of the resulting membrane surface. Pl lipids can be
phosphorylated to vyield phosphatidylinositol phosphates (PIPs), which play an
important role in signal transduction processes and as energy source for intracellular lipid
transport®*=". PA is a central node in the lipid metabolic network. When the phosphate is
removed by a phosphatase, the resulting neutral diacylglycerol (DAG) is being generated.
DAG serves as structural component of membranes, as a precursor for triacylglycerol
(TAG) biosynthesis, or as a precursor for the biosynthesis of PC and PE lipids via the
Kennedy pathway**®. Plants contain two additional classes of non-phosphate glycerolipids
in their photosynthetically active chloroplast membranes. Galactolipids and sulpholipids
have galactosyl or sulfoquinovosyl moieties, respectively, fused to the sn-3 headgroup
position of DAG®".

HO/\|/\O*F!’ OH = 4

HST j)j\/\/\/\/_\/_\/\/\
HQC\N+\/\ 73 S ) o o G
L CH
e 0~p—0 ; O\H/\/;\/\/\/\/\/\/ 3
PC L0 . :
fooozenenoooas A
PI 0 O i
HO O~p—OH ! 0 ___~_ $
HO. o H ; — i HsC NH H
HO  on o ' ester, ether ! i
i orenyl | ceramide 0
PS 0o HO~p— OH
/
(e]

Figure 2: Chemical lipid diversity. Lipids are categorized into three major groups
i) glycerophospholipids, sub-categorized into classes depending on the headgroup moiety (PE,
phosphatidylethanolamine; PG, phosphatidylglycerol; PC, phosphatidylcholine; PlI,
phosphatidylinositol; PS, phosphatidylserine; PA, phosphatidic acid), ii) sphingolipids, like
ceramide, with a sphinganine base built from serine and a saturated fatty acid, and iii) sterols like
cholesterol, which is the main sterol species in animals. The figure was taken from?24°.
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Glycerolipids contain either one (lysolipids), two, or three (TAG) hydrocarbon chains
attached to the glycerol backbone. In yeast, these chains are always derived from fatty
acids and are joined to glycerol via an ester bond (Figure 2).

Furthermore, in archaea, some bacteria, proto- and metazoans, etherlipids can be formed
by the condensation of an alcohol with the glycerol base of the lipid. Plasmalogens, a
subgroup of ether lipids with an sn-1 vinyl ether-linked alkenyl chain, are abundant
phospholipids in human and mouse brain tissue®®. Reduced levels of PE plasmalogens

39,40

have been found in Alzheimer's disease patients®™*", and an inhibitory effect of

plasmalogens on the disease-promoting enzymatic activity of the membrane-bound
y-secretase has been suggested*®*’.

In glycerolipids, the length of fatty acyl chains and the number and position of double bonds
dramatically influences their physicochemical properties. Most cellular fatty acyl chains
range from 10 to 26 C-atoms with O (saturated) to 6 (polyunsaturated) double bonds.
However, in yeast, only saturated and monounsaturated fatty acids with a single cis double
bond at the A9-position can be synthesized*?. The most abundant acyl chains found in yeast
are myristoyl (14:0; 14 C-atoms, saturated), palmitoyl (16:0; 16 C-atoms, saturated),
palmitoleoyl (16:1; 16 C-atoms, one cis double bond at A9), oleoyl (18:1; 18 C-atoms, one
cis double bond at A9) and stearoyl (18:0; 18 C-atoms, saturated)**. The many different
possible combinations of these building blocks lead to a large chemical diversity of
glycero(phospho)lipid molecules. Nevertheless, acyl chains are not randomly distributed
among the different phospholipid classes. In yeast, a remarkable selectivity of the lipid
metabolic machinery leads to the enrichment of unsaturated acyl chains in PE and the four
acyl chains-containing mitochondrial lipid cardiolipin (CL), while saturated acyl chains are
enriched in PI'%%, Besides de novo biosynthesis, acyl chain remodeling determines the
composition of acyl chains in the different phospholipid classes***¢. A two-step process
known as Lands' cycle features deacylation by a phospholipase A and reacylation in an
acyl-CoA-dependent fashion by an acyltransferase*’. The remodeling of PC lipids in yeast
involves the removal of both acyl chains by the B-type phospholipases Plb1 and Nte1 to
form free fatty acids and glycerophosphocholine (GPC)*®. Subsequently, PC is formed first
via lyso-PC by the atypical acyltransferase activity of Gpc1*® and then by activity of the
broad spectrum lysophospholipid acyltransferase Ale1*®°. Substrate-specific enzymes, e.g.
the acyltransferase Cst26, which preferentially incorporates C18:0 at the sn-7 position of
PI®" or the mitochondrial-located CL-specific phospholipase A Cld1%?, contribute to the
observed characteristic steady-state acyl chain compositions of phospholipid classes.
Monolysocardiolipin (MLCL), which results from Cld1 activity, is reacylated by Taz1%.
Mutations in the human ortholog tafazzin cause the Barth syndrome, via disfunctional

mitochondria with altered CL compositions and the accumulation of MLCL®*%°,
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Sphingolipids, the second major lipid category, are built from the profoundly different
sphingoid base, which is synthesized by fusing the amino acid serine to a 16:0 fatty acid.
This sphingoid base can be modified by introduction of a double bond and / or
hydroxylations at few defined positions along the carbon chain®. A very long chain fatty
acid is then fused to the sphingoid base by N-acyl linkage to form a ceramide (Figure 2).
The characteristic hydroxylations of sphingolipids are thought to stabilize lipid-lipid
interactions, e.g. by hydrogen bonding to sterols, and potentially lipid-protein interactions in
a similar manner to organize and stabilize membrane domains®’. Yeast synthesizes three
classes of complex sphingolipids, categorized by their hydrophilic headgroups, which are
based on inositolphosphate and mannose that are added to the ceramide moiety. These
classes are inositolphosphorylceramide (IPC), mannosyl-inositolphosphorylceramide
(MIPC), and mannosyl-di-(inositolphosphoryl)ceramide (M(IP).C)*®. In mammals, many
more classes of complex sphingolipids are generated by addition of a phosphocholine
headgroup (sphingomyelins), a single sugar (cerebrosides), or even complex branched
oligosaccharides (gangliosides) that are located in the outer leaflet of the plasma membrane
and have important roles in cell signaling®°.

The third major category of membrane lipids are sterols, composed of a 4-ring-system
entirely made from carbon atoms that is planar and rigid in conformation. The biosynthetic
precursor is squalene and depending on the exact sterol species that is formed, the ring
system can have double bonds and feature distinct modifications with alkyl chains®.
However, the C3-atom always carries the eponymous hydroxyl group (Figure 2). In yeast,

|0/o19,20,32

the main sterol species is ergosterol, with an abundance of circa 15 mo , and minor

levels of other sterols like zymosterol and episterol®’

. Cholesterol is the most important
mammalian membrane sterol. In vertebrates, a broad spectrum of substances (sterol-based
hormones and vitamins including steroids, mineralcorticoids, bile salts, and vitamin D) is
derived from sterols like cholesterol®?. Sterols can be esterified with fatty acids at their C3-
hydroxyl group, forming steryl esters, which serve as intracellular storage®. The
extracellular synthesis of cholesteryl esters in mammals on the surface of high-density
lipoproteins (HDL) is an important process for the delivery of peripheral cholesterol to
hepatocytes. Low HDL cholesterol level have been widely accepted as important risk
factors for artherosclerosis and coronary heart disease®.

Recent advances in mass-spectrometry based lipidomics enabled unprecedented insights
into the chemical complexity and dynamics of cellular lipidomes, in particular for yeast and

mammalian systems'920:3265.66
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1.3. Collective biophysical membrane properties

The chemical diversity of lipid molecules, their organization in bilayers, and the
compositional complexity of biological membranes, including the protein content, comprise
an environment with emergent biophysical properties. Despite being only about 4 nm in
width, lipid bilayers are unique environments for complex biochemical activity. The earliest
model of the lipid bilayer was proposed by Gorter and Grendel in 1925, notably, based on
monolayer techniques developed by Langmuir in 1917578, The most influential model of
our current understanding of biological membranes is the fluid mosaic model by Singer and
Nicolson from 1972 (Figure 3 A)%°. It initially described membranes as flat, fluid solvent in
which proteins can freely rotate, diffuse, and function.

A central aspect, which is unfortunately often ill-used and ill-defined in today's life sciences,
is the fluidity of the membrane®*. Fluidity is the inverse of viscosity and refers to diffusion
and rotational motion of molecules. Typical diffusion coefficients found for lipids in fluid

synthetic bilayer systems are 2-19 um?/s’%"?

and approximately one order of magnitude
slower for lipids in cell membranes (0.9-2.0 um?/s)’*"°. Protein diffusion measured in fluid
synthetic membranes is in a similar range as lipid diffusion (3-4 pm?s)’2"3. Interestingly,
diffusion coefficients determined for membrane proteins in cells are one to two orders of

476 However, protein

magnitude smaller than their lipid counterparts (0.02-0.40 um?/s)
diffusion measured in cell membranes is highly dependent on the protein that is observed,
and the length and time-scale at which motion is being recorded, hence the overall
experimental setup’’. Short-ranged diffusion of 10 ym?s has been reported’®. The
anchoring of larger protein complexes and the cytoskeleton to cell membranes can lead to
the phenomenon of confined diffusion, or hop diffusion, due to sterical hindrance by these
relatively immobile structures’®®. The fluid mosaic model has been updated throughout the
decades to account for experimental evidence for lateral heterogeneity and an intricate
anchoring of the cytoskeleton (Figure 3 A)®"#2. Nevertheless, complementary models have
been developed that focus on the physical forces at play in lipid-lipid, lipid-protein, and
lipid-water interactions (Figure 3 B,C)3*%,

The lateral pressure profile describes the differences in pressure that would be experienced
by an imaginary probe traversing through the lipid bilayer, orthogonal to the membrane
plane (Figure 3 B)®%4%¢ These pressure differences are hundreds of atmospheres in
magnitude and result in forces acting on lipids and membrane embedded proteins®®’. The
headgroup region contributes positive pressure originating from repulsive forces between
lipids. Strong interfacial tension, i.e. negative pressure at the hydrophobic-hydrophilic
interface of the bilayer, results from the hydrophobic effect that minimizes the contact
between hydrophobic hydrocarbon chains and water from the aqueous solvent. Crowding

of the hydrocarbon chains in the hydrophopic core of the bilayer contributes positive
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pressure. When integrated over the width of the bilayer, the net pressure is zero for a

mechanically equilibrated membrane (Figure 3 B)%¢".

fluid mosaic model lateral pressure profile

lateral pressure, p(z) [ I

lateral phase separation

holesterol Cholesterol

KEY

A - Inaccessible

B - One liquid phase
C - One solid phase Liquid-liquid
D — Solid-liquid coexistence /-

coexistence region at
E - Liquid-liquid 30°C
coexistence

DOPC DPPC

Figure 3: Membrane models and biophysical membrane properties. A) The fluid mosaic
model of biological membranes. This scheme depicts an updated version of the model that
includes lateral heterogeneity and an intricate association with the cytoskeleton, besides proteins
being embedded in a fluid lipid bilayer. Figure was taken from®'. B) The lateral pressure profile
shows the distribution of positive and negative pressures, p(z), across the width d of the bilayer.
Depending on the distance z from the bilayer mid-plane, repulsive forces in the lipid headgroup
region contribute positive pressure (1THg), interfacial tension contributes large negative pressure
due to the hydrophobic effect that minimizes hydrocarbon chain contact with water (yphob), and
Treh is @ positive pressure contribution from crowding of hydrocarbon chains in the hydrophobic
core of the bilayer. The differences of these pressures and tensions can be in the order of several
hundred atmospheres. The integral of p(z) across the complete width of the membrane is zero
for a membrane in mechanical equilibrium. Ap(z) is the cross-sectional profile that differs for two
hypothetical states of a transmembrane protein. Figure was taken from®. C) Phase diagrams of
ternary lipid mixtures indicating regions where bilayers consist of one liquid phase (B), one solid
phase (C) or show coexistence of solid and liquid (D) or liquid-ordered and liquid-disordered (E)
domains. Inlets 1-8 show fluorescence micrographs of giant unilamellar vesicles generated with
indicated ternary mixtures (scale bar = 20 um). DOPC, dioleoylphosphatidylcholine; DPPC,
dipalmitoylphosphatidylcholine. Figure was taken from'%.

Directly connected to the lateral pressure profile is the description of intrinsic or
spontaneous curvature. It describes the tendency of each individual monolayer to curve if
it would not be confined in a bilayer structure. Repulsive and attractive forces between lipids
and their average molecular shapes, described by the packing parameter P (Figure 1), are
important determinants of intrinsic curvature. When a monolayer consists of, on average,

cylindrical lipids (P = 1), intrinsic curvature is zero. A high abundance of lipids with packing
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parameters substantially different from 1 can manifest morphologically in non-bilayer lipid
phases®8,

Beside fluidity and the lateral pressure profile, there are other bulk membrane properties
that describe the physical state of a bilayer membrane. Packing density describes how
tightly lipid molecules are packed within a given membrane area®. Many if not all bulk
properties are interconnected and interdependent, a high packing density for example often
correlates with less fluid, thicker, more rigid and/or less permeable membranes®. It can be
achieved by different chemical changes within the lipidome of a membrane, e.g. more
saturated acyl chains, longer hydrocarbon chains of lipids, or higher sterol content®°",

In contrast, the size and number density of lipid packing defects, especially in the headgroup
region, increase with the abundance of lipids containing small headgroups, e.g. PA or DAG,
or increased level of unsaturated acyl chains and can facilitate binding of membrane
associated proteins®'=*®. Packing defects can also be induced by membrane curvature that
exists in diverse subcellular structures® and is often associated with and stabilized by
specialized proteins, e.g. in endoplasmic reticulum (ER) tubules®, the nuclear pore

complex®, tight bends of the inner mitochondrial membrane® %

, or the stacks of thylakoid
membranes®.

How much energy is needed to bend a membrane into a curved structure is described by
100,101

the bending rigidity . Another bulk property associated with energetic costs of
deformations is the transverse compressibility which describes the ability of a membrane to
change its thickness in response to external or internal forces, for example by an embedded
protein*.

Considering the vast chemical diversity of lipids and proteins, the thickness of biological
membranes is astonishingly uniform across the tree of life. Within eukaryotic cells organelle
membranes range in thickness from 35-45 A'%2, Nevertheless, differences in thickness,
besides other properties discussed earlier, influence the permeability of a membrane for
solutes'®,

A fascinating aspect of collective biophysical membrane properties is the phenomenon of
lateral phase separation (Figure 3 C). Bilayers can show lateral heterogeneities of lipids,
segregating in vitro into membrane domains, with compositional bias and distinct physical
properties. Such membrane phase separation phenomena have been extensively studied
in model lipid bilayers'®""2. A tripartite system, i.e. a model membrane consisting of only
three lipid species, is sufficient to provide the coexistence of two fluid domains'®. Robust
phase separation at a range of temperatures can be achieved by mixing a low-melting lipid
(often containing unsaturated acyl chains), a high-melting lipid (usually with saturated acyl
chains), and a sterol. The melting point of a lipid is defined as the temperature where the

transition from a highly viscous, rigidly packed gel with fully extended hydrocarbon chains
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(referred to as Lg) to a fluid liquid phase occurs, where lipids can freely rotate and
translate'®. Lipid phase separation can feature two coexisting liquid domains, a liquid-
disordered domain (Lg) and a liquid-ordered domain (L,) where gauche rotamers of the
hydrocarbon chain are restricted, e.g. by an ordering effect of cholesterol (Figure 3 C [E])"°.
Sterols have an ordering and water-expelling effect in liquid bilayers. Hence, sterols reduce
lipid acyl chain motion and water content in the membrane interface and thereby increase
microviscosity''*"'°. However, both domains are fluid (L4 and L,) and feature high rotational
and translational mobility. Depending on the lipid composition and the temperature,
coexistence of a liquid and a solid Lg domain is also possible, at least in vitro
(Figure 3 C [D])'°.

The concept of physiologically relevant, or even essential, laterally segregated membrane
domains has been introduced by the membrane raft hypothesis''®. It predicts the existence
of membrane domains, rich in cholesterol, sphingolipids, saturated phospholipids and
specialized membrane proteins, that are formed by lipid-lipid and lipid-protein
interactions’'”''®, Membrane rafts are thought to play a role in sterol-rich membranes like
the plasma membrane with implications for the activity of transmembrane receptor proteins

and cellular signaling'®12°

. Furthermore, it has been suggested that rafts regulate
intracellular trafficking along the secretory pathway by providing platforms for protein and
lipid sorting in the Golgi complex'?"'?2, Despite recent advances in direct imaging of lipid

123-

nano-domains'®~'?’| the existence of rafts in the plasma membrane of living cells remains

challenging to study'?®-"%°,
The probably clearest example of physiologically relevant membrane phase separation in
living cells is the formation of coexisting micron-sized, stable Ly and L, domains in the

t'*'. Domains are formed under starvation conditions with

vacuole membrane of yeas
functional importance for lipophagy'*? and target of rapamycin (TOR) signaling'®. Yet, their
molecular composition is unknown.

In conclusion, biological membranes can be described by a multitude of biophysical
properties that each have to be maintained to ensure crucial membrane functions. Most of
these membrane properties are interconnected and not directly encoded by the lipid
composition. Furthermore, nonideal mixing and non-additivity of collective properties
complicates their prediction based on the lipid composition™*'3%, A chemical change on the
level of lipid composition, e.g. the abundance of double bonds in lipid acyl chains, changes
multiple biophysical membrane properties (decrease of packing, microviscosity, thickness
or bending rigidity, increase of lateral diffusion speeds (fluidity), permeability or
compressibility, and modulation of the lateral pressure profile, intrinsic curvature or phase
behavior). These pleiotropic effects are hard to disentangle, especially in biomembranes

that feature vastly complex lipidomes (and membrane proteomes).
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1.4. How proteins interact with membranes

Cellular membranes are not just simple diffusion barriers, they harbor essential bioactivities
on their surfaces, in their hydrophobic core and across the bilayer'*®. The occupation of
biomembranes with proteins is substantial and often underestimated. The sarcoplasmic
reticulum, for example, contains 2 mol% of proteins, which means that there are only ~50
lipids (~25 in each leaflet) per protein'’. Another study found approximately 70 lipids per
protein (~35 in each leaflet) in synaptic vesicles'™®. An extreme example is the purple
membrane of Halobacterium salinarum with only ~30 lipids (~15 per leaflet) lining a trimer
of bacteriorhodopsin, rendering this membrane system a 2-dimensional crystal'”.
Moreover, 20% of the cross-sectional area of the red blood cell membrane is occupied by
protein™°. Similar observations have been made in synaptic vesicles in which 20% of the
surface area is occupied by transmembrane protein'3.

The biological processes and protein structures that are part of membranes include
transporters'', signal transduction by receptors'?, the electron transport chain'?, lipid
metabolic enzymes'*, intramembrane proteases'*®, the cytoskeleton'®, pattern formation

in space and time by Rho GTPases™’*

or the anchoring of the genome to the inner
nuclear membrane™®.

Membrane protein structures are adapted to the unique environment of the lipid bilayer, e.g.
featuring surface-exposed hydrophobic residues that can interact with the hydrophobic core
of the membrane. They are generally divided into three major categories i) integral
membrane proteins, ii) membrane-associated, and iii) peripheral membrane proteins*.
Integral membrane proteins, or transmembrane proteins, span the hydrophobic core of a
membrane (Figure 4 A [1-3]). Their transmembrane domains (TMDs) consist of hydrophobic
helices (single or multiple) or a pB-barrel structure. Often, these proteins feature additional
soluble domains on one or both sides of the bilayer.

Membrane-associated proteins are anchored to one side of a membrane either by a protein
domain like an amphipathic helix (AH) (Figure 4 A [4]) or by lipidation of specific residues
(Figure 4 A [5,6]). These lipid moieties attached to proteins include palmitate, farnesyl or
the more complex glycosylphosphatidylinositol (GPI) anchors. GPl-anchors are typical for
proteins that are located at the extracellular leaflet of the plasma membrane'°.

Peripheral membrane proteins, however, are recruited to the membrane by interactions with
other membrane proteins (Figure 4 A [7]) or via lipid binding domains (Figure 4 B), which
can be astonishingly specific for lipid headgroup features and the membrane context™’.
The C1 domain is circa 50 amino acids long and found in over 30 mammalian proteins. It
was first identified as a DAG binding domain of protein kinase C (PKC) (Figure 4 B)'2. The
more prevalent C2 domain, which was also first described in PKC, is about 130 residues in

size and mediates Ca**-dependent lipid binding. It has a wider selectivity of lipids with a

10
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preference for anionic lipids like PS or PIPs which are phosphorylated Pl derivatives'®®'>,

The pleckstrin homology (PH) domain is the most abundant lipid binding domain and it
mediates a specific interaction with several PIPs'®2. The FYVE domain, named after the
first proteins it has been described for (Fab1, YOTB (the uncharacterized Caenorhabditis
elegans protein ZK632.12), Vac1, early endosome antigen 1) has been shown to bind
phosphatidylinositol-3-phosphate (PI3P) in a pH-dependent manner'®. The molecular
mechanism involves protonation of functionally important histidine residues'®. Phagocytic
oxidase homology (PX) and epsin N-terminal homology (ENTH) domains are other
examples of PIP binding domains, which underlines the importance of PIPs for determining
membrane identity via the recruitment of cytosolic proteins (Figure 4 B)'"1¢,

Membrane interacting proteins can also stabilize membrane curvature, and shape
membrane architecture at the scale from ~30 nm to several um. Membrane-shaping
proteins include reticulon proteins, BAR (named after the proteins Bin/Amphiphysin/Rvs)
domain-containing proteins, and sigma-1 receptor (SigmaR1). Reticulons are a class of
evolutionarily conserved, wedge-shaped, proteins that insert from the cytosolic leaflet of the
ER membrane, thereby inducing positive membrane curvature, which underlies the
formation of ER tubules or the edges of ER sheets®. In contrast, SigmaR1 is stabilizing flat
membrane domains of the ER, presumably via an oligomerization mechanism. Its monomer
structure contains both a single transmembrane helix (TMH) and an AH that are required
for its function'®. BAR domains are banana shaped molecules that bind membranes at their
concave face thereby stabilizing membrane curvature'®. They play an important role in
membrane remodeling, e.g. during endocytosis or cytoskeletal reorganization'"62,

The activity of membrane proteins is often dependent on the membrane lipid composition
and the resulting biophysical properties. To fully understand these modulatory functions by
the lipid environment it is important to consider specific protein-lipid interactions, the
collective biophysical properties acting on embedded proteins, and the transmembrane
architecture of proteins (Figure 4 C)®7'631%4 Well characterized examples include the
activation of osmosensing and Ras-mediated signaling by thinning of the membrane'®®,
force-from-lipids gating of the mechanosensitive channel MscS'®, the length-based
transmembrane proteins sorting along the secretoy pathway, or receptor assembly based
on differential thickness and packing density of disordered and ordered membrane

nano-domaing®® 134167168
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Figure 4: Modes of protein-membrane interaction. A) Major categories of membrane proteins
include integral- or transmembrane proteins. Schematic examples for single-spanning (1),
multi-spanning (2) and p-barrel (3) proteins. Membrane-associated proteins can be anchored to
the membrane by amphipathic helices inserted into one leaflet of the bilayer (4), lipidations (5) or
a GPl-anchor (6). Peripheral membrane proteins are indirectly bound to membranes via
protein-protein interactions (7). Adapted from**. B) Lipid / membrane binding domains mediate
the recruitment of proteins to the surface of a membrane via specific protein-lipid interactions.
The C1 domain binds diacylglycerol (DAG), PH, PX, and ENTH domains bind different
phosphoinositides (PI), while FYVE domains bind phosphoinositides in a pH-codependent
mechanism. C2 domains bind anionic lipids in a Ca?*-dependent fashion. Adapted from'2,
C) Architectural features of transmembrane helices, like their accessible surface area, determine
free energy costs (AGratt) associated with lateral partitioning into different membrane domains
(raft / non-raft). Adapted from'®7.
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1.5. How cells sense and regulate lipid compositions and membrane
properties

The lipid composition and the resulting physical properties of a biomembrane have a crucial
influence on the functions of membrane proteins and membrane associated processes.
Eukaryotes maintain multiple different membrane compositions for functionality and identity
of a multitude of membrane-bound organelles. Although all proteins that interact with
membranes will be affected by the membrane environment, not all can be considered
membrane property sensors. Genuine membrane property sensors are part of a
homeostatic or adaptive sense and response pathway. A sensory protein interacts with the
membrane in an environment-dependent fashion. Instead of a protein-lipid interaction with
a specific lipid species or class, the sensory cue is usually a collective biophysical
membrane property. Often, the homeostatic or adaptive response that is triggered is linked
to a transcriptional program, with gene products that have the potential to alter membrane
compositions and restore biophysical properties. Only few examples of membrane property
sensors have been studied in mechanistic detail '**='"".

One of the best described adaptive response pathways is the temperature-controlled
biosynthesis of unsaturated lipid fatty acyl chains in Escherichia coli (E. coli)'’. In 1974,
Sinensky suggested that the viscosity of E. coli membranes is maintained in response to a
sudden drop of the ambient temperature. This homeostatic process has been termed
homeoviscous adaptation'. It marks the important conceptual breakthrough that
membrane biophysics is actively maintained and serves as the prime example of adaptation
of the membrane composition to physical cues. The molecular details of such a sense and
response pathway have been studied in the two-component system DesK/DesR in Bacillus
subtilis. The histidine kinase DesK, which features five transmembrane helices (TMHs),
senses temperature-dependent changes in the bacterial membrane and initiates a
response to cold shock (Figure 5 A). In the cold, DesK undergoes auto-phosphorylation at
its cytosolic output domain, thereby switching from phosphatase to kinase activity. The main
target of DesK is the response regulator DesR, which, when phosphorylated, upregulates
the expression of the A5-fatty acid desaturase (Des)'"*'"®. When membrane viscosity and
other biophysical properties are restored by enzymatic acitvity of Des, the membrane
sensor DesK falls back into the phosphatase state, dephosphorylating the response
regulator DesR. Dissecting the molecular details of the interaction of a truncated chimeric
version of DesK with its membrane environment revealed that DesK is most likely controlled
by membrane thickness'’. In the minimal sensor construct, with a single TMH, DesK was
functional as a constitutive dimer that switched between two preferred dimer states in a

membrane thickness-dependent manner. Increase of membrane thickness led to
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hydrophobic mismatch between lipids and the sensor protein, that was countered by
elongation of the THM. This elongation led to the positioning of three serine residues,
forming a new dimer interface that is stabilized by an intramembrane serine zipper
(Figure 5 B). This alternative dimer conformation is associated with auto-phosphorylation
and kinase activity, activating the downstream response regulator DesR and therefore

increasing expression of the fatty acid desaturase Des'”’.

R

S30~ S30~
~$33

e

Figure 5: The cold shock and membrane thickness sensor DesK. A) At a growth temperature
of 37 °C, the two-component histidine kinase DesK shows phosphatase activity towards the
response regulator DesR. When temperature decreases, DesK switches to kinase activity,
thereby phosphorylating DesR. Phosphorylated DesR activates the expression of the des gene,
coding for A5-fatty acid desaturase (Des). Enzymatic activity of Des leads to feedback inhibition,
by DesK returning to its phosphatase state. This panel was adapted from'”. B) The molecular
mechanism of DesK-membrane interaction. Temperature decrease leads to hydrophobic
mismatch between thicker membranes and the DesK-derived minimal sensor construct in its
phosphatase (P) dimer conformation. This destabilization leads to the elongation of the
transmembrane helix and the formation of an intramembrane serine zipper (residues S23, S30,
and S33), stabilizing the kinase (K) dimer conformation. This panel was taken from'"”.

S33

Yeast also needs to adjust the levels of unsaturated membrane lipid acyl chains to the
ambient temperature. Unlike in Bacillus subtilis, desaturation takes place during de novo
synthesis of fatty acids. The ER membrane protein Mga2 is a membrane property sensor

in yeast that regulates the expression of the gene OLE1, coding for yeasts sole fatty acid
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desaturase (Ole1). The A9-fatty acid desaturase Ole1 is essential in the absence of
exogenously provided unsaturated fatty acids. Mga2 is an unusual transcription factor that
needs to be mobilized from the ER membrane before it can act in the nucleus. The OLE
pathway describes the activation and processing of the 120 kDa transcription factor
precursor which involves ubiquitylation of Mga2 by the E3 ubiquitin ligase Rsp5 (Figure 6
A). Subsequent recruitment of the segregase complex Cdc48/Ufd1/Npl4 by Ubx2 and
proteolysis by the proteasome leads to the formation of a 90 kDa fragment that can enter
the nucleus and upregulate OLE1 expression (Figure 6 A)'"®7°_ The activity of the OLE
pathway is dependent on the availability of unsaturated fatty acids, indicating the
involvement of a potential lipid sensing mechanism'78.180.181,

The membrane sensing mechanism of Mga2 has been studied in molecular detail. Mga2 is
an integral ER membrane protein spanning the membrane with a single TMH, featuring two
crucial residues (W1042 and P1044). Minimal sensor constructs of Mga2 form dimers
in vitro and molecular dynamics (MD) simulation has shown that the Mga2 dimer
continuously explores all possible dimer interfaces (Figure 6 B)''. The occupation of
distinct rotational orientations is affected by the degree of lipid saturation in the membrane
environment and relative dimer orientations are not separated by high energetic barriers. A
tightly packed membrane consisting of PC 16:0/18:1 (POPC) stabilizes a rotational
orientation where the two W1042 residues of an Mga2 dimer, residing deep within the
hydrophobic membrane core, hide in the dimer interface’'. In more unsaturated
membranes consisting of PC 16:1/18:1, an inversed orientation with both W1042 residues
facing away from each other is stabilized (Figure 6 B). Despite this dependency on the
membrane environment, dimers of Mga2 remain highly dynamic, exploring many different
rotational orientations''. This rotational mechanism, featuring the relatively bulky
tryptophan sensory residue, suggests that lipid packing might be the biophysical parameter
that is sensed by the membrane property sensor Mga2 and maintained by regulation of the
Ole1 enzyme level'®"82 Although Bacillus subtilis and yeast both regulate the levels of
unsaturated membrane lipid acyl chains, the transmembrane sensor architectures and the

sensory cues are fundamentally different.
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Figure 6: The OLE pathway and the molecular sensing mechanism of Mga2. A) The OLE
pathway describes the processing of the transcription factors Mga2 and Spt23. Both proteins are
120 kDa ER transmembrane proteins with a single transmembrane helix (p120). Dependent on
biophysical membrane properties, Mga2 gets ubiquitylated by the E3 ubiquitin ligase Rspb5.
Subsequent recruitment of the segregase complex Cdc48/Ufd1/Npl4 by the substrate recruiting
factor Ubx2 precedes processing by the proteasome at the cytosolic side of the ER membrane.
Proteasomal proteolysis releases a 90 kDa fragment that relocalizes to the nucleus and activates
the expression of the OLE7 gene. This panel was adapted from'®2. B) Atomistic molecular
dynamics simulation of a minimal sensor construct of Mga2 in POPC membranes. The Mga2
dimer continuously explores all possible dimer interfaces. However, a cluster analysis of
structurally similar conformations revealed that the population of two clusters significantly
changed in a membrane composition-dependent fashion. The conformation where both sensory
tryptophan residues hide within the dimer interface (P-W W-P) was significantly more populated
in tightly packing POPC membranes (PC 34:1, orange). Whereas in more loosely packing PC
34:2 membranes (green), featuring lipids with two unsaturated acyl chains, the conformation with
sensory tryptophans pointing away from each other (W-P P-W) was more populated. This panel
was adapted from'®.

Not all membrane property sensor mechanisms act across or in the hydrophobic core of the
membrane, like the mechanisms of DesK or Mga2 respectively. The yeast protein Opi1
represents a fundamentally different category of membrane property sensors. It regulates
alternative transcriptional programs of membrane lipid and storage lipid production, that
mark a central decision in cellular lipid metabolism. Opi1 is a peripheral membrane protein

that interacts with the ER membrane indirectly via the ER transmembrane protein Scs2 and
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directly in a PA-dependent manner'®. In contrast to DesK and Mga2, the sensing
mechanism acts on the membrane surface and is more dependent on the abundance of a
single phospholipid class in the ER membrane. In vitro, Opi1 binding to PA-containing
model membranes is modulated by the lipid composition and collective membrane
properties like curvature and packing'®*. The molecular mechanism of PA recognition has
been pinned down to an 18 amino acids long module that folds into an AH'®®. The AH-fold
explains the modulatory effects of membrane curvature and packing, as these parameters
determine the probability of membrane insertion of an AH at the lipid headgroup region®'.
The sensory AH module features two 'three-finger grip' motifs, lysine-arginine-lysine and
3-lysine, which can intimately interact with the phosphate moieties of PA. MD simulation
has suggested that these motifs recruit the anionic headgroups of PA and PS lipids'®.
However, they strongly prefer PA over PS when both lipids are present in model
membranes in equimolar amounts, suggesting the sensory modules specific recognition of
PA in complex biomembranes'®®.

When the PA level in cells is low, Opi1 is released from the ER membrane and relocalizes
to the nucleus to act as transcriptional repressor of many glycerolipid biosynthesis genes.
Specifically, those that are under the control of the transcriptional activators Ino2 and Ino4,

186188 Hence, PA and inositol

at inositol-sensitive upstream activating sequences (UASin)
can be considered key regulators of lipid metabolism in yeast. Cells that lack either Ino2 or
Ino4 require inositol supplementation for survival, while overproduction and secretion of
inositol is observed in OPI1 knockout cells'®'%. PA is a central precursor metabolite for

both, membrane and storage lipid production'®’'’

. Opi1 regulates the balancing act
between the two lipid metabolic pathways by sensing PA abundance in the ER membrane,
with contributions of biophysical parameters that facilitate AH insertion.

The unfolded protein response (UPR) is a large transcriptional program that was initially
discovered to restore the protein folding capacity of the ER'2. However, the UPR is also
activated by aberrant membrane compositions that potentially affect biophysical membrane
properties and by depletion of inositol from the medium'®-'%. The single-spanning ER
transmembrane protein inositol-requiring enzyme 1 (Ire1) is the sole activator of the UPR
in yeast and is evolutionarily conserved in humans. When unfolded proteins accumulate in
the ER lumen, phosphorylation and oligomerization lead to the activation of a cytosolic
RNase domain that initiates the unconventional splicing of the HAC1 pre-mRNA (Figure 7
A)'*51%_ The spliced HACT mRNA is translated and the mature transcription factor Hac1
upregulates the expression of a large number of UPR target genes involved in protein
folding, ER-associated degradation (ERAD), and lipid metabolism''%®. Membrane sensing
capabilities of Ire1 were suggested after the observation that cells with a dysfunctional Ire1

ER luminal domain, not able to bind unfolded proteins, still show UPR activity?®. Many
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studies correlated perturbations of lipid metabolism to the activation of the UPR in yeast
and mammalian cells'®. Conditions of membrane based UPR have been collectively
termed lipid bilayer stress and can be induced by deletion of various lipid metabolic or
regulatory genes'®*'%_ Interference with PC biosynthesis by knockout of genes that are
essential for the methylation of PE to yield PC, for example, resulted in a decreased PC/PE
rato and the accumulation of the metabolic intermediate monomethyl
phosphatidylethanolamine with coincidental UPR activation®'. Furthermore, elevated
levels of lipid saturation'®>?%? and sterols?®® have been shown to activate the UPR in a
fashion independent from unfolded proteins. Depletion of the important lipid metabolite

inositol from the growth medium robustly activated the UPR in yeast?%2%4,

A B Amphipathic helix (AH)
$526

lipid bilayer
stress

cytosol

G /A C 1u mRNA
intron QD ltRNAligase
G -/ C1s mRNA

Cc

ER lumen

1 translation

~~~~~
o ~~
.

"
l' ~\
l' ‘\
/ !ga! |:* \
'.’ UPR target genes %
/

Y
by
1

] lipid bilayer stress coalescence cytosol
i 5 bilayer compression and activation

Figure 7: The activation of the unfolded protein response by protein folding stress and
lipid bilayer stress. A) The accumulation of unfolded proteins in the ER lumen is recognized by
the Ire1 luminal domain. Oligomerization and phosphorylation leads to the activation of a cytosolic
RNase domain that performs an unconventional splicing of HAC1 pre-mRNA (HAC1u). Spliced
HAC1 (HAC1s) s translated and acts as transcription factor in the activation of UPR target genes.
The activation of Ire1, and therefore the UPR, can be triggered by aberrant membrane
compositions which is collectively termed lipid bilayer stress. B) Helical wheel projections of Ire1's
transmembrane domain containing an amphipathic helix (AH) and a transmembrane helix (TMH).
C) The juxtaposition of TMH and AH leads to a local compression of the ER membrane. Increased
energetic costs of compression in aberrant membrane compositions upon lipid bilayer stress,
might be minimized by coalescence of compressed areas, leading to the oligomerization of Ire1
and downstream activation of the UPR. All panels were adapted from?°5,
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The UPR transducer Ire1 contains a single alpha-helical transmembrane domain (TMD)
that is crucial for its sensing capability for membrane aberrancies®*?°®. Close inspection of
the yeast TMD revealed an AH immediately adjacent to, and partly overlapping with, an
unusually short hydrophobic TMH (Figure 7 B). This architecture leads to an overall tilted
orientation of Ire1's TMD with the AH embedded in the luminal leaflet of the ER
membrane®®. Disruptive mutations of the AH's hydrophobic face showed severe loss of
UPR-activating function. MD simulation measured the extend of local membrane
compression around a TMD of Ire1 and suggested a sensory mechanism that is based on
collective membrane properties, rather than the interaction of a specific lipid species®®. Ire1
is @ membrane property sensor that integrates a biophysical sensory cue, most likely
membrane compressibility or thickness, into the UPR activity output. Increased energetic
costs of compressing a thicker, stiffer, or more densely packed ER membrane might be
minimized by coalescence of the compressed membrane areas in Ire1 oligomers, thus

promoting the activation of its UPR effector domains?®®.

1.6. Organelle membrane lipid compositions and identities

Eukaryotic membrane-bound organelles are characterized by distinct proteomes and
lipidomes. Subcellular biomembranes contain many hundreds of different lipid species in
unique and context-dependent compositions that contribute to fingerprint-like organellar
identities. This non-homogeneous subcellular distribution of lipids, with characteristic
steady-state organelle compositions, is generated and maintained by spatially restricted
biosynthesis, lipid sorting and selective vesicular transport, and active transport facilitated
by lipid transfer proteins2°6-2%,

Particularly relevant and extreme is the distribution of sterols among organellar membranes.
A sterol gradient along the secretory pathway is crucial for maintaining protein sorting and
biophysical membrane properties. Cholesterol, or ergosterol in yeast, is found at low
concentrations in the ER membrane and highly concentrated in the plasma membrane,

R%2' |n mammalian cells, the measured

despite its exclusive biosynthesis in the E
cholesterol concentration of the ER is dependent on the availability of cholesterol in the
medium and ranges from 1 mol%, under conditions of acute cholesterol depletion, to
10 mol% when cholesterol is supplied externally in excess?!". The SREBP/Scap sensory
system that increases the expression of cholesterol biosynthesis genes was robustly
activated when the ER cholesterol concentration fell below 5 mol%?'". This suggests that
the sterol concentration in the ER membrane is tightly regulated and actively maintained.

Measurements of the yeast ER membrane sterol content have found a ratio of ergosterol
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to phospholipids of 0.18, which corresponds to 13.5 mol%, assuming that 75% of all lipid
molecules in the ER are phospholipids**. A more recent study has suggested >20 mol%
ergosterol in the ER of yeast grown in oleate-rich medium, while the purity of these
preparations can be questioned?’?. These data demonstrate that organelle lipid
compositions are species-specific and potentially context-dependent, however a sterol
gradient along the secretory pathway is maintained in all examples. The sterol content of
the plasma membrane has been determined for mammalian systems such as the apical
side of a mouse endothelial cell (~33 mol%)*', the apical side of a canine kidney cell
(~45 mol%)?", human erythrocytes (>40 mol%)®®, and in addition to this also for yeast
(44 mol%)?'°. For yeast, complementary lipidomics data of intermediate compartments
suggest a steep step in membrane sterol concentrations only late in the secretory pathway.
The trans-Golgi network and secretory vesicles contain 10 mol% - 14 mol% and 23 mol% -
30 mol% ergosterol respectively?'>2'®. The exact profile of the gradient has important
implications for sorting and transport processes of lipids and membrane proteins. How is
the sterol gradient generated and maintained? The observation of rapid equilibration of
newly synthesized sterol with the pre-existing pools in the ER and the PM?'7?'® suggests
that, additional to vesicular transport, sterols are equilibrated by a multitude of non-vesicular
sterol transfer proteins like NPC2%'?, Osh4??, or steroidogenic acute regulatory-related lipid
transfer (START) domain proteins?'??_ |t is hypothesized that these proteins equilibrate
sterol pools in the ER and the plasma membrane based on effective concentrations, that is
the accessibility of membrane-bound sterol for these transfer proteins, modulated by the
abundance of tightly packing, and therefore sterol shielding, saturated lipid acyl
chains?'%?2_ Additionally, the mammalian sterol transporter OSBP shows counter-transport
activity for phosphatidylinositol-4-phosphate (PI4P) from the plasma membrane to the ER,
suggesting an energizing mechanism for the sterol transport by ATP-dependent Golgi- and
plasma membrane-resident Pl4-kinases®"?%.

Beside sterols, complex sphingolipids, saturated lipid acyl chains, and PS are enriched in
the PM®'. These compositional gradients manifest in a gradient of collective biophysical
membrane properties (Figure 8 A)%°%2%5. Within the secretory pathway, biophysical
properties range from mostly symmetric, thin, loosely packed membranes with low charge
density at the ER surface, to asymmetric, thick, densely packed membranes with exposed
charged surfaces at the plasma membrane (Figure 8 A). These membrane properties are
reflected in the sequences and folds of transmembrane and membrane-interacting protein

domains65,91 ,167,225,226
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Figure 8: Two cellular territories present
distinct membrane identities characterized by
biophysical properties. A) There are
compositional and biophysical gradients along the
secretory pathway. The ER has abundant packing
defects, unsaturated lipid acyl chains and a low
level of sterol and PS. The plasma membrane
(PM) is characterized by a high charge density,
high level of saturated lipid acyl chains, sterols and
the anionic lipids PS and the phosphoinositide
PIP2. Important sorting mechanisms that establish
this unequal lipid distribution are located in the
Golgi complex and endosomal system. The
territory of lipid packing defects promotes the
binding of proteins with amphipathic lipid packing
sensor (ALPS) motifs. In the territory of
electrostatics, proteins like BAR domain proteins
interact with curved membranes via charged
interactions. This panel was taken from®'.

B) Organellar membranes in the secretory
pathway and endosomal system contain identity-
defining classes of phosphoinositides. The late
secretory pathway (trans Golgi network and PM) is
characterized by phosphatidylinositol-4-phosphate
(PdIns(4)P). Also found in the PM is the lipid
phosphatidylinositol-4,5-diphosphate
(PtdIns(4,5)P2). Characteristic for endosomal
membranes is the phosphoinositide
phosphatidylinositol-3-phosphate (Pdins(3)P). A
PI(5)-kinase is located in late endosomes and the
yeast vacuole, indicating the generation of
phosphatidylinositol-3,5-diphosphate
(PtdIns(3,5)P2). This panel was adapted from?28,

In mammalian cells, the targeting of tail-anchored proteins to different organelles depends

on the hydrophobicity of the TMD and the charge of the adjacent tail region

227 Cytoplasmic

proteins need to distinguish between a multitude of diverse organelle membranes. In

trafficking organelles of the endosomal and lysosomal system-specific identification and

tethering is mediated by phosphoinositides and organelle-specific GTPases*®. Such

dynamic features allow the plasticity to lose old identities, e.g. after budding-off from a

precursor organelle, or change identity during maturation processes by Pl-kinase or
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phosphatase activities (Figure 8 B)?%. Besides phosphoinositides, sphingolipids play an
important role in the sorting of vesicles in the endosomal system and the biogenesis of the
lytic vacuole, the main catabolic compartment of yeast?°. When sphingolipid metabolism is
disturbed by knocking out inositol phosphosphingolipid phospholipase C (/ISC7), which
catalyzes the hydrolysis of complex sphingolipids to form ceramide, cytoplasm-to-vacuole
(cvt) targeting of vesicles is dysfunctional, and the yeast vacuole appears fragmented®®.
This phenotype is mediated by the ceramide-activated protein phosphatase Sit4, that reacts
to a shift in the ceramide acyl chain composition towards species with very long chain fatty
acids of 26 C-atoms?°. An important aspect of the vacuole's membrane identity is that it
can phase separate into coexisting Ls and L, membrane domains®'. These domains are
formed in the stationary growth stage and could be considered two separate membrane
identities on the same organelle, as they show separate functionalities. The sterol enriched
L, domain serves as an essential docking platform, facilitating translocation of lipid droplets
into the vacuole during micro-lipophagy'**#'. Changes of the yeast vacuole lipidome that
might promote phase separation include increased ergosterol and complex sphingolipid
level and a shift in sphingolipid composition to longer acyl chains and a higher degree of
hydroxylation?*2,

Organelle membrane lipid compositions have been estimated qualitatively by using lipid-
sensitive probes that are partitioning to membranes that contain high levels of the lipid of
interest, e.qg. filipin binding to sterol-rich membranes or a diverse set of genetically encoded
biosensors that bind membranes rich in DAG, PA, PS, or phosphoinositides®*?3, On the
other hand, analytical methods based on cell fractionation and lipid extraction with
downstream lipid chemical analyses, e.g. by thin layer chromatography or mass
spectrometry, have revealed complete membrane lipidomes including class specific acyl
chain compositions (Figure 9)?°®%3°, However, these data can only be as good as the cell
fractionation that was performed before molecular analysis. Therefore, suitable isolation
techniques are crucial to determine subcellular membrane lipid compositions. Most studies,
even today, rely on classical cell fractionation techniques first described by Albert Claude?®*®
and then further developed in the laboratory of George Palade®*”~%°. After cell lysis,
subcellular components are separated by differential centrifugation and / or density gradient
centrifugation. These techniques separate subcellular structures and particles based on

physical properties, i.e. size, shape, and density?*°.
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Figure 9: Subcellular membranes are locations of specific lipid biosynthesis and feature
unique lipid compositions. The central scheme of a eukaryotic cell and its organelles shows
the location of biosynthesis of diverse lipid classes. The ER produces all glycerophospholipid
classes (PC, PE, PIl, PS, PA), cholesterol (CHOL) or ergosterol (ERG), ceramide (Cer),
galactosylceramide (GalCer) and the neutral storage lipid triacylglycerol (TG). Mitochondria
generate PE, PG, cardiolipin (CL) and PA. The Golgi apparatus synthesizes complex
inositolsphingolipids (ISL) in yeast and other complex sphingolipids in mammals
(glucosylceramide (GlcCer), sphingomyelin (SM), glucosphingolipids (GSL)). Additionally, it
generates the signaling lipid phosphatidylinositol-4-phosphate (PI4P). Phosphatidylinositol-3-
phosphate (PI3P) and phosphatidylinositol-3,5-diphosphate (PI3,5P2) are produced in late
endosomes. The plasma membrane produces the phosphoinositides P14P, phosphatidylinositol-
4,5-diphosphate (P14,5P2), phosphatidylinositol-3,4-diphosphate (P13,4P2) and
phosphatidylinositol-3,4,5-triphosphate (PI13,4,5P3). Additional lipid classes that are generated at
the PM are DAG, Cer, sphingosine (Sph) and sphingosine-1-phosphate (S1P). Surrounding bar
graphs show characteristic lipid compositions of the ER, PM, mitochondria, Golgi apparatus and
late endosomes. PL, phospholipids; R, remaining lipids; BMP, bis(monoacylglycero)phosphate.
This figure was taken from?%8,

Systematic, pioneering cell fractionation studies in yeast, coupled to lipid analyses, have

resulted in a series of publications from the Paltauf and Daum groups that established the

23



Introduction

fundamentals of subcellular lipid compositions and distribution34461:241.242

. They also
pointed out the inherent linear anticorrelation between the abundance of an organelle in the
cell and the achievable enrichment factor of this organelle in any isolation procedure. That
means, the more abundant a type of membrane is in the intact cell, the lower is the
achievable enrichment of these membranes®?. This fact and the vast physical
interconnectedness with other organelles via membrane contact sites, makes the isolation
of ER membranes particularly challenging®**-2*°.

A fundamentally different isolation strategy uses antibodies, raised against antigens with
known localization at the subcellular membrane of interest. By this, organelles can be
immobilized and then separated based on biochemical specificity and affinity. One of the
earliest immuno-isolation protocols targeted endosomal vesicles from a mammalian cell

culture system to study vesicle fusion events in vitro?*®

. The methodology has been adapted
to study the metabolite content of mammalian lysosomes and peroxisomes®*"?*® and the
subcellular lipid composition of membranes in the late secretory pathway of yeast?'>2'¢.

Despite early pioneering work and recent additions to the landscape of subcellular

208,235

lipidomics , quantitative data are needed to understand the relation between lipid

composition, membrane biophysics, and cellular homeostasis and pathology?*°.

1.7. Lipid bilayer stress in health and disease

The ER plays a crucial role in protein biogenesis, secretion, lipid metabolism and signaling.
It handles a vast amount of different membrane and luminal proteins of the secretory
pathway, especially in secretory cell types. Conditions that overload the protein folding and
processing capacity of the ER are referred to as ER stress, which is tightly associated with
the activation of the UPR. In human cells, the UPR signaling is initiated by three single-pass
ER membrane proteins IRE1a, Activating Transcription Factor-6 (ATF6), and Protein
Kinase R-like ER kinase (PERK)®°. In addition to the splicing of XBP1 mRNA, which
resembles the splicing of the HAC7 mRNA in yeast, mammalian IRE1a supports protein
folding homeostasis by reducing ER-targeted transcript levels via regulated Ire1-dependent
mRNA decay (RIDD)?**'. When activated, ATF6 is proteolytically processed in the Golgi
complex to release the transcriptionally active fragment ATF6p502°2-%4, Active PERK leads
to the phosphorylation of the eukaryotic translation initiation factor 2a resulting in a general
downregulation of translation, while at the same time promoting the selective translation of
the transcription factor ATF42°>%%¢ Severe or unresolved chronic ER stress can trigger
apoptosis via the PERK branch. The ATF4 target C/EBPP homologous protein is a

transcription factor that promotes pro-apoptotic signaling by upregulation of the death
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receptor 52725 Chronic activation of the IRE1a branch has also been linked to
programmed cell death via apoptosis signaling kinase 1 and RIDD activity®>®. Therefore, it
is not surprising that ER stress, triggered by aberrant membrane compositions, i.e. lipid
bilayer stress, is observed in many human disease conditions'93259-263,

Saturated fatty acids can cause lipid bilayer stress, and eventually, cell death in pancreatic
B-cells®®*. Exposure to palmitate leads to the activation of all three UPR branches and
apoptosis in multiple mammalian pancreatic cell systems, including human islets?®°. The
demise of pancreatic B-cells is a hallmark of the development of type Il diabetes. When
exogenous saturated fatty acids are supplied in excess, they are rapidly incorporated into
membrane lipids. They pose a lipotoxic threat to the structural integrity of the ER
membrane®® and potentially alter biophysical properties?®’ that could trigger lipid bilayer
stress and IRE1 activation?22%5268  Notably, unsaturated fatty acids show much lower
lipotoxicity and can even counter the effects of palmitate®®. It is possible that the other UPR
transducers, PERK and ATF6, entail membrane-dependent activation mechanisms too. A
PERK mutant missing its luminal, unfolded protein sensing domain was still capable of
activating the UPR?°2 and ATF6 activation was shown to be modulated by the abundance
of the sphingolipids dihydrosphingosine and dihydroceramide?®®.

An intricate relation between lipid metabolism and ER stress is observed in hepatocytes
with important implications for the pathology of nonalcoholic fatty liver disease (NAFLD)?"%-
213 |n patients with NAFLD, lipids accumulate in hepatocytes, which progresses over time
and can lead to conditions of liver dysfunction, nonalcoholic steatohepatitis (NASH) and
cirrhosis. ER stress induces lipid accumulation in hepatocytes and steatosis in mice®”*2"°.
The accumulating lipids might be originating from very low-density lipoproteins (VLDL), as
the VLDL-receptor was shown to be upregulated via the PERK branch of the UPR?’®. Yet,
other studies found evidence for an origin in fatty acid and TAG lipogenesis by hepatocytes,
activated in an UPR-dependent fashion by SREBP-1¢/2?7". Notably, ER stress in cultured
human hepatocytes can be induced by palmitate, or other saturated fatty acids, and
sterols?’®. This lipotoxicity might lead to chronic ER stress and lead into a vicious circle by
upregulation of hepatic lipogenesis. The importance of the glycerophospholipid content of
hepatocyte membranes has been demonstrated in mice lacking the PE methyltransferase
gene. These animals developed steatohepatitis and liver failure when choline was not
provided with the diet?”®. This condition is characterized by lower PC to PE ratios and

reduced membrane integrity in hepatocytes?.

Notably, human NASH patients show
similarly reduced PC to PE levels®°. Lipid biomarkers that help distinguish between normal

and diseased liver conditions can even be analyzed in the blood plasma®".
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Alzheimer's disease is characterized by progressing dementia and neurodegeneration with
pathologically diagnosed accumulation of extracellular amyloid f§ plaques and intracellular

282,283

aggregates of phosphorylated tau protein . Amyloid B is generated from the
transmembrane amyloid precursor protein (APP) by proteolytic processing and it has been
shown that overexpression of APP and the accumulation of amyloid 3 activate the UPR in

neuronal cells?®

. It is thought that in early stages of Alzheimer's disease the initial
accumulation of amyloid § and activation of the UPR can either lead to adaptation to
alleviate ER stress or maladaptation that eventually triggers pro-apoptotic signals in cells
with unresolved ER stress®®2%  Another line of evidence demonstrates aberrant lipid

39287 and a direct effect of

compositions in brains of patients with early Alzheimer's disease
plasmalogens on the activity of the APP-processing y-secretase in vitro®. It is tempting to
speculate that there is crosstalk between these two pathologic processes, that is integrated

by the UPR transducers, in the onset of Alzheimer's disease.
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2. PUBLICATION SUMMARIES AND PERSONAL CONTRIBUTIONS

21. Cysteine cross-linking in native membranes establishes the
transmembrane architecture of Ire1

The ER is the organelle at the base of the secretory pathway and therefore plays a crucial
role in membrane and protein homeostasis. Every luminal and transmembrane protein of
the endomembrane system is produced, inserted, and folded at the level of the ER?%,
Hence, the ER handles an exceptional number and abundance of proteins in every cell type
and even more in professional secretory cells such as hepatocytes?”°. This protein load
must be matched with appropriate folding and quality control capacities to prevent
saturation of the folding machinery and increased protein misfolding and aggregates.

The UPR is a homeostatic program that surveilles protein folding activity in the ER'2. When
activated, the UPR downregulates protein synthesis and upregulates expression of a broad
range of target genes involved in protein folding, ERAD, and lipid metabolism'®®. When ER
stress remains unresolved the UPR can trigger apoptosis and cell death by other

mean3263,289—291

. Chronic ER stress has been linked to type Il diabetes, cancer, and
neurodegenerative diseases, thereby emphasizing the importance of the UPR to human
health?®22%3_ In recent years it has been established that aberrant cellular membrane
compositions can activate the UPR'9192%° Membrane-based ER stress is referred to as
lipid bilayer stress?*.

Ire1 is one of three UPR transducers and the only one that is evolutionarily conserved from
yeast to humans. Ire1 is a type 1 transmembrane protein of the ER with a luminal domain

that can bind unfolded proteins'®

. When Ire1 is activated and forms signaling-active
clusters, its C-terminal, cytosolic RNase domain cleaves the pre-mRNA of HAC1 (XBP1 in
mammalian cells) as the committed step in an unconventional splicing event. The spliced
HAC1 mRNA is translated, which produces a potent transcription factor that activates
hundreds of UPR target genes®®2%, Ire1 contains an AH, which inserts into the luminal
leaflet of the ER membrane, directly coupled to an unusually short TMH. This unique
architecture of Ire1's TMD is the defining feature of its membrane-sensing capabilities?*°.
Little is known how Ire1 TMDs are oriented with respect to each other in signaling-active
clusters.

Here, we studied the transmembrane architecture of signaling active Ire1 under diverse ER
stress conditions. We constructed a 'cysteine-less' GFP-tagged version of IRE1 for
expression in yeast cells. After characterizing its functionality in vivo, we introduced single-
cysteine mutations along the TMD. Using copper ion-induced disulfide bridge formation

along the TMD, we mapped the oligomeric Ire1 transmembrane architecture in microsomes
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isolated from stressed cells®®"?%, To probe the relative positioning of Ire1 molecules in
dimers and oligomers we tested the cross-linking propensity of single cysteine residues
along the TMD (E540C to C552). These data, together with MD simulations, indicated an
X-shaped conformation of the dimeric Ire1 TMD in the ER membrane with F544 marking
the point of crossover. This TMD architecture was observed both under conditions of
proteotoxic and lipid bilayer stress.

As co-first author, | performed all microscopy experiments and subsequent image analyses.
To address whether GFP-tagged /RE1 constructs generated in this study were expressed
and yielded functional proteins in vivo, | performed live cell fluorescence microscopy and
quantified the clustering propensity. By targeting the genomic locus of IRE1, we achieved
near endogenous expression levels which are exceptionally low (< 300 Ire1 molecules per
cel®®). As a consequence, under unstressed conditions Ire1-GFP signal was
indistinguishable from background noise. Only in stressed cells, when Ire1-GFP formed
signaling-active clusters, oligomers could be observed as dot-like structures of the ER
(Appendix p. 73, Figure 1 D). To quantify these imaging data, | developed a custom analysis
pipeline for automatic segmentation of cells and associated Ire1-GFP cluster. This allowed
unbiased measurements of the clustering propensity of Ire1 and the associated cluster
sizes.

My quantitative microscopy data suggested a tendency of cysteine-less Ire1 towards less
cluster formation compared to Ire1 wildtype (Appendix p. 73, Figure 1 D). The dithiothreitol
(DTT)-induced clusters of cysteine-less Ire1 were less prevalent and smaller in size
(Appendix p. 91-92, Figure S3 G). Nevertheless, the data demonstrated the functionality of
cysteine-less Ire1, which was capable of oligomerizing and cluster formation under ER
stress conditions. In support of our immunoblotting data (Appendix p. 89, Figure S1 B, C),
| could confirm that both wildtype and cysteine-less Ire1-GFP clusters colocalized with the
ER marker ER-dsRed-HDEL (Appendix p. 89, Figure S1 F).

Taken together with other functional data (Appendix p. 73 and 89, Figure 1 B, C and Figure
S1 A-D) we concluded that the cysteine-less version of Ire1 is functional and a suitable
model to map the complex structure of Ire1's TMD in signaling-active oligomers via cysteine
cross-linking.

Based on the cysteine-less version, cross-linkable mutants with single-cysteines located
along the TMH were generated to investigate the transmembrane architecture of signaling-
active Ire1 oligomers. To control for possible differences in cross-linking efficiency due to
aberrant oligomerization of single-cysteine Ire1 versions, | measured their clustering
propensity by live cell fluorescence microscopy. My data showed that all single-cysteine
Ire1-GFP versions (E540C-C552) formed clusters in DTT-stressed cells (Appendix p. 91-

92, Figure S3 E). Furthermore, the number and size of clusters formed in cells were the
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same for all single-cysteine Ire1-GFP mutants and at the level of the cysteine-less version
(Appendix p. 91-92, Figure S3 F, G). These data indicate that the observed cross-linking
pattern reflects intermolecular proximity in the signaling-active Ire1 dimer and oligomer.
Next, we asked whether the observed cross-links are formed between Ire1 molecules in a
dimer or between adjacent dimer units of the oligomer. To address this, we introduced a
previously described Ire1 interface 2 (IF2) mutation (W426A) that interferes with higher
oligomer formation®®. In accordance with previous results*®, | could show that the IF2
mutation completely abolished Ire1 cluster formation in cells that were treated with DTT
(Appendix p. 79, Figure 6 A). Furthermore, Ire1 single-cystein mutants, in the IF2 mutation
background, showed no cluster formation under ER stress conditions (Appendix p. 79,
Figure 6 B). Taken together with the dramatically reduced cross-linking efficiency in
E540C+IF2 compared to E540C (Appendix p. 79, Figure 6 F), we concluded that TMD
positions E540 of adjacent units of dimers are in close proximity within signaling-active
clusters. In contrast, T541C+IF2 and F544C+IF2 did not show reduced cross-linking
efficiency, when compared to T541C and F544C respectively. This indicated proximity of
the respective TMD positions between the Ire1 molecules that form a dimer.

Based on our findings, we propose a membrane-sensing mechanism of Ire1 that is
determined by its unique TMD characteristics. The combination of a short hydrophobic TMH
and a partially overlapping AH, that inserts into the luminal leaflet, locally compresses the
ER membrane®®. Ire1's ellipsoid footprint in the ER membrane is associated with energetic
costs that are dependent on biophysical membrane properties®=%'. When the thickness or
transverse stiffness of the membrane increases, increased energetic costs of compression
are minimized by overlapping footprint areas after side-to-side dimerization of Ire1
(Appendix p. 79, Figure 6 G). This model is compatible with the observation of elongated
Ire1 clusters and a helical cluster ultrastructure in specialized ER subdomains®23%,
Strikingly, Ire1 seems to converge into the same TMD architecture both under proteotoxic
and lipid bilayer stress. Based on our findings, we speculate that instead of holding two
separate sense-and-response modes, Ire1 integrates signals of protein folding capacity and

membrane properties to trigger the UPR in a single signaling-active TMD conformation.
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2.2. Regulation of lipid saturation without sensing membrane fluidity

Cellular membranes are complex and dynamic assemblies of lipids and proteins. The
physicochemical properties of a membrane are dependent on its molecular composition.
Furthermore, important bulk membrane properties like permeability, viscosity, and the
lateral pressure profile are interdependent®*. Therefore, organisms can adjust the
physicochemical characteristics of their cellular membranes by a multitude of different
chemical features in a plethora of lipids and proteins?’.

Poikilothermic organisms that cannot regulate their body temperature need to maintain
membrane functions and membrane fluidity even under cold stress. The essential
adaptation of the membrane composition to cold has been termed homeoviscous
adaptation'”®. Controlling the level of unsaturation in membrane hydrocarbon chains is a

common strategy in cellular regulation of membrane fluidity***3°®. This mechanism has

306,307 20,182 308,309 H 310
, flies®",

been described for bacteria , fungi®®'®, worms and vertebrates®'".
Furthermore, the level of unsaturated acyl chains in plankton inversely correlate with the
ambient water temperature. In the context of global warming, this has important implications
for marine food webs®'?.

Despite the importance of membrane acyl chain homeostasis, little is known about the
molecular details by which cells sense physical membrane properties and maintain
membrane fluidity. Based on topological considerations, one can distinguish three classes
of membrane sensors that probe either the surface (class 1), the hydrophobic core (class II)

or across the thickness of the bilayer (class 11)'""

. Class | sensors can measure charge or
packing density in the headgroup region. This has been described for Opi1, which contains
a sensory AH with binding motifs that are specific for the anionic lipid PA'®. Class II
sensors, like the transmembrane protein Mga2, are susceptible to features of the lateral
pressure profile or packing density in the hydrophobic core of the bilayer''. Class llI
sensors are transmembrane proteins that measure membrane properties like thickness or
compressibility across the transversal axis of the bilayer'752%,

The prototypical class Il sensor Mga2 is a transmembrane protein that regulates the
expression of the gene OLET1 in yeast. The enzyme Ole1 is the only fatty acid desaturase
in yeast and essential for de novo biosynthesis of unsaturated, cis-A9, CoA-activated fatty
acids®'®. Furthermore, without supplementation of external unsaturated fatty acids it is
essential for yeast survival. The Ole1 regulator Mga2 is an ER membrane protein of
120 kDa that is processed by ubiquitylation, proteasome activity and is eventually released
as a soluble 90 kDa transcription factor'’®. This gene regulation circuit is known as the OLE
pathway*'*. Mga2's single TMH harbors the tryptophan residue W1042 deep in the
membrane hydrophobic core. Recently, it has been demonstrated that W1042 is crucial to

the sensing mechanism of Mga2'®'. Coarse-grained MD simulations have shown that two
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adjacent TMHs in an Mga2 dimer explore rotational orientations with preferences for two
conformations that are dependent on the membrane environment. In more saturated
membranes, both W1042 residues spend more time facing each other (on-conformation,
promoting the OLE pathway). In more loosely packed membranes containing more
unsaturated lipids, the two W1042 residues are more likely to face away from each other

(off-conformation)'®’

. The minimal energetic barriers between rotational orientations
present an inherently noisy signal and it remains unclear how a robust molecular signaling
decision is generated'®’.

Here we investigated the signal propagation and functional coupling of Mga2's
transmembrane sensor domain to its ubiquitylation sites. By carefully distinguishing
different biophysical parameters of lipid bilayers in silico and in vitro we showed that despite
regulating fatty acid desaturation in yeast, Mga2 is not per se sensitive to membrane
viscosity. Instead, we suggest a sensing mechanism for the abundance of double bonds,
at a defined region along the transverse of the bilayer, based on the lipid-packing density
at a defined depth in the lipid bilayer.

We designed a minimal sense-and-response construct comprising an N-terminal leucine
zipper, a maltose binding protein and residues 950-1062 of Mga2. The leucine zipper
ensures the formation of a sensing-active dimer in vitro and therefore functionally mimics
the IPT domain (Ig-like, plexin, transcription factor) of Mga2. The maltose binding protein
acts as solubility and affinity tag for protein purification. Mga2 residues 950-1062 contain
the E3 ligase binding site LPKY (967-970)%'°, three lysine residues K980, K983, and K985
within a disordered loop that can be ubiquitylated®'®, and the TMH with the sensory
tryptophan W1042 (Appendix p. 100, Figure 2 A). This construct was reconstituted into
liposomes with defined lipid compositions mimicking either physiological or aberrant
concentrations of unsaturated acyl chains.

We followed the ubiquitylation of a minimal sense-and-response construct based on Mga2
in a variety of membrane environments. In a reaction mix with purified ubiquitin, yeast
cytosol and an ATP regenerating system we observed significant ubiquitylation of Mgaz2 in
saturated membranes (e.g. 100% palmitoyl-oleoyl-phosphatidylcholine, POPC), but no
ubiquitylation was observed in more unsaturated membrane environments reflecting the
physiological degree of lipid saturation (50% dioleoylphosphatidylcholine, DOPC plus 50%
POPC) (Appendix p. 100, Figure 2 D, E).

We tested whether the relative positioning of the two E3 binding sites LPKY (967-970) in
the dimer and each of the two ubiquitylation sites K980, K983, and K985 was dependent
on the membrane composition. To this end, we introduced a pair of Forster resonance
energy transfer (FRET)-capable fluorophores into dimers of the Mga2 sense-and-response

construct. With a donor at the ubiquitylation site K983 and an acceptor at the E3 binding
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site K969, we measured gradually increasing FRET efficiencies with increasing saturation
of membrane lipid acyl chains. This indicated that the E3 binding site in one protomer and
the ubiquitylation site of the opposing protomer approach each other with increased lipid
saturation, thereby providing a possible explanation for the higher ubiquitylation efficiency
in saturated membranes (Appendix p. 101, Figure 3 E-G).

Next, we asked if the conformational dynamics of Mga2 and its ubiquitylation propensity are
directly dependent on membrane viscosity. By including PE in our model membrane
systems we generated bilayers with higher viscosity, due to tighter lipid packing, while
keeping the abundance of double bonds at physiological levels. We found that in this
membrane environment, despite the higher viscosity, Mga2 ubiquitylation propensity was
not increased when compared to the less viscous PC-only membrane composition
(Appendix p. 103, Figure 4).

To this study, | contributed systematic fluorescence anisotropy measurements using the
membrane probe 1,6-diphenyl-1,3,5-hexatriene (DPH). When incorporated into model
membranes, DPH is thought to orient parallel to lipid acyl chains although measurements
and in silico observations of orthogonal orientation have been reported®’3'8. The flexibility
of the DPH fluorophore dipole, and therefore the fluorescence anisotropy, is dependent on
temperature and the local membrane environment. DPH is widely considered a fluidity or
microviscosity probe. Notably, it is not sensitive to differences in lateral diffusivity'’>. My
data suggests that DPH is probing the main phase transition between gel and liquid bilayer
based on qualitative differences of acyl chain order, which is consistent with previous
observations (Appendix p. 121-124, Supplementary Figure 4 B and Supplementary Figure
5 E)3'731° Subtle, quantitative differences in fluidity can be measured directly as lateral
diffusivity by fluorescence correlation spectroscopy (FCS) (Appendix p. 103-104, Figure 4
A and Figure 5 A) 3°, Hence, FCS measures the general viscosity of the model membrane
as experienced by the probe molecule®".

These data illustrate an important point. Every membrane probe is sensitive to specific

biophysical cues®?2323

. Measurements with fluorescent membrane probes should be
described by appropriate terminology and conclusions from such data must be drawn with
care. Membrane fluidity, the inverse of viscosity, is defined by rotational and translational

mobility of molecules®**

. With the Mga2-based sense-and-response construct, we observed
that the ubiquitylation of Mga2 does not correlate with the lateral diffusion constants of
fluorescently labeled lipids (Appendix p. 103, Figure 4 A, F). Hence, we concluded that
Mga2 is not measuring membrane fluidity.

Next, we tested the effect of the positioning (cis-A6 / cis-A9) and configuration (trans-A9 /
cis-A9) of double bonds in lipid acyl chains. Membranes of cis-A6 18:1-PC were only slightly

more viscous than DOPC (which is the same as cis-A9 18:1-PC) membranes (Appendix p.
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104, Figure 5 A). Nevertheless, the Mga2 ubiquitylation efficiency in cis-A6 18:1-PC
membranes was the highest we observed in any of the tested conditions (Appendix p. 104,
Figure 5 H). To test if Mga2 senses the double bond directly at the A9 position rather than
lipid packing, we measured viscosity and Mga2 ubiquitylation in frans-A9 18:1-PC
membranes, which also contains a double bond in the same position, but packs
considerably better than DOPC. The ubiquitylation efficiency in trans-A9 18:1-PC
membranes was significantly higher than in DOPC membranes (Appendix p. 104, Figure 5
H). When compared to cis-A6 18:1-PC membranes, trans-A9 18:1-PC membranes lead to
lower ubiquitylation efficiency of Mga2, despite presenting the more viscous environment
(Appendix p. 104, Figure 5 H). Taken together, these data indicate that Mga2 is not directly
sensing double bonds. Instead, it is most likely reacting to a collective biophysical
membrane property that, in yeast, is greatly influenced by the introduction of cis-A9 double
bonds in lipid acyl chains.

Since the sensory tryptophan is a bulky residue, we asked whether a biophysical membrane
property, at the position of the double bond, could serve as the sensory cue. In fact, we
observed a correlation between residue size at the sensory TMH position 1042 and the
signaling output of mutant Mga2 variants in vivo (Appendix p. 106, Figure 6). Previous data
showed that the sensory W1042 of Mga2 is located between 3 - 10 A from the bilayer
center'®’. Here, we used MD simulations to characterize the differences in biophysical
membrane properties between Mga2 ubiquitylation-promoting POPC and non-permissive
DOPC membranes. We found that the atom number density is substantially increased in
the POPC membrane, exactly at the region between 3 - 10 A from the bilayer center where
also the sensory W1042 resides (Appendix p. 107, Figure 7 B). This indicates that Mga2 is
indeed sensitive to a biophysical parameter related to local lipid packing density in the
hydrophobic core of the bilayer.

Additionally, proximity measurements by FRET and electron paramagnetic resonance in all
tested membrane environments show that TMH conformation and ubiquitylation propensity
follow a general positive correlation, indicative for information transfer from the signaling
module embedded in the membrane core to the juxtaposed response module that

eventually leads to the activation of the OLE pathway.
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2.3. A quantitative analysis of cellular lipid compositions during acute
proteotoxic ER stress reveals specificity in the production of asymmetric
lipids

Cell membranes are more than simple barriers to the outside world. The plasma membrane,
and organelle membranes in eukaryotes, are active, functional, and essential biological
environments'®*. Even the membranes of relatively simple eukaryotes like yeast contain
hundreds of different lipid species’. The lipid composition of yeast membranes is highly
dynamic. Cells remodel the lipidome depending on available nutrients, environmental

conditions, or cellular stress?®32, The ER is the central hub of lipid homeostasis and plays

209,325 188,314

a key role in lipid biosynthesis'®’, distribution , and regulation
The UPR is an important example for the intricate relationship of membrane lipid
composition and cellular stress®®. In recent years it has become evident that the UPR can
be activated by both, unfolded proteins in the ER Iumen and aberrant lipid
compositions'#°29%2%% - Active UPR leads to an expansion of the ER size®®, a general

attenuation of protein synthesis'923%"

, and the upregulation of ERAD-components and
chaperones* % The UPR also activates a broad range of genes involved in membrane
biogenesis'®. Probably because of this central role in the homeostasis of cellular protein
and lipid production, a dysfunctional UPR has been firmly associated with pathological
processes in the context of viral infections, neurodegenerative diseases, cancer, type Il
diabetes, and non-alcoholic steatohepatitis?>®2¢":328:32° However, it is not understood how
the membrane lipid composition influences UPR activation and potentially disease
conditions.

Many aspects of the UPR have been studied in yeast, where the evolutionarily conserved
Ire1 is the sole UPR transducer. It consists of an N-terminal, ER-luminal, sensor domain
that responds to deficiencies in protein folding, a single TMH, and cytosolic kinase and

RNase effector domains®*

. When activated by the accumulation of unfolded proteins or
lipid bilayer stress, Ire1 oligomerizes and its RNase effector domain initiates an
unconventional splicing of the HAC1 mRNA in the cytosol'¥”?%. The translation product of
the spliced HAC1 mRNA, Hac1, is a potent transcription factor that upregulates the
expression of hundreds of target genes involved in protein folding, ERAD, and lipid
metabolism'®.

ER stress in yeast is commonly triggered by the proteotoxic agents DTT or tunicamycin
(TM), supplemented to the culture medium. DTT is a reducing agent that prevents the
formation of disulfide bridges in the ER lumen, but it also removes palmitate from
palmitoylated proteins. TM is a specific inhibitor of N-linked glycosylation in the ER lumen®®'.

However, how these treatments affect cellular lipidomes is unknown.
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Here, we studied the yeast lipidome during acute proteotoxic stress, induced by DTT and
TM. We found that DTT causes a rapid and substantial remodeling of the lipidome while
TM causes much less pronounced changes. Therefore, we concluded that short TM
treatment presents a clean proteotoxic stress, without major consequences on the level of
lipids. Furthermore, we showed that the choice of medium, rich or minimal, has a dramatic
impact on the cellular lipid composition. Combinatorial effects of DTT and TM treatment
with rich or minimal media might indicate a context-dependent modulation of UPR activity.
First, we tested the impact of DTT and TM on cellular growth by determining minimal
inhibitory concentrations for both proteotoxic agents in rich (YPD) and minimal (SCD) media
(Appendix p. 138, Figure 1 A-D). We found that DTT inhibited growth more effectively in
SCD medium, while TM had a more potent effect in YPD (Appendix p. 138, Figure 1 A-D).
An Ire1-knockout strain (ire1A) was more sensitive under both proteotoxic stress conditions,
in both media, indicating an UPR-dependent gain in fitness. To study the effect of acute
proteotoxic stress on the cellular lipidome, we chose concentrations of both proteotoxic
agents that completely inhibited overnight growth. Hence, we used 8 mM and 2 mM DTT in
YPD and SCD respectively. Likewise, TM concentration was adjusted to 1.0 ug/ml and
1.5 ug/ml in YPD and SCD respectively (Appendix p. 140, Figure 2 A). These
concentrations are within the range of previously reported experimental conditions to study
the UPR3%:332333 Nevertheless, after 1 h of ER stress we did not observe a difference in
cell growth, when compared to untreated control cultures (Appendix p. 152, Supplementary
Figure S1 A, B) despite the fact that UPR activity leads to a substantial remodeling of the
transcriptome within this time window 99200334,

As co-first author, | categorized and normalized the data to master the complex dataset,
generated all figures, and performed statistical tests. Furthermore, | analyzed and
interpreted all lipidomics data and made the unexpected discovery that yeast generates
abundant asymmetric phospholipids with remarkably specific pairing of two saturated acyl
chains of substantially different lengths. First, | studied the impact of the medium on the
cellular lipidome by comparing data from cells cultivated in YPD and SCD medium. Yeast
cells growing in minimal SCD medium showed a significantly higher content of complex
sphingolipids compared to YPD-grown cells (Appendix p. 141, Figure 3 A). The composition
of membrane glycerolipids (MGL) showed characteristic differences with lower level of PE
and higher level of the anionic lipids PA, PI, and PS in SCD compared to YPD (Appendix
p. 141, Figure 3 A). Next, | analyzed the acyl chain lengths and degree of lipid saturation of
MGL. We found that MGL of cells cultivated in SCD had longer (Appendix p. 141, Figure 3
C) and more unsaturated acyl chains when compared to YPD-grown cells (Appendix p. 141,
Figure 3 D). It is possible that these lipidome characteristics modulate UPR activity, as it

has previously been shown that aberrant lipid saturation®?, PC-to-PE ratios?'3%° or
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depletion of inositol?® can trigger the UPR. Additionally, it was demonstrated that Ire1
senses biophysical bilayer properties like membrane thickness or compressibility>*2°°.
Furthermore, cells cultivated in SCD contained more storage lipids such as TAG and
ergosteryl ester (Appendix p. 141, Figure 3 A), thereby underscoring the vast impact of the
medium on lipid droplet biogenesis, fatty acid storage, and membrane lipid biogenesis®*.
While analyzing the acyl chain composition of MGL from YPD cultures, | realized that a
large fraction of DAG and PI lipids contained an unusually asymmetric combination of a
saturated medium-length, C10:0 or C12:0, acyl chain with a saturated long, C16:0, acyl
chain (Appendix p. 141, Figure 3 F). However, these lipid species were much less abundant
in cells grown in SCD (Appendix p. 141, Figure 3 G). Nevertheless, the remarkable
specificity of fatty acyl chain pairing in these asymmetric lipids suggests an exquisite
selectivity in their biosynthesis and / or remodeling.

Next, | turned to analyze the species distribution of sphingolipids. Here, we identified a
dramatic shift from 3 to 4 hydroxylations, associated with all sphingolipid species, when
cells were cultivated in SCD (Appendix, p. 141, Figure 3 H). Taken together, we found a
substantial influence of the culture medium on the cellular lipidome of yeast, with a multitude
of potential implications for the properties of cellular membranes and their homeostasis.
Subsequently, | focused on the lipidomes of cells that were treated with either DTT or TM,
two proteotoxic ER stress-inducing agents. Short-term treatments (1 h) with DTT had a
significant impact on the lipidome of cells cultivated in YPD, compared to untreated control
cells (Appendix p. 144, Figure 4 A, B). The lipidome from stressed cells featured significantly
more PA, while PC, PS, and DAG were significantly decreased (Appendix p. 144, Figure 4
A, B). Especially the strong increase of the important signaling lipid PA is likely to impact

transcriptional lipid homeostatic programs'®’

. Within the category of MGL, which accounts
for approximately 75% of all lipids, we found significantly increased levels of lipids with only
one unsaturated acyl chain, indicating potential changes in central biophysical membrane
properties (Appendix p. 144, Figure 4 E)'"".

Surprisingly, the lipidome changes were indistinguishable for wildtype and ire1A cells
(Appendix p. 156-157, Supplementary Figure S4 B). This might indicate that the duration of
stress was insufficient to remodel the proteome and substantially change the enzymatic
activities of lipid metabolism. Furthermore, it could indicate that the UPR target genes of
the lipid metabolism only lead to membrane expansion in a more-of-the-same mode instead
of changing the composition. In fact, the expression of many key lipid metabolic enzymes
is indirectly upregulated by UPR activity via the heterodimeric transcription factors Ino2 and
Ino4 of which at least Ino4 is a direct target of the UPR'9932¢,

Next, | analyzed the differences in cellular lipidomes by TM-induced ER stress. In contrast

to the stark changes induced by DTT in YPD-cultured cells, lipidomes were much less
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affected by TM (Appendix p. 144, Figure 4 B). In SCD medium, small lipidome changes
during acute ER stress were similar in both, DTT- and TM-treated cells, with the exception
of lower ergosterol level during DTT-induced stress (Appendix p. 145, Figure 5 B). With
respect to the contribution of UPR activity to these lipidome changes, we made the same
observation as for YPD medium, i.e. these changes are surprisingly independent of Ire1
(Appendix p. 158-159, Supplementary Figure S5 B).

The increase in lipid saturation, especially in stressed YPD-cultured cells, might modulate
UPR activity. To this end, future experiments could be performed to directly measure the
UPR activity in the conditions explored here. Increased levels of lipid saturation have been
linked to UPR activation in previous studies'®®?%, The faster growth rates of cells cultured
in YPD, in combination with a potentially high content of saturated medium chain fatty acids
in this medium, might present a challenge for the lipid metabolic network. Fatty acids from
the culture medium are promiscuously taken up by yeast and are incorporated into
membrane lipids*®. Competition of acyltransferases and Ole1 for the same substrates might
lead to insufficient levels of lipid desaturation.

Based on our findings, we recommend the induction of a 'clean' acute proteotoxic stress by
TM treatment in minimal SCD medium. The surprising result that lipidomes of the UPR-
deficient ire1A strain were indistinguishable from wildtype cells, at least for this relatively
short period of ER stress induction, indicates that the observed changes in lipid composition
might be caused by direct effects of the proteotoxic stress and not by UPR activity. Such
direct effects could be, e.g. the inactivation of lipid metabolic enzymes or defective targeting
of vesicular traffic between organelles due to unfolding of the involved proteins. The
discovery of highly asymmetric DAG and Pl lipid species revealed a remarkable selectivity
of the lipid metabolic network and yet the robustness to cope with varying, potentially

adverse, growth conditions.
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2.4. MemPrep, a new technology for isolating organellar membranes provides
fingerprints of lipid bilayer stress

Biological membranes show a complex composition of lipids and proteins. The hundreds of
lipid species found in cellular membranes are generated by a dynamic lipid metabolic
network®>2%°, Maintaining characteristic membrane compositions of organelles is a major
regulatory challenge. Often, competing requirements of fluidity, compressibility,
permeability, and other collective biophysical membrane properties, must be fulfilled to

ensure homeostasis of cell functions'’%172188208,209

. The central hub of cellular lipid
metabolism and membrane protein biogenesis is the ER. Accordingly, it plays a crucial role
in cellular adaptation and homeostasis and hosts important regulatory machinery and stress
response pathways'®’. The ER is a continuous membrane network that forms various

structural domains such as the nuclear envelope, tubules and sheets®¥’

, and highly
specialized subdomains involved in lipid droplet biogenesis®*®, peroxisome biogenesis*°,
and vesicular transport®*°. Furthermore, the ER forms membrane contact sites, physically
connecting it to virtually every other organelle in the cell, to exchange small molecules such
as ions and lipids®**'. These physical contacts, however, make it particularly challenging to
isolate the ER for studying its molecular composition and response to cellular stress.
Differential and density centrifugation separate organelles based on physical properties like
size and density. These techniques have been the standard in cell fractionation for a long
time?*?. The systematic application of these classical approaches has established the main
compositional characteristics of most organelles in yeast. Nevertheless, we are still lacking
comprehensive and quantitative data on the ER membrane**.

The ER is not only the central hub for lipid metabolism it is also the entry point for every
soluble and transmembrane protein of the secretory pathway?®. It harbors protein folding
capacity which is maintained by the UPR'*?° |re1 is a UPR transducer that is
evolutionarily conserved from yeast to Homo sapiens®?. In yeast, Ire1 senses the
accumulation of unfolded proteins in the ER lumen'#®'%, The binding of unfolded proteins
induces oligomerization of Ire1, which activates its cytosolic effector domains. This initiates
the unconventional splicing of the HACT mRNA and facilitates the production of the
transcription factor Hac1?®®. As a consequence, hundreds of downstream genes involved in
protein folding, ERAD, and lipid metabolism are upregulated %34,

Furthermore, it has been shown that Ire1 is also sensitive to membrane aberrancies,

referred to as lipid bilayer stress'95202205 A variety of lipid metabolic perturbations such as

200,204 195,203 203

inositol depletion , increased lipid saturation , altered sterol levels~, impaired

C201 ,345

sphingolipid biosynthesis®*** and deregulated ratios of PE to P can activate the UPR.

Interestingly, even prolonged proteotoxic stress manifests in a membrane-based cue that
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contributes to UPR activation?°*3*634" This emphasizes the central role of Ire1 as an
integrator of lipid and protein signals by sensing ER membrane properties?>347.

Human pathological states like type Il diabetes and NAFLD are firmly linked to chronic ER
stress due to an unresolved UPR and aberrancies of the lipid metabolism?42734¢ However,
the molecular mechanisms by which ER membrane components contribute to the activation
of the UPR are not understood?>%34°,

Here we report the development of an isolation technique (MemPrep) for subcellular
membranes that is based on both, differential centrifugation and affinity purification. Using
quantitative proteomics, we demonstrate that MemPrep yields an unprecedented purity of
ER membrane preparations. Further, we demonstrated its compatibility with quantitative
shotgun lipidomics. Our data reveal characteristic molecular fingerprints of lipid bilayer
stress on the subcellular level. We identified increased lipid saturation in the ER membrane
as a possible contributor to UPR activation in prolonged proteotoxic stress. Unexpectedly,
we uncovered a potential of anionic lipids as negative regulators of the UPR. We
demonstrated the general applicability of our technique for other organelles by isolating the
vacuole membrane. The most striking difference between the ER and the vacuole
membrane is the almost complete absence of PA lipids in the vacuole membrane.

As the first author of this study, | developed the isolation strategy, including the design and
cloning of the bait-tag, and the optimization of the MemPrep protocol. | performed all sample
preparations via MemPrep for immunoblot analyses and for all subsequent lipidomics and
proteomics experiments. Furthermore, | performed all microscopy experiments and
established a sensitive FRET-assay to rule out the possibility of an unwanted fusion or lipid
exchange between membrane vesicles during the isolation procedure. The immuno-
isolation is based on endogenously tagging a transmembrane protein that unambiguously
resides in the organelle of interest. The bait-tag consists of a myc epitope, a specific
cleavage site for the human rhinovirus 3C protease and a 3xFLAG epitope C-terminally
fused to the bait protein. To isolate ER membranes via MemPrep, we chose the ER
membrane protein reticulon-1 (Rtn1) because of its well-established ER localization and its
abundance®®. In contrast to many other fractionation protocols developed for yeast, we
chose mechanical cell disruption, which is quick, can be performed at 4 °C and does not
rely on any chemical or enzymatic treatment to digest the cell wall for generating
spheroplasts (Appendix p. 163, Figure 1 A)**2. Differential centrifugation of the lysate
resulted in a crude membrane fraction after sedimentation at 100,000 g for 1 h (P100)
(Appendix p. 163, Figure 1 A, B). A central step in the MemPrep protocol is a brief sonication
treatment that generated small, well-separated vesicles less likely to be attached to
contaminating membranes from other organellar origins (Appendix p. 163, Figure 1 A, C).

After specific binding of bait-tag-containing vesicles to an affinity matrix and stringent
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washing steps, the ER membranes were selectively eluted by cleaving the bait tag with 3C
protease. This selective and non-destructive elution unlocks a range of downstream
analytical approaches including spectroscopic measurements using fluorescent membrane
dyes. To assess the performance of our isolation technique we performed not only
immunoblot analyses of individual fractions, but also untargeted proteomics. We calculated
organelle enrichments based on unique cellular component gene ontology term annotations
using hundreds of identified proteins. This provided a more rigorous determination of
sample enrichment. To test whether the sonication treatment led to mixing of membranes
from different origins, | performed a control experiment based on a FRET-pair of labelled
lipids. If labelled liposomes fused with the excess of microsomal membranes during
sonication, the fluorophore concentration, and therefore the FRET signal, would be
reduced®®. The data showed that the brief sonication applied during the MemPrep
procedure is not causing membrane fusion or lipid exchange (Appendix p. 195, Appendix
Figure S1 B).

Quantitative lipidomics analyses of ER membranes revealed its lipid characteristics. The
ergosterol levels in the yeast ER of 9.7 mol% (Appendix p. 166, Figure 2 A) suggested a
relatively flat gradient of sterols in the early secretory pathway. The sterol level does not
increase substantially before the trans-Golgi network (TGN)/endosome system, which has
been reported to have 9.8 mol% of ergosterol?'®. Secretory vesicles pinching off from the
TGN, however, feature significantly higher ergosterol level (30 mol%)?'®, consistent with the
formation of lipid raft-based transport carriers. The ergosterol level in the plasma membrane
was determined with >44 mol% 2'°. Notably, the absence of a steep sterol gradient in the
early secretory pathway has important implications for the trafficking of transmembrane
proteins based on hydrophobic thickness®'*52, Compared to the cellular average, the ER
contains significantly more DAG, PC and PE (Appendix p. 166, Figure 2 A). PC, PE, and PI
each account for >20 mol% of the ER membranes lipidome. In sum, these three
glycerophospholipid classes are the main structural components with >68 mol% of all ER
membrane lipids. However, the abundance of PI, a glycerophospholipid class with typically
at least one saturated acyl chain, is significantly less abundant in the ER compared to a
whole cell lipidome. When analyzing the acyl chain composition of all membrane
glycerolipids, we found significantly lower amounts of lipids with one or two saturated acyl
chains. Instead, the data showed a high enrichment of loosely packing lipids, with two
unsaturated acyl chains, in the ER membrane (Appendix p. 166, Figure 2 C). This is in
accordance with the role of the highly flexible ER in membrane protein insertion and lipid
biosynthesis?*187:288

A central motivation for the development of MemPrep was the determination of the ER

membrane lipid composition in stressed cells. First, we wanted to measure the effect of a
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well-established lipid bilayer stress, which is induced by inositol depletion. Inositol is an
important lipid metabolite found in yeast sphingolipids and PI. Depletion of inositol from the
medium robustly activates the UPR'%6:200205347  Therefore, | removed inositol from the
growth medium while cultures were in the logarithmic growth phase and isolated ER
membranes via the Rtn1-bait using MemPrep. Expectedly, the level of Pl is dramatically
reduced in the ER under this condition (Appendix p. 168, Figure 3 A). The two metabolic
precursors PA and cytidine diphosphate-diacylglycerol (CDP-DAG) were found at
significantly increased levels, indicating precursor build-up. To our surprise, inositol-based
sphingolipid levels were not reduced, suggesting a metabolic prioritization of sphingolipid
biosynthesis or extremely different turnover rates (Appendix p. 168, Figure 3 B).

Next, we asked whether prolonged proteotoxic stress affects the lipid composition of the
ER. | performed MemPrep immuno-isolation of ER membranes from cells that have been
challenged by DTT or TM for 4 h. At this point, it is expected that the protein folding
machinery has been adapted to the proteotoxic stress and that membrane-based cues
dominate in activating Ire1?®°. The ER membrane exhibited significantly increased level of
DAG and an increased PC-to-PE ratio under this condition (Appendix p. 170, Figure 4 D).
Similar to the stress induced by inositol depletion stress, Pl level were decreased (although
more mildly upon prolonged proteotoxic stresses), and the precursors PA and CDP-DAG
were increased. However, prolonged DTT and TM treatments lower the IPC and MIPC
sphingolipid levels (Appendix p. 170, Figure 4 E). When analyzing the acyl chains of
glycerophospholipids, we found a significantly increased abundance of saturated acyl
chains. These data establish, for the first time, the lipid fingerprints of different forms of lipid
bilayer stress in the ER.

Interestingly, both forms of lipid bilayer stress, inositol depletion and prolonged proteotoxic
stress, feature reduced level of anionic lipids, particularly Pl, which is also reflected in the
calculated average charge per lipid (Appendix p. 192, Figure EV4).

Inferred from our lipidomics data, | composed a commercially available mix of lipids, which
can be used to realistically mimic the ER membrane composition in biochemical
reconstitution experiments and for MD simulations. MD simulations of these synthetic
membranes, performed in collaboration with the Jochen Hub group, demonstrated that the
ER membrane thickness is increased in the stressed ER membranes. Furthermore, we
found that the charge density distribution in the water membrane interface differs
substantially between the stressed and unstressed ER membrane mimics (Appendix p. 199,
Appendix Figure S4).

Next, by untargeted proteomics experiments, we analyzed the impact of inositol depletion
and DTT/TM treatment on the ER membrane proteome. By an additional sodium carbonate

wash, prior to the immuno-isolation, we reduced the amount of cytosolic and loosely
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associated peripheral membrane proteins to further enrich ER membrane proteins.
Surprisingly, inositol depletion did only have a very mild effect on the ER membrane
proteome, with only 12 out of 2655 detected proteins showing increased abundances in ER
isolates (Appendix p. 168, Figure 3 A). On the other hand, prolonged proteotoxic stress,
induced by DTT or TM treatment, led to a substantial remodeling of the ER membrane
proteome involving hundreds of proteins. Overall, both types of proteotoxic stress led to
similar changes in the proteome of ER membrane isolates (Appendix p. 193, Figure EV5
D). These included increased abundances of canonical UPR targets, lipid metabolic
enzymes, components of the vesicular trafficking machinery of the secretory pathway and
other non-ER proteins (Appendix p. 172, Figure 5 A ,B). Whether the accumulation of non-
ER proteins contributes to UPR activation remains to be investigated. However, K-means
clustering of the proteomics data revealed some differences between DTT- and TM-induced
changes (Appendix p. 193, Figure EV5 E). Notably, the analysis of enriched gene ontology
terms in these clusters identified the DTT-specific increased abundance of proteins involved
in copper an iron transport. Iron homeostasis has been linked previously to Ire1 clustering
and UPR signaling®®.

To test the broader applicability of MemPrep, | adapted the isolation procedure to target the
vacuole membrane via Vph1 as a bait protein. After the isolation of vacuole membranes via
MemPrep, analysis of organelle enrichment by untargeted proteomics revealed a high purity
of the sample (Appendix p. 173, Figure 6 B). This allowed us to determine the lipidome of
the vacuole membrane isolates, which showed substantial differences compared to the ER
membrane. The vacuole membrane contains significantly more ergosterol, DAG, and
lysophospholipids and features a characteristic absence of PA (Appendix p. 173, Figure 6
C, D). These findings demonstrate the versatility of MemPrep to specifically and robustly
target organelle membranes for lipidomics and proteomics analysis. MemPrep has the
potential to drive future studies of membrane composition and homeostasis at subcellular

resolution.
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2.5. Remodeling of yeast vacuole membrane lipidomes from the log (one

phase) to stationary stage (two phases)

When nutrient sources become limiting for yeast it adapts to the environment by a large-
scale reprogramming of cellular metabolism®*. Eventually, yeast enters a quiescent state,
also referred to as the stationary growth phase, accompanied by a multitude of changes in
cellular morphology and composition that collectively help to survive prolonged periods in
adverse conditions.

The fusion of multiple small vacuoles, the lytic organelle of yeast that is functionally
equivalent to mammalian lysosomes, to form a single large membrane-bound vacuole is a

characteristic hallmark of entering the stationary stage®>®

. Astonishingly, this morphological
change is accompanied by micron-scale liquid-liquid phase separation of the vacuole
membrane, with the membrane domains being stable for hours™". In fact, this is one of few
and particularly prominent examples where membrane phase separation can be directly
observed in vivo in a physiologically relevant context. Membrane phase separation can
cause the segregation of membrane proteins, most likely depending on the composition
and architecture of their transmembrane, or membrane-associated, domains'®®'":3%_Both
phases of the yeast vacuole membrane are in a fluid state as shown by the ability of
individual domain patches to coalesce over time™'. Our current understanding of
membrane phase separation comes predominantly from the work with simplified artificial
membrane systems including giant unilamellar vesicles and supported lipid

104105109111 "The |ateral organization of membrane domains is driven by lipid-lipid

bilayers
interactions. It has been demonstrated that the simplest membrane composition that
robustly undergoes liquid-liquid phase separation contains three components: A low melting
lipid, a high melting lipid and a sterol'®. These mixtures can robustly support the formation
of two coexisting liquid domains, a liquid-disordered (L4) and a liquid-ordered (L,) domain.
The L, domain is characterized by a high lipid acyl chain order with limited degrees of
freedom for forming gauche rotamers. Fluorescent molecular probes have been used to
visualize membrane domains in vitro and in vivo. Lipophilic dyes like FM4-64 and many
labelled phospholipid and sterol derivatives show preferential partitioning to one of the two
formed membrane domains, indicating different collective biophysical membrane
properties1°9'323'357.

Nevertheless, we know very little about the composition of membrane domains in complex
cellular membranes. Biomembranes contain many hundreds of different lipid species and
a wide variety of proteins, potentially contributing to phase separation. Early works
postulated an important role of membrane domain formation for cellular trafficking and
signaling processes''®. However, the compositional complexity of biological membranes,

and the submicroscopical size and short-lived nature of the membrane domains, led to

43



Publication summaries and personal contributions

critical discussions about their existence and functional relevance'’. Nevertheless, recent
studies established that phase separated domains of the vacuole membrane play an active
role in cellular physiology. The degradation of lipid droplets by uptake from the vacuole
(lipophagy) depends on the presence of phase separated membrane domains'?.
Furthermore, segregation of signaling components into phase separated membrane
domains decreased the activity of TORC1 with important implications on downstream
responses such as the regulation of cell-cycle progression and translation'*®. These studies
show that liquid-liquid phase separation in the yeast vacuole membrane, and potentially
other biomembranes, is an important aspect of cell homeostasis. Membrane phase
separation into stable large domains is not a yeast specific phenomenon. It was observed
in giant plasma membrane vesicles (GPMVs) from various species, containing the full

358380 However, GPMVs are membrane

compositional complexity of a biomembrane
systems that have been taken out of the non-equilibrium context of a living cell.

Here, we demonstrated the applicability of a recently developed membrane isolation
technique (MemPrep) to determine the lipid composition of the phase separating vacuole
membrane. We coupled cell fractionation to quantitative shotgun lipidomics to analyze the
molecular composition of the vacuole from stationary cells. Notably, vacuole membranes
from the logarithmic and the stationary growth stage have significantly different lipid
compositions. The phase separating vacuole membrane from stationary cells was
characterized by higher levels of PC lipids with saturated acyl chains, which were
associated with higher melting temperatures (Tmeit). Our data suggested that an increase in
high-Tmet membrane components drives the formation of liquid membrane domains in the
yeast vacuole.

As co-first author of this paper, | established and optimized the MemPrep technology for
the vacuole. | identified Mam3 as a suitable bait for the immuno-isolation of the vacuole
membrane. Furthermore, | performed all membrane isolations via MemPrep including the
cultivation of yeast and the immunoblot analyses to document the isolation process.
Subsequently, | analyzed and interpreted the lipidomics data, performed statistical tests,
and described, for the first time, the lipid composition of the phase separating vacuole
membrane. This work identified saturated PC lipids as a key driver of micron-scale
membrane phase separation in the stationary vacuole.

First, we confirmed the expression level and vacuole localization of Mam3, a protein
involved in magnesium homeostasis®*', in the logarithmic and stationary growth stage.
Specific localization to the vacuole membrane, partitioning to the Ly domain when phase
separated, and reasonably high®® and even expression in both growth stages make it a
robust bait protein for MemPrep (Appendix p. 208, Figure 3). Next, | prepared crude

membrane fractions from yeast expressing the Mama3-bait by differential centrifugation
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(Appendix p. 209, Figure 4 A). Subsequent immuno-isolation via MemPrep yielded highly
enriched vacuole membranes with low contaminations from ER or mitochondrial
membranes (Appendix p. 209, Figure 4 B, C). Hence, we could determine the lipid
composition of immuno-isolated vacuole membranes from logarithmic and stationary stage
yeast. In the logarithmic stage, the vacuole membrane is characterized by similar
concentrations of PC, PE, and PI, each accounting for >20 mol% of all measured lipid
classes (Appendix p. 210, Figure 5). A striking feature of the vacuole membrane is the near
complete absence of PA lipids. The stationary stage vacuole membrane exhibits
significantly higher levels of PC and IPC, while PE, PI, DAG and lysolipid levels are
significantly reduced (Appendix p. 210, Figure 5). Notably, we did not find any indication for
changes in the ergosterol level, which was previously suggested to potentially play a role in
membrane domain formation in vivo''*%2, When analyzing the number of double bonds in
glycerolipids with two acyl chains (i.e. CDP-DAG, DAG, PA, PC, PE, PG, PI, PS), we found
that lipids with one mono-unsaturated acyl chain were more abundant, while fully saturated
lipids were less abundant, in phase separating vacuole membranes from stationary yeast
(Appendix p. 212, Figure 6 A). Strikingly, an in-depth analysis of all identified PC lipids
revealed a dramatic reduction of species with two unsaturated acyl chains, while species
with one or two saturated acyl chains are significantly more abundant (Appendix p. 212,
Figure 6 C). Nevertheless, the total pool of saturated acyl chains in glycerolipids was
unchanged (Appendix p. 239, Figure S14). Notably, PI lipids were substantially longer in
the stationary vacuole membrane (Appendix p. 236, Figure S11 A).

We looked at known data for lipid melting temperatures (Tmeit), i.e. the main transition
temperature from the gel phase (Lg) to the fluid phase, and extrapolated unknown Tmelt
values from experimental trends where applicable (Appendix p. 234 and 241-244, Figure
S9 and Table S2 - Table S5). We found that the vacuole membrane from stationary yeast
contains more PC lipids with higher melting temperatures (above -10 °C) and less lipids
with intermediate or low Tmeit (Appendix p. 213, Figure 7). In a complex biomembrane, that
also contains ergosterol and lipids with low melting temperatures, this might facilitate the
formation of liquid-ordered membrane domains. Notably, the abundance of PC 14:1_16:1
which has a very low Tmer Of approximately -53 °C, was also increased in the stationary
vacuole. This indicates the generation of a high and a low Tmet regime within the PC lipid
class. In contrast, the same analysis for PE lipids showed no substantial changes in the
distribution of melting temperatures (Appendix p. 214, Figure 8).

To sum up our findings, we measured the lipid composition of a phase separating complex
biological membrane. Compared to the one-phase membrane of logarithmically growing
yeast, the phase separated vacuole membrane of stationary cells contained significantly

more PC with dramatically different properties. Acyl chains were found to be slightly longer
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and substantially more saturated, resulting in higher weighted average melting
temperatures of PC lipids (Appendix p. 215, Figure 9). Our data suggest that this specific
remodeling of the yeast vacuole lipidome contributes to the formation of membrane

domains in vivo.
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3. CONCLUDING REMARKS AND FUTURE DIRECTIONS

In the publications that constitute this cumulative thesis, | investigated two central
questions: 1) What are the molecular sensing mechanisms of membrane property sensors?
II) How do subcellular lipid compositions and collective biophysical membrane properties
change in cellular stress conditions? These two questions strongly relate to each other
since the membrane property sensors Ire1 and Mga2 in the ER membrane regulate the
expression of lipid metabolic genes that will affect lipid biosynthesis and hence, the ER
membrane lipid composition'®?*'*, Vice versa, Ire1 and Mga2 are activated in an ER
membrane composition-, or property-, dependent manner'®'2%, To understand cellular lipid
homeostasis, we need to elucidate both the molecular mechanisms of the sensors and the
steady-state lipid compositions of the ER membrane in both physiological and pathological
contexts.

Previously, a hydrophobic mismatch-based model for the membrane sensing mechanism
of Ire1's TMD has been established?®®. It features a short TMH that seamlessly transitions
into an AH on the luminal side, thereby compressing the ER membrane?®®. However, the
organization of dimers and oligomers remained unresolved. Under conditions of both,
proteotoxic and lipid bilayer stress, two Ire1 TMDs adopt an X-shaped architecture with the
residues F544 at the crossing point. Although we cannot fully exclude stress-specific
conformational changes in other domains, Ire1's TMDs converge into the same architecture
under both types of stress. Nevertheless, divergent transcriptional programs for each stress
type have been proposed, which may be a direct impact of the different forms of stress and
due to distinct temporal patterns of UPR activities®®.

Because a relatively large surface area of the ER lipid bilayer is compressed, Ire1 harbors
substantial membrane-deforming potential and seems particularly sensitive to membrane
thickening or a reduced membrane compressibility. The energetic penalty from an
increased hydrophobic mismatch in stressed ER membranes is minimized by dimerization
along the longer axis of Ire1's ellipsoid membrane footprints**'*%*, thereby maximizing the
overlap of compressed areas upon dimerization. This mode of oligomerization is compatible
with the observation that the mammalian IRE1a forms elongated clusters in specialized

narrow ER tubules®®?

. It is tempting to speculate that these lateral specializations of the ER
membrane feature a characteristic lipid composition. The energetic costs associated with
bilayer compression are affected by the lipid composition and collective biophysical
properties of the ER membrane.

To establish lipid fingerprints of ER stress, | developed the organelle isolation technique

MemPrep. It is grounded on a large body of previous studies that optimized cell fractionation
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using differential and density gradient centrifugation which are indispensable tools to
separate organelles. Pioneering studies in yeast have established many, in essence still
widely used fractionation protocols, for various organelles, including the ER?*2. However,
we wanted to prevent that the composition of an organelle membrane changes during the
preparation. Therefore, we omitted cell lysis by preparing spheroplasts. It involves lengthy
incubation at elevated temperatures using reducing agents such as DTT, which rapidly
activates the UPR?®. Instead, we performed quick mechanical cell disruption using glass
beads. Another key aspect of MemPrep is the use of an affinity-tagged bait protein, which
is used to immuno-isolate ER membranes from a crude microsome fraction. MemPrep
combines separation of subcellular membranes based on size, shape, and density by
differential centrifugation with biochemical affinity and specificity-based separation. In

contrast to other immuno-isolation techniques?+8-3653¢6

, it maximizes purity at the expense
of yield, and the elution of isolated organelle-derived vesicles in MemPrep facilitates the
application of downstream analytical methods. Although we cannot fully rule out the
redistribution of certain lipid species, proteomics and lipidomics identify organelle-specific
compositions, excluding general organelle mixing. Nevertheless, lateral specializations of
the ER membrane, such as sheets and tubules, collapse, as our experiments with differently
localized ER baits demonstrated (Appendix p. 189-190, Figure EV1 and Figure EV2). To
determine the lipid composition of lateral specializations like membrane contact sites,

selective solubilization is a promising approach®’

. MemPrep provides detailed and
quantitative compositional snapshots of organelle membranes.

Based on our whole cell lipidomics data of acutely stressed yeast, that showed little
perturbation of the lipidome (Appendix p. 145, Figure 5), we decided to establish fingerprints
of the ER membrane upon prolonged proteotoxic and direct lipid bilayer stress. Despite the
characteristic lipid fingerprints identified (Appendix p. 201, Appendix Figure S5), we were
able to determine the bilayer thickness as common denominator of membrane-based UPR
activation (Appendix p. 199, Appendix Figure S4 D). This is in line with the hydrophobic
mismatch-based sensing mechanism of Ire12%>347_ Further, we identified increased levels
of saturated lipid acyl chains as a feature of stressed ER membranes, in both lipid bilayer
and proteotoxic stress conditions. Increased saturation of lipids has been previously

reported to cause lipid bilayer stress'®®?%

and likely contributes to the increase of
membrane thickness and lipid packing, and the reduction of membrane compressibility?.

The unexpected finding that anionic lipids may serve as negative modulators of the UPR
should be investigated further in vitro to establish a direct mechanistic function. The ER
membrane mimetic lipid mixes, that we propose based on our quantitative subcellular

lipidomics data (Appendix p. 199, Appendix Figure S4 A), will help in vitro reconstitution
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and in silico experiments to consider more realistic membrane environments. This is
particularly important when studying membrane property sensors.

Anionic lipids as negative modulators of UPR activity would have important implications for
cellular physiology as their levels change over the course of a typical yeast growth curve.
In fact, they are lowest at the diauxic shift*?, and this growth stage has been associated with
temporal UPR activation3.

Anionic lipids like PS are potentially enriched in the luminal leaflet of the ER membrane, to
allow a territory of electrostatics at later stages of the secretory pathway, even though lipid
asymmetry in the ER membrane is still a matter of debate®*%. Ire1's ER luminal AH
contains several positively charged residues and is ideally positioned to interact with anionic
lipid headgroups of the luminal leaflet. Hence, a loss of ER membrane asymmetry, or any
type of transmembrane reorganization of lipids, would also cause a redistribution of anionic
lipids with potential implications for UPR activity.

Astonishingly, DTT- and TM-induced prolonged proteotoxic stress feature virtually identical
lipid fingerprints, despite having similar but clearly characteristic ER proteomes (Appendix
p. 193, Figure EV5 D, E). Both types of stress cause a major remodeling of the ER
membrane proteome that needs to be considered as important contributing factor to stress-
induced changes of the biophysical ER membrane properties. However, it remains unclear
whether quantity or quality of transmembrane proteins would influence biophysical
properties of the ER membrane. Intriguingly, an accumulation of long transmembrane
helices from plasma membrane proteins could lead to a thickening of the ER membrane®®
and an increased membrane protein-to-lipid ratio would render membranes less

compressible'”"

. Hence, the remarkable sensitivity of Ire1 to reduced ER membrane
compressibility may serve to sense global issues in the secretory pathway and mount an
adaptive response®”.

A fundamental conundrum is the causal relation between aberrant membrane compositions
and the activity of the UPR. Is the observed steady-state lipid composition causing UPR
activation or does it already contain response effects? What is the UPRs influence on the
measured membrane lipid composition in conditions of ER stress? Here, our data suggests
that the UPR does not have a significant influence on the cellular lipid composition, as an
IRE1 knockout strain showed whole cell lipidomes similar to wildtype, under the tested
acute (Appendix p. 158-159, Supplementary Figure S5 B) and prolonged ER stress
conditions (Appendix p. 170, Figure 4 A, B).

The high levels of unsaturated lipid acyl chains in the unstressed ER membrane confirm a
low degree of lipid packing, which renders it highly compressible, as a major determinant
for ER organelle identity**2% These are important collective properties of the ER

membrane to facilitate the introduction of membrane proteins that differ substantially in their
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hydrophobic thickness and surface roughness, depending on their final subcellular
localization'®”??®. Hence, it is not surprising that the ER bilayer compressibility is monitored
by the membrane property sensor Ire12°>%". Furthermore, the membrane property sensor
Mgaz2 is susceptible for the membrane packing density at a defined depth in the hydrophobic
ER membrane core. It integrates an inherently noisy signal from the hydrophobic core of
the membrane to yield a discrete output in the production of a 90 kDa fragment that
upregulates OLET expression. Despite having a dramatic impact on membrane fluidity,
Mga2 is not a fluidity sensor. Biophysical membrane properties are multifactorial
characteristics, changing a particular chemical feature in lipids has multi-faceted effects on
collective membrane properties. The term membrane fluidity is often imprecisely used for a
multitude of distinguishable biophysical properties®*. Microenvironment-sensitive
membrane probes usually report on very specific features like microviscosity or hydration,
not on lateral diffusion''®32%, The fluorescent probe DPH is most often considered a fluidity
or microviscosity sensor. However, additional to wiggling between the acyl chains of lipids,
DPH was shown to flip orthogonally to the hydrophobic interface of membrane leaflets®' 7”38,
DPH fluorescence anisotropy signal might therefore be difficult to interpret and first and
foremost report on the probability of orthogonal flipping. In this context it would be
interesting to study the effect of acyl chain interdigitation on the probability of orthogonal
flipping of the DPH probe. Nevertheless, DPH fluorescence anisotropy clearly indicates the
major phase transition from the fluid to the gel phase.

Our subcellular lipidomics data is compatible with the proposed gradients of saturated lipids
and sterols along the secretory pathway®?%. They are consistent with estimations of
ergosterol concentrations in the yeast ER* and parallel findings in mammalian cells?'"-3®.
Furthermore, they complement existing data on intermediate compartments of the secretory
pathway and the plasma membrane?®'>2'®. Taken together, these data support a model of a
relatively flat gradient of sterols until the TGN/endosomal system and a steep step in sterol
concentration towards secretory vesicles and the plasma membrane. This would have
important implications for protein and lipid sorting along the secretory pathway'67:226:352.369
and would be in favor of models that propose sterol-enriched vesicles®”® and sterol-rich
selective diffusion barriers in the early secretory pathway®".

To demonstrate the broad applicability of MemPrep, | adapted it to isolate the vacuole
membrane and determine its lipid composition. The vacuole membrane is dramatically
different from the plasma membrane?'®, despite substantial intake of plasma membrane

372 Qur subcellular lipidomics data also shows that the

material via the endocytic pathway
vacuole is significantly different from the ER, featuring more saturated membrane
glycerolipids and higher level of ergosterol (Appendix p. 202, Appendix Figure S6 C-E). A

striking characteristic of the vacuole membrane is the absence of PA lipids, consistent with
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observations from others?*237®_ | further performed the MemPrep technique to investigate
the lipid determinants of membrane domain formation in the stationary vacuole membrane.
We could show that the lipidome differs substantially from the lipidome of non-phase
separating vacuoles isolated from logarithmically growing yeast. The phase separating
vacuole features significantly higher level of PC with high melting temperatures, indicating
a contribution to the formation of L, membrane domains (Appendix p. 215, Figure 9).
Notably, increased levels of sphingolipids in the stationary vacuole membrane have also

232

been proposed to drive membrane domain formation<. A fascinating new development is

the recent superresolution revolution in fluorescence microscopy, including methods like
MINFLUX with 100-fold increase in resolution from conventional confocal microscopy®"#3"°.
Since this technique is applicable to live cells, it holds enormous potential to study the fast
dynamics of nanoscopic membrane domains®’®.

The two membrane property sensors Ire1 and Mga2 measure collective biophysical
membrane properties and not individual chemical lipid features. This suggests that cells
maintain collective biophysical properties of biomembranes rather than setting a distinct
chemical composition. Several distinct membrane compositions may feature similar
collective membrane properties, such that there are often several biological solutions and
molecular compositions optimal to reach one set of collective membrane properties. In other
words: Like the genetic code, the lipid code for biophysical membrane properties is
degenerated. However, the downstream effectors that execute the adaptation by
manipulating lipid metabolism can only give rise to lipids with distinct chemical features.
Hence, membrane homeostasis is established by a complex, interconnected network of
regulatory circuits, which provide redundancy and robustness to the system instead of 'just'
adding complexity.

A serendipitous finding revealed a remarkably strong selectivity in the pairing of saturated
medium-length fatty acyl chains with long saturated fatty acyl chains, particularly enriched
in Pl and DAG lipids. Open questions related to this discovery remain: Are these lipids
generated by de novo biosynthesis after uptake of free fatty acids from the medium*® or by
acyl chain remodeling*®? Would there be any deleterious effects if this specificity would be
disturbed?

MemPrep is a technique that will facilitate our understanding of homeostasis and adaptation
of organellar membranes to metabolic perturbation and cellular stress. It can be used to
study the subcellular redistribution of lipids in the adaptation to ER stress and lipotoxicity,

and study the effects of gene deletions on the lipid composition of specific organelles.
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Cysteine cross-linking in native membranes
establishes the transmembrane architecture of Irel

Kristina Vath»>*®, Carsten Mattes®?*®, John Reinhard"?*®, Roberto Covino*®, Heike Stumpf?®, Gerhard Hummer**®, and Robert Ernst"2®

The ER is a key organelle of membrane biogenesis and crucial for the folding of both membrane and secretory proteins.
Sensors of the unfolded protein response (UPR) monitor the unfolded protein load in the ER and convey effector functions for
maintaining ER homeostasis. Aberrant compositions of the ER membrane, referred to as lipid bilayer stress, are equally
potent activators of the UPR. How the distinct signals from lipid bilayer stress and unfolded proteins are processed by the
conserved UPR transducer Irel remains unknown. Here, we have generated a functional, cysteine-less variant of Irel and
performed systematic cysteine cross-linking experiments in native membranes to establish its transmembrane architecture
in signaling-active clusters. We show that the transmembrane helices of two neighboring Irel molecules adopt an X-shaped
configuration independent of the primary cause for ER stress. This suggests that different forms of stress converge in a

common, signaling-active transmembrane architecture of Irel.

Introduction

The ER marks the entry point to the secretory pathway for
soluble and membrane proteins. Under adverse conditions, ac-
cumulation of unfolded proteins causes ER stress and initiates
the unfolded protein response (UPR). The UPR is mediated by
the inositol-requiring enzyme 1 (Irel) in budding yeast, and by
the troika of IREla, PKR-like ER kinase (PERK), and activating
transcription factor 6 (ATF6) in vertebrates (Walter and Ron,
2011). Once activated, the UPR down-regulates the production
of most proteins and initiates a wide transcriptional program to
up-regulate ER chaperones, ER-associated degradation, and lipid
biosynthesis (Travers et al., 2000). Through these mechanisms,
the UPR is centrally involved in cell fate decisions between life,
death, and differentiation (Hetz, 2012). Insulin-producing
B-cells, for example, rely on UPR signals for their differentia-
tion into professional secretory cells, while chronic ER stress
caused by an excess of saturated fatty acids kills them (Fonseca
et al., 2009). Consistent with its broad effector functions, the
UPR is associated with numerous diseases including diabetes,
cancer, and neurodegeneration (Kaufman, 2002).

Irel is highly conserved among eukaryotes and represents the
only transducer of ER stress in budding yeast (Nikawa and
Yamashita, 1992; Kimata and Kohno, 2011). It is a type I trans-
membrane protein equipped with an ER-luminal sensor domain
and two cytosolic effector domains: a kinase and an RNase (Cox
et al., 1993; Sidrauski and Walter, 1997; Mori et al., 1993). How
exactly unfolded proteins activate the UPR via direct and

indirect mechanisms is a matter of active debate (Karagéz et al.,
2017; Gardner and Walter, 2011; Adams et al., 2019; Amin-Wetzel
et al., 2017; Le and Kimata, 2021). ER stress caused by the ac-
cumulation of unfolded proteins leads to the oligomerization of
Irel (Kimata et al., 2007), which activates the cytosolic effector
kinase and RNase domains (Korennykh et al., 2009). The un-
conventional splicing of the HACI precursor mRNA initiated by
the RNase domain facilitates the production of an active tran-
scription factor that controls a broad spectrum of genes with
unfolded protein response elements in their promoter regions
(Travers et al., 2000; Mori et al., 1992). A regulated IREI-
dependent decay of mRNA has been suggested as a parallel
mechanism to reduce the folding load of the ER. However, reg-
ulated IREI-dependent decay of mRNA does not seem to play the
same important role in Saccharomyces cerevisiae as it does in
Saccharomyces pombe or mammalian cells (Travers et al., 2000;
Hollien and Weissman, 2006; Frost et al., 2012; Tam et al., 2014;
Li et al., 2018).

Lipid bilayer stress due to aberrant compositions of the ER
membrane is equally potent in activating the UPR (Promlek
et al., 2011; Volmer et al, 2013; Surma et al, 2013). This
membrane-based mechanism is conserved throughout evolution
(Ho et al., 2018; Hou et al., 2014; Volmer et al., 2013) and has
been associated with pathogenesis of type II diabetes and the
lipotoxicity associated with obesity (Fonseca et al., 2009; Pineau
and Ferreira, 2010). We have shown that Irel from baker’s yeast
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inserts an amphipathic helix (AH) into the luminal leaflet of the
ER membrane, thereby forcing the short, adjacent transmem-
brane helix (TMH) to tilt, which locally squeezes the bilayer
(Halbleib et al., 2017). Aberrant stiffening of the ER membrane
during lipid bilayer stress increases the free energy penalty for
membrane deformations, thereby stabilizing oligomeric assem-
blies of Irel via a membrane-based mechanism (Halbleib et al.,
2017; Ernst et al., 2018). Even though it is well-established that
proteotoxic and lipid bilayer stress leads to the formation of Irel
clusters (Kimata et al., 2007; Halbleib et al., 2017; Li et al., 2010;
Belyy et al., 2020), it remains unexplored if these forms of ER
stress have a distinct impact on the architecture of Irel within
these clusters. It has been speculated that different forms of ER
stress might induce conformational changes in the transmem-
brane region, thereby allowing Irel/IREla to mount custom-
tailored adaptive programs (Hetz et al., 2020; Cho et al., 2019;
Ho et al., 2020).

Here, we report on a systematic dissection of Irel's TMH
region in signaling-active clusters. We have engineered a
cysteine-less variant for a genomic integration at the endoge-
nous IREI locus and generated a series of constructs featuring
single cysteines in the TMH region. This enabled us to develop a
cross-linking approach and to study the transmembrane con-
figuration of Irel in the natural environment of ER-derived
membrane vesicles featuring a native complexity of lipids
and proteins. This approach uncovers the overall transmem-
brane architecture of Irel and suggests an X-shaped configu-
ration of the TMHs of neighboring Irel molecules. Our findings
underscore the crucial importance of Irel’s highly bent con-
figuration in the TMH region for stabilizing an oligomeric state
via a membrane-mediated mechanism. Most importantly, we
provide direct evidence that proteotoxic and lipid bilayer stress
converge in common architecture of the TMH region in
signaling-active Irel.

Results

We used systematic cysteine cross-linking in the TMH region of
Irel to gain insight into the structural organization of signaling-
active clusters during ER stress. Recognizing that Irel is acti-
vated by aberrant physicochemical membrane properties
(Halbleib et al., 2017; Ernst et al., 2018), which are hard to
mimic in vitro, we performed these experiments with microsomes
exhibiting the natural complexity of ER proteins and lipids.

Cysteine-less Irel is functional

We have generated a cysteine-less version of Irel that allows us
to introduce single-cysteine residues in the TMH region for
subsequent cross-linking using copper sulfate (CuSO,). The
cysteine-less construct is based on a previously established
knock-in construct of IREI that provides homogeneous, near-
endogenous expression (Halbleib et al., 2017) and encodes for
a fully functional variant of Irel equipped with an 3xHA tag and
a monomeric, yeast-enhanced GFP (yeGFP) inserted in a flexible
loop at the position H875 (Fig. 1 A; van Anken et al,, 2014;
Halbleib et al., 2017). To generate a cysteine-less version, we
substituted each of the 12 cysteines in the luminal,

Vith et al.

Proteotoxic and lipid bilayer stress converge

72

transmembrane, and cytosolic domains with serine. Two cys-
teines in the signal sequence, which are cotranslationally re-
moved, remained in the final construct to ensure correct ER
targeting and membrane insertion (Fig. 1 A). Cysteine 48 of
yeGFP (C48Y°CFP) was mutated to serine, while C70Y°S™ is pre-
sent in the cysteine-less construct to ensure correct folding of the
fluorescent protein (Costantini et al., 2015). Notably, C70Y°C¥? is
buried inside the GFP (Orms et al., 1996) and thus inaccessible
for cross-linking agents under nondenaturing conditions.

The steady-state levels of WT and cysteine-less Irel are
comparable (Fig. S1 A). Cysteine-less Irel is properly integrated
into the membrane as shown by subcellular fractionation (Fig. S1
B) and extraction assays (Fig. S1 C), thereby matching previous
observations for WT Irel (Kimata et al., 2007; Halbleib et al.,
2017). The functionality of cysteine-less Irel was analyzed us-
ing a sensitive assay scoring for the growth of cells exposed to
inducers of ER stress (Halbleib et al.,, 2017). Liquid cultures
in either minimal (synthetic complete dextrose [SCD]) or full
(yeast peptone dextrose [YPD]) medium were exposed to dif-
ferent concentrations of the reducing agent DTT interfering with
disulfide bridge formation in the ER. After 18 h of cultivation, the
ODs of these cultures were determined. Cells producing either
WT or cysteine-less Irel are phenotypically indistinguishable by
this assay and substantially more resistant to DTT than cells
lacking IREI (Fig. 1 B). This suggests that cysteine-less Irel is
functional and capable of mounting an adaptive UPR.

The functionality of cysteine-less Irel was further validated
by quantifying the mRNA levels of spliced HACI (Fig. 1 C) and the
mRNA level of the UPR target gene PDII (Fig. S1 D) in both
stressed and unstressed cells. We used either DTT or tunica-
mycin (TM), an inhibitor of N-linked glycosylation, to induce
proteotoxic stress for 1 h and analyzed lysates from stressed and
unstressed cells by RT-quantitative PCR (RT-qPCR). As ex-
pected, the level of the spliced HACI mRNA was several-fold
higher in stressed versus unstressed cells, and this up-
regulation is observed in both WT and cysteine-less Irel-
producing cells. (Fig. 1 C). Control experiments also validated a
comparable degree of HACI mRNA splicing in WT or cysteine-
less Irel-producing cells stressed with DTT (Fig. S1 D). We also
observed an up-regulation of the PDII mRNA in response to ER
stress, albeit to slightly lower extent for the cysteine-less version
compared with the WT construct (Fig. S1 E). Using confocal
microscopy and by applying an automated pipeline to identify
cells with and without fluorescent clusters, we show that both
cysteine-less and WT Irel cluster under conditions of ER stress,
but not in unstressed cells (Fig. 1 D). Notably, confocal micros-
copy can only identify large clusters of Irel, while dimers and
smaller assemblies escape our detection. Furthermore, the
detection of Irel in unstressed cells is particularly challenging
in our case, because our knock-in strategy aims to provide a
close to endogenous level of IREI expression (Halbleib et al.,
2017). This is important because even the mild degree of
overexpression when using an endogenous promoter from a
yeast centromere (CEN)-based plasmid (Karim et al., 2013) is
likely to interfere with normal UPR function by favoring di-
merization and oligomerization. Using our setup, we robustly
detect GFP-positive clusters of Irel (Fig. 1 D) in stressed cells,
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Figure 1. Cysteine-less Irel expressed from its endogenous locus is functional. (A) Schematic representations of the IREI3,a g construct indicating the
position of cysteine residues and topology. All 12 cysteines of Irel and C48Y°CFP of yeGFP were substituted to serine to generate a cysteine-less variant.
C70Y%6FP remains in the final construct. Two cysteines in the signal sequence of Irel are removed upon ER translocation. (B) Resistance of the indicated strains
to prolonged ER stress. Stationary overnight cultures of the indicated strains were used to inoculate a fresh culture in full or minimal media to an ODgq of 0.2.
After cultivation for 5-7 h at 30°C, the cells were diluted with prewarmed full or minimal media to an ODgqo of 0.01. Cells were cultivated for 18 h at 30°C in the
indicated media and stressed with DTT. The density of the resulting culture was determined using the ODg;o or ODgoo. Number of experiments in SCD (left):
AIREL, WT (n = 20), and cysteine-less (n = 12, each from four individual colonies). Number of experiments in YPD (right): AIREL (n = 14 from three colonies),
cysteine-less (n = 12 from four colonies), and WT (n = 9 from three colonies). (C) The relative level of the spliced HACI mRNA was determined by RT-qPCR in
unstressed and acutely stressed cells. Exponentially growing cells of the indicated strains were used to inoculate a fresh culture in YPD medium to an ODggg of
0.2. After cultivation to an ODgoo of 0.7, the cells were stressed for 1 h with either 4 mM DTT (left) or 1.0 pg/ml TM (right). The data were normalized to the
level of the spliced HACI mRNA in DTT-stressed cells with the IREL3,a grp WT construct. Number of experiments (left): WT -DTT: n = 4; WT +DTT: n = 6;
cysteine-less -DTT: n = 6; cysteine-less +DTT: n = 5. Number of experiments (right): WT -TM: n = 4; WT +TM: n = 5; cysteine-less -TM: n = 6; cysteine-less +TM:
n = 4. (D) Cells were cultivated from ODggq of 0.2 to ODggo of 0.7 in SCD medium and then either left untreated or stressed with 2 mM DTT for 1 h. Live cells
were mounted on agar slides, and z-stacks were recorded using confocal microscopy. Cells and clusters of Irel were automatically detected and quantified. All
data are represented as the mean + SEM of three independent experiments. WT -DTT: (n = 6 fields of view/172 cells); WT +DTT: (n = 13/302); cysteine-less -DTT:
(n = 6/209); cysteine-less +DTT: (n = 12/326). Significance was tested by an unpaired, two-tailed Student’s t test (data distribution was assumed to be normal,
but this was not formally tested), except for C, which was analyzed using a Kolmogorov-Smirnov test. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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while the tendency of clustering is somewhat lower for the cells (Fig. 2, A-C). Our approach has several advantages over
cysteine-less Irel compared with the WT (Fig. 1 D). Colocali- previous attempts: Irel is studied (i) as a full-length protein, (ii)
zation of GFP-positive clusters with an ER-targeted variant of at the near-endogenous level, (iii) in its natural, complex
dsRed-HDEL confirms the ER localization of WT and cysteine- membrane environment, (iv) with a spatial resolution of one
less Irel in DTT-stressed cells (Fig. S1 F). In line with the residue, and (v) in a signaling-active state. In contrast to mer-
functional data (Fig. 1, B and C), we conclude that both WT and  cury chloride (HgCl,), which cross-links by forming covalent
cysteine-less Irel can mount robust responses to acute and bonds with two nearby cysteines (Soskine et al., 2002), CuSO, is

prolonged forms of ER stress. “traceless” by catalyzing the oxygen-dependent formation of a
disulfide bond (Bass et al.,, 2007). We performed the cross-
Cross-linking of Irel’s TMH in ER-derived microsomes linking experiments on ice and with CuSO, (instead of the

We established a strategy to cross-link single-cysteine variants more reactive Cu?*-phenanthroline) to prevent the loss of signal
of Irel via CuSO, in microsomes derived from the ER of stressed  from unspecific cross-linking and/or aggregation. Even though

Vith et al. Journal of Cell Biology 3 of 17
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Figure 2. The cross-linking of Irel via single cysteines in microsomes
requires CuSO, and preformed clusters. (A) Cultivation of yeast cells for
cysteine cross-linking. A culture in SCD medium was inoculated with sta-
tionary cells to an ODgg of 0.2. After cultivation at 30°C to an ODgqo of 0.7,
the clustering of Irel was induced either by DTT (1 h, 2 mM, SCD) or TM (1 h,
1.5 ug/ml, SCD) as indicated. After harvesting, the cells were lysed and used
to prepare microsomes. (B) Schematic representation of the cysteine cross-
linking with CuSO,. Only microsomes from stressed cells contain clusters of
Irel clusters that can cross-link via cysteines using CuSO,. (C) Cross-linking
of a single-cysteine variant of Irel in microsomes. The indicated strains were
cultivated in the presence and absence of ER stressors as described in A. 80
OD equivalents of cells were harvested, and microsomes were prepared. 8 pl
microsomes (1 mg/ml protein) was mixed with 2 pl of 50 mM CuSO,, and the
sample was incubated on ice for 5 min to catalyze cysteine cross-linking. The
reaction was stopped by the addition of 2 ul 1 M NEM, 2 ul 0.5 M EDTA, and
4 pl membrane sample buffer. The resulting samples were analyzed by SDS-
PAGE and immunoblotting using anti-HA antibodies.

every cross-linking approach on membrane proteins faces the
challenge of varying efficiencies at different depths in the
membrane, Cu?*-mediated cross-linking has been successfully
used to interrogate and establish structure-function relation-
ships of membrane proteins (Falke and Koshland, 1987; Bass
et al., 2007; Matthews et al., 2011; Lopez-Redondo et al., 2018).
Here we have studied the configuration of Irel’s TMH in UPR-
signaling clusters, which are long-lived and stable for minutes
(Kimata et al., 2007; Cohen et al., 2017). Because CuSO,-mediated
cross-linking occurs on the same time scale, it can provide useful
structural information even though it leads to the formation of
covalent disulfide bonds under our experimental conditions.
Cells expressing either a cysteine-less variant of Irel or a
variant with a single cysteine in the TMH region (F544C) were
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cultivated to the mid-exponential phase in minimal medium
(Fig. 2 A). These cells were either left untreated or stressed for
1 h with either DTT (2 mM) or TM (1.5 ug/ml) to cause ER stress,
which leads to the formation of Irel clusters (Kimata et al., 2007;
Halbleib et al., 2017; Belyy et al., 2020). We used such an early
time point to minimize the contribution of secondary effects
from stress- and UPR-dependent reprogramming of the cell. We
then isolated crude microsomes from these cells and incubated
them on ice for 5 min either in the presence or absence of 10 mM
CuSOy, to catalyze the formation of disulfide bonds by oxidizing
nearby sulfhydryl groups (Kobashi, 1968). Given the low copy
number of ~260 for Irel (Ghaemmaghami et al., 2003) and the
fragmentation of the ER during microsome preparation, we
expected to detect cross-linking of single-cysteine variants of
Irel only when it was clustered before the preparation (Fig. 2 B).

Immunoblotting of the resulting samples revealed a
prominent, HA-positive signal corresponding to monomeric
Irel and a less-pronounced HA-positive signal from a band with
lower electrophoretic mobility that was only observed when (i)
Irel contained a single cysteine in the TMH region (F544C), (ii)
the microsomes were prepared from stressed cells (either DTT
or TM), and (iii) cross-linking was facilitated by CuSO, (Fig. 2
C). This suggests a remarkably specific formation of covalent,
disulfide bonds between two Irel molecules in the TMH region,
despite the presence of numerous other, potentially competing
membrane proteins with exposed cysteines in the ER. The ob-
served degree of cross-linking was somewhat low considering
that up to 70-85% of Irel may reside in signaling-active clusters
under conditions of ER stress (Aragén et al., 2009). For our
cross-linking approach, however, we used a slightly milder
condition to induce ER stress (2 mM DTT instead of 10 mM) and
performed all experiments with an IREl knock-in strain that
provides a more native-like expression level (Halbleib et al.,
2017; Aragén et al., 2009). Notably, the signal from the cross-
linked species was increased by neither the use of more reac-
tive cross-linking agents (e.g., HgCl, or Cu?*-phenanthroline)
nor by harsher cross-linking conditions (higher temperatures
or increased concentrations of the cross-linking agent). In fact,
more reactive agents and harsher conditions only caused a loss
of the total HA-positive signal, presumably due to an unspecific
cross-linking and/or aggregation of Irel (data not shown). A co-
immunoprecipitation analysis using Flag- and HA-tagged Irel
variants produced in the same cell and cross-linked in micro-
somes via the native cysteine (C552) verified that the additional
band with low electrophoretic mobility represents disulfide-
linked, SDS-resistant dimers of Irel (Fig. S2 A). In fact, treat-
ing a cross-linked species of Irel with heat under reducing
conditions revealed full reversibility of disulfide bond forma-
tion (Fig. S2 B). We conclude that CuSO, can catalyze the for-
mation of disulfide bridges between two neighboring Irel
molecules, when they are present in preformed clusters and
isolated in microsomes from stressed cells.

A cross-linking screen in the TMH region of Irel

Next, we generated a set of 13 mutant variants of Irel, each
containing a single cysteine in the TMH region starting with
E540C at the transition between the AH and the TMH (Fig. 3 A)
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Figure 3. Systematic cross-linking of cysteines in the TMH region of Irel reveals a specific configuration during ER stress. (A) Primary structure of ER-
luminal AH of Irel and the short TMH. Almost every residue of the short TMH (shown in bold) was substituted individually by cysteine for the cysteine cross-
linking strategy. (B) Helical wheel representation of Irel's TMH (Ire1>40->°2). (C) The level of the spliced HACI mRNA was determined from the indicated strains
by RT-gPCR for either unstressed cells or cells stressed with 2 mM DTT for 1 h (for details, see E). The data are normalized to the level of the spliced HAC1
mRNA in stressed cells with a tagged, WT variant of Irel. Number of independent experiments with technical duplicates for +DTT condition: WT: n = 5; cysteine-less:
n = 6; E540C: n = 6; T541C: n = 3; G542C: n = 6; V543C: n = 9; F544C: n = 9; L545C: n = 3; L546C: n = 9; L547C: n = 3; F548C: n = 3; L549C: n = 6; 1550C: n = 3; F551C:
n = 5; C552: n = 3. Number of experiments with technical duplicates for the unstressed, -DTT condition: WT: n = 6; cysteine-less: n = 5; E540C: n = 6; T541C: n = 3;
G542C: n = 6; V543C: n = 9; F544C: n = 9; L545C: n = 3; L546C: n = 9; L547C: n = 3; F548C: n = 3; L549C: n = 6; 1550C: n = 3; F551C: n = 6; C552: n = 3. (D) The level of
the spliced HACI mRNA was determined from the indicated strains by qPCR using stressed (inositol-depleted) and unstressed cells. The data are normalized to the

level of the spliced HACI mRNA splicing caused by 2 mM DTT, as determined in C. Number of independent experiments with technical duplicates for the condition of

inositol depletion: WT: n = 3; cysteine-less: n = 3; E540C: n = 3; G542C: n = 3; F544C: n = 3; L546C: n = 3; L547C: n = 3; L549C: n = 3. Number of independent
experiments with technical duplicates for the unstressed condition: WT: n = 3; cysteine-less: n = 3; E540C: n = 3; G542C: n = 3; F544C: n = 3; L546C: n = 3; L547C:
n = 3; L549C: n = 3. (E) A culture in SCD medium was inoculated with stationary cells to an ODggo of 0.2. After cultivation at 30°C to an ODggq of 0.7, Irel
clustering was induced by either DTT (1 h, 2 mM, SCD) or TM (1 h, 1.5 ug/ml, SCD). 8 ul microsomes (1 mg/ml protein) from unstressed (no) and stressed cells
was mixed with 2 pl of 50 mM CuSO,, and the sample was incubated on ice for 5 min to catalyze cysteine cross-linking. The reaction was stopped, and the
sample was analyzed by SDS-PAGE and immunoblotting using anti-HA antibodies. (F) Quantification of cysteine cross-linking of the indicated variants of Irel in
microsomes isolated cells stressed by DTT, TM, or inositol depletion. Cells were cultivated and treated as described in E. For inositol depletion, a culture was
inoculated with exponentially growing cells to an ODggo of 0.5 and cultivated for 3 h at 30°C in inositol-free medium (a representative immunoblot after cross-
linking is shown in Fig. S3 B). The percentage of cross-linked species was determined by densitometry. Data are represented as the mean + SEM of at least three

independent experiments. IB, immunoblot.

and ending at the native C552, which is substituted to serine in
cysteine-less Irel. Our scanning approach covered more than
three helical turns and almost the entire short TMH of Irel
(Fig. 3, A and B). Systematic cross-linking of these variants can
provide important insight into the organization of Irel's TMH
in signaling-active clusters. An important prerequisite for a
structural interpretation is that the single-cysteine substitutions
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required to form the cross-links affect neither the oligomeriza-
tion nor the activity of Irel.

We therefore subjected all Irel variants with engineered
cysteine residues (E540C to F551C) to a sensitive, cell-based
assay to ascertain the functionality of the UPR under con-
ditions of prolonged ER stress (Fig. S3 A). Consistent with the
functional role of the AH adjacent to the short TMH (Halbleib
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et al., 2017), we found that the substitution of AH residues to
cysteine (E540C, T541C, or G542C) impaired the response to ER
stress, as evident from an increased sensitivity of the respective
cells to DTT (Fig. S3 A). The substitution of TMH residues
(V543C-F551C), by contrast, did not cause any apparent func-
tional defect (Fig. S3 A). Hence, these TMH variants are suitable
to map the transmembrane architecture via cysteine cross-
linking. To validate the functionality of these variants with a
more direct assay, we systematically quantified the level of the
spliced HACI mRNA in stressed and unstressed cells under
conditions of both proteotoxic (Fig. 3 C) and lipid bilayer stress
(Fig. 3 D), which is caused by inositol depletion (Promlek et al.,
2011; Surma et al., 2013). Because these data are normalized to
the level of the spliced HACI mRNA in DTT-stressed cells, it is
possible to compare the UPR activity between these conditions
(Fig. 3, C and D). We find a similar level of the HACI mRNA in
stressed cells and, consistently, a comparable degree of HACI
mRNA splicing in cells by either DTT or inositol depletion (Fig.
S3 B). All single-cysteine variants were functional and respon-
sive to proteotoxic stress (Fig. 3 C). Likewise, the subset of
variants tested under conditions of lipid bilayer stress showed
robust activation of the UPR (Fig. 3 D). Because the steady-state
level of all Irel variants was also comparable (Fig. S3 C), we could
proceed with mapping the TMH region.

We subjected the entire set of single-cysteine variants to the
cysteine cross-linking procedure (Fig. 3 E and Fig. S3 D) and
determined the fraction of cross-linked Irel for construct
(Fig. 3 F). While some variants (e.g., G542C or L546C) showed no
detectable cross-linking, a significant portion of them (e.g.,
T541C or L549C) could be cross-linked under the given experi-
mental conditions (Fig. 3, E and F). The F544C variant consis-
tently exhibited the highest cross-linking efficiency (Fig. 3 F).
Notably, the differences in cross-linking are not caused by an
aberrant oligomerization of Irel, because confocal microscopy
experiments with cells cultivated and treated as in the cross-
linking experiments demonstrate the same degree of cluster
formation of all single-cysteine variants upon ER stress as
judged by cluster size and intensity and compared with cysteine-
less Irel (Fig. S3, D-F).

Different forms of ER stress converge in a common
architecture of the TMH region

Using the cross-linking assay, we could show that the overall
pattern of cross-linking residues was independent of the con-
dition of ER stress (Fig. 3 F). Lipid bilayer stress and proteotoxic
stress induced by either DTT or TM show essentially the same
cross-linking pattern (Fig. 3 F). These data strongly suggest that
the overall structural organization of Irel is similar for different
types of stress, at least in the TMH region. Notably, the L549C
mutant showed significant cross-linking in cells stressed by DTT
or TM, but even more during inositol depletion (Fig. 3 F). Be-
cause F544C, the best-cross-linking residue, and L549C seem-
ingly lie on opposing sites of Irel’s TMH as judged from a helical
wheel representation (Fig. 3 B), this raises the question of
whether the corresponding residues in the native TMH can face
each other at the same time. This point was addressed by mo-
lecular dynamics (MD) simulations further below.
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Cysteine cross-linking can be used to infer structural models.
The observed pattern of cross-linking residues in the TMH of
Irel is very distinct from those observed in the TMH of the
growth hormone receptor (Brooks et al., 2014) and the throm-
bopoietin receptor (Matthews et al., 2011), which form parallel
dimers leading to a helical periodicity of cross-linking. Instead,
our cross-linking data suggest an X-shaped configuration of the
TMHs with the best cross-linking residue, F554, positioned at
the crossing point. Intriguingly, such an arrangement would be
consistent with the previously reported, highly tilted orientation
of the monomeric TMH of Irel, which is enforced by the adja-
cent, ER-luminal AH (Halbleib et al., 2017). However, it is im-
portant to realize that cross-links might occur either within
dimers of Irel or across dimers in higher oligomeric assemblies.

To obtain a structural representation, we used an experi-
mentally validated model of the monomeric TMH region of Irel
(Halbleib et al., 2017), generated a model of the dimer based on
extensive MD simulations in lipid membranes, and integrated
the cross-linking data with a particular attention on the contact
between the two F544 residues (Fig. 4, Video 1, and Video 2),
which were restrained to face each other. The resulting model of
the dimeric TMH region highlighted a highly bent configuration
of each protomer leading to an X-shaped configuration of the
dimer (Fig. 4, Video 1, and Video 2). A substantial membrane
thinning (Fig. 4 B) and water penetration around the dimeric
TMH region of Irel became apparent (Fig. S4 A and Video 1). It is
tempting to speculate that this substantial degree of membrane
deformation facilitates the access of Cu?* ions to F544C for
mediating efficient cross-linking (Fig. 3, E and F). A thorough
inspection of the trajectories revealed that the residues at po-
sitions F544 and L549 can face their counterpart in an X-shaped
dimer at the same time (Fig. S4 C), thereby rendering the cor-
responding single-cysteine variants capable of cross-linking
(Fig. 3 B). This would be unlikely if the TMHs associated in a
strictly parallel fashion. Inspecting the dynamics of Irel's TMH
region in a MD simulation over a period of 1,000 ns (Video 1)
underscored the stability of the overall X-shaped configuration,
which nevertheless allowed for significant relative motions of
the TMHs. In summary, our combined approach of biochemical
cross-linking and MD simulations established a surprising con-
figuration of Irel’s TMH region with a particularly small inter-
face between the TMHs.

Validating the structural model of the TMH region of Irel

Our cross-linking approach indicates that the TMH residue F544
is part of a small interface between Irel protomers, which might
stabilize the unusual X-shaped transmembrane configuration of
Irel. Aromatic residues TMH residues have been implicated in
sensing lipid saturation by Mga2 (W1042; Covino et al., 2016;
Ballweg et al., 2020) and lipid bilayer stress by the mammalian
IREla (W547; Cho et al., 2019). Despite a different position
within the ER membrane, we wanted to test a similar role for
F544 in Irel from baker’s yeast. We generated a F544A variant of
Irel, which contained the native C552 in the TMH as the only
accessible residue for Cu?*-mediated cross-linking. A cell-based
assay revealed that the F544A mutant was phenotypically in-
distinguishable from cysteine-less Irel (Fig. 5 A) and the F544C
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Structural model of transmembrane architecture
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Figure 4. Structural model of the TMH region of Irel. (A) Configuration of a model TMH dimer obtained from atomistic MD simulations. Protomers are

shown as an orange ribbon with the two F544 residues highlighted in red. POPC
Cholesterol molecules and their hydroxyl groups are shown in light green and

lipids and their phosphate moieties are shown in gray and purple, respectively.
red, respectively. Water is shown with a transparent surface representation.

(B) Membrane thickness around the sensor peptide, defined as the average vertical distance between the two phosphate layers. A representative structure of
the dimeric TMH region is shown in blue. For the SEM of the thickness profile, see Fig. S4 C.

mutant (Fig. 3 C and Fig. S1 A). This finding was corroborated by
Cu2*-mediated cross-linking of C552 in microsomes isolated
from stressed cells (DTT or TM). The intensity of the band
corresponding to cross-linked Irel was unaffected by the F544A
mutation (Fig. 5 B). Thus, F544 does not contribute to the sta-
bility of Irel dimers and oligomers even though it is placed near
the equivalent residue on the opposing Irel protomer.

Previously, we have proposed that a tilted configuration of
the monomeric TMH region, which is stabilized by a proximal
AH, facilitates Irel to sense aberrant membrane properties
(Halbleib et al., 2017; Covino et al., 2018). In fact, disrupting the
amphipathic character of the AH by an F531R mutation increases
the cellular sensitivity to ER stress (Fig. 5 C) and reduces the
cross-linking propensity via the native C552 residue in the TMH
(Fig. 5 D). These findings provide biochemical evidence that the
AH contributes to the stability of either dimeric or oligomeric
forms of Irel, which are challenging to distinguish.

Similarly, when the AH-disrupting mutation F53IR was
combined with the F544C mutation (at the crossing-point of the
X-shaped TMH dimer), we observed only a very mild, yet sig-
nificant functional defect (Fig. S5 A) and a strongly reduced
cross-linking propensity (Fig. S5 B). This robust resistance to
DTT is somewhat surprising considering the strongly reduced
cross-linking propensity. However, the disruption of the AH
changes the placement of the TMH in the membrane and the
degree of membrane thinning and water penetration (Halbleib
et al., 2017). We speculate that these combined changes would
place the polar F544C residue more deeply in the hydrophobic
core of the membrane, thereby affecting its propensity to
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undergo a Cu?*-catalyzed cross-linking, but at the same time
favoring Irel dimerization. Notably, the F544C mutation alone
does not lead to an increased UPR activity and ER stress re-
sistance (Fig. 3, C and D; and Fig. S3 A). In fact, the primary
sequence of Irel’s TMH can be systematically mutated (Fig. 3 C
and Fig. S3 A), scrambled (in the case of the mammalian IREla),
or exchanged altogether (Halbleib et al., 2017; Volmer et al.,
2013) without causing a detectable functional defect. It there-
fore seems that a suitably placed polar residue in the TMH, here
through the F544C mutation, becomes phenotypically relevant
only when Irel is otherwise compromised. Beyond that, our
data suggest that the overall architecture of the TMH region
with an intact AH is relevant for normal UPR function.

The TMH region of Irel makes dimer- and oligomer-specific
contacts

Does the cross-linking of engineered cysteines in the TMH occur
only within dimers of Irel or also across dimers in signaling-
active clusters? The x-ray structure of the core ER-luminal
domain of Irel revealed an interface-1 (IF1) required for di-
merization, and an interface-2 (IF2) providing a platform for the
back-to-back association of dimers in higher oligomeric assem-
blies (Credle et al., 2005; Korennykh and Walter, 2012). Con-
sistent with a previous report (van Anken et al.,, 2014), the
formation of microscopically visible clusters of Irel is abolished
by disrupting either IF1 or IF2 by mutation (T226A/F247A and
W426A for IF1 and IF2, respectively; Fig. 6 A). Expectedly, lack of
clustering correlates with an increased cellular sensitivity to
DTT (Fig. S6).
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Figure 5. The impact of mutations in the TMH and the AH of Irel on its functionality and cross-linking propensity. (A) The ER stress resistance of cells
expressing the F544A variant of IREl3,a crp containing the native cysteine 552 was determined. Stationary overnight cultures of the indicated strains were
used to inoculate a fresh culture minimal medium to an ODgg of 0.2. After cultivation for 5 to 7 h at 30°C, the cells were diluted in 96-well plates to an ODggo =
0.01 with prewarmed minimal medium and cultivated in the presence of the indicated concentrations of DTT for 18 h at 30°C. The density of the resulting
culture was determined using the ODggo. Number of experiments including technical replicates: AIREI (n = 12 from two colonies); cysteine-less (n = 12 from two
colonies); F544A/C552 (n = 12 from four colonies). (B) The impact of the F544A mutation on Irel degree of cross-linking via cysteine 552 was analyzed. The
indicated strains were subjected to the cross-linking procedure as outlined in Fig. 3 E. Data for the C552 variant are identical to the data in Fig. 3 F. Number of
experiments from DTT-stressed cells including technical duplicates: C552 (n = 11 from 6 colonies); F531R/C552 (n = 4 from two colonies). Number of ex-
periments from TM-stressed cells including technical duplicates: C552 (n = 8 from four colonies); F544A/C552 (n = 4 from two colonies). (C) ER stress re-
sistance of indicated cells including a single-cysteine variant (C552) of IREL3a.re With an AH-disrupting F531R mutation was determined. The cells were
cultivated and treated as in A. The data for AIRE1 and cysteine-less IREI are identical to the data in A. Number of experiments including technical triplicates for
F531R/C552 (n = 9 from three colonies). (D) The impact of the AH-disrupting F531R mutation on Irel cross-linking via cysteine 552 was determined. The
indicated strains were subjected to the same cross-linking procedure used for Fig. 3 E. Data for the C552 single-cysteine variant are identical to the data in
Fig. 3 F. The immunoblot for the C552 single-cysteine variant is identical to that in B. Number of experiments including technical duplicates for DTT-stressed
F531R/C552 cells (n = 4 from two colonies) and TM-stressed F531R/C552 cells (n = 4 from two colonies). All data are represented as the mean + SEM derived
from at least three independent experiments. Significance was tested by an unpaired, two-tailed Student’s t test. *, P < 0.05. Data distribution was assumed to

be normal, but this was not formally tested.

By disrupting IF2 and leaving IF1 intact, we sought to uncover
the contribution of dimeric and oligomeric assemblies to the
cross-linking propensity in the TMH region. We focused on
F544C marking the crossing-point of the X-shaped TMH region
in dimeric Irel, and on E540C and T541C in the vicinity. Upon
disruption of IF2 (W426A), these single-cysteine variants failed
to form microscopically visible clusters in stressed cells (Fig. 6
B). The positioning of the engineered cysteine, however, had
profound impact on the cellular resistance to DTT in rich me-
dium. The F544C/IF2 double mutant rendered the respective
cells more resistant than the IF2 mutant alone, while the T541C/
IF2 and E540C/IF2 mutants were highly sensitive to DTT and
indistinguishable from cells lacking IRE! altogether (Fig. 6 C).
Thus, the functional defect from the IF2 mutation can be alle-
viated or even aggravated by polar residues in the TMH region.

For interpreting these data, it is important to consider the
time frame of the different assays. Cross-linking is performed
with microsomes isolated from acutely stressed cells, which
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were treated with either DTT or TM for only 1 h. Similarity,
clustering of Irel is studied by confocal microscopy in acutely
cells stressed after 1 h of treatment. The cellular resistance to
DTT, however, is scored after 18 h of cultivation. The acute
proteotoxic stress caused by DTT or TM treatments has barely
any impact on the cellular lipid composition under given con-
ditions (Reinhard et al., 2020). Prolonged treatments, however,
cause membrane aberrancies, which can dominate Irel activa-
tion (Promlek et al., 2011) and which are likely to affect the re-
sulting ER stress resistance phenotype.

To further characterize the impact of the single-cysteine
variants on Irel function, we determined the level of the
spliced HACI mRNA in time course experiments with DTT-
stressed cells (Fig. 6 D). We find that the level of the spliced
HACI mRNA is up-regulated in response to DTT-induced stress
for cysteine-less Irel and F544C/IF2, but not for the E540C/IF2
and T541C/IF2 double mutants (Fig. 6 D). Notably, we find that
UPR activation is delayed for the F544C/IF2 double mutant
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Figure 6. Cross-linking occurs within and across dimers of Irel. (A) Indicated variants of an IRE1 knock-in construct (Halbleib et al,, 2017) were cultivated
and stressed with 2 mM DTT for 1 h as described in Fig. 1 D. A refined, automated counting of Irel-containing clusters was performed as described in the Online
supplemental material. Data from Fig. 1 D were reanalyzed and pooled with new data to yield the following: WT (n = 19 fields of view/441 cells); T226A/F247A
(IF1; n = 6/154); W426A (IF2; n = 10/329). All data are represented as the mean + SEM. Significance was tested by an unpaired, two-tailed Student’s t test. **,
P < 0.01 *** P < 0.00L (B) Clustering in DTT-stressed cells was studied by confocal microscopy of the indicated single-cysteine variants with either an intact
or disrupted IF2 (orange). Representative images from at least six independent fields of view are shown. For a quantitative analysis, see Fig. S6 B. (C) ER stress
resistance of indicated cells was studied in rich medium containing different concentrations of DTT. Data from independent experiments for E540C/IF2 (n = 4),
T541C/IF2 (n = 5), and F544C/IF2 (n = 6; IF2 indicates the W426A mutation) are plotted in orange. Reference datasets for AIRE1 (n = 6), Irels,ya.crp WT (N = 6
from two individual colonies), and the IF2 variant (n = 12 from two individual colonies) are plotted in gray, black, and blue, respectively. All data are represented
as the mean + SEM. (D) The level of the spliced HACI mRNA was determined from the indicated strains by RT-qPCR after treating the cells with 2 mM DTT for
the indicated times. The data are normalized to the level of the spliced HACI mRNA in cysteine-less Irel after 1 h of treatment and derive from three in-
dependent colonies with experimental duplicates (n = 6). (E) The level of the spliced HACI mRNA was determined for the indicated strains cultivated under
inositol-depletion conditions. The data are normalized to the level of the spliced HACI mRNA splicing caused by 2 mM DTT, as determined in D. The data derive
from three independent colonies with experimental duplicates (n = 6). (F) The impact of the IF2-disrupting W426A mutation on cross-linking via the indicated
single cysteines was determined. Single- and double-mutant strains were subjected to the cross-linking procedure as in Fig. 3 E. Data for the single mutant
variants are replotted from Fig. 3 F. All data are represented as the mean + SEM. Number of experiments including technical duplicates for DTT-stressed cells:

Vith et al. Journal of Cell Biology
Proteotoxic and lipid bilayer stress converge https://doi.org/10.1083/jcb.202011078

€20z Auenuer g uo 1senb Aq 4pd'g.01 10202 90l/5588171/8.201 L0Z0Z@/8/0Z/Pd-8joiue/qol/Bi0 ssaidnuy/:dpy woy papeojumoq

90f17

79



Appendix

E540C (n = 8 from four colonies), T541C (n = 8 from four colonies), F544C (n = 14 from seven colonies; identical to data in Fig. 3 F), E540C/IF2 (n = 4 from two
colonies), T541C/IF2 (n = 4 from two colonies), and for F544C/IF2 (n = 6 from three colonies). Number of experiments including technical duplicates for TM-
stressed cells: E540C (n = 8 from four colonies), T541C (n = 8 from four colonies), F544C (n = 10 from five colonies; identical to data in Fig. 3 F), E540C/IF2 (n = 4
from two colonies), T541C/IF2 (n = 4 from two colonies), and F544C/IF2 (n = 6 from three colonies). Significance was tested by an unpaired, two-tailed
Student’s t test. *, P < 0.05; **, P < 0.01. Data distribution was assumed to be normal, but this was not formally tested. (G) Hypothetical model for Irel’s
exquisite sensitivity. The membrane-based oligomerization of Irel (blue) and unrelated single-pass membrane proteins (black) leads to the coalescence of
deformed membrane regions (green). In the case of Irel, a larger portion of the deformed membrane region can be shared upon dimerization due to the
ellipsoid membrane “footprint” and an association via the longer edge of deformation (parallel to the major axis of the ellipse). According to this model, this
maximizes the sensitivity of Irel to aberrant membrane properties when compared with unrelated single-pass membrane proteins, which can merge only a

relatively small portion of their circular membrane “footprint” upon dimerization.

compared with the cysteine-less control strain. Because mem-
brane aberrancies caused by DTT manifest over a time course
of several hours (Promlek et al., 2011), this suggests that the
F544C/IF2 double mutant may respond predominantly to such
membrane-based stresses. This interpretation is further con-
founded by the observation that the two other double mutants,
E540C/IF2 and T541C/IF2, with mutations in the functionally
critical AH (S526-V543) cannot respond to this type of prolonged
DTT stress (Fig. 6 D). In order cross-validate our interpretation,
we studied the response of the same set of strains to lipid
bilayer stress caused by inositol depletion (Fig. 6 E). While the
F544C/IF2 mutation exhibited an almost identical response to
inositol depletion as the control strain, the two E540/IF2 and
T541/1F2 variants showed a massively impaired response
(Fig. 6 E). Because E540 and T541 are part of the AH, these data
underscore the central importance of the AH for sensing lipid
bilayer stress. More importantly, however, these data suggest
that membrane sensitivity of Irel may be particularly im-
portant for dealing with prolonged forms of ER stress caused
by proteotoxic agents.

Next, we subjected these double mutant variants to the cross-
linking procedure (Fig. 6 F). Cross-linking via E540C in DTT-
and TM-stressed cells was abolished by the IF2 mutation, while
the cross-links observed for the T541C and F544C variants were
only marginally affected (Fig. 6 F). This suggests that the cross-
links of T541C and F544C are formed within Irel dimers, while
E540C cross-links across dimers. Importantly, these data not
only validate the particular position of F544 at the crossing point
of two TMHs in two adjacent Irel protomers, but also provide
direct, biochemical evidence that the unusual X-shaped trans-
membrane architecture might laterally associate to form higher
oligomers. Notably, such lateral “stacking” of the transmem-
brane domain in signaling-active clusters would be consistent
with the complex, elongated organization of clusters as recently
observed by super-resolution microscopy for IREla (Belyy et al.,
2020). On the functional level, our data show that the dimer-
ization of Irel is not sufficient to mediate resistance to ER stress:
the T541C/IF2 variant forms dimers that can be cross-linked
(Fig. 6 D), but it does not render cells more resistant to DTT
than cells lacking Irel (Fig. 6 C), nor does it up-regulate the level
of the HACI mRNA in response to ER stress (Fig. 6, D and E). A
suitably positioned polar residue (here F544C) leaves the
membrane-sensitive AH intact and increases the cellular ER
stress resistance in the IF2/F544C double mutant compared with
a single IF2 mutant (Fig. 6 C). Thus, seemingly subtle changes in
the TMH region can have substantial impact on the ER stress
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resistance phenotype, especially when the normal function of
Irel is compromised.

Discussion

Here, we establish a structural model of Irel’s TMH region in
signaling-active clusters (Fig. 4). In a previous study, we have
established a model of Irel’s monomeric TMH region (Halbleib
etal., 2017), but its organization in dimers and higher oligomers,
especially in the complex environment of the ER membrane,
remained unexplored. Predicting a dimeric structure based on a
model for the monomer is not trivial, as the two protomers can
be arranged in various ways and might undergo substantial
conformational changes upon oligomerization. Based on a sys-
tematic cysteine cross-linking approach in native membranes
and aided by MD simulations, we show that the neighboring
TMHs in clusters of Irel organize in an X-shaped configuration.

Our model of the transmembrane organization provides in-
triguing insights into the membrane-deforming potential of Irel
(Fig. 4, A and B; Fig. S4; and Video 1). Positively charged residues
at the cytosolic end of the TMH (Fig. 3 A) and the previously
identified ER-luminal AH (Halbleib et al., 2017) cooperate in
squeezing the lipid bilayer (Fig. 4, A and B; and Fig. S4 A). This
deformation is most prominent at the intersection of the two
protomers reaching almost to the level of the lipid bilayer center
(Fig. 4 B and Video 1). Membrane squeezing and the associated
disordering of lipid acyl chains come at energetic costs, which
are affected by the composition and collective physicochemical
properties of the surrounding bilayer (Radanovi¢ et al., 2018;
Covino et al., 2018). The higher this cost (e.g., due to increased
lipid saturation, inositol depletion, or membrane aberrancies
from prolonged proteotoxic stresses), the higher the free energy
gain from coalescing these regions and thus the propensity of
Irel to oligomerize.

The specific way each membrane protein locally deforms the
bilayer, referred to as membrane “footprints” (Haselwandter
and MacKinnon, 2018) or “fingerprints” (Corradi et al., 2018),
could be at the origin of membrane sensitivity and, more gen-
erally, could control the organization of supramolecular as-
semblies (Corradi et al., 2018). Is it possible that the unusual
TMH region of Irel and its resulting footprint serve a specific
function? We speculate that the combination of a short TMH
with an AH inserting deep into the bilayer contributes to Irel’s
exquisite sensitivity to aberrant ER membrane stiffening. The
region of membrane compression around monomeric Irel is,
when viewed from the top, not of circular shape but ellipsoid
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due to the membrane-inserted AH (Fig. 6 G; Halbleib et al.,
2017). Based on simple geometric considerations, it is conceiv-
able that the total extent of membrane deformation contributing
to the free energy of dimerization depends on how precisely the
two TMH regions are arranged toward each other. Our struc-
tural model of the dimeric TMH suggests that the two protomers
associate via the longer edge of membrane deformation (parallel
to the major axis of the ellipse; Fig. 4, A and B), thereby maxi-
mizing the area of coalescence (Fig. 6 G, top) and minimizing the
free energy. We speculate that Irel is more responsive to aber-
rant membrane stiffening than other single-pass transmem-
brane proteins with short TMHs but without AHs. Because these
proteins also lack the characteristic ellipsoid shape of membrane
deformation (Kaiser et al., 2011), they coalesce only a smaller
area of their footprints upon dimerization (Fig. 6 G, bottom). It
will be intriguing to study the membrane-driven dimerization
and oligomerization of Irel side by side with other single-pass
membrane proteins exhibiting distinct membrane footprints
using advanced microscopic tools such as single-molecule pho-
tobleaching (Chadda et al., 2016).

Our data also provide evidence that cross-linking can occur
across dimers of Irel (Fig. 6 F), thereby suggesting that the
X-shaped dimeric arrangements of the TMH region can laterally
associate and “stack” in the plane of the membrane. We propose
that it is the characteristic, ellipsoid shape of membrane defor-
mation by monomeric Irel and the unusual mode of dimeriza-
tion and oligomerization that maximize the sensitivity of Irel to
aberrant membrane properties.

Our structural and functional analyses suggest that the olig-
omeric state of Irel is stabilized by the overall transmembrane
architecture and the membrane-embedded AH, but not by spe-
cific interactions between residues in the TMH. Disrupting the
AH, which also disrupts transmembrane architecture (Covino
et al, 2018), increases the cellular sensitivity to ER stress
(Fig. 5 C). In contrast, the F544A mutation at the intersection of
neighboring TMHs causes no functional defect (Fig. 5, A and B).
Instead of maximizing the interface between the TMHs for forming
a more stable protein:protein interaction, they are kept in a con-
figuration where only a few TMH residues can contact the opposing
protomer. However, they are driven together via a membrane-
based mechanism and thus are particularly sensitive to the prop-
erties of the surrounding membrane (Covino et al., 2018).

Strikingly, our data provide evidence that different forms of
ER stress converge in a single overall transmembrane architec-
ture of Irel. We observed remarkably similar cross-linking
patterns in the context of lipid bilayer stress and proteotoxic
stress (Fig. 3 F). This suggests that the X-shaped configuration in
the TMH region is maintained in the signaling-active clusters
even under largely distinct conditions of ER stress. Neither the
oligomerization of Irel per se nor lipid bilayer stress seems to
cause major conformational changes in the TMH region of the
individual protomers. Based on our data, we speculate that Irel
mounts a single response to different types of ER stress, but with
distinct temporal patterns of activation. Proteotoxic stress
caused by DTT or TM is characterized by two phases: an early
phase of a rapid UPR activation with little to no changes in the
lipid composition, and a second, slower phase characterized by
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a build-up of membrane aberrancies (Promlek et al., 2011;
Reinhard et al., 2020). While these membrane aberrancies re-
main poorly characterized, they serve as a robust signal for Irel
activation (Fig. 6 D; Promlek et al., 2011). The lipid bilayer stress
caused from inositol depletion, in contrast, lacks the early
phase of UPR activation. It manifests slowly and causes a dis-
tinct temporal pattern of UPR activation (Fig. 6, D and E). It will
be interesting to study whether different temporal patterns of
UPR activation are sufficient to give rise to largely distinct
transcriptional programs or if, alternatively, Irel can custom
tailor its output via yet unknown mechanisms (Hetz et al.,
2020; Ho et al., 2020; Fun and Thibault, 2020).

Our cross-linking data suggest a similar transmembrane ar-
chitecture in Irel in response to proteotoxic and lipid bilayer
stress (Gardner and Walter, 2011; Halbleib et al., 2017). While we
cannot formally exclude conformational changes in other parts
of the protein, we do not find evidence that Irel custom-tailors
its signaling output via conformational changes in the TMH
region. Based on our cross-linking data and the observed tem-
poral patterns of activation for different mutants of Irel (Fig. 6
E), we suggest that the complex metabolic, transcriptional, and
nontranscriptional adaptations to different forms of ER stress do
not reflect distinct functional modes of Irel. Instead, we propose
that different degrees of oligomerization and different rates of
Irel activation and inactivation are sufficient to drive differently
stressed cells into distinct physiological states.

Our combined results lead to the following model of UPR
activation. Both accumulating unfolded proteins and lipid bila-
yer stress lead to the oligomerization of Irel and the formation of
signaling-active clusters (Korennykh and Walter, 2012). Under
these conditions, the cytosolic effector domains “follow” the
oligomerization of the ER-luminal domain and the TMH region.
A large diversity of ER-luminal and cytosolic interactors in-
cluding chaperones can tune and specify the activity of mam-
malian UPR transducers (Sepulveda et al., 2018; Amin-Wetzel
et al., 2017). This may reflect a way to custom tailor the globally
acting UPR to different cell types with distinct protein folding
requirements at steady-state and during differentiation. Lipid
bilayer stress activates the UPR in both yeast and mammals via a
membrane-based mechanism and does not require the binding
of unfolded proteins to the ER-luminal domain and/or associated
chaperones (Promlek et al., 2011; Halbleib et al., 2017; Volmer
et al., 2013). Furthermore, our findings underscore the impor-
tance of Irel’s membrane sensitivity to deal with the stress
caused by prolonged cellular treatments with proteotoxic agents
(Promlek et al., 2011). Our data from direct, cross-linking ex-
periments suggest that both proteotoxic and lipid bilayer stress
converge in a single overall architecture of the TMH region. We
propose that Irel’s distinct signaling outputs to different forms
of ER stress reflect a different temporal pattern of Irel activation
rather than different qualities of signaling.

Materials and methods

Reagents, antibodies, strains, and plasmids

All chemicals and reagents used in this study were purchased
from Sigma-Aldrich, Carl Roth, or Millipore and are of analytical
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or higher grade. The following antibodies were used: mouse
anti-Flag monoclonal (M2; Santa Cruz), rat anti-HA monoclonal
(3F19; Roche), mouse anti-Dpml monoclonal (5C5A7; Life
Technologies), mouse anti-Pgkl (22C5D8; Life Technologies),
mouse anti-MBP monoclonal (NEB), anti-mouse-HRP (Dianova),
and anti-rat-HRP (Dianova). All strains and plasmids used in this
study are listed in Table S1 and Table S2, respectively.

Generation of a cysteine-less construct and a Flag-tag variant
of IRE1

A cysteine-less construct of IREl was generated based on a
previously described knock-in construct (Halbleib et al.,
2017). This construct comprises the IREl promoter (-1 to
-551bp), the IREI gene including a coding sequence for a 3xHA
tag and a monomeric version of yeGFP (A206RYCFP) inserted
at the position of H875, and the IREI endogenous 5’ terminator
on the plasmid pcDNA3.1-IREl3, 4 crp (Halbleib et al., 2017). A
cysteine-less variant was generated by site-directed muta-
genesis. Cysteine 48 (C48YCFP) of the monomeric yeGFP was
substituted to serine, while cysteine 70 (C70Y°6*P) remained
in the final construct (Costantini et al., 2015; Ormo et al.,
1996). Single-cysteine variants were generated by site-directed
mutagenesis.

Plasmids encoding either single-cysteine variants or
cysteine-less Irel (Table S2) were linearized using HindIIl and
Xhol restriction enzymes and used for transforming our previ-
ously established cloning strain lacking both the IREI gene
and its promoter. Strains used in this study are listed in
Table S1. Additionally, a Flag-tagged cysteine-less Irel ver-
sion based on the CEN-based Irel construct from the
pPW1628/pEv200 plasmid was generated. The 3xHA epitope
tag in the knock-in construct was replaced by a 3xFlag epi-
tope tag using the Q5 site-directed mutagenesis kit (NEB).
The newly generated knock in sequence was amplified in a
multi-step PCR reaction adding the terminator sequence
from the pEv200 plasmid and BssHI and HindIII restriction
site. The transfer of the IRElzpiqq-crp Sequence in the CEN-
based pPW1628/pEv200 plasmid was performed using
BssHI/HindIII restriction sites.

Cultivation and live cell confocal microscopy

The yeast strains were cultivated at 30°C on agar plates con-
taining SCD complete medium or selection medium. Liquid yeast
cultures either in SCD or YPD (the pH of the medium was not
adjusted) were inoculated with a single colony and typically
cultivated at 30°C for a minimum of 18 h to reach the stationary
phase. This overnight culture was used to inoculate a fresh
culture to an ODggo = 0.2, which was cultivated until the mid-
exponential phase. For microsomal membrane preparation,
stationary cells were used to inoculate a fresh culture in SCD
complete medium to an ODgg( of 0.2. After cultivation at 30°C to
an ODggo of 0.7, the cells were either left untreated or stressed
with either 2 mM DTT or 1.5 ug/ml TM for 1 h. For inositol
depletion, exponentially growing cells were washed with SCD
complete without inositol and then used to inoculate the main
culture to an ODggp of 0.5 in SCD complete without inositol,
which was further cultivated for 3 h.
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Live cell confocal microscopy and image analysis

A fresh culture in SCD medium was inoculated to an ODggg = 0.2
and cultivated for 5-5.5 h at 30°C and under constant agitation at
220 rpm. To induce ER stress, DTT was added to a final con-
centration of 2 mM followed by additional cultivation for 1 h.
The cells were harvested by centrifugation and mounted on
microscopic slides coated with a thin layer of SCD containing
1.5% agarose for immobilization. Microscopy was performed at
23 + 2°C using a Zeiss LSM 780 confocal laser scanning micro-
scope (Carl Zeiss Microscopy GmbH) with inverted stage and
spectral detection, a Plan-Apochromat 63x 1.40 NA oil immer-
sion objective with immersol 518 f, and the acquisition software
ZEN2012 (Carl Zeiss Microscopy GmbH). GFP fluorescence was
excited at 488 nm, and the emission was detected between 493
and 598 nm. Transmission images were simultaneously re-
corded using differential interference contrast optics. Z-stacks
(450-nm step size, 62.1-pm pinhole size) were recorded. When
multiple fluorophores were imaged (Fig. S6 F), GFP was excited
at 488 nm and dsRed at 561 nm, and emission was detected
at 493-557 nm and 592-704 nm, respectively. For multi-
fluorophore images, a Z-stack step size of 372 nm with a pin-
hole diameter of 80.3 um was used. Image stacks were corrected
for potential x-y drift using the Fiji plugin StackReg (Thévenaz
etal., 1998; Schindelin et al., 2012). Maximum intensity and sum
projections were created, while the contrast was adjusted
equally for all images using Fiji (Schindelin et al., 2012). Indi-
vidual cells and clusters of Irel were identified by automated
segmentation using CellProfiler (McQuin et al., 2018). In brief,
the cellular areas were determined for each image based on
sum projections of recorded z-stacks and the cellular auto-
fluorescence. After smoothing with a median filter, potential
cells were identified by global thresholding (minimum cross-
entropy). Objects outside the diameter restraint of 1.9¢6.3 pm
were discarded. Cells being too bright (a high autofluorescence
indicates cell death) were omitted from further analysis if the
mean intensity of a potential cell exceeded the mean intensity of
all potential cells within an image by >30%. Clusters of Irel
within cells were identified in maximum intensity projections
using a threshold of 1.5 times the mean intensity of the identified
cells. Potential clusters outside the diameter range 0.3-0.9 ym
were discarded. The strain RE773 IREl3xya-yecrp E540C/IF2
showed substantial signs of cell death (increased auto-
fluorescence) when challenged with DTT. Therefore, all mi-
croscopic images represented in and used for Fig. 6 and Fig. S6
B were reanalyzed and subjected to more stringent parameters
to avoid false positive identifications of Irel clusters. Cells were
not considered if their mean intensity was 10% above average.
Structures with diameters from 0.3 to 1.2 pm were initially
allowed as potential clusters, but only counted if their maxi-
mum intensity was at least 2.5 times higher than the mean
intensity of the respective cell. Furthermore, if >3.5% of a cell
area was covered by potential clusters, the cell was considered
as unfit and counted as free of clusters.

Assaying the resistance to ER stress
The cellular resistance to ER stress caused by DTT was assayed
using a sensitive growth assay (Halbleib et al., 2017). Stationary
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overnight cultures were used to inoculate a fresh culture to an
ODgqo of 0.2. After cultivation for 5-7 h at 30°C, the cells were
diluted with prewarmed medium to an ODggo of 0.05. 50 pl of
these diluted cultures was mixed in a 96-well plate with 180 ul of
medium and 20 ul of a DTT dilution series leading to a final
concentration of DTT between 0 and 2 mM and 0 and 4 mM,
respectively. After incubation at 30°C for 18 h, the cultures were
thoroughly mixed, and 200 pl of the cell suspension was
transferred to a fresh 96-well plate for determining the density
of the culture via spectrophotometers using the ODgo0/ODgzo.

RNA preparation, cDNA synthesis, and qPCR analysis
The level of the spliced HACI mRNA and the PDII mRNA in
stressed and unstressed cells was determined via RT-qPCR using
Oligo(dT) primers, the Superscript II RT protocol (Invitrogen),
the ORA gPCR Green ROX L Mix (HighQu), and a Piko Real PCR
system (Thermo Fisher Scientific). The RNA was prepared from
5 OD equivalents of stressed and unstressed cells using the
RNeasy Plus RNA Isolation Kit (Qiagen). 500 ng RNA of the total
isolated RNA was used as a template for the synthesis of cDNA
using Oligo(dT) primers and the Superscript II RT protocol
(Invitrogen). gPCR was performed using ORA qPCR Green ROX
L Mix (HighQu) in a Piko Real PCR system (Thermo Fisher
Scientific). The following primers were used at a final concen-
tration of 400 nM: HACIs forward primer: 5'-CTTTGTCGCCCA
AGAGTATGCG-3'; HACIs reverse primer: 5'-ACTGCGCTTCTG
GATTACGC-3'; ACT1 forward primer: 5'-TGTCACCAACTGGGA
CGATA-3’; ACTI reverse primer: 5'-AACCAGCGTAAATTGGAA
CG-3'; PDI1 forward primer: 5'-GATCGATTACGAGGGACCTAG
A-3'; and PDII reverse primer: 5-GCGGAGGGCAAGTAAATA
GAA-3'.

The gPCR program included the following steps: (1) 95°C,
15 min; (2) 95°C, 20 s; (3) 58°C, 20 s; (4) 72°C, 30 s; and (5) 72°C,
5 min; steps 2-4 were repeated 40 times. For quantifying the
level of the PDII mRNA and the spliced HACI mRNA, we used the
comparative AACT method using normalization to ACTI levels
(StepOnePlus user Manual, Applied Biosystems).For amplifying
both ¢cDNAs generated from the spliced and unspliced HACI
mRNA, we used the following primers at a final concentration of
400 nM and previously established PCR conditions (Promlek et
al., 2011): HACI splicing forward primer: 5-TACAGGGATTTC
CAGAGCACG-3'; and HACI splicing reverse primer: 5'-TGAAGT
GATGAAGAAATCATTCAATTC-3'.

Preparation of cell lysates and immunoblotting

Lysates were prepared from exponentially growing cells, which
were harvested by centrifugation (3,000 x g, 5 min, 4°C) and
then washed once with double-distilled water and once with
PBS. During washing, the cells were transferred into 1.5-ml re-
action tubes, allowing for a more rapid centrifugation (8,000 x
g, 20 s, 4°C). The tubes with the washed cell pellet were placed in
a -80°C freezer and stored until further use. For preparing the
lysate, either 5 or 20 OD equivalents were resuspended in 400 pl
or 1,000 pl lysis buffer (PBS containing 10 pg/ml chymostatin,
10 pg/ml antipain, and 10 pg/ml pepstatin), respectively. After
addition of either 100 pl or 500 ul of zirconia beads, respec-
tively, the cells were disrupted by bead beating for 5 min at 4°C.
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Four parts of the resulting lysate were mixed with one part of 5x
reducing sample buffer (8 M urea, 0.1 M Tris-HC, pH 6.8, 5 mM
EDTA, 3.2% [wt/vol] SDS, 0.15% [wt/vol] bromphenol blue,
4% [vol/vol] glycerol, and 4% [vol/vol] B-mercaptoethanol)
and then incubated at 95°C for 10 min to fully unfold and
solubilize the proteins therein. 0.1 OD equivalents of the re-
sulting sample was subjected to SDS-PAGE, and the proteins
were separated on 4-15% Mini-PROTEAN-TGX strain-free
gels (BioRad). For subsequent immunoblotting, proteins
were transferred from the gel to methanol-activated poly-
vinylidene difluoride membranes using semi-dry Western
blotting. Specific proteins were detected using antigen-
specific primary antibodies, HRP-coupled secondary anti-
bodies, and chemiluminescence.

Microsomal membrane preparation

80 ODgo equivalents were harvested from a mid-exponential
culture by centrifugation (3,000 xg, 5 min, 4°C), washed with
PBS, and stored at -80°C. All steps of membrane fractionation
were performed on ice or at 4°C. Cells were resuspended in
1.5 ml lysis buffer (50 mM Hepes, pH 7.0, 150 mM NaCl, 1 mM
EDTA, 10 pg/ml chymostatin, 10 pg/ml antipain, and 10 pg/ml
pepstatin). For cysteine cross-linking experiments, a buffer
without EDTA was used. After cell disruption using zirconia
beads (Roth) and a bead beater (2 x 5 min), cell debris was re-
moved by centrifugation (800 xg, 5 min, 4°C; and 5,000 xg,
10 min, 4°C). The supernatant was centrifuged (100,000 xg,
45 min, 4°C) to obtain crude microsomes in the pellet. Micro-
somes were resuspended in 1.4 ml lysis buffer, sonicated for
homogenization (50%, 5 x 1 s, MS72 tip on a sonifier cell dis-
rupter from Branson Ultrasonic), snap-frozen in liquid N,, and
stored in aliquots at -80°C.

Test of membrane integration

The cleared supernatant of a 5,000 xg step was divided into
equal parts, which were then mixed with an equal volume of
lysis buffer supplemented with 0.2 M NayCOj, resulting in a
final pH of 11, 5 M urea, and 2% Triton X-100 or without addi-
tional additives. After incubation for 1 h on a rotator, these
samples were centrifuged (100,000 xg, 45 min, 4°C) to separate
soluble from insoluble material. The supernatant and pellets
from these fractions corresponding to 0.2 OD equivalents were
further analyzed by SDS-PAGE and immunoblotting.

CuSO,-induced cysteine cross-linking

Microsomes were thawed on ice. 8 jl microsomes (1 + 0.2 mg/ml
protein) were mixed either with 2 pl of 50 mM CuSO, or 2 pl
double-distilled water and then incubated for 5 min on ice. The
reaction was stopped with 8 ul of membrane sample buffer (4 M
urea, 50 mM Tris-HCl, pH 6.8, 1.6% [wt/vol] SDS, 0.01% [wt/vol]
bromophenol blue, and 2% [vol/vol] glycerol) containing
125 mM EDTA and 250 mM N-Ethylmaleinimid (NEM). The
samples were analyzed by SDS-PAGE and immunoblotting with
chemiluminescence detection. The percentage of cross-linked
dimer was determined via densitometry with Fiji (Schindelin
et al., 2012) using the bands corresponding to the monomeric
and covalently cross-linked protein.
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Immunoprecipitation from microsomes after CuSO,-induced
cysteine cross-linking

300 pl of microsomes with a typical protein concentration of
1 mg/ml were incubated with 12.5 pl 250 mM CuSO, (final
concentration of 10 mM) for 5 min on ice. The reaction was
stopped by adjusting the sample to a final concentration of
50 mM EDTA and 111 mM NEM by adding 30 ul of 0.5 M EDTA
stock solution and 44 ul of 1 M NEM stock solution, respectively.
The final volume was adjusted to 1.3 ml with lysis buffer with a
final concentration of 5 mM EDTA. The CuSO, concentration
was thus reduced to 2.4 mM and the NEM concentration to 33.6
mM, respectively.

After cross-linking, the microsomes were solubilized using
2% Triton X-100 and incubated for 1 h at 4°C under constant
agitation. Insoluble material was removed by centrifugation
(20,000 xg, 10 min, 4°C). The resulting supernatant was incu-
bated with 8 pl Flag beads (Sigma-Aldrich), equilibrated with
immunoprecipitation (IP) wash buffer (lysis buffer + 5 mM
EDTA + 0.2% Triton X-100), for 3 h under constant shaking. Flag
beads were washed five times with IP wash buffer by centrif-
ugation (8,000 xg, 30 s, 4°C). For elution, the Flag beads were
incubated with 10 pl IP-Wash and 10 pl 5x reducing sample
buffer for 5 min at 95°C, which did not disrupt the disulfide bond
formed between two protomers of Irel. These samples were
analyzed by SDS-PAGE and immunoblotting.

Modeling of the transmembrane dimer of Irel and

MD simulations

The dimeric TMH region of Irel was modeled using a 56-amino
acid-long peptide, 516-SRELD EKNQNSLLLK FGSLVYRIIE
TGVFLLLFLI FCAILQRFKI LPPLYVLLSK I-571. We extracted an
equilibrated, monomeric configuration of the peptide from a
previously performed 10-ps-long equilibrium MD simulation.
We duplicated the configuration in order to create a new sys-
tem containing two identical protomers. We then rotated and
translated one of the two protomers to form a dimer structure,
such that the two F544s faced each other with the distance
between their CB atoms at around 0.7 nm. A short energy
minimization in solution resolved all steric clashes between
side chains. The structure of the model dimer was prepared by
using gromacs/2019.3 tools (Abraham et al., 2015) and VMD
(Humphrey et al., 1996). We used Charmm-GUI (Wu et al., 2014;
Lee et al., 2016) to reconstitute the dimer in a bilayer containing
248 POPC and 62 cholesterol molecules modeled in the
Charmm36m force field (Klauda et al., 2010; Best et al., 2012).
We solvated the system with 24813 TIP3P water molecules and
72 chloride and 66 sodium ions, corresponding to a salt con-
centration of 150 mM.

Equilibrium and restrained simulations of the dimer model

After an initial energy minimization and quick relaxation, we
equilibrated the dimer model in the bilayer. We first ran a 50-
ns-long simulation restraining the position of protein atoms by
using harmonic potentials with force-constants (in units of kJ
mol~! nm2) of 500 for backbone atoms and 200 for side chain
atoms. We then ran further 50 ns lowering the force-constants
to 200 and 50, respectively. After this equilibration, we relieved
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all restraints and ran a 1,000-ns-long MD simulation, where the
system evolved according to its unbiased dynamics. We ran both
the restrained equilibration and unbiased production simulation
in gromacs/2019.3 using a time step of 2 fs. Electrostatic inter-
actions were evaluated with the Particle-Mesh-Ewald method
(Essmann et al., 1995). We maintained a constant temperature
of 303 K (Bussi et al., 2007), applying separate thermostats on
the protein, membrane, and solvent with a characteristic time
of 1 ps. We applied the semi-isotropic Berendsden barostat
(Berendsen et al., 1984) for the restrained equilibration, and the
Parrinello-Rahman barostat (Parrinello and Rahman, 1981) for
the production runs, acting separately on the x-y plane and z
direction to maintain a constant pressure of 1 atm, and with a
characteristic time of 5 ps. We constrained all hydrogen bonds
with the LINCS algorithm (Hess et al., 1998). Molecular visual-
izations were obtained with VMD and rendered with Tachyon.

Data representation and replicates

All data are represented as the average + SEM if not stated
otherwise. The number of the biological and technical replicates
are provided in the Online supplemental material. Statistical
tests were performed with Prism 8 for macOS Version 8.4.0.

Online supplemental material

Fig. S1 shows protein levels of cysteine-less Irel and character-
ization of its membrane association. Fig. S2 shows validation of a
covalent, reversible cross-linking of Irel homodimers via disul-
fide bridges. Fig. S3 shows functionality of cysteine mutants and
their cross-linking potential in lipid bilayer stress conditions.
Fig. S4 shows that the dimeric TMH region of Irel deforms the
membrane. Fig. S5 shows that a mutation of the AH affects Irel
function and cross-linking propensity. Fig. S6 shows that disrupting
ER-luminal interfaces for dimerization (IF1) and oligomerization
(IF2) of Irel impairs cellular ER-stress resistance and the formation
of Irel clusters. In Video 1, a structural model of the TMH region of
Irel highlights membrane thinning and water penetration into the
bilayer. Video 2 shows dynamics of the TMH region of Irel dimers
over a period of 600 ns. Table SI lists yeast strains used in this
study. Table S2 lists plasmids used in this study.

Data availability

All data discussed in the paper are included in this published
article and in the online supplemental material. Additional
materials including gPCR data, microscopy data, and the im-
munoblots contributing to the bar diagrams in Fig. 3 F; Fig. 5, B
and D; and Fig. 6 F have been deposited to Mendeley Data (DOI:
10.17632/s52vt8spmec.1).
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Figure S1. Protein levels of cysteine-less Irel and characterization of its membrane association. (A) Protein levels of cells expressing either IRE13,4a gp
WT or the cysteine-less (cys-less) variant. The isogenic WT strain BY4741 that does not express a HA-tagged variant of IRE1 was used as a negative control
(NC). Stationary overnight cultures were used to inoculate a fresh culture in SCD complete to an ODgg of 0.2 and cultivated until an ODgqo of 1 was reached.
0.1 OD equivalents of cell lysates were immunoblotted using anti-HA and anti-Pgkl antibodies. (B) Subcellular fractionation of exponentially growing cells
expressing cysteine-less IREI3,a grp by differential centrifugation at 5,000 xg and 100,000 xg. Stationary overnight cultures were used to inoculate a fresh
culture in SCD complete to an ODgg of 0.2 and cultivated until an ODgo of 1 was reached. 80 ODgqo equivalents were harvested, lysed, and served as total
input (T) for microsomal membrane preparation. The total lysate (T), and the individual supernatant (S) and pellet (P) fractions from centrifugation steps at
5,000 xg (5k) and 100,000 xg (100k) were analyzed separately by immunoblotting using anti-HA, anti-Pgkl, and anti-Dpm1 antibodies. 0.4 OD equivalents
were loaded per lane. (C) Extraction assay of microsomes. Carbonate and urea extraction validate proper membrane integration of cysteine-less IREI3a.crp
(cys-less). Samples of each step corresponding to 0.2 OD equivalents were analyzed by immunoblotting using anti-HA, anti-Pgkl, and anti-Dpm1 antibodies.
(D) The indicated strains from a stationary culture were used to inoculate fresh culture in SCD to an ODgq( of 0.2. After cultivation at 30°C to an ODgo of 0.7,
cells were either left untreated or stressed with DTT (1 h, 2 mM, SCD). The level of the cDNA obtained from the spliced and unspliced HAC1 mRNA was
amplified and separated by a 2% agarose gel. (E) PDI1 mRNA levels in acutely stressed cells normalized to the fold change of unstressed cells expressing
IREI33ua-crp WT. Exponentially growing cells of the indicated strains were used to inoculate fresh YPD media to an ODggo of 0.2, cultivated in YPD, and acutely
stressed with either 4 mM DTT (left) or 1.0 pg/ml TM (right) for 1 h. The relative level of PDIL in these cells was analyzed by RT-gPCR and quantitated using the
comparative AACT method using normalization to ACT1 levels. The data were normalized to the PDI1 level in unstressed cells carrying the IREI3,ya.crp WT
construct. All error bars in this figure represent the mean + SEM. Number of independent experiments: (left) -DTT: WT (n = 6); -DTT: cysteine-less (n = 6);
+DTT: WT (n = 5); cysteine-less (n = 6); (right) -TM: WT (n = 5); cysteine-less (n = 6); +TM: WT (n = 5); cysteine-less (n = 3). Significance was tested by an
unpaired, two-tailed Student’s t test. *, P < 0.05; **, P < 0.01. Data distribution was assumed to be normal, but this was not formally tested. (F) Cells were
cultivated from ODggo 0f 0.2 to ODggp of 0.7 in SCD medium and then either left untreated or stressed with 2 mM DTT for 1 h. Live cells were mounted on agar
slides, and z-stacks were recorded using confocal microscopy. Images show the center plane of indicated channels. DIC, differential interference contrast; rel.,
relative; TX-100, Triton X-100.
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Figure S2. Validation of a covalent, reversible cross-linking of Irel homodimers via disulfide bridges. (A) A cross-linking experiment using CuSO, was
performed with microsomes prepared from cells expressing a HA-tagged variant of Irel from endogenous locus (IREL3pa grp) and a Flag-tagged variant
(IRE13f1ag.6rp) from a CEN-based plasmid. A yeast culture in selective medium without leucine was inoculated to an ODggo of 0.2 from a stationary overnight
culture and cultivated at 30°C until an ODgqo of 0.7 was reached. The cells were either stressed with 2 mM DTT or left untreated and were further cultivated
for 1 h. 80 ODggo equivalents from these cultures were harvested by centrifugation. Microsomal membranes were isolated by differential centrifugation.
Microsomes prepared from cells expressing only one of the two tagged variants of Irel served as controls. Both constructs contained a single cysteine in the
TMH region at the position 552 (C552). After incubation of the microsomes with 10 mM CuSO, on ice for 5 min, the cross-linking reaction was stopped by the
addition of NEM in a final concentration of 111 mM and EDTA in a final concentration of 50 mM. The microsomes were then solubilized using 2% Triton X-100
and subjected to an IP using anti-Flag beads. Both the input and IP samples were analyzed by immunoblotting using anti-Flag and anti-HA antibodies. (B) The
reversibility of the cysteine-mediated cross-link was validated using the indicated F544C variant of Ire13xHA-GFP. The cross-link was induced by CuSQO, in
microsomes prepared from cells stressed with TM as described in Fig. 3. The cross-link was reverted by treating the sample with 90 mM DTT and incubating at
70° and 95° as indicated. The monomeric and dimeric species of Irel are indicated by symbols.

Vith et al. Journal of Cell Biology
Proteotoxic and lipid bilayer stress converge https://doi.org/10.1083/jcb.202011078

90

S3

€20z Asenuer g uo 1senb Aq ypd'8.01 10202 90l/558817L/8.01 L0Z0Z2/8/0ZZ/Pd-8joiue/qol/B10"ssaidnuy/:dy woyy papeojumoq



Appendix

«

Py

=JCB

A Functionality of cy
—m— AIRE1 —m— AIRET —m— AIRET —m— AIRET1 —m— AIRE1 —m— AIRET
= 1000 —e— cysess —e— cys-less —e— cys-less —e— cysess —e— cys-less —e— cys-less
‘é \ E540C ~-k-- G542C >-k-- V543C --k-- F544C -- L545C --k-- L546C
)
g 500 4
)
’ e
o e = e -
0O 05 10 15 200 05 10 15 200 05 10 15 200 05 10 15 200 05 10 15 200 05 10 15 200 05 1.0 15 20
DTT [mM] DTT [mM] DTT [mM] DTT [mM] DTT [mM] DTT [mM] DTT [mM]
—m— AIRE1 —m— AIRET | 3 —m— AIRE1 —m— AIRE1 —m— AIRE1 —m— AIRE1
1000 —e— cys-less —e— cys-ess —e— cys-less —e— cys-less —e— cys-less = 1000, —— cys-less
E --k-- L547C --&-- F548C --k-- L549C --k-- 1550C --&-- F551C E s -k-- C552
Tgo 500 g s00
3 8
o
[ - - v 0. u
0 05 10 15 200 05 10 15 200 05 10 15 200 05 10 15 200 05 10 15 20 0 05 10 15 20
DTT [mM] DTT [mM] DTT [mM] DTT [mM] DTT [mM] DTT [mM]
B HAC?1 mRNA splicing
cys-less
C Expression levels -ino DT
Ire1
SHAGPR unspliced —-— e an o . 0.5 kb
O O A0 L §
o N\ NRYN ‘b N : e
kD Q/"oh‘,\@‘ ‘cb‘ "ob‘ O?P‘ "‘\/ c}‘ \«,J ¢§° 093(3 4? {é %Q spliced
HAC1
250
| —— Iret
150 D inositol depletion crosslinks
a-HA O & A0 O
NN & NI
50 : ' . @‘*,@“ g («?Q@“ o R ‘o" EE S &F
_——‘———-———i—-—:.-—- Pgk1
37+ H H - . 8
a-Pgk1 .
250 —
150_~d--—-—-~- .- ;
E Formation of Ire1_, ... clusters aHA
g WT LLLUISIEssec cysless =215 F Quantification of cells with Ire1,, ... clusters
s ¥ B g » 100 7
& G 4 §wl; i,
%4 S 60 3
e . b % S 404
5 5 @
¥ T 20
3um ,. % ]
T541C G542C V543C F544C ® 100
5 M 3 801 unstressed
. ¢ E 60
. 2 40
! y g .
% & 3 20 %
o i o
\é‘ O ‘;: 6\ O
&@‘* L& @ 3 6?
L545C L546C L547C F548C
: P o ¥ G Properties of DTT-induced Ire1_,, ... clusters
4 <
. . 4 =150 :
2 '
7 3
2 100 4 i
3 % o}
: :50--____-*--—_-__—
o
L549C 1550C F551C C5652 s ol — —
S % 3 > 03
n : * 2 024 \
= H
5 3 0111 *
L : : 3 —— i, - o
» ¥ 0.0 7SS GG
] INAS
@ AL LA @“ Q@“ b" i3
Vith et al. Journal of Cell Biology

Proteotoxic and lipid bilayer stress converge

https://doi.org/10.1083/jcb.202011078

S4

91

€20z Auenuer g uo 1senb Aq 4pd'g.01 10202 90l/5588171/8.201 L0Z0Z@/8/0Z/Pd-8joiue/qol/Bi0 ssaidnuy/:dpy woy papeojumoq



Appendix

<

wte
), &
o

JCB

Figure S3. Functionality of cysteine mutants and their cross-linking potential in lipid bilayer stress conditions. (A) The resistance to ER stress was
investigated for the indicated yeast strains. Stationary overnight cultures of the indicated yeast strains were used to inoculate a fresh culture in full or minimal
media to an ODggg of 0.2. After cultivation for 5-7 h at 30°C, the cells were diluted with fresh minimal media to an ODgg of 0.1. Cells were cultivated for 18 h at
30°C and stressed with DTT. The density of the resulting culture was determined using the ODg,o or ODggo. The error bars represent the mean + SEM of at
least two independent clones. Number of experiments to yield ODgo: AIREL (n = 20; identical to Fig. 1 B); cysteine-less (n = 12; identical to Fig. 1 B); E540C to
1546C (n = 6; triplicates from two individual colonies); and C552 (n = 12; triplicates from two individual colonies). Number of experiments to yield ODgoo: AIRE1
(n = 10; replicates from three individual colonies); cysteine-less (n = 22; replicates from four individual colonies); L547C, L549C, 1550C, and F551C (n = 6;
triplicates from two individual colonies); and F548C (n = 5; replicates from two individual colonies). (B) The indicated strains were cultivated and treated as
described in Fig. 3, C and D, using conditions of proteotoxic (+DD) and lipid bilayer stress (-ino), respectively. The level of the cDNA obtained from the spliced
and unspliced HACI mRNA was amplified and separated by a 2% agarose gel using a DNA ladder as size marker (M). (C) Protein levels of cells expressing
different IRE13a.crp variants. The lysates of exponentially growing cells were immunoblotted using anti-HA and anti-Pgkl antibodies. (D) Cross-linking of
single cysteine variants of Irel in microsomes derived from cells grown in lipid bilayer stress conditions. Exponentially growing cells in SCD complete media
were washed and used to inoculate a fresh culture in SCD complete to an ODggg of 0.5. To induce lipid bilayer stress, the cells were washed and then cultivated
in pre-warmed SCD complete without inositol medium for 3 h. 80 OD equivalents were harvested and used for microsomal membrane preparation. CuSO,-
induced cross-link was performed by incubating 8 pl of microsomes with 2 pl of 50 mM CuSO4 for 5 min on ice. After stopping the reaction with NEM and
EDTA, samples were subjected to SDS-PAGE with a subsequent immunoblotting with anti-HA antibody. Notably, all samples subjected to SDS-PAGE un-
derwent a cross-linking procedure. Differences in specific and unspecific cross-linking may falsely suggest differences in loading. (E) Cells were cultivated to
the early exponential phase in SCD and either treated with 2 mM DTT for 1 h or left untreated. Representative images (maximum projections of z-stacks)
recorded by confocal microscopy. (F) The percentage of cluster-containing cells was determined for stressed (2 mM DTT, 1 h) and unstressed cells using a
custom-made CellProfiler pipeline. The percentage of cluster-containing cells with the cysteine-less variant of Irel is not significantly different from any of the
cells with single-cysteine variants. All data for the WT and cysteine-less variant are identical to the data from Fig. 1 C and plotted as a reference. For stressed
cells: E540C (n = 12 fields of view/359 cells); T541C (n = 10/206); G542C (n = 6/124); V543C (n = 8/223); F544C (n = 19/439); L545C (n = 12/181); L546C (n = 14/
399); L547C (n = 8/203); F548C (n = 10/279); L549C (n = 9/212); 1550C (n = 8/232); F551C (n = 5/152); and C552 (n = 7/188). For unstressed cells: E540C (n = 4
fields of view/130 cells); T541C (n = 7/153); G542C (n = 7/188); V543C (n = 4/121); F544C (n = 4/108); L545C (n = 5/101); L546C (n = 3/111); L547C (n = 4/106);
F548C (n = 5/143); L549C (n = 4/103); 1550C (n = 5/165); F551C (n = 4/108); and C552 (n = 3/90). (G) The area of the detected clusters in the z-projection was
determined and plotted. It was 49.9 px for the WT variant, 42.6 px for the cysteine-less variant, and ranged from a minimum of 37.2 px (G542C) to maximum of
48.9 px (V543C) for the single-cysteine variants. The integrated fluorescent intensity of detected clusters was 0.074 (arbitrary units) for the WT, 0.059 for the
cysteine-less construct, and ranged from a minimum of 0.046 for the F548C variant to a maximum of 0.059 for the L547C variant. Significance was tested using
a Kolmogorov-Smirnov test (*, P < 0.05). The segmented and analyzed number of clusters for each construct was as follows: WT: n = 395 (raw data in Fig. 1 D);
cysteine-less: n = 211 (raw data in Fig. 1 D); E540C: n = 215; T541C: n = 158; G542C: n = 95; V543C: n = 101; F544C: n = 224; L545C: n = 131; L546C: n = 191; L547:
n =121; F548C: n = 127; L549C: n = 168; I1550C: n = 121; F551C: n = 113; and C552: n = 75. px, pixels.
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Figure S4. The dimeric TMH region of Irel deforms the membrane. (A) Membrane deformation by the modeled, dimeric TMH region of Irel. Water is
shown in blue tones with a transparent surface representation. The phosphate moieties of POPC are shown as purple beads. (B) Configuration of a model TMH
dimer obtained from atomistic molecular dynamics simulations. Protomers are shown as an orange ribbon, with the residues F544 and L549 highlighted in red.
The phosphate moieties of POPC are shown as purple beads. The hydroxyl groups of cholesterol molecules are shown as red beads. Water is shown with a
transparent surface representation. Right: Lipid and water are not shown for clarity. (C) The SEM of the thickness profile represented in Fig. 4 B. The thickness
fluctuations in the proximity of the TMH dimer (not shown, centered in the middle of the box) give rise to a locally increased SEM of the thickness profile, but is
much lower than the actual degree of membrane deformation as plotted in Fig. 4 B.
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Figure S5. A mutation of the AH affects Irel function and cross-linking propensity. (A) The ER-stress resistance of cells expressing the AH-disrupting
F531R variant of IREl3,a grp containing the F544C single-cysteine was scored using an ER-stress resistance assay. The indicated cells were cultivated and
treated as in Fig. 5, A and C. Data for AIRE1 and the cysteine-less construct are identical to data in Fig. 5 A. F531R/F544C (n = 12 independent experiments from
two individual colonies). (B) The impact of the AH-disrupting F531R mutation of Irel on the degree of cross-linking via the single-cysteine variant F544C was
determined using the microsome-based cross-linking assay. Cells were cultivated and further treated as described in Fig. 5, B and D. The data are represented
as the mean + SEM. All data related to the F544C variant are identical to the data in Fig. 3 F. F531R/F544C (n = 4 independent experiments from two individual
colonies). Significance was tested by an unpaired, two-tailed Student’s t test. **, P < 0.0
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Figure S6. Disrupting ER-luminal interfaces for dimerization (IF1) and oligomerization (IF2) of Irel impairs cellular ER-stress resistance and the
formation of Irel clusters. (A) The resistance to DTT of cells expressing the IF1 (T226A/F247A) or IF2 (W426A) variants of IRE1 with all native cysteines was
analyzed in rich medium. The indicated cells were cultivated and treated as in Fig. 5, A and C. Data for AIREI (gray squares) and IRE1 WT knock-in construct with
all native cysteines (black circles) are plotted as a reference. WT (n = 6) and IF2 (n = 12) data were from two individual colonies. IF1 (n = 4) and AIRE1 (n = 6) data
are from a single colony. (B) The percentage of cluster-containing cells was determined for the indicated strains cultivated in SCD medium and stressed with
2 mM DTT for 1 h. We re-used the raw microscopic data from Fig. S3 F for E540C (n = 15 fields of view/374 cells), T541C (n = 9/181), and F544C (n = 19/440), re-
analyzed them as described in the Materials and methods, and pooled those with additional data for E540C (n = 7/281), T541 (n = 6/172), and F544C (n = 6/213).
We also studied the clustering of E540C/IF2 (n = 7/98), T541C/IF2 (n = 6/150), and F544C/IF2 (n = 6/208). Microscopic images were analyzed using a cus-
tomized CellProfiler pipeline. The percentage of cluster-containing cells with single cysteine variants of Irelis significantly different from any of the cells where
the ER-luminal IF2 was disrupted by mutation (W426A). The data are represented as the mean + SEM. Significance was tested using a Kolmogorov-Smirnov
test (¥, P < 0.05; **, P < 0.01; ***, P < 0.001).
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Video1. A structural model of the TMH region of Irel highlights membrane thinning and water penetration into the bilayer. The two protomers of Irel
TMH region are shown as orange ribbons. The residue corresponding to F544 is highlighted in red. The phosphate moieties of the lipid headgroups are shown
as red/purple spheres. Water is indicated as shaded region to highlight membrane thinning. Lipid acyl chains are not shown for clarity.

Video 2. Dynamics of the TMH region of Irel dimers over a period of 600 ns. The two TMH regions are shown as orange ribbons. The residue corre-
sponding to F544 is highlighted in red, while residues T541 to F551 are shown in blue. The phosphate moieties of the lipid headgroups are shown as purple
spheres. Water, ions, and lipid acyl chains are omitted for clarity.

Tables S1and S2 are provided online as separate files. Table S1 shows yeast strains used in this study. Table S2 shows plasmids used
in this study.
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Regulation of lipid saturation without sensing
membrane fluidity

Stephanie Ballweg'?, Erdinc Sezgin® 3, Milka Doktorova®, Roberto Covino® °, John Reinhard'?,
Dorith Wunnicke®, Inga Hanelt® ©, llya Levental® #, Gerhard Hummer® >’ & Robert Ernst® 2*

Cells maintain membrane fluidity by regulating lipid saturation, but the molecular mechan-
isms of this homeoviscous adaptation remain poorly understood. We have reconstituted the
core machinery for regulating lipid saturation in baker's yeast to study its molecular
mechanism. By combining molecular dynamics simulations with experiments, we uncover a
remarkable sensitivity of the transcriptional regulator Mga2 to the abundance, position, and
configuration of double bonds in lipid acyl chains, and provide insights into the molecular
rules of membrane adaptation. Our data challenge the prevailing hypothesis that membrane
fluidity serves as the measured variable for regulating lipid saturation. Rather, we show that
Mga2 senses the molecular lipid-packing density in a defined region of the membrane. Our
findings suggest that membrane property sensors have evolved remarkable sensitivities to
highly specific aspects of membrane structure and dynamics, thus paving the way toward the
development of genetically encoded reporters for such properties in the future.
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ellular membranes are complex assemblies of proteins and

lipids, which collectively determine physical bilayer

properties such as membrane fluidity/viscosity, perme-
ability, and the lateral pressure profile!~%. Membrane fluidity
determines how easily lipids and proteins can diffuse laterally in
the plane of the membrane. We quantify it by measuring the
diffusion coefficient of membrane lipids, which is inversely pro-
portional to membrane viscosity. The acyl chain composition of
membrane lipids is an important determinant of membrane
fluidity and is tightly controlled in bacteria®>”7, fungi®?,
worms!®11) flies!2, and vertebrates!314. Saturated lipid acyl
chains tend to form non-fluid, tightly packed gel phases at phy-
siological temperatures, whereas unsaturated lipid acyl chains
fluidize the bilayer. Poikilothermic organisms that cannot control
their body temperature must adjust their lipid composition dur-
ing cold stress to maintain membrane functions—a phenomenon
referred to as the homeoviscous adaptation!>~17. Despite recent
advances in identifying candidate sensory machineries, it remains
largely unknown how they work on the molecular scale and how
they are coordinated for maintaining the physicochemical prop-
erties of cellular membranes!®1°. The fact that most, if not all,
membrane properties are interdependent is a key challenge for
this emerging field. How do cells, e.g., balance the need for
maintaining membrane fluidity with the need to maintain
organelle-specific lateral pressure profiles?’? A perturbation of
membrane fluidity by genetically targeting fatty acid metabolism,
e.g., leads to complex changes throughout the entire lipidome
impacting on other bilayer properties, thereby causing endo-
plasmic reticulum (ER) stress and a disruption of membrane
architecture?!-23, We lack a unifying theory to accurately predict
the properties of a membrane given its composition: each com-
ponent of a complex biological membrane contributes to its
collective physicochemical properties in a non-additive and
nonlinear manner>24. As an important step towards a unifying
membrane theory, we need to identify a set of membrane prop-
erties that are both minimally correlated and sufficient to
uniquely describe the state of a bilayer. Characterizing naturally
occurring membrane property sensors, which may exhibit highly
specialized sensitivities to specific membrane properties, holds
promise to better understand how cells prioritize the maintenance
of such orthogonal membrane properties!®.

Eukaryotic cells use sensor proteins possessing refined
mechanisms to monitor physicochemical properties of organellar
membranes and to adjust lipid metabolism during stress, meta-
bolic adaptation, and development!%-23-25-30, These sensor pro-
teins can be categorized into three classes, based on topological
considerations!$1%: Class I sensors interrogate surface properties
of cellular membranes, such as the surface charge and molecular
packing density as reported for amphipathic lipid-packing sensor
(ALPS) motif-containing proteins and other amphipathic helix-
containing proteins3!. Class II sensors perturb and interrogate the
hydrophobic core of the bilayer and have been implicated in the
regulation of lipid saturation. Class III sensors are transmem-
brane proteins acting across the bilayer by locally squeezing,
stretching, and/or bending the membrane to challenge selective
properties such as thickness or bending rigidity!81°.

The prototypical class II sensor Mga2 is crucial for the reg-
ulation of membrane fluidity in baker’s yeast2> (Fig. la). Its
single transmembrane helix (TMH) senses a physicochemical
signal in the ER membrane to control a homeostatic response that
adjusts membrane lipid saturation via the essential fatty acid cis-
A9-desaturase Ole132-34, Increased lipid saturation triggers the
ubiquitylation of three lysine residues in the cytosolic juxta-
membrane region of Mga2 by the E3 ubiquitin ligase Rsp5%°. This
ubiquitylation serves as a signal for the proteasome-dependent
processing of the membrane-bound Mga2 precursor (P120) and

the release of a transcriptionally active P90 fragment, which
upregulates OLEI expression® (Fig. 1a). This regulated, ubiqui-
tin/proteasome-dependent processing resembles the pathway of
ER-associated degradation (ERAD)37 and was first described for
Spt23, a close structural and functional homolog of Mga238. As
Olel is the only source for the de novo biosynthesis of unsatu-
rated fatty acids (UFAs), its tight regulation is essential for
maintaining membrane fluidity in this poikilotherm?34.

Molecular dynamics (MD) simulations have revealed a
remarkable conformational flexibility of the Mga2 transmem-
brane region?>. The TMHs of Mga2 dimerize and rotate against
each other, thus forming an ensemble of dimerization interfaces.
Importantly, the population of these alternative configurations is
affected by the membrane lipid environment: higher proportions
of saturated lipid acyl chains stabilize a configuration in which
two tryptophan residues (W1042) point toward the dimer inter-
face, whereas higher proportions of unsaturated lipid acyl chains
favor a conformation where these residues point away from
one another and toward the lipid environment®2>. Based on the
remarkable correspondence with genetic and biophysical data, we
proposed that the membrane-dependent structural dynamics of
the TMHs are coupled to the ubiquitylation and activation of
Mga22°. However, it remained unclear whether the reported,
relatively subtle changes in the population of short-lived rota-
tional conformations are sufficient to control a robust cellular
response. How can the processing of Mga2 be blocked by an
increased proportion of unsaturated lipids in the membrane, if
the sensory TMHs still explore their entire conformational space?
How is the “noisy” signal from the TMH propagated via dis-
ordered regions to the site of ubiquitylation in the juxtamem-
brane region (Fig. 1b)?

As an important step toward answering these questions, we
have designed and isolated a minimal sensor construct based on
Mga2 that can both sense and respond: it senses the membrane
environment and acquires, depending on the membrane lipid
composition, a poly-ubiquitylation label as a signal for its acti-
vation via proteasomal processing. After reconstituting this sense-
and-response construct in liposomes with defined lipid compo-
sitions, we demonstrate a remarkable sensitivity of Mga2 to
specific changes in the bilayer composition. We provide evidence
for functional coupling between the TMH and the site of ubi-
quitylation using electron paramagnetic resonance (EPR) and
Forster resonance energy transfer (FRET). Our data contradict a
central assumption of the theory of homeoviscous adaptation and
rule out the possibility that Mga2 acts as a sensor for membrane
fluidity. Instead, we propose that Mga2 senses the packing density
at the level of the sensory tryptophans (W1042)%> and thus a
small portion of the lateral compressibility profile in the hydro-
phobic core of the membrane. Analogous to ALPS motifs that
recognize lipid-packing defects in the water-membrane interface
by inserting hydrophobic residues into the membrane core®,
Mga2 might sense the packing density of hydrogen and carbon
atoms in the core of the membrane via the bulky residue W1042.
We speculate that this packing-dependent sensing, together with
chemical interactions, determines the population of different
rotational orientations of the entire TMH of Mga2. Thus, our
mechanistic analysis of the membrane lipid saturation sensor
Mga2 challenges the common view of membrane fluidity as the
critical measured variable in membrane biology.

Results

A minimal reporter of membrane lipid saturation. We pro-
posed that Mga2 uses a rotation-based mechanism to sense
membrane lipid saturation?® (Fig. 1a). However, the sensory
TMHs of Mga2 are separated from the site of ubiquitylation by a
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Fig. 1 The activation of Mga2 is controlled by the ER membrane composition. a Model of the OLE pathway: the transcription factor Mga2 forms inactive
dimers in the ER membrane (Mga2 p120dimer) with highly dynamic TMHs exploring alternative rotational orientations. Loose lipid packing (left) caused by
unsaturated lipids stabilizes conformations with two sensory tryptophan residues (W1042; red) pointing away from the dimer interface toward the lipid
environment. Tight lipid packing (right) stabilizes alternative rotational conformations with the sensory tryptophans facing each other in the dimer interface
(right). The E3 ubiquitin ligase Rsp5 is required to ubiquitylate (Ub) Mga2, thereby facilitating the proteolytic processing by the proteasome and the release
of transcriptionally active Mga2 (p90). b Secondary structure prediction of the juxtamembrane and transmembrane region (residue 951-1062) of Mga2

using Phyre265. Source data are provided as a Source Data file.

predicted disordered loop and ~50 amino acids (Fig. 1b), thereby
posing a question of their functional coupling. How can the
conformational dynamics of the TMHs control the ubiquitylation
of Mga2? To study the coupling of sensing and ubiquitylation
in vitro, we have generated a minimal sense-and-response con-
struct (ZIP-MBP\[g32950-1062) comprising an N-terminal leucine
zipper (ZIP) derived from the transcription factor GCN4, the
maltose-binding protein (MBP), the juxtamembrane region
(950-1036), and the TMH (1037-1058) of Mga2 (950-1062)
(Fig. 2a). The N-terminal zipper mimics the IPT (Ig-like, plexin,
transcription factor) domain of full-length Mga2 and stabilizes a
homo-dimeric state?Y, whereas the MBP was used as a purifica-
tion and solubility tag?®. The juxtamembrane domain of Mga2
comprises the LPKY motif (Mga2958-961) for recruiting the E3
ubiquitin ligase Rsp541, three lysine residues K930, K983, and K985
ubiquitylated in vivo3, and the disordered region linking these
motifs to the TMH (Fig. 2a). The construct was recombinantly
produced and isolated in the presence of Octyl-B-p-glucopyr-
anoside (OG) using an amylose-coupled affinity matrix and size-
exclusion chromatography (SEC) (Fig. 2b and Supplementary
Fig. 1a). Expectedly, the N-terminal zipper stabilizes a dimeric
form of the sense-and-response construct and supports, at
increased concentrations, the formation of higher oligomeric
forms as suggested by SEC experiments that also included a
zipper-less variant (MBPMga2950-1062) 35 3 control (Fig. 2c and
Supplementary Fig. 1b, c¢). We reconstituted the sense-and-
response construct in liposomes at molar protein-to-lipid ratios
between 1:5000 and 1:15,000. As illustrated by the protein-to-
lipid ratio of 1:8000 (Supplementary Fig. 1d), we did not detect
any sign of protein aggregation in our preparations using sucrose
density gradient centrifugations.

We then tested whether the sense-and-response construct
could be ubiquitylated in vitro and adapted a strategy established
for the ubiquitylation of substrates of the ERAD machinery*2. We
incubated the proteoliposomes with an ATP-regenerating system,

NATURE COMMUNICA

purified 8Hisubiquitin, and yeast cytosol containing all enzymes
required for ubiquitylation (Fig. 2d). Subsequent immunoblot
analyses revealed a time-dependent ubiquitylation of the sense-
and-response construct, which became apparent as a ladder of
MBP-positive signals (Fig. 2e). Control experiments validated the
specificity of the ubiquitylation reaction: no ubiquitylation was
observed, when the Rsp5-binding site (ALPKY) was deleted from
the sense-and-response construct (Fig. 2e). Furthermore, despite
the presence of 50 lysine residues in the entire construct, the
substitution of the three lysine residues (3KR) targeted by Rsp5
in vivo> was sufficient to prevent the ubiquitylation (Fig. 2e).
Notably, these experiments were performed at a relatively high
protein-to-lipid ratio of 1:5000, to increase the sensitivity for a
potential background ubiquitylation of the control constructs. We
conclude that the in vitro ubiquitylation assay is specific, and that
the conformational dynamics in the juxtamembrane region are
likely to reflect the structural dynamics found in full-length Mga2.
Most importantly, this in vitro system also allowed us to test the
hypothesis of functional coupling between the sensory TMHs and
protein ubiquitylation.

We reconstituted the sense-and-response construct in two
distinct membrane environments based on a phosphatidylcholine
(PC) matrix but differing in their lipid acyl chain composition.
One membrane environment contained 50% unsaturated 18:1
and 50% saturated 16:0 acyl chains (100 mol% 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC); 16:0/18:1), whereas
the other was less saturated and contained 75% unsaturated 18:1
and 25% saturated 16:0 acyl chains (50 mol% 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC); 18:1/18:1, 50 mol% POPC)
(Fig. 2f). Notably, this degree of lipid saturation is in the range of
the naturally occurring acyl chain compositions reported for
baker’s yeast cultivated in different conditions®?14344, The sense-
and-response construct was efficiently ubiquitylated in the more
saturated membrane environment (evidenced by a ladder of
bands with lower electrophoretic mobility), but not in the
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Fig. 2 An in vitro sense-and-resp ystem for membrane lipid

saturation. a Schematic representation of the sense-and-response
constructs. The fusion proteins are composed of the maltose-binding
protein (MBP, blue) and Mga29°0-1062 (green) with the Rsp5-binding site
(LPKY), three lysine residues as targets of ubiquitylation (K989, K983, and
K985), a predicted disordered juxtamembrane region, and the C-terminal
TMH. An optional N-terminal leucine zipper derived from Gcn4 (gray,
Gcn4249-281) supports dimerization. b Isolation of the zipped sense-and-
response construct by affinity purification. 0.10D units of the lysate (L),
soluble (S), flow-through (FT), and two wash fractions (W, ), as well as 1
ug of the eluate were subjected to SDS-PAGE followed by InstantBlue™
staining. The protein was further purified by preparative SEC
(Supplementary Fig. 1a). € One hundred micrograms in 100 ul of the purified
sense-and-response constructs either with (+ZIP) or without zipper
(—ZIP) were loaded onto a Superdex 200 10/300 Increase column (void
volume 8.8 ml). d Schematic representation of the in vitro ubiquitylation
assay. Proteoliposomes containing ZIP-MBP\g32950-1062 \yere mixed with
8HisUbiquitin (HisUb), an ATP-regenerating system, and cytosol prepared
from wild-type yeasts to facilitate Mga2 ubiquitylation at 30 °C. e The
reaction was performed with the ZIP-MBPMga2950-1062 yild-type (WT)
construct, a variant lacking the Rsp5-binding site (ALPKY), and a variant
with arginine residues instead of the lysine residues K980, K983, and K985
(3KR), thus lacking the target residues of ubiquitylation. These variants
were reconstituted in liposomes composed of 100 mol% POPC at protein-
to-lipid ratio of 1:5000. After the indicated times, the reactions were
stopped using sample buffer and were subjected to SDS-PAGE. For
analysis, an immunoblot using anti-MBP antibodies was performed.

f Ubiquitylation reactions were performed as in e with the WT sense-and-
response construct reconstituted in the indicated lipid environments at a
molar protein-to-lipid ratio of 1:5000. Source data are provided as a Source
Data file.

unsaturated one (Fig. 2f and Supplementary Fig. 1le). This
observation highlights the remarkable sensitivity of this class II
membrane property sensor and provides strong evidence for a
functional coupling between the TMHs and the site of
ubiquitylation.

An in vitro strategy to reconstitute membrane lipid sensing. To
detect changes of the conformational dynamics in the juxta-
membrane region, we established an in vitro FRET assay. We
hypothesized that the average distance between the binding site of
the E3 ligase Rsp5 (LPKY) and a lysine residue targeted by Rsp5
may be affected by changes in the membrane lipid environment
due to a functional coupling with the TMH. We thus generated a
donor construct labeled with Atto488 at the position of a lysine
residue (K983P) targeted by the ubiquitylation machinery and an
acceptor construct labeled with Atto590 within the Rsp5 recog-
nition site (K9694) (Forster radius of 59 A) (Fig. 3a). Notably, the
required amino acid substitutions to cysteine at the positions of
labeling did not interfere with the activation of full-length Mga2
in vivo (Supplementary Fig. 2a). The individually isolated donor
(K983P) and acceptor (K9694) constructs exhibited only negli-
gible fluorescence emission at 614 nm in detergent solution upon
donor excitation at 488 nm (Fig. 3b). However, a significant
emission at 614 nm (from here on referred to as FRET signal) was
detectable upon mixing the donor and acceptor constructs
(K983D + K9694) (Fig. 3b). Notably, a direct excitation of the
acceptor at 590 nm (Supplementary Fig. 2b) resulted in equal
fluorescence intensities at 614 nm for both K983P + K9694 and
K96940nly samples, but no emission for the K983P0nly sample.
The normalized FRET signal of the K983P + K969 reporter was
concentration-dependent in detergent solution (Fig. 3c), thereby
suggesting a dynamic equilibrium between monomeric and oli-
gomeric species (presumably dimers) of the labeled sense-and-
response construct. To validate this interpretation and to rule out
the possibility that the FRET signal was predominantly caused by
FRET between stable K983P-K983P and K9694-K9694 dimers
bumping into each other, we performed competition experi-
ments. We found that the ratiometric FRET efficiency of the
K983P + K969 reporter was substantially reduced upon titrating
it with an unlabeled sense-and-response construct containing an
N-terminal leucine zipper (Fig. 3d). However, it remained unaf-
fected upon titration with an unlabeled construct lacking a zipper
(Fig. 3d). This indicates (i) that the zipper centrally contributes to
the stability of the dimer, (ii) that individual protomers readily
exchange in detergent solution, and (iii) that the FRET signal is
mainly due to K983P-K9694 heterooligomers. In fact, additional
titration experiments with the K9694 acceptor revealed that the
observed FRET efficiency is a linear function of the molar fraction
of the acceptor (Supplementary Fig. 2c, d), thereby indicating that
the FRET signal is indeed caused by dimers*>.

Next, we studied the structural dynamics of the sense-and-
response construct in liposomes using the FRET reporter. To this
end, we reconstituted K983Ponly and the premixed K983P +
K9694 pair in liposomes of defined lipid compositions and
recorded fluorescence spectra (Fig. 3e-g). We used a low protein-
to-lipid ratio of 1:8000 in these experiments to minimize the
contribution of unspecific proximity FRET to the overall signal®.
We observed a significant FRET signal for the K983P-K9694
reporter reconstituted in a POPC bilayer (Fig. 3e) evidenced by a
decreased donor fluorescence and an increased acceptor emission
at 614nm compared with the K983Donly sample (Fig. 3e).
Using this FRET assay, we then studied the impact of the lipid
acyl chain composition on the structural dynamics of the
juxtamembrane region. The lowest FRET efficiency was observed
in a DOPC bilayer containing 100% unsaturated acyl chains
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(Fig. 3f, g). At higher proportions of saturated lipid acyl chains in
the bilayer, the FRET efficiency increased. These data demon-
strate that the acyl chain composition in the hydrophobic core
of the membrane imposes structural changes to regions outside
the membrane, which have been implicated in signal
propagation®>#1. Our data establish an intricate functional and
structural coupling between the TMH regions and the sites of
ubiquitylation.

The Mga2-based reporter does not sense membrane fluidity.
We performed extensive MD simulations illustrating that bilayer
properties such as the average area per lipid (Supplementary
Fig. 3a), the membrane thickness (Supplementary Fig. 3b), the
lateral pressure profile (Supplementary Fig. 3c), and the lipid acyl
chain order (Supplementary Fig. 3d) are determined both by the
lipid headgroups and the lipid acyl chains.

The remarkable sensitivity of Mga2 to lipid saturation raises
the question of whether it is based on membrane fluidity. To test
this hypothesis, we first measured the diffusion coefficients of
fluorescent lipid analogs (0.01 mol% Atto488-DPPE (Fig. 4a) and
0.01 mol% Abberior Star Red-PEG Cholesterol) (Supplementary
Fig. 4a) in giant unilaminar vesicles with different lipid
compositions via confocal point fluorescence correlation spectro-
scopy (FCS). Expectedly, the membrane fluidity decreases slightly
with the proportion of saturated lipid acyl chains (from 0%
saturated acyl chains for DOPC to 50% for POPC) as evidenced

Fig. 3 FRET r I brane-dependent confori I changes in the
sense-and-response construct. a Representation of constructs. The
Atto488 dye is linked to K983C at a position, which is ubiquitylated by
Rsp5 in vivo. The Atto590 dye was linked to K969C in the Rsp5-binding
site. b Fluorescence emission spectra reveal FRET in detergent solution.
Each construct (2 uM) were used to record fluorescence emission spectra
(ex: 488 nm, em: 500-700 nm) of the donor (K983P °nly), acceptor
(K969A oY) and the combined (K983P 4 K969A) FRET pair.

¢ Fluorescence emission spectra were recorded for serial dilutions K983P
+ K969A in detergent solution as in b. The spectra were normalized to the
maximal intensity at the donor emission. d Zipped donor (2 uM) and
acceptor (2 uM) pairs were mixed and incubated in detergent solution for
10 min, to allow for protomer exchange and equilibration. This sample was
titrated with an unlabeled competitor either with (+ZIP) or without zipper
domain (—ZIP). Emission spectra were recorded as in b. The relative FRET
efficiency was determined from the acceptor-to-donor intensity ratio and
plotted as mean + SD from two independent experiments. e Emission
spectra indicate energy transfer within the membrane-reconstituted,
dimeric sense-and-response construct. The donor construct was premixed
either with an unlabeled (K983P o) or a labeled acceptor construct
(K983D + K969A) prior to the reconstitution in POPC liposomes at a
protein-to-lipid ratio of 1:8000. Fluorescence emission spectra (em:
500-700 nm) upon donor excitation (ex: 488 nm; solid line) and acceptor
excitation (ex: 590 nm; dotted line) are plotted. f Donor (K983P) and
acceptor (K969A) were mixed equimolarly and were incubated in detergent
solution prior to a reconstitution in indicated lipid environments. Emission
spectra were recorded as in e and were normalized to the maximal acceptor
emission after direct acceptor excitation (ex: 590 nm). g The relative FRET
efficiency was derived from the fluorescence spectra in f and plotted as
mean = SD of at least three independent reconstitutions (npopc = 4; 1,
(PoPC:DOPC) = 6; N3:3¢POPC:DOPC) = 3; Npopc = 6). A two-tailed, unpaired t-
test was performed to test for statistical significance (*p <0.05, **p < 0.01,
***p < 0.001). Source data are provided as a Source Data file.

by decreased diffusion coefficients of the labeled lipids (Fig. 4a
and Supplementary Fig. 4a). Notably, this lipid diffusion
coefficient is roughly an order of magnitude higher than in
cellular membranes*® and is ~3- to 5-fold lower than in isolated
giant plasma membrane vesicles?’. Previous reports have
identified a central contribution of phosphatidylethanolamine
(PE) to membrane fluidity in cells and in vitro*3. Consistently, we
see that a lipid bilayer containing 40 mol% PE (Fig. 4a and
Supplementary Fig. 4a gray symbols) is less fluid than a bilayer
composed only of PC lipids, despite an identical acyl chain
composition (Fig. 4a and Supplementary Fig. 4a white symbols).
Intriguingly, the anisotropy of the membrane-probe 1,6-diphenyl
1,3,5-hexatriene (DPH) is barely affected by such changes of the
bilayer composition over a broad range of temperatures
(Supplementary Fig. 4b). This indicates that subtle changes of
membrane fluidity are better detected by analyzing lipid diffusion
rather than by the anisotropy of the smaller DPH probe. We
further characterized this set of lipid compositions using C-
Laurdan spectroscopy, which reports on water penetration into
the lipid bilayer*®. A low degree of water penetration increases the
generalized polarization (GP) of C-Laurdan and indicates tighter
lipid packing in the lipid headgroup region. Expectedly, we found
that lipid packing increases with lipid saturation and upon
including PE lipids into the bilayer (Fig. 4b and Supplementary
Figs. 3a and 4c).

If Mga2 directly sensed membrane viscosity, the fluidity of the
bilayer should dominate the structural dynamics of both the
sensory TMHs and at the site of ubiquitylation (Fig. 3). Most
importantly, the membrane viscosity should then also control the
ubiquitylation of the sense-and-response construct (Fig. 2). We
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tested these predictions by using up to 40 mol% of PE in the lipid
bilayer to perturb membrane fluidity without changing the
composition of its lipid acyl chains (Fig. 4). Notably, PE does not
only affect membrane fluidity but also other membrane proper-
ties such as lipid packing in the headgroup region (Fig. 4b), the
area per lipid, the membrane thickness, and the lateral pressure
profile as highlighted in MD simulations (Supplementary Fig. 3).

Nevertheless, EPR spectroscopy indicated that different
proportions of PE in the bilayer do not substantially perturb
the conformational dynamics in the sensory TMH of Mga2
(Fig. 4c and Supplementary Fig. 4d). We took advantage of a
previously established minimal sensor construct, which comprises
the TMH of Mga2 (residues 1029-1062) fused to MBP?>. Using
methanethiosulfonate (MTS) spin labels installed at the position
of W1042 in the TMH and continuous wave EPR spectroscopy,
we had previously observed a significant impact of lipid
saturation on the average interspin distance?®. The relatively
high protein-to-lipid ratio of 1:500 required for these EPR
experiments render the resulting proteoliposomes a bit more
similar to cellular membranes, which exhibit protein-to-lipid
ratios of ~1:80'8. We show that the inclusion of 20% or 40 mol%
of PE in the proteoliposomes has no discernable impact on the
resulting EPR spectra (Supplementary Fig. 4d) and the semi-
quantitative value for average interspin proximity (the Ip¢Is
ratio) (Fig. 4c), despite its impact on membrane fluidity (Fig. 4a
and Supplementary Fig. 4a, e) and other membrane properties
(Fig. 4b and Supplementary Figs. 3 and 4c). Hence, it is unlikely
that the previously reported impact of lipid saturation on the
structural dynamics of the TMH?® is due to a decreased
membrane fluidity (Fig. 4a).

Our FRET reporter (K983D + K9694) enabled us to reveal
the role of membrane viscosity on the structural dynamics in
the region of ubiquitylation (Fig. 3). We determined the average
diameter of proteoliposomes containing the FRET reporter by
dynamic light scattering (Malvern Zetasizer Nano $90)
(Supplementary Fig. 4f). It was slightly larger (~140 nm) for
proteoliposomes containing 40 mol% PE than for those
generated exclusively from PC lipids (100 mol% DOPC, 50
mol% DOPC and 50 mol% POPC, and 100 mol% POPC) with
average diameters between ~60nm and ~75nm. Although
membrane curvature can have a significant impact on most
membrane properties including the lateral pressure profile and
lipid packing, we doubt that the curvature in proteoliposomes
with diameters > 60 nm manifests substantially enough at the
molecular scale to affect the structure and function of Mga2.
We then determined the FRET efficiency for the K983V +
K9694 FRET pair, which reports on the average proximity
between the binding site of the E3 ubiquitin ligase Rsp5
(K9694) and a target site of ubiquitylation (K983D) in the
opposing protomer of Mga2. The FRET efficiency in a bilayer
with 40 mol% PE was moderately higher than in a PE-free
bilayer with an otherwise identical acyl chain composition
(50 mol% DOPC, 50 mol% POPC) (Fig. 4d and Supplementary
Fig. 4g, h). Expectedly, the inclusion of only 20 mol% PE in the
bilayer while maintaining the acyl chain composition affected
the FRET efficiency even less (Supplementary Fig. 4h). The
highest FRET efficiency was observed for the more saturated
membrane (POPC) (Fig. 4d), even though it is less tightly
packed (Fig. 4b) and exhibits a similar membrane fluidity as the
PE-containing bilayer (Fig. 4a and Supplementary Fig. 4a, e).
Thus, the FRET efficiency of this reporter does not correlate
with membrane viscosity.

Finally, the functional relevance was studied by an in vitro
ubiquitylation assay using the sense-and-response construct
(Fig. 4e, f and Supplementary Fig. 4i, j). The highest degree of
ubiquitylation was observed for a POPC membrane environment,

which also has the highest degree of lipid saturation. When the
sense-and-response construct was reconstituted in a PE-
containing bilayer (Supplementary Fig. 4i), which is less saturated
but exhibits similar viscosity (Fig. 4a), we observed significantly
less ubiquitylation (Fig. 4e, f and Supplementary Fig. 4i, j).
Together, these structural and functional data indicate that a key
mediator of the homeoviscous response in baker’s yeast does not
sense membrane fluidity. Instead, they highlight a particular
sensitivity of Mga2 to the degree of lipid saturation.

Configuration and position of lipid double bonds affect Mga2.
To gain deeper insight into the contribution of the double bond
in unsaturated lipid acyl chains to the activation of Mga2, we
employed a different set of lipids. We used PC lipids with two
unsaturated (18:1) acyl chains differing either in the position (A6
or A9) or the configuration (A9-cis or A9-trans) of the double
bond (Supplementary Fig. 5a). Expectedly, we find that the “kink”
introduced by a cis double bond supports membrane fluidity
(Fig. 5a and Supplementary Fig. 5b, c¢) by lowering both lipid
packing (Fig. 5b) and membrane order (Fig. 5b). Importantly, A6-
cis acyl chains render the membrane less fluid than A9-cis acyl
chains (Fig. 5a and Supplementary Fig. 5b, ¢) with no detectable
impact on membrane order as studied by C-Laurdan spectro-
scopy (Fig. 5b and Supplementary Fig. 5d). In contrast, A9-trans
18:1 acyl chains render the bilayer substantially less fluid (Fig. 5a
and Supplementary Fig. 5b) and allow for a much tighter packing
of lipids (Fig. 5b and Supplementary Fig. 3a) consistent with the
higher gel-to-fluid melting temperature of the lipid (12 °C for A9-
trans 18:1 PC compared with —18°C for A9-cis 18:1 PC)%0.
Again, monitoring the changes in fluidity via DPH anisotropy
proved less sensitive: increased anisotropies (indicating a
decreased mobility) compared with the other bilayer systems were
only observed for A9-trans 18:1 acyl chains containing PC lipids
and at temperatures below 12 °C, presumably due the formation
of gel phases (Supplementary Fig. 5¢)°0. As additional control, we
also characterized the fluidity and lipid packing of a PC bilayer
with 16:1 acyl chains and A9-trans double bonds (Supplementary
Fig. 5c-e). Using these bilayer systems differing by the position
and configuration of the double bonds in the lipid acyl chains, we
set out their impact on the structure and function of Mga2
in vitro.

First, we studied how the double bond position and
configuration affects the structural dynamics of Mga2’s TMH
region using EPR spectroscopy. Placing the sensor in the tightly
packed membrane with A9-trans 18:1 acyl chains caused a
substantial broadening of the continuous wave EPR spectra
recorded at —115 °C (Fig. 5¢) and increased interspin proximities
(Fig. 5d). Membrane environments with either A6-cis or A9-cis
18:1 acyl chains caused considerably less spectral broadening
(Fig. 5¢). This indicates that A9-trans double bonds in lipid acyl
chains—more than A9-cis and A6-cis bonds—stabilize a rota-
tional orientation of Mga2’s TMH region, where spin labels at the
position W1042 face each other in the dimer interface?.
Moreover, our data suggest that lipid acyl chains with A9-trans
double bonds, which are less kinked than those with A9-cis
double bonds, have a similar impact on the structural dynamics of
Mga2’s TMH as saturated lipid acyl chains.

Next, we tested whether the position and configuration of the
double bond in unsaturated lipid acyl chains has an impact on the
structural dynamics of Mga2 in the region of ubiquitylation. To
this end, we used our FRET reporter (K983D + K9694) and
reconstituted it successfully in different membrane environments
as judged by sucrose density gradients (Supplementary Fig. 5f).
The reason for the different buoyant densities of the proteolipo-
somes remains to be fully explored. The FRET signal (Fig. 5¢) and
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FRET efficiency (Fig. 5f) of the reporter were low when the sensor
was situated in a bilayer with poorly packing A9-cis acyl chains
(Figs. 3f, g and 5e, f). This indicates a relatively large distance
between the binding site for Rsp5 (K969) and the target site for
ubiquitylation in the opposing protomer of Mga2 (K983). The
FRET efficiency was only mildly higher in a membrane
environment with A6-cis acyl chains (Fig. 5f). This suggests that
the position of the cis double bond has only a modest impact on
the average distance between K9694 and K983P in the FRET
reporter. Significantly higher FRET efficiencies were observed
when the reporter was placed in membranes with tightly packing
A9-trans 18:1 acyl chains (Fig. 5f) or A9-trans 16:1 acyl chains
(Supplementary Fig. 5g, h). These findings demonstrate that the
structural dynamics of Mga2 is affected by the configuration and
potentially by the position of double bonds in unsaturated lipids.
Furthermore, our observations on the A9-trans 16:1 acyl chains
indicate a lack of correlation between FRET efficiency (Supple-
mentary Fig. 5g, h), membrane fluidity (Supplementary Fig. 5¢),
and the lipid-packing density (Supplementary Fig. 5d). Never-
theless, our data suggest a structural coupling and transfer of
information from the TMH of Mga2 (Fig. 5¢, d) to the site of
ubiquitylation (Fig. 5e, f).

To characterize the functional consequences of the proposed
membrane-controlled structural dynamics of Mga2, we per-
formed in vitro ubiquitylation assays with the sense-and-response
construct (ZIP-MBP\[g,2950-1062) reconstituted initially in three
distinct membrane environments (Fig. 5g, h). Although we barely
detected any ubiquitylation above background when the sense-
and-response construct was reconstituted in a loosely packed

Fig. 4 The conformation and activity of the sense-and-response construct
does not correlate with membrane viscosity. a Diffusion coefficients of the
fluorescent Atto488-DPPE lipid in giant unilaminar vesicles with indicated
compositions were determined by confocal point FCS. Data are represented
as mean £ SD (npopc = 172; namporcropc = 81; Npopc = 153; Naowpore =
100) and subjected to a Kolmogorov-Smirnov test (*p < 0.05, **p < 0.01,
***p <0.001). b The lipid packing of the indicated lipid compositions were
determined by C-Laurdan spectroscopy and expressed as generalized
polarization (GP). Data are shown as mean + SD (npopc = 6; nayporc:popc
=10; npopc = 9; Naowpe = 6) and analyzed using a two-tailed, unpaired t-
test (*p<0.05, **p <0.01, ***p < 0.001). € cwEPR spectra were recorded at
—T115°C for a fusion protein composed of MBP and the TMH of Mga2
(MBP\ga21032-1062) |abeled at position W1042C after reconstitution at a
molar protein:lipid ratio of 1:500 in indicated liposomes. The semi-
quantitative proximity index I /Iy indicating the interspin distance was
derived from the cwEPR spectra as previously published?5. Higher values
indicate a lower average interspin distance. Data are plotted as mean + SD
(Nogpe = 6; N20%pe = 3; Naoswpe = 4) and are analyzed by a two-tailed,
unpaired t-test (*p < 0.05; ns not significant). d Relative FRET efficiencies
calculated from fluorescence emission spectra (ex: 488 nm, em: 500-700
nm) of the (K983P 4 K969) FRET pair reconstituted in liposomes
composed of 50 mol% DOPC, 10 mol% POPC, and 40 mol% POPE. The
FRET efficiencies for the other lipid compositions are the same as in Fig. 3g
and shown for comparison. Data are plotted as mean = SD (n¢.1ypopc,popc
= 6; Npopc = 6; Naoope = 7) and analyzed using a two-tailed, unpaired t-test
(**p<0.01, ***p<0.00D). e In vitro ubiquitylation of the zipped sense-and-
response construct (£1P-MBPMga2950-1062) reconstituted in liposomes of
the indicated lipid compositions at a molar protein-to-lipid ratio of 1:8000.
After the reaction was stopped, the samples were subjected to SDS-PAGE
and analyzed by immunoblotting using anti-MBP antibodies. f Densiometric
quantification of ubiquitylation from immunoblots as in e was performed
using Image Studio™ Lite. Data are plotted as mean + SD (npopc = 20;
nampopc,popc = 12; Npopc = 18; Naoope = 14) and analyzed using a two-
tailed, unpaired t-test (*p <0.05, **p < 0.01, ***p < 0.001). Source data are
provided as a Source Data file.

bilayer with 18:1 A9-cis acyl chains (DOPC), we observed a
robust ubiquitylation when the construct was situated in a bilayer
with either A9-trans or A6-cis acyl chains. The highest degree of
ubiquitylation of the reporter was observed in the membrane with
A6-cis lipid acyl chains, followed by the less fluid and more tightly
packed membrane with A9-trans lipid acyl chains. This observa-
tion supports our previous conclusion that the ubiquitylation of
Mga2 does not correlate with membrane viscosity. Furthermore,
we find that the FRET efficiencies of the K9694 and K983 pair
in different bilayers (Fig. 5e, f and Supplementary Fig. 5g, h) do
not correlate with the respective ubiquitylation efficiencies
(Fig. 5g, h and Supplementary Fig. 5i). This is not entirely
surprising, because a single FRET pair cannot describe the entire
structural dynamics in the region of ubiquitylation. Although
increased FRET efficiencies imply an increased average proximity
of the two fluorophores, it does not imply a perfect distance and
relative orientation of the target lysine residues K980, K983 and
K%, and the E3 ubiquitin ligase Rsp5.

Together, our data provide strong evidence that Mga2 does not
sense the mere presence or absence of double bonds in the lipid
acyl chains. Instead, it is highly sensitive to the configuration and
position of the double bond with immediate effect on the
structural and dynamic properties of the TMH of Mga2 that
dictate the ubiquitylation reaction.

Bulkiness of sensor residue determines signaling output. The
TMH of Mga2 contains a bulky tryptophan (W1042), which is
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Fig. 5 The double bond in unsaturated lipid acyl chains affects the configuration and activity of the sense-and-response construct. a Diffusion
coefficients of the fluorescent lipid Atto488-DPPE in GUVs with indicated compositions were determined by confocal point FCS. Data for DOPC (A9-cis)
are the same as in Fig. 4a. Data are plotted as mean £ SD (n¢ao-cisy = 172; N(a6-cisy = 162; N¢ao-transy = 163) and analyzed using Kolmogorov-Smirnov tests
(***p <0.001). b Lipid packing in liposomes was determined by C-Laurdan spectroscopy. Data for DOPC (A9-cis) are the same as in Fig. 4b. Data are
plotted as mean = SD (N¢ag-cisy = 6, Ncas-cisy = 6; Ncao-transy = 5) and analyzed via unpaired two-tailed, Student's t-tests (***p < 0.001). ¢ Intensity-
normalized cwEPR spectra recorded at —115 °C for MBPMga21032-1062 |abeled at position W1042C after reconstitution at a molar protein:lipid ratio of 1:500
in liposomes with indicated composition. d Semi-quantitative proximity index I ¢/l derived from cwEPR spectra. High values indicate low average
interspin distances. Data are plotted as mean £ SD (N(a9-cisy = 5; Nae-cisy = 6; Ncao-transy = 4) and analyzed using two-tailed, unpaired t-tests (***p < 0.001).
e Fluorescence emission spectra of the membrane-reconstituted FRET pair (K983P + K969A) (ex: 488 nm, em: 500-700 nm) are plotted after
normalization to the maximal emission upon acceptor excitation (ex: 590 nm). Data for DOPC (A9-cis PC) are the same as in Fig. 3f. f Relative FRET
efficiencies were calculated as in e, plotted as mean = SD (Nag-cisy = 4; N¢as-cis) = 4i Ncao-transy = 6), and analyzed by two-tailed, unpaired t-tests (*p < 0.05;
**p < 0.005). Data for DOPC (A9-cis PC) are the same as in Fig. 3g. g In vitro ubiquitylation of the zipped sense-and-response construct (£/P-
MBPMga2950-1062) reconstituted in indicated liposomes at a molar protein-to-lipid ratio of 1:8000 and at 30 °C. After stopping the reaction, the samples
were subjected to SDS-PAGE and analyzed by immunoblotting using anti-MBP antibodies. h Densiometric quantification of ubiquitylation at the indicated
time points from immunoblots as in g). Data are plotted as mean £ SD (n(ag-cisy = 20; N¢ae-cisy = 9; Ncao-transy = 9. Data for DOPC (A9-cis PC) are the same

as in Fig. 4f. Source data are provided as a Source Data file.

functionally important and might serve as a sensor residue?>.
Previous MD simulations have shown that W1042 is situated in
the hydrophobic core of the bilayer overlapping with the A9-cis
double bonds of unsaturated phospholipids?®>. We hypothesized
that Mga2 senses the lipid-packing density in this region of the
lipid bilayer and/or a thin slice of the lateral compressibility
profile?18, The sensitivity of our sense-and-response construct to
the position and configuration of the double bond in lipid acyl
chains (Fig. 5) is consistent with this idea. Our model predicts
that the activation of Mga2 is controlled by the size of the amino
acid side chain at position 1042, which also controls the popu-
lation of alternative, rotational configurations of the sensory
TMH in a dynamic equilibrium. An increased packing and a
lowered lateral compressibility in this region should cause a
relatively large amino acid to “hide” in the dimer interface,
thereby stabilizing a productive configuration. A smaller residue
should be less sensitive to the membrane environment and
populate non-productive configurations.

To test this prediction, we have substituted W1042 with either
tyrosine (Y), phenylalanine (F), glutamine (Q), leucine (L), or
alanine (A), and assayed the role of the side-chain bulkiness and
aromatic character on the signal output in vivo. Expectedly, a
ASPT23AMGA2 double mutant lacking both transcriptional
regulators of OLEI does not grow unless UFAs were provided
with the medium (Fig. 6a)°l. This UFA auxotrophy of

ASPT23AMGA?2 cells is complemented by both wild-type and
mutant MGA2 variants expressed from the endogenous promotor
on a CEN-based plasmid (Fig. 6a, b). However, the growth of
these cells was highly dependent on the amino acid at position
1042 under UFA-limiting conditions (Fig. 6a and Supplementary
Fig. 6a, b). We observed a striking correlation between the size of
the side chain and the optical density of overnight cultures
(Fig. 6b). The only exception to this near-perfect correlation was
the W1042Q mutation. Given that intra-membrane glutamines
are known to mediate homotypic interactions®2, we speculate that
the W1042Q mutation stabilizes a rotational conformation of the
TMHs, where the two Q1042 side chains face each other and
interact, thereby stabilizing Mga2 in a productive configuration.
Furthermore, the phenotypic differences between the W1042Q,
W1042L, and W1042A variants (Fig. 6a-d) show that an
aromatic character at the sensory position is not absolutely
required for sensing.

Next, we studied the impact of these mutations on the
proteolytic processing of full-length Mga2 in cells (Fig. 6¢, d). We
found a perfect concordance of these immunoblot experiments
with the in vivo phenotypes (Fig. 6a, b). The processing of the
membrane-bound precursor of Mga2 (P120) to the signaling-
active form (P90) was greatly affected by the residue at the
position 1042. These data were complemented by functional
in vitro experiments using the sense-and-response construct
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reconstituted in liposomes (Supplementary Fig. 6c, d). The
in vitro ubiquitylation in a POPC bilayer was significantly
reduced to almost background levels by the W1042A mutation.
These data support a central, sensory role of W1042.

Using a previously established MD simulation pipeline?>, we
analyzed the impact of the W1042Y, W1042Q, W1042F, and
W1042A mutations on the structural dynamics of dimeric TMHs
derived from Mga2. We performed extensive, coarse-grained MD
simulations of these mutant variants in a POPC bilayer
(Supplementary Fig. 6e-h), which we have shown to support
robust ubiquitylation of Mga2 in vitro (Fig. 2e, f). At least three
populations of distinct configurations in the TMH region were
detected. They correspond to configurations with the two residues
at the position 1042 (i) facing each other, (ii) pointing in the same
direction, or (iii) pointing away from each other. The population of
these configurations were clearly affected by mutations at the
position of W1042 (Supplementary Fig. 6f-i). Notably, the mutants
with a particularly strong impact on the structural dynamics in the
TMH region (W1042F and W1042A) also exhibit a strong
functional defect in vivo (Fig. 6a-d and Supplementary Fig. 6e-h).
Based on these data, we conclude that W1042 acts as a sensor
residue and that the size and the chemical character of the amino
acid in this position controls the signaling output.

Representing local lipid packing reveals sensing mechanism. As
membrane fluidity is unlikely to control the activation of Mga2,
and as the size of the residue 1042 determines the functionally
relevant structural dynamics in the transmembrane region, we
turned our attention to the local packing density of the lipids.

To explore the contribution of lipid headgroups and the lipid
acyl chain composition on the investigated bilayer systems, we
performed extensive all-atom MD simulations of protein-free
bilayers. As a reference, we first characterized a DOPC bilayer
containing no saturated lipid acyl chains (Supplementary
Fig. 3a-d). This bilayer was compared with three other systems:
a 50:50 mixture of DOPC and POPC containing 25% saturated
lipid acyl chains, POPC with 50% saturated lipid acyl chains, and
a 50:10:40 mixture of DOPC, POPC, and POPE, which contain
25% saturated acyl chains, but almost half of the lipids have a
smaller ethanolamine headgroup (Supplementary Fig. 3a-d). We
asked whether an increased lipid packing due to changes in the
acyl chain composition is qualitatively distinct from increased
lipid packing due to different lipid headgroup compositions. Of
particular interest is a region between 3 A and 10A from the
bilayer center, where the sensory W1042 is situated as previously
shown?®. We determined the 3-dimensional number density of
lipid atoms in small 1Ax1Ax1A voxels (cubes) within the
DOPC bilayer as a measure for the local packing density (Fig. 7a)
and did the same for the other three bilayer systems
(Supplementary Fig. 7). Expectedly, this representation identifies
a particularly high density of lipid atoms in the headgroup region
and a much lower one in the bilayer center.

As we could not detect any ubiquitylation of the sense-and-
response construct in DOPC, but robust ubiquitylation in
POPC (Fig. 4e, f), we turned our attention toward the
differences between DOPC and the other bilayer systems. We
derived difference maps of the local packing density between
DOPC and the other three bilayer systems to highlight regions
of increased and decreased local number densities (Fig. 7b). We
reasoned that any difference in the local packing density,
especially in the region of the sensory W1042, might contribute
to regulation of Mga2. We find that saturated lipid acyl chains
increase the density of lipid atoms relative to DOPC precisely
in this region of the bilayer (3 A-10 A from the bilayer center)
(Fig. 7b). In a bilayer containing 40 mol% PE, we also observe

increased densities along the acyl chain region, but this
increase is less pronounced and more delocalized (Fig. 7b).
This computational analysis demonstrates that saturated lipid
acyl chains increase the local density of lipid atoms precisely
and specifically in the region of the sensory tryptophan W1042.
Based on these findings and our experimental data, we propose
that Mga2 senses a bilayer property at the level of the bulky
W1042, which is closely related to the local packing density.

Discussion

We have reconstituted key steps of sensing and communicating
lipid saturation by the prototypical type II membrane property
sensor Mga2!®. We uncover a unique sensitivity of Mga2 for the
lipid acyl chain composition of the ER membrane and provide
direct evidence for a functional coupling between the dimeric,
sensory TMHs and the sites of ubiquitylation. Our in vitro system
allowed us to directly test a central assumption underlying the
concept of homeoviscous adaptation®!>17. By investigating the
role of membrane fluidity on the ubiquitylation of Mga2, we
demonstrate that the core regulator of fatty acid desaturation in
baker’s yeast?1:53 is not regulated by the viscosity of the mem-
brane (Figs. 4, and 5). Instead, our data suggest that Mga2 uses a
bulky TMH residue (W1042) to sense the packing density, which
probably affects the lateral compressibility profile at a specific
depth in the ER membrane. Based on our findings, we conclude
that membrane fluidity does not serve as the central measured
property for regulating the lipid acyl chain composition in baker’s
yeast and presumably many other eukaryotic species.

Our in vitro approach with reconstituted proteoliposomes has
provided insights into the sensitivity of Mga2 to physiologically
relevant changes of the lipid acyl chain composition®#4. Baker’s
yeast can synthesize only A9-cis mono-UFAs and the average
proportion of these unsaturated acyl chains lies between 65% and
75% in glycerophospholipids depending on the temperature of
cultivation®. The sense-and-response construct cannot be ubi-
quitylated in a relatively unsaturated membrane (75% A9-cis 18:1
acyl chains), but it is robustly ubiquitylated in POPC, which is
slightly more saturated (50% A9-cis 18:1 acyl chains) (Fig. 2f). A
simple back-of-an-envelope calculation that considers only the
volume of the lipid bilayer highlights the remarkable dose-
response relationship of this machinery: the sense-and-response
system is OFF, when the concentration of unsaturated lipid acyl
chains is ~1.9M, but it is ON at a concentration of ~1.3 M
(assumptions: ~370,000 lipids per 200 nm liposome; ~4,82 x 10191
membrane volume per liposome). This switch-like response is
based on fluctuating signals from the membrane, which are
decoded by the sensor protein into an almost binary output.

To better understand the nature of sensing, we have employed
a strategy to compare different bilayer systems by means of the
local number density of lipid atoms (Fig. 7 and Supplementary
Fig. 7). This approach yielded insight into the qualitatively dis-
tinct impact of saturated lipids and a perturbed PC-to-PE ratio on
the lipid-packing densities in the core of the membrane (Fig. 7b).
We find that increased lipid saturation causes a localized, sharp
increase of the local packing density, whereas the inclusion of PE
into the bilayer causes a rather mild increase of the packing
density, which is delocalized along the lipid acyl chains (Fig. 7b
and Supplementary Fig. 7). It is well known that the inclusion of
PE into a PC-based bilayer causes intrinsic curvature stress and
characteristic changes of the lateral pressure profile (Supple-
mentary Fig. 3c), which may be sensed particularly well by
hourglass-shaped transmembrane domains*4->7. However, the
cylindrical TMHs of Mga2 dimers are more sensitive to saturated
lipid acyl chains causing an increased packing density in a specific
region of the bilayer overlapping with the sensory W1042 residue
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Fig. 6 The activity of Mga2 is tuned by mutations in the sensory TMH. a Dose-dependent rescue of UFA auxotrophy by linoleic acid (18:2).
ASPT23AMGA? strains carrying CEN-based plasmids to produce MYcMga2 variants with the indicated residues at position 1042 were cultivated for 16 h
at 30 °C in SCD-Ura medium supplemented with indicated concentrations of linoleic acid in 0.8% tergitol. The density of the culture was determined at
600 nm (ODgpo) and plotted against the concentration of linoleic acid. Cells carrying an empty vector served as control (gray). Plotted is the mean + SEM
(n=8). b Rescue of UFA auxotrophy of ASPT23AMGA?2 by Mga2 variants. Cells producing mutant Mga2 as in a were cultivated for 24 h in the absence of
supplemented UFAs in SCD-Ura medium. Cell density was determined as in a and was plotted against residue surface area of residues installed at position
104296, Plotted is the mean + SEM of five independent experiments. The dotted line indicates the OD measured for an empty vector control. ¢ Immunoblot
analysis of the Mga2 processing efficiency. Wild-type cells (BY4741) producing the indicated MYcMga2 variants at position 1042 were cultivated in full
medium (yeast extract-peptone-dextrose; YPD) to the mid-exponential phase. Cell lysates were subjected to SDS-PAGE and analyzed via immunoblotting
using anti-Myc antibodies to detect the unprocessed (p120) and the processed, active form (p90) of Mga2. An immunoblot using anti-Pgk1 antibodies
served as loading control. d Densiometric quantification of the ratio of p90:p120 in immunoblots as in ¢. Signal intensites were quantified using Fiji and
plotted as mean £SD (nw =6, ny =5,ng=5nq=5n=6,na= 6)67. A two-tailed, unpaired t-test was performed to test for statistical significance (*p <
0.05, **p<0.01, ***p < 0.001). Source data are provided as a Source Data file.

(Fig. 7a, b). We thus provide not only a model for lipid sensing by
Mga2 but also an approach to dissect the relative impact of lipid
headgroup and the acyl chain composition on membrane protein
function in general.

Our results lead to the following model of lipid saturation
sensing: the lipid acyl chain composition has a profound impact
on the distribution of lipid atoms in the hydrophobic core of the
membrane (Fig. 7a, b and Supplementary Fig. 7). Mga2 senses
increased packing densities via a bulky tryptophan residue
(W1042) situated deep in the hydrophobic core of the bilayer (3
A-10A from the bilayer center?®). In a more saturated mem-
brane, the packing density increases at the level of the sensory
tryptophan (W1042) (Fig. 7b), which then rotates away and
“hides” in the dimer interface (Fig. 1a). In a more unsaturated
membrane, the lower packing density in this region allows the
sensory tryptophan to point on average more often towards
the lipid environment?> (Fig. 1a). We would like to stress that the
TMHs of Mga2 constantly rotate against each other and explore a
large variety of rotational states (Supplementary Fig. 6e-h) in
each membrane but the specific lipid composition of the mem-
brane has a significant impact on the structural dynamics in the
TMH region by determining the relative probability of these
rotational states?. It seems that the fluctuating signals from the
membrane are decoded by the structural dynamics of the TMHs
and then transmitted to the site of ubiquitylation via a disordered,
juxtamembrane region (Figs. 1b and 3g). We speculate that the
flexible linkage provides a means to bias the orientation and
relative position of two “ubiquitylation zones” around the E3
ubiquitin ligase Rsp5 bound to Mga2, however, with a minimal
perturbation of the TMH dynamics. Such “zones of ubiquityla-
tion” have recently been predicted for Rsp5 and implicated into
the quality control of misfolded and mistargeted plasma mem-
brane proteins®S. Supported by our FRET data (Fig. 3f, g), we
propose that Rsp5 bound to one protomer of dimeric Mga2
can ubiquitylate specific lysine residues on the other protomer,
when it is properly placed and oriented. Effectively, this trans-
ubiquitylation would be controlled by the physicochemical
properties of the ER membrane. The remarkable sensitivity of
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Mga2 ubiquitylation to the lipid environment might be sharpened
by deubiquitylating enzymes®® such as Ubp2” and supported by
an activating, trans-autoubiquitylation of Rsp5°!.

The assays and tools established here provide handles to better
understand the structural and dynamic features that render a
protein a good substrate of the E3 ubiquitin ligase Rsp5. Identifying
the molecular rules of substrate selection is a major open question,
because Rsp5 has been implicated in most diverse aspects of cellular
physiology including endocytosis®8, mitochondrial fusion®2, and the
turnover of heat-damaged proteins in the cytosol®3. Our in vitro
system using a membrane-reconstituted, conditional substrate of
Rsp5 provides a unique opportunity to better understand (i) the
contribution of trans-autoubiquitylation of Rsp5, (ii) the relevance
of structural malleability in Rsp5 substrates, and (iii) the role of
deubiquitylating enzymes in defining the selectivity and sensitivity
of the Rsp5-mediated ubiquitylation. In the context of the
Mga2 sensor, an intriguing question is how “noisy” signals from the
TMH region are transduced into robust, almost switch-like ubi-
quitylation responses.

Two lines of evidence suggest that the rotation-based sensing
mechanism of Mga22> is based on a collective, physical property
of the membrane rather than on a preferential, chemical inter-
action with the double bonds in the lipid acyl chains. First, Mga2
distinguishes robustly between two membrane environments that
differ in the configuration of the double bonds (cis or trans) in the
lipid acyl chains, but not in the overall abundance of double
bonds (Fig. 5). Second, an aromatic amino acid, which might
confer some chemical specificity for double bonds, is not abso-
lutely required at the position of the sensory tryptophan (W1042)
in the TMH (Fig. 6). A partial activity of the OLE pathway is
preserved when the sensor residue W1042 is substituted with
leucine, but not when it is substituted with the smaller alanine
(Fig. 6a, b; and Supplementary Fig. 5b). Nevertheless, our data do
not rule out an important contribution of chemical specificity to
the sensor function. We expect that the high degree of structural
malleability in the TMH region and at the site of ubiquitylation is
established by a fine balance of chemical interactions and col-
lective, physical membrane properties. In fact, even the rather
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simulation of a protein-free DOPC bilayer (left) and the derived local number density of lipid atoms (right). A schematic representation of the dimeric TMH
of Mga2 in the left panel is provided to indicate the relative position of the sensory tryptophan W1042 (red sticks and dashed line). The position of double
bonds in the lipid acyl chains is given by green spheres, whereas a schematic representation of the Mga2-TMH is given to guide the eye. The number
density of lipid atoms in cubic boxes with a side of 1A was calculated and plotted (right panel) for different depths in the bilayer (distance for bilayer
center) and different lateral positions (lateral dimension). Highest local number densities are indicated in yellow and are observed in the region of the lipid
headgroups. Lowest densities are indicated in dark blue and observed in the center of the lipid bilayer. For details see the Supplementary Materials.

b Difference maps of the local density were determined by subtracting the local number density of lipid atoms of DOPC from the one of the indicated
bilayer systems. Increased packing densities relative to the DOPC bilayer are indicated in yellow, whereas decreased densities are indicated in blue. The
region probed by the sensory tryptophan25 is indicated by two dashed lines. Changes in lipid saturation and the lipid headgroup region have qualitatively
distinct impact on the distribution of local packing densities. Source data are provided as a Source Data file.

conservative mutation W1042F has a substantial impact on the
structural flexibility in the TMH region (Supplementary Fig. 6e)
and on the functionality of the OLE pathway in vivo (Fig. 6a-d).

In conclusion, we have provided detailed mechanistic insight
into a sensory system that is centrally important for membrane
adaptivity. Our findings challenge the common view of mem-
brane fluidity as pivotal measured variable in eukaryotic cells and
have important implications to all processes involving membrane
lipid adaptation. Beyond that, our work represents an important
step towards identifying the molecular rules of substrate selection
by the E3 ubiquitin ligase Rsp5. This work opens a door towards
establishing genetically encoded machineries that can sense spe-
cific membrane features, which are indiscernible by conventional
tools. In the future, these sensors will be exploited to dissect the
physical membrane properties of different organelles and cells
in vivo and in real-time.

Methods

Plasmids and strains and oligonucleotides. All plasmids and strains used in this
study are listed in Supplementary Tables 1 and 2. Oligonucleotides used for
molecular cloning are listed in Supplementary Table 3.

Antibodies. Antibodies used for immunoblotting are listed in Supplementary
Table 4.

Expression and purification and labeling of MBPMga2 fusions. The ZIP-
MBP)\ga2950-1062 fysion protein comprising the leucine zipper of the Gend tran-
scription factor (residues 249-281), the MBP from Escherichia coli, and the resi-
dues G950-D1062 from Mga2 was generated using the pMal-C2x plasmid system.
The resulting constructs were produced in E. coli and isolated in detergent solution
using amylose affinity followed by a preparative SEC (Superdex 200 10/300
Increase). For fluorescent labeling, the K983C and K969C variants were incubated
with 1 mM ATTO488 or ATTO590 (ATTO-TEC GmbH) on the affinity pur-
ification column for 16 h at 4 °C. The MBPMga21032-1062 fusjon protein containing
residue R1032-D1062 from Mga2 and a W1042C mutation was purified and
labeled with MTS spin probes. For details, see Supplementary Materials. The
proteins were stored in 40 mM HEPES (pH 7.0), 120 mM NaCl, 0.8 mM EDTA,
40 mM OG, and 20% (w/v) glycerol.

Reconstitution of MBPMga2 f; in proteolip The spin-labeled
MBPMga2-TMH fusion was reconstituted at a protein:lipid molar ratio of 1:500.
For details see Supplementary Materials. The unlabeled or ATTO-labeled ZIP-
MBPMga2950-1062 constructs were reconstituted at different protein-lipid molar
ratios of 1 to 5000, 1 to 8000, and 1 to 15,000. To this end, lipids (final
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concentration 1 mM) and OG (final concentration 37.5 mM) were mixed with
either labeled or unlabeleld proteins in a final volume of 1 ml. After 10 min of
incubation at room temperature under constant agitation, the detergent was via
SM-2 biobeads (two-step removal using 500 mg and 100 mg, respectively).

The yield of the reconstitution was tested after harvesting the proteoliposomes
and it was comparable for all the desired protein and lipid compositions

used in this study. The average diameter of the proteoliposomes was determined
at 25 °C by dynamic light scattering (Malvern Zetasizer Nano $90) in 20 mM
Hepes, pH 7.4, 145 mM NaCl, 5 mM MgCl,, 5% (w/v) glycerol. A detailed
description for the reconstitution is provided in the Supplementary Materials.

Diffusion coefficients by FCS. FCS on the GUVs was carried out using Zeiss
LSM 880 microscope, x40 water immersion objective (numerical aperture 1.2)%7.
First, GUVs were labeled by adding fluorescent analogs to a final concentration
of 10-50 ng/mL (=0.01 mol%). To measure the diffusion on the GUV mem-
brane, vesicles were placed into an eight-well glass-bottom (#1.5) Ibidi chambers
coated with bovin serum albumin. GUVs of small sizes (=10 um) were picked
for measurements. The laser spot was focused on the top membrane of the
vesicles by maximizing the fluorescence intensity. Then, three to five curves
were obtained for each spot (5s each). The obtained curves were fit using

the freely available FoCuS-point software using two-dimensional and triplet
model®%.

C-Laurdan spectroscopy. C-Laurdan was used to measure lipid packing*. To this
end, 333.3 uM lipid was mixed with 0.4 uM C-Laurdan dye in 150 pl 50 mM
HEPES pH 7.4, 150 mM NaCl, 5 %(w/v) glycerol. The sample was excited at 375
nm and an emission spectrum from 400 to 600 nm was recorded (excitation and
emission bandwidth 3 nm). For blank correction, an emission spectrum recorded
in the absence of C-Laurdan was used. The GP, which ranges theoretically from +1
for most ordered to —1 for most disordered membranes, was calculated by inte-
grating the intensities between 400 and 460 nm (Ich;), and 470 and 530 nm (Icp,),
and according to (1).

Gp— Ion — Iow
Ien + Icn

Recording and analysis of FRET spectra. For FRET measurements, the ZIP-
MBP)[g,2950-1062 Kgg3ATTO488 5 ZIP-MBP)[g,2950-1062 KgG9ATTOS90 constructs
were used as fluorescence donor and acceptor, respectively. Fluorescence emission
spectra were recorded in detergent solution and in proteoliposomes at 30 °C. The
samples were excited at 488 nm and 590 nm for donor and acceptor excitation,
respectively. The spectra were normalized to the maximal acceptor fluorescence
intensity after direct excitation to correct for subtle variations in the reconstitution
yields. As the bleed-through for both the donor and acceptor fluorescence was
negligible, ratiometric FRET (relative FRET: E,;) was determined as the donor-to-
acceptor intensity ratio at 525 nm and 614 nm from the raw data (2) for qualitative
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Supplementary Methods

Reagents and antibodies.

All chemicals and reagents were of analytical or higher grade and obtained from Sigma Aldrich
if not stated otherwise. The following antibodies were used: mouse anti-Myc (9E10), mouse
anti-Pgk1 (Life Technologies), mouse anti-MBP (NEB), anti-mouse-HRP (Dianova), anti-
mouse-IRDye 800CW (LI-COR). Atto488-PE was purchased from AttoTec GmbH. Abberior
Star Red-Cholesterol is purchased from Abberior GmbH. It has a PEG linker between
cholesterol moiety and the fluorescent tag.

Cultivation and genetic manipulation of S. cerevisiae

Plasmids (Table1) were used for the transformation of baker’s yeast (Table 2). Overnight
cultures were inoculated from single colonies and cultivated in SCD selection medium at 30°C
until the stationary phase was reached. The UFA auxotroph ASPT23AMGAZ2 strain was
cultivated in the presence of 0.05% sodium linoleate. Main cultures were inoculated to an
ODe00 of 0.2 in rich medium (YPD) and cultivated to the mid-exponential phase (OD600 =
1.0). If indicated, the YPD was supplemented with sodium linoleate.

A CEN-based plasmid expressing 3xmyc-tagged MGAZ2 under the control of the MGA2
promotor for near-endogenous levels was used as described previously '. Mutagenesis of
MGA2 was performed using a PCR-based strategy based on the QuikChange® method
(Stratagene) using the PHUSION polymerase (NEB). S. cerevisiae was transformed using
Lithium-Acetate (Ito et al., 1983).

Molecular cloning

Plasmids (Table 1) were generated and modified using oligonucleotides listed in Table 3. In
order to generate a minimal sense-and-response construct (ZP-MBPMga2950-1062), the C-terminal
region of MGAZ2 containing juxtamembrane region (G950-S1113) and the predicted TMH was
cloned into the pMAL-C2x-TEV expression vector via EcoRI/Hindlll restriction sites. The
resulting construct was truncated downstream of the TMH by introducing two consecutive stop
codons after the residue at position 1062 by the PCR-based QuikChange® method. The
GCN4-derived leucin zipper and a flexible linker (GGGS). were introduced N-terminally to the
MBP by restriction-based cloning using Ndel. Further mutagenesis of this construct and yeast
expression vectors was performed either via the QuikChange® or the Q5 mutagenesis
approach as indicated in Table 3.

Preparation of cell extracts and immunoblot analysis

Crude cell lysates were prepared as described previously ' with minor modifications. Shortly,
15 ODe600 equivalents of cells grown to the mid-exponential phase (OD600 = 1.0) were
harvested by centrifugation, washed with phosphate-buffered saline (PBS) supplemented with
10 mM NEM and snap-frozen. The cells were resuspended in 0.5 ml lysis buffer (PBS, 10 mM
NEM, 5 mM EDTA, 10 pg/ml chymostatin, 10 pug/ml antipain, 10 pg/ml pepstatin) and lysed by
bead-beating twice with 200 pl zirconia beads (Roth) using a Scientific Industries SI™
Disruptor Genie™ Analog Cell Disruptor for 5 min each at 4 °C and 1 min pause on ice. For
protein denaturation the extract was mixed at a ratio of 2:1 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) and incubated at 60°C for 10 min.
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Centrifugation (1 min, 16,000x g, room temperature) cleared protein samples were subjected
to a discontinuous SDS-PAGE using 4-15% Mini-PROTEAN-TGX gels (BioRad). After semi-
dry Western-Blotting onto nitrocellulose membranes, the target proteins were detected using
specific antibodies. A list of antibodies, their used dilutions and source can be found in
Supplementary Table 4.

Yeast growth assays / rescue of UFA auxotrophy

The UFA auxotroph ASPT23AMGAZ2 strain was generated by Harald Hofbauer (Graz
University) and cultivated in SCD-medium supplemented with 0.05% sodium linoleate. The
cells were harvested by centrifugation, washed successively with 1% NP40-type tergitol
(NP40S Sigma), then ddH->0O and then resuspended in SCD medium lacking any additives to
an ODeoo of 0.2. The cells were either cultivated at 30°C for 5-6 h to starve cells for UFAs prior
to perform spotting tests or for 24 h to study the impact of mutations on the final cell density in
liquid culture. For spotting tests, the UFA-starved cells were harvested and adjusted to an
ODeoo of 1. Serial 1:10 dilutions were prepared (10°, 10-1,102, 10-%) and 5 ul of each dilution
were spotted onto selective agar plates. The plates were incubated for 2-3 days at 30°C until
sufficient cell growth became apparent.

The impact of linoleate on the final cell density in liquid medium was tested with UFA-depleted
cultures that were adjusted to an ODgoo 0f 0.05. 50 ul of these cultures were added to 180 pl
SCD-Ura containing 1% NP40-type tergitol and varying concentrations of linoleic acid. The
optical density of the cultures was determined using a microplate reader at 600 nm (ODeoo)
after 17 h of cultivation at 30°C.

Preparation of yeast cytosol

500 OD equivalents were harvested by centrifugation (5 min, 3000x g), washed with 30 ml ice
cold PBS, then with 30 ml cold ubiquitylation buffer. The supernatant was decanted, and the
cell pellet was resuspended in the residual liquid by vigorous vortexing. The resulting
suspension was subjected dropwise into a tube with liquid nitrogen. The frozen beads of cells
crushed with mortar and pistil (4 x 60 s and 1 x 90 s) and the resulting yeast powder was
transferred into a cold 50 ml tube. The tube was immersed in water at room temperature and
the thawing suspension was quickly adjusted to 1 mM DTT. Unbroken cells and debris were
removed from the ice-cold suspension by centrifugation (10 min, 20,000x g, 4 °C). The
supernatant of this step was centrifuged again (1 h, 100,000x g, 4 °C) to obtain the soluble,
cytosolic fraction from the supernatant.

Expression, purification and labeling of MBPMga2-fusions

Plasmids (Table 1) were used for the heterologous production of sensor construct in E. coli.
The minimal sensor construct (MBPMga21932-1962) comprising the residues R1032-D1062 that
include the TMH region of Mga2 was described previously '. The sense-and-response
construct (MBPMga2950-1062) was generated by cloning the coding regions of the JM and TMH
region of Mga2 (residues 950-1062) into the pMal-C2x vector. The ZIP-MBPMga2950-1062 construct
was generated by fusing the leucine zipper sequence derived from the GCN4 transcription
factor (residues 249-281) in frame to MBP protein. The minimal sensor construct and the
sense-and-response construct were overexpressed in the cytosol of E. coli BL21(DE3)pLysS
and isolated essentially as described previously -2 with minor modifications. A 500 ml culture
in LBrich medium (LB medium supplemented with 2% glucose, 100 mg/ml ampicillin, 34 pug/mi
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131 chloramphenicol) was inoculated 1:50 using an overnight culture and cultivated at 37°C until
132 an OD600 of ~0.6 was reached. Then, protein production was induced by isopropyl-3-D-
133 thiogalactopyranoside (IPTG) at a final concentration of 0.3 mM. After 3 h of cultivation at 37 °C
134 the cells were harvested by centrifugation and washed with PBS. For isolation of the proteins,
135 the cells were resuspended in 40 ml of lysis buffer (50 mM HEPES pH 7.0, 150 mM NaCl,
136 1 mM EDTA, 10 pg/ml chymostatin, 10 pg/ml antipain, 10 pg/ml pepstatin, 2 mM DTT, 5 U/ml
137  Benzonase) per liter of culture and disrupted by sonification using a SONOPULS HD2070
138 ultrasonic homogenizer (Bandelin) (4x 30s, power 30%, pulse 0.7 sec/0.3 sec). The protein
139  was solubilized by gentle agitation in the presence of 50 mM B-Octylglucoside (B-OG) for
140 20 min at 4 °C. Non-solubilized material was pelleted by centrifugation (30 min, 100,000 x g,
141 4°C) and the supernatant was applied to washed and equilibrated amylose beads (NEB) using
142 6 ml of slurry per liter of culture. After binding (20 min at 4 °C) to the amylose column and
143 washing the column with 26 column volumes (CV) wash buffer (50 mM HEPES pH 7.0,
144 200 mM NaCl, 1 mM EDTA, 50 mM B-OG) the protein was either labeled or directly eluted.
145 The labeling of the proteins at single cysteine residues with 1 mM MTS (methanethiosulfonate)
146  (Enzo Life Sciences) or 1 mM ATTO488/ATTO590 dyes (ATTO TEC GmbH) was performed
147 on the amylose column during an overnight incubation at 4 °C including gentle shaking. This
148  step was skipped for the isolation of unlabeled proteins. The fusion protein was eluted with
149 elution buffer (50 mM HEPES pH 7.0, 150 mM NaCl, 1 mM EDTA, 10 mM maltose, 50 mM -
150 OG). The sense-and-response construct (?P-MBPNMQga2950-1062) was further purified by
151  preparative SEC using a Superdex 200 10/300 increase column in SEC-buffer (50 mM HEPES
152 pH 7.0, 150 mM NaCl, 1 mM EDTA, 50 mM B-OG). The purified proteins could be stored
153 at-80°C for extended periods of time in storage buffer (40 mM HEPES pH 7.0, 120 mM NaCl,
154 0.8 mM EDTA, 40 mM B-OG, and 20% (v/v) glycerol).

155  The efficiency of spin-labeling was determined for each construct by double-integration of the
156  EPR resonances and a comparison to the signal of a 100 uM MTS standard. The determined
157  spin-label concentration was put into relation to the protein concentration determined by
158  absorption spectroscopy at A280. The labeling efficiency for W1042CMTS was > 95%.

159  The efficiency of labeling with fluorescent dyes was determined by absorption spectroscopy
160  using the following extinction factors: 9.58*104 | mol'* cm-! (unlabeled protein K983 or K969),
161 9*10* I mol' cm (ATTO488), 1.2*105 | mol' cm-' (ATTO 590) and the correction factors were
162 0.1 for ATTO488 and 0.44 for ATTO590 according to the manufacturer’s specification. Maximal
163 absorption intensities were determined at 505 nm (ATTO488) or 597 nm (ATTO590). The
164  labeling efficiency was ~60% (K983ATT0 488) and ~90% (K9B9ATTO 590)

165

166  Liposome preparation

167 Liposomes of defined compositions were generated by mixing 1,2-dioleoyl-sn-glycero-3-
168  phosphocholine (DOPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 2-
169  dipetroselenoyl-sn-glycero-3-phosphocholine (18:1 (A6-cis)PC), 2-dielaidoyl-sn-glycero-3-
170 phosphocholine (transDOPC) or 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
171 (POPE) from 20 mg/ml stocks, dissolved in chloroform to obtain following molar compositions:
172 1) 100% DOPC; 2) 50% DOPC, 50% POPC; 3) 25% DOPC, 75% POPC; 4) 100% POPC; 5)
173 100% (18:1 (A6-cis))PC; 6) 100% transDOPC; 7) 100% (16:1 (A9-trans))PC; 8) 50% DOPC,
174 30% POPC, 20% POPE; 9) 50% DOPC, 10% POPC, 40% POPE. After evaporation of the
175 organic solvent using a constant stream of nitrogen, the lipid film was dried in a desiccator
176 under vacuum (2 — 4 mbar) for at least 1 h at room temperature. For rehydration, the lipid film
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was resuspended in reconstitution buffer (20 mM HEPES, pH 7.4, 150 mM NaCl, 5% (w/v)
glycerol) to a final lipid concentration of 10 mM, incubated at 60 °C under rigorous shaking for
30 min at 1200 rpm, and incubated in a sonication in a water bath at 60°C for 30 min. The
resulting multilamellar liposomes were used for reconstitution experiments.

Reconstitution of MBPNMga2-fusions in proteoliposomes

For reconstitution of the ZP-MBPMga2950-1062 constructs at a protein:lipid molar ratio of 1:5,000 -
1:15,000, 0.1 ymol lipid and 0.2 — 0.067 nmol protein were mixed in reconstitution buffer
(20 mM HEPES (pH 7.4), 150 mM NacCl, and 5% (w/v) glycerol), adjusted to 37 mM (3-OG in
a total volume of 1 ml and incubated for 20 min at room temperature under gentle agitating.
For detergent removal, 500 mg of Bio-Beads™ SM-2 Adsorbent Media (BioRad) were added
and the resulting mixture was incubated and gently mixed for 120 min at room temperature.
The suspension was then transferred to a fresh tube containing 100 mg Bio-Beads™ SM-2
Adsorbent Media and further incubated for 60 min. 0.8 ml of the proteoliposome containing
suspension was mixed with 2.2 ml Harvesting buffer (20 mM HEPES, pH 7.4, 75 mM NaCl).
Proteoliposomes were harvested by centrifugation (200,000x g, 4 °C, 18 h) and resuspended
either in the respective assay buffer.

DPH anisotropy

Liposomes of different lipid compositions were generated by consecutive extrusions through
400 nm and 200 nm filters (21 strokes each) in a LiposoFast (Avestin) extruder. The
concentration of lipids was then adjusted to 0.1 mM with PBS. Diphenylhexatriene (DPH) was
added to a final concentration of 0.5 uM. The samples were incubated for 20 min in the dark
at room temperature. Intensities for each polarized component (ln, lnn, lw, ) were recorded
on a FluoroMax-4 spectrofluorometer using the following settings. The sample was excited at
360 nm and the emission was recorded at 430 nm with slit widths of 5 nm. A maximum of 10
measurments were performed with standard deviation cutoff of 5 %. The samples were
equilibrated for 5 min for each temperature. To correct for scattered light, the intensities for

each polarized component of the respective liposome sample before the addition of DPH were

subtracted. The G factor and anisotropy (r) were calculated as follows G =:h—V ,r=% .
hh v vh

Thin layer chromatography

For lipid extraction, a 60 pl sample of ZP-MBPMga2950-1062-containing proteoliposomes
reconstituted at a protein to lipid ratio of 1:8,000 were used. The sample was mixed with 1 ml
of CHCI3:MeOH (2:1) and an artificial upper phase of 200 pl (48:47:3) MeOH:H-O:CHCIs and
constantly agitated for 2 h at 4°C. After centrifugation (3,000 x g, 4°C, 5 min) the aqueous
phase was discarded. The organic solvent evaporated from the remaining sample under a
constant stream of Nz. Residual traces of the solvent were removed in 30 min using a
desiccator and by applying vacuum. The extracted lipids were then taken up in 15 pl
CHCI3:MeOH (2:1). 1 ul of the extract was spotted onto an HPTLC Silica gel 60 (Merck KGaA)
and separated using as a mobile phase (97.5:37.5:6) CHCI3:MeOH:H-0. As a reference, 1 pl
of POPC, DOPC and POPE at a concentration of 20 mg/ml in CHCI; were spotted onto the
plate. Additionally, a buffer control (50 mM Hepes pH 7.4, 150 mM NaCl, 5% w/v glycerol) was
used. The silica plates were stained for 30 min using iodine.
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Sucrose density gradient centrifugation

For validation of the reconstitution procedure, 200 ul of a proteoliposomal preparation were
mixed with 400 pl 60% (w/v) sucrose solution in reconstitution buffer and overlaid with different
layers of distinct densities. For protein-to-lipid molar ratios of 1:5,000, 1:8,000, and 1:15,000,
the proteoliposome-containing layer was overlaid with each 2.5 ml of 20%, 10%, 5% and 0%
(w/v) sucrose in reconstitution buffer. After centrifugation (100,000x g, 4°C, overnight) the
gradient was fractionated from top to bottom in 13 fractions of 0.85 ml each. The distribution
of the MBP-containing fusion proteins in the gradient was analyzed by SDS-PAGE and
subsequent immunoblotting. The lipid content of the individual fractions was estimated by
adjusting each fraction to 7 yuM Hoechst 33342 and determination of the fluorescence intensity
using a TECAN microplate reader (ex355 nm: em459, bandwidth 20 nm).

Recording and analysis of cwEPR spectra
cWEPR spectra were recorded and analyzed as previously described'.

Isolation of Hisubiquitin

sxHisybiquitin was overproduced in E. coli BL21(DE3)pLysS and purified using immobilized
metal affinity chromatography (Ni>*-NTA matrix). The plasmid encoding the human ubiquitin
with an N-terminal 8xHis-tag was derived from a pETM-m60 plasmid and kindly provided by
the Volker Détsch lab. The production of &Hisubiquitin was induced at an ODg00 of ~0.6 at
37 °C using 0.3 mM IPTG. After induction, the cells were cultivated for additional 3 h at 30 °C
prior to harvesting and washing of the cell pellet using PBS. For purification, the cells were
resuspended in 20 ml lysis buffer (50 mM HEPES, pH 8.0, 250 mM NaCl, 20 mM imidazol, 10
pg/ml chymostatin, 10 pug/ml antipain, 10 pug/ml pepstatin) and disrupted by sonification (3x
30s, power 30%, pulse 0.7 s/ 0.3 s). Unbroken cells, debris, and cellular membranes were
removed by centrifugation (1 h, 100,000x g, 4 °C). The cleared lysate was applied to 1 ml Ni2+-
NTA agarose matrix and incubated for 1 h at 4 °C while rotating to allow for protein binding.
The mixture was then transferred into a gravity flow column and the flow-through was collected.
The affinity matrix was washed with 30 CV of wash buffer (50 mM HEPES pH 8.0, 250 mM
NaCl, 20 mM imidazole). &Hisubiquitin was eluted with elution buffer (50 mM HEPES pH 8.0,
250 mM NaCl, 400 mM imidazole). The eluate was dialysed against 100-fold volume storage
buffer (50 mM HEPES, pH 7.4, 150 mM NaCl) using a dialysis membrane with a molecular
weight cutoff of 3.5 kDa (Spectra/Por). After 2 h the storage buffer was refreshed, and the
sample was dialyzed overnight at 4°C. For long-term storage, the purified 8Hisubiquitin was
adjusted to 1 mg/ml and 20% (w/v) glycerol in storage buffer.

Molecular dynamics simulations

We performed coarse-grained simulations in the MARTINI v2.2 force field 4. We modelled
TMHSs containing the mutations W1042F, W1042Q, and W1042Y with the UCSF Chimera
package’ (Pettersen et al., 2004), and coarse grained in MARTINI*. For each mutation, we
inserted two identical TMHs in a POPC lipid bilayer spanning the periodic simulation box in the
xy-plane. We obtained simulation boxes containing two TMHs surrounded by approximately
560 lipids, 9000 water beads, and 150 mM sodium chloride. After energy minimization and
equilibration, we ran 10 independent MD simulations for each system, totaling a simulated time
of 1 ms for the W1042F and W1042Q systems each, and 0.93 ms for W1042Y one. All
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simulations were performed in GROMACS 4.6.7, using a time step of 20 fs. A temperature of
303 K and a pressure of 1 atm were maintained with the velocity rescaling thermostat® and the
semiisotropic Parrinello-Rahman barostat’.

All-atom simulations of empty bilayers were performed with NAMDS, using the CHARMM36
force field parameters for lipids®19. Four bilayer systems were constructed and simulated as
indicated in Supplementary Table 5. For the POPC trajectory, we used data from a previous
simulation that contained 64 lipids per leaflet, 45 water molecules per lipid and no ions''. All
bilayers were simulated at constant temperature of 30°C and constant pressure of 1 atm with
the same simulation parameters as previously used'".

Each trajectory was centered so that the geometric center of all terminal methyl carbons of the
lipids was at (x,y,z)=(0,0,0). The last ~270 ns were used for analysis with frames being output
every 20 ps. The average area per lipid (APL) was calculated by dividing the lateral area of
the simulation box by the number of lipids in one leaflet. Thickness was calculated as the mean
distance between the average z position of the phosphate atoms in each leaflet. The errors on
both APL and thickness represent the standard deviation of the time series of the respective

property.

Acyl chain order parameters were computed with an in-house tcl script. The order parameter

Scp at a carbon position is expressed as S, =%(3 cos?0 — 1) where (-) denotes ensemble

average and 6 is the angle between a CH bond at that carbon and the bilayer normal (assumed
to be the z dimension of the simulation box).

Local number density of lipid atoms was calculated with the volmap plugin in VMD?2. A fixed
region of the bilayer between -23 A and 23 A in each dimension was divided into grid points
spaced 1x1x1 A apart. Atoms were represented as normalized gaussians with standard
deviation equal to the atom radius. This representation was used to calculate their atomic
number density at each grid point. The atomic radii used in the calculation were the default
atomic radii in VMD, which mimic the atomic radii in the CHARMMS36 force field parameters:
carbon 1.5 A, hydrogen 1.0 A, nitrogen 1.4 A, oxygen 1.3 A. The densities calculated at the
grid points were subsequently analyzed with MATLAB to produce the density profiles as a
function of z and the heatmap representations in which the data was collapsed on the xz
plane by taking the average across all corresponding y values.

Lateral pressure profiles were calculated from the last 230-250 ns of the trajectories with
NAMD as previously explained''. Each profile was symmetrized by means of averaging the
pressure profiles of the two leaflets (i.e. above and below z=0) and smoothed with a 7-point
moving average window in MATLAB. Bilayer snapshots of the all-atom bilayers were rendered
with VMD.
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310  Supplementary Figure 1. Isolation and functional reconstitution of sense-and-response
311  construct.

312 (A) Purification of the zipped sense-and-response construct (?P-MBPMga2950-1062) by SEC. The
313 eluate of the affinity purification (Figure 2B) was concentrated ~10fold and loaded onto a
314  Superdex 200 10/300 Increase column (void volume 8.8 ml) using a 500 pl loop. Fractions of
315 0.5 ml were collected, mixed with non-reducing membrane sample buffer and subjected to
316 SDS-PAGE followed by InstantBlue™ staining. Fraction 10 and 11 were pooled and further
317  used. (B) SEC of the purified P-MBPMga2950-1062 protein in the detergent-containing SEC-buffer.
318  The protein concentration was adjusted to the indicated concentrations, and 100 pl of each of
319  these samples were subjected to SEC using a Superdex 200 10/300 Increase column. (C)
320 SEC of the purified non-zipped MBPMga2950-1962 protein in SEC-buffer. The protein
321  concentration was adjusted to the indicated concentrations, and 100 pl of each of these
322  samples were loaded onto a Superdex 200 10/300 Increase column. (D) Sucrose-density
323  gradients centrifugation for proteoliposomes containing ZP-MBPMQga2950-1062 gt a molar
324  protein:lipid ratio of 1:8,000. The proteoliposome sample was adjusted to 40% w/v sucrose
325  and overlaid with sucrose cushions of different concentrations (20%, 10%, 5%, 0% w/v). After
326  ultracentrifugation, 13 fractions were collected from top to bottom. The relative content of lipids
327 inthe individual fractions was determined by Hoechst 33342 fluorescent staining. The amount
328  of MBPMga2-TMH in the fractions was monitored by immunoblotting using anti-MBP antibodies.
329  (E) In vitro ubiquitylation reactions were performed with the WT ZIP-MBP\|gg2950-1062 gense-and-
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330  response construct reconstituted in the indicated lipid environments at a protein:lipid ratio of
331  1:8,000. After indicated times, the reactions were stopped and subjected to SDS-PAGE. For
332 analysis, an immunoblot using anti-MBP antibodies was performed. Source data are provided
333 as a Source Data file.
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Supplementary Figure 2: Establishing a FRET reporter based on sense-and-response
construct.

(A) Immunoblot analysis of indicated My*Mga2 variants produced at near-endogenous levels in
the BY4741 wild type background. Cells were cultivated in YPD to the mid-logarithmic growth
phase. Crude cell lysates were subjected to SDS-PAGE and analyzed by immunoblotting using
anti-Myc antibodies. The Mga2 p90:p120 ratios were determined by densiometric
quantification. An anti-Pgk1 immunoblot served as loading control. (B) Fluorescence emission
spectra for the samples in shown in Figure 3B upon direct acceptor excitation at 590 nm). (C)
2 uM donor was titrated with the indicated acceptor concentrations and fluorescence emission
spectra were measured upon donor excitation. The overall protein concentrations were
maintained by the use of unlabeled ZP-MBP\ga2950-1062 (D) Relative FRET efficiencies were
determined from the donor/acceptor intensity ratios in (C). Data were fitted via linear
regression. Source data are provided as a Source Data file.
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350 Supplementary Figure 3: Biophysical properties of lipid bilayers determined from all-
351 atom simulations. (A) Plotted is the average area per lipid and (B) the phosphate-to-
352 phosphate thickness in different bilayer systems. Acyl chain saturation and the presence of PE
353 lipids increase lipid packing (decrease area per lipid) and have a more modest effect on bilayer
354  thickness. (C) Lateral pressure distribution in the bilayers as a function of distance from the
355  bilayer center. Acyl chain saturation increases the pressure at the bilayer midplane while in
356  the region of the sensory W1042 residue of Mga2 the pressure is similar in all bilayers except
357  for POPC where it is lower. (D) Acyl chain order parameter of each lipid type in the different
358  bilayers. Minimal changes are observed in the oleoyl sn-2 chain of the lipids while more
359  pronounced differences consistent with the changes in lipid packing (A) can be seen in the
360  order parameter of the lipids’ sn-1 chain. Source data are provided as a Source Data file.
361
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Supplementary Figure 4: Reconstituting the sense-and-response construct in PE-
containing liposomes.

(A) Diffusion coefficients of Star Red-PEG Cholesterol in giant unilaminar vesicles of the
indicated lipids were determined by confocal point-FCS. Plotted is the mean + SD (nporc=127,
N(1:1) popc:popc=53, Nporc=110, N4o% PoPE=66). A Kolmogorov-Smirnov test was performed to
test for statistical significance (***p<0.001). (B) The anisotropy of DPH was determined at
different temperatures and in liposomes with the indicated compositions. The data are plotted
as the mean = SD of three independent experiments. (C) The lipid packing in liposomes
composed of DOPC:POPC:POPE at a ratio of 5:3:2 was determined via C-Laurdan
spectroscopy at 30°C. The GP values shown for POPC, POPC:DOPC at a ratio of 1:1, and
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DOPC:POPC:POPE at a ratio of 5:1:4 are identical to the data in Figure 4B. The data are
plotted as mean + SD (nporc=9; N(1:1)popc:rorc=10; N2o%pe=3; N4o%pe=6). An unpaired two-tailed,
students t-test was performed to test for statistical significance (*p<0.05, **p<0.01,
***p<0.001). (D) Intensity normalized cwEPR spectra recorded at -115°C for a fusion protein
composed of MBP and the TMH of Mga2 (MBPMgaZ21032-1062) |aheled at position W1042C was
reconstituted at a molar protein:lipid of 1:500 in liposomes composed of the indicated lipid
mixtures. (E) Diffusion coefficients of the fluorescent lipid analogue Atto488-DPPE in giant
unilaminar vesicles containing DOPC:POPC:POPE at a molar ratio of 5:3:2 were determined
by confocal point FCS. The plotted diffusion coefficients of Atto488-DPPE in liposomes
composed of either POPC, POPC:DOPC at molar ratio of 1:1, or DOPC:POPC:POPE at a
molar ratio of 5:4:1 are the same as in Figure 4B. The data are represented as mean + SD
(Nbopc=172; n1:1)porc:porc=81; Npopc=153; N20%pe= 30 Nao%pe=100). A Kolmogorov-Smirnov test
was performed to test for statistical significance (***p<0.001). (F) The average diameter of the
proteoliposomes containing the FRET reporter and with the indicated lipid composition was
determined by dynamic light scattering (Malvern Zetasizer Nano S90) and plotted. The
experiments were performed only once with proteoliposomes from a reconstitution generating
membrane environments with DOPC, POPC:DOPC at a molar ratio of 1:1, and
DOPC:POPC:POPE at a molar ratio of 5:4:1. They were performed for two independent
reconstitutions generating a POPC membrane environment. (G) Thin layer chromatography
(TLC) of ZIP-MBP\ga2950-1062-containing proteoliposomes with the indicated lipid composition.
Lipids were extracted from the proteoliposomes, spotted onto a HPTLC Silica gel 60 plate, and
separated using 97.5:37.5:6 CHCI3:MeOH:H:O as a mobile phase prior to iodine staining. As
controls served 1 pl of the indicated lipid stocks at a concenration of 20 mg/ml in CHCls or
reconstitution buffer (50 mM Hepes pH 7.4, 150 mM NaCl, 5% wi/v glycerol). (H) Fluorescence
emission spectra of the (K983P+K969%) FRET pair reconstituted in liposomes composed of the
indicated lipid mixtures were recorded (ex: 488 nm, em: 500-700 nm), normalized to the
maximal acceptor emission after direct acceptor excitation (ex: 590 nm), and plotted. The
emission spectra were normalized to acceptor emission after direct acceptor excitation. (l)
Sucrose-density gradient centrifugation for proteoliposomes containing Z'P-MBP\Mga2950-1062 gt
molar protein:lipid ratio of 1:8,000 in a lipid mixture of 50 mol% DOPC, 10 mol% POPC and
40 mol% POPE. Samples were adjusted to 40% sucrose and overlaid with decreasing
concentrations of sucrose-solution (20%, 10%, 5%, 0%). After ultracentrifugation 13 fractions
were recovered from top to bottom. The relative content of lipids in the individual fractions was
determined by Hoechst 33342 fluorescent staining. The amount of M8*"Mga2-TMH in the
fractions was monitored by immunoblotting using anti-MBP antibodies. (J) In vitro
ubiquitylation of the zipped sense-and-response construct (#'P-MBPMga2950-1062) reconstituted in
liposomes composed of 50% DOPC, 30% POPC, 20% POPE at a molar protein-to-lipid ratio
of 1:8,000 were performed as described in the Supplementary Materials and analyzed by
immunoblotting using anti-MBP antibodies. The signal intensities of ubiquitylated species were
quantified using Image Studio Lite (LI-COR). Plotted is the mean + SD (nropc)=5; N(0:50= 5;
Nu20rE)= 7; Naore)= 5). Unpaired, two-tailed t-test were performed to test for statistical
significance (*p<0.05, **p<0.01). Source data are provided as a Source Data file.
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418  Supplementary Figure 5: Reconstituting the sense-and-response construct in
419  liposomes with different PC-species.

420  (A) Chemical structure of the four relevant PC lipids with distinct double bonds isomers and
421  positions. All lipids contain a PC head group, two acyl chains of 18 or 16 carbons with one
422 double bond. They differ in the position (A9 or A6) and the orientation of the double bond (cis
423 or trans). The color code is maintained in (B-I). (Structures adapted from avantilipids.com) (B)
424  Diffusion coefficients of Star Red-PEG Cholesterol in giant unilaminar vesicles of the indicated
425  lipids were determined by confocal point FCS. Plotted is the mean + SD (nis:1(as-cisy= 127,
426 Nig1ecsy= 132, Nigaewansy= 132). A Kolmogorov-Smirnov test was performed to test for
427  statistical significance (***p<0.001). (C) Diffusion coefficient of the fluorescent lipid analogue
428  Atto488-DPPE in giant unilaminar vesicles composed of 16:1(A9-trans)PC was determined by
429  confocal point FCS. The diffusion coefficients of Atto488-DPPE in DOPC (18:1(A9-cis), in PC
430  lipids with two 18:1(A6-cis) acyl chains, and PE lipid with two 18:1(A9-trans) acyl chains are
431  identical to the ones shown in Figure 5A. The data are plotted as mean + SD (n1s:1(a9-cis))=172;
432 N@s:6-cis)=162; N(16:1(09-trans))=25; N(18:1(29-rans))=163). A Kolmogorov-Smirnov test was performed
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to test for statistical significance (*p<0.05, ***p<0.001). (D) The lipid packing in liposomes
composed of 16:1(A9-trans)PC was determined via C-Laurdan spectroscopy at 30°C. GP
values of C-Laurdan in DOPC (18:1(A9-cis)), in PC lipids with two 18:1(A6-cis) acyl chains,
and in PC lipids with two 18:1(A9-trans) are identical to the ones shown in Figure 5B. The data
are plotted as mean + SD (Nps:1(a0-cis)= 6, N18:1(6-cis)= 6; N(16:1(29-trans= 3, N(is:1(a9-trans= 5). An
unpaired two-tailed, students t-test was performed to test for statistical significance (**p<0.01,
***p<0.001). (E) Anisotropy of DPH was determined at different temperatures and in liposomes
with the indicated lipid compositions. The data are plotted as the mean + SD of three
independent experiments. (F) Sucrose-density gradient centrifugation of proteoliposomes of
the indicated lipid composition containing #P-MBPMga2950-1062 reconstituted at a molar
protein:lipid ratio of 1:8,000. The proteoliposome samples were adjusted to 40% (w/v) sucrose
and overlaid with four containing different concentrations of sucrose (20% (w/v), 10% (w/v),
5% (w/v), 0% (w/v)). After centrifugation (100,000x g, 4°C, overnight) the gradient was
fractionated from top to bottom. The distribution of lipids and proteins in the gradient was
determined as described in the Supplementary Materials. (G) The fluorescence emission
spectrum of the (K983P+K9694) FRET pair reconstituted in liposomes composed of 16:1(A9-
trans)PC lipids was recorded (ex: 488 nm, em: 500-700 nm) and plotted after normalization to
the maximal emission upon direct excitation of the acceptor (ex: 590 nm). The data for DOPC
(18:1(A9-cis)), PC lipids with either two 18:1(A6-cis) or two 18:1(A9-trans) acyl chains are
identical to the data shown in Figure 5E. (H) The relative FRET efficiencies were calculated
from fluorescence spectra as in (G). The data are plotted as the mean + SD (n(s:1(a9-cis))=4;
N(18:1(26-cis))= 4; N(16:1(n9-trans))= 3; N(18:1(a9-trans))= 6). A two-tailed, unpaired t-test was performed to
test for statistical significance (*p<0.05; **p<0.005). The data for DOPC (18:1(A9-cis)),
18:1(A6-cis)PC and 18:1(A9-trans)PC are identical to the one in Figure 5F. (I) In vitro
ubiquitylation of the zipped sense-and-response construct (2P-MBPMga2950-1062) reconstituted in
liposomes composed of 16:1(A9-trans)PC at a molar protein-to-lipid ratio of 1:8,000 were
performed as described in the Supplementary Materials. After the reaction was stopped, the
samples were subjected to SDS-PAGE and analyzed by immunoblotting using anti-MBP
antibodies. The signal intensities of ubiquitylated species were quantified using Image Studio
Lite (LI-COR). Plotted is the mean = SD (N(1s:1(a9-cis)=20; N(18:1(a6-cis)= 9; N(16:1(89-trans))= 6; N(18:1(n9-
wansy= 9). The data for DOPC (18:1(A9-cis)PC), 18:1(A6-cis)PC and 18:1(A9-trans)PC are
identical with the data in Figure 5H. Source data are provided as a Source Data file.
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Supplementary Figure 6: Mutagenesis of sensory residue W1042 and phenotypic
characterization.
(A) Representations of the amino acids (and substitutions) at position of the sensory W1042
in the TMH of Mga2. The side-chain structures were modeled using PyMOL and are shown as
sticks with electron meshes. (B) Spotting test for rescue of UFA auxotrophy. The indicated
MGAZ2 variants were expressed from their endogenous promoters on CEN-based plasmids in
the ASPT23AMGAZ2 strain background. Cultures were cultivated in the absence of
exogenously provided UFAs for 5 h and then spotted in a ten-fold dilution series on SCD-URA
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plates with the indicated additives. The resulting colonies were documented after 2 days of
cultivation at 30 °C. (C) In vitro ubiquitylation of the zipped sense-and-response construct ZP-
MBPMga2950-1062 wild type (WT) and a W1042A variant reconstituted at a protein:lipid molar ratio
of 1:15,000 in POPC. After the reaction was stopped, ubiquitylated species were detected by
SDS-PAGE and subsequent immunoblotting using anti-MBP antibodies. (D) Densiometric
quantification of the in vitro ubiquitylation assays as in (C). The fraction of ubiquitylated protein
was determined for the indicated time points and for the wildtype (WT) and W1042A variant of
the sense-and-response construct. Plotted is the mean + SD (n=5). The statistical significance
was tested by a two-tailed, unpaired t-test (*p<0.05). (E-H) Distribution of distances between
the backbone beads of residue 1042 in the TMH dimer of wildtype Mga2 (W1042) and the
indicated variants, calculated from coarse-grained MD simulations performed with a POPC
bilayer using the MARTINI v2.2 force field®4. Data for the wildtype Mga2 and the W1042A
mutation are re-plotted from a previous study with permission from Elsevier'. The population
of different conformational states is strongly affected by the side chain of the amino acid at the
position of the sensory W1042. Notably, mutations with the most prominent impact of the
structural dynamics (W1042F and W1042A) have also have the strongest impact on the
processing efficiency of Mga2 as experimentally shown in Figure 6D. Source data are provided
as a Source Data file.
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Supplementary Figure 7: The local number density of lipid atoms in different bilayer
systems.

All-atom MD simulations were performed for the indicated bilayer systems. The number density
of lipid atoms in cubic boxes with a side of length 1 A was calculated and plotted as a heatmap.
The x-axis shows the mean of the local densities in the x and y planes at the respective z
position. Highest local number densities are indicated in yellow and observed in the region of
the lipid headgroups. Lowest densities are indicated in dark blue and observed in the center
of the lipid bilayer. Source data are provided as a Source Data file.
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Supplementary Table 1. Plasmids used in this study.

Plasmid
in vivo

pRS316
pRE262
pRE266
pRE305
pRE333
pRE334
pRE335
pRE683
pRE684

Plasmid
in vitro
pRE345
pRE496
pRE714
pRE759
pRE766
pRE767
pRE771
pRE848
pRE849

Description

Empty vector (CEN6-ARS4, URA3, AMP)
pRS316-3xMyc-MGA2 WT
pRS316-3xMyc-MGA2 W1042A
pRS316-3xMyc-MGA2 W1042L
pRS316-3xMyc-MGA2 W1042Y
pRS316-3xMyc-MGA2 W1042F
pRS316-3xMyc-MGA2 W1042Q
pRS316-3xMyc-MGA2 K969C
pRS316-3xMyc-MGA2 K983C

Description

pMAL-C2x-MBP-MGA2-TMH W1042C
pETM-m60-8xHis-hUb WT

pMAL-C2x-MBP-MGA2-JM-TMH WT
pMAL-C2x-ZIP-MBP-MGA2-JM-TMH WT
pMAL-C2x-ZIP-MBP-MGA2-JM-TMH ALPKY
pMAL-C2x-ZIP-MBP-MGA2-JM-TMH W1042A
pMAL-C2x-ZIP-MBP-MGA2-JM-TMH K980R, K983R, K985R
pMAL-C2x-ZIP-MBP-MGA2-JM-TMH K983C
pMAL-C2x-ZIP-MBP-MGA2-JM-TMH K969C

Source

EUROSCARF
This study and !
This study and 1
This study and !
This study

This study

This study

This study

This study

Source

This study and !
Provided by V. Détsch
This study

This study

This study

This study

This study

This study

This study
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Supplementary Table 2. Strains used in this study.

Strain
Number

ECREO1

ECREO02

YREOO1

YREO09

YREO067

YREO068

YREO71

YRE199

YRE216

YRE217

YRE228

YRE295

YRE296

YRE297

YRE404

YRE415

YRE572

YRES573

YRES574

YRES578

Description

E. coli DH5 alpha

E. coli BL21 Star™
(DE3)pLysS

BY4741

AUBX2

BY4741
3xMyc-MGA2 WT

BY4741
3xMyc-MGA2 W1042A

AUBX2
3xMyc-MGA2 WT

BY4741
3xMyc-MGA2 W1042L

BY4741
3xMyc-MGA2 W1042Y

BY4741
3xMyc-MGA2 W1042F

ASPT23, AMGA2

ASPT23, AMGA2
3xMyc-MGA2 WT

ASPT23, AMGA2
3xMyc-MGA2 W1042A

ASPT23, AMGA2
3xMyc-MGA2 W1042L

BY4741
3xMyc-MGA2 W1042Q

BY4741
empty vector pRS316

ASPT23, AMGA2
3xMyc-MGA2 W1042Q

ASPT23, AMGA2
3xMyc-MGA2 W1042F

ASPT23, AMGA2
3xMyc-MGA2 W1042Y

ASPT23, AMGA2
empty vector pRS316

Genotype

F~ $80/acZA M15 A(lacZYA-argF) U169
recA endA1 hsaR17(rK", mK*) phoA
SupE44 X\~ thi-1 gyrA96 relA1

F-ompT hsdSB (rB-, mB-) galdcmrne131
(DES3) pLysS (CamR)

MATa; his3A1; leu2A0; met15A0; ura3A0

MATa; his3A1; leu2A0; met15A0; ura3A0;
ubx2A::kanMX4

MATa; his3A1; leu2A0; met15A0; ura3A0

MATa; his3A1; leu2A0; met15A0; ura3A0

MATa; his3A1; leu2A0; met15A0; ura3A0;
ubx2A::kanMX4

MATa; his3A1; leu2A0; met15A0; ura3A0

MATa; his3A1; leu2A0; met15A0; ura3A0

MATa; his3A1; leu2A0; met15A0; ura3A0

MATaq; his3A1; leu2A0; lys2A0; ura3AO0;
spt23A::kanMX4; mga2A:natMX

MATa; his3A1; leu2A0; lys2A0; ura3A0;
spt23A::kanMX4; mga2A:natMX

MATaq; his3A1; leu2A0; lys2A0; ura3AO0;
spt23A::kanMX4; mga2A:natMX

MATq; his3A1; leu2A0; lys2A0; ura3A0;
spt23A::kanMX4; mga2A:natMX

MATa; his3A1; leu2A0; met15A0; ura3A0

MATa; his3A1; leu2A0; met15A0; ura3A0

MATa; his3A1; leu2A0; lys2A0; ura3A0;
spt23A::kanMX4; mga2A:natMX

MATaq; his3A1; leu2A0; lys2A0; ura3AO0;
spt23A::kanMX4; mga2A:natMX

MATaq; his3A1; leu2A0; lys2A0; ura3A0;
spt23A::kanMX4; mga2A:natMX

MATa; his3A1; leu2A0; lys2A0; ura3A0;
spt23A::kanMX4; mga2A:natMX

Source

ThermoFisher

EC0112

ThermoFisher
C602003
EUROSCARF13
(Y00000)
EUROSCARF4
(Y00560)

This study and 1

This study and '

This study and 1

This study and 1

This study

This study

This study
Provided by H. Hofbauer

This study

This study

This study

This study

This study

This study

This study

This study

This study

Plasmid

N/A

pLysS

N/A

N/A

pRE262

pRE266

pRE262

pRE305

pRE333

pRE334

pRE262

pRE266

pRE305

pRE335

pRS316

pRE335

pRE334

pRE333

pRS316
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Supplementary Table 3. Oligonucleotides used for molecular cloning.

Name

SB1

SB2

RE337

RE338

RE410

RE411

RE925

RE926

RE930

RE931

RE934

RE935

RE252

RE253

RE260

RE261

RE471

RE472

RE473

RE474

RE541

RE542

RE603

RE604

RE764

RE765

RE902

RE903

RE904

Sequence (5> 3Y)

GGGAATTCGGTAGTACATCTCTCTGGAATAGAGTTTTAC

CCCAAGCTTCTAACTGACAATTAAATCGTTCAACATTC

GATAAAATGTTAATATTTTTCTTGATACCCTTAACACTACTAC

GTAGTAGTGTTAAGGGTATCAAGAAAAATATTAACATTTTATC

CCATCACGGTTCTGGTCAGATTTTCGTGAAAACCC

TGATGGTGATGGTGATGCATGGTATATCTCCTTCTTAAAG

GCAACATATGAGAACCACCACCGCGTTCGCCAACTAATTTCT

AGCGTCCGAGCATCATATGATGAGAATGAAACAACTTGAAGACAA

ATCGGAATTCGGTGGCGGTTCTGG

ACGCAAGCTTTTAATCTTGGTTGCCAAATTTGTAC

GCGGTGGTGGTTCTGGTGGAGGTTCTAAAATCGAAGAAGG

CCTTCTTCGATTTTAGAACCTCCACCAGAACCACCACCGC

CCGAAATGATAAAATGTTAATATTTTTCGCTATACCCTTAACACTACTACTTTTGACATGG

CCATGTCAAAAGTAGTAGTGTTAAGGGTATAGCGAAAAATATTAACATTTTATCATTTCGG

GAGGATCTGTTCCCGTTGTCTTGGGGTCGTGATGATCGTTTGCGTACCACAAATCAAGACAGTATTGTGGAGCAG

CTGCTCCACAATACTGTCTTGATTTGTGGTACGCAAACGATCATCACGACCCCAAGACAACGGGAACAGATCCTC

ACAAAACTTCCGAAATGATAAAATGTTAATATTTTTCTATATACCCTTAACACTACTACTTTTGAC

GTCAAAAGTAGTAGTGTTAAGGGTATATAGAAAAATATTAACATTTTATCATTTCGGAAGTTTTGT

AAAACTTCCGAAATGATAAAATGTTAATATTTTTCTTCATACCCTTAACACTACTACTTTTGA

TCAAAAGTAGTAGTGTTAAGGGTATGAAGAAAAATATTAACATTTTATCATTTCGGAAGTTTT

AATATTTTTCCAAATACCCTTAACACTACTACTTTTG

AACATTTTATCATTTCGGAAGTTTTG

GGCAACCAAGATTGATAAATCAATCATATAAGCG

CGCTTATATGATTGATTTATCAATCTTGGTTGCC

CGAAATGATAAAATGTTAATATTTTTCGCTATACCCTTAACACTACTACTTTTGAC

GTCAAAAGTAGTAGTGTTAAGGGTATAGCGAAAAATATTAACATTTTATCATTTCG

GTCATCATTAATTCGATGTAAAAC

GAGGATCTGTTCCCGTTG

CGAATTAATGATGACTTACCATGTTATGAGGATCTGTTCCCG

Description

GG-EcoRI-MGA2
(bp 2974-2996) forward (f)

CCC-Hindlll-MGA2 (bp 3437—
3465) reverse (r)

MGA2 W1042L (f); QuikChange

MGA2 W1042L (r); QuikChange

8xHis-UB tagging; Q5 (f)

8xHis-UB tagging; Q5 (r)

Ndel-SGGG-GCN4 (ZIP) (r)

13 bp-Ndel-GCN4 (ZIP) ()

ATCG-EcoRI-(GGGSp-MGA2
(bp3217-3233) (f)

ACGC-Hindlll-MGA2-TMH
(bp3311-3333) ()

IntGGGS ZIP_MBP;
QuikChange (f)

IntGGGS ZIP_MBP;
QuikChange (r)

MGA2 W1042A; QuikChange (r)

MGA2 W1042A; QuikChange (f)

MGA2 K980R,K983R, K985R;
QuikChange (f)

MGA2 K980R, K983R, K985R;
QuikChange (r)

MGA2 W1042Y; QuikChange (f)

MGA2 W1042Y; QuikChange (r)

MGA2 W1042F; QuikChange (f)

MGA2 W1042F; QuikChange (r)

MGA2 W1042Q; Q5 (f)

MGA2 W1042Q; Q5 ()

MGA2 $1063*, S1064*;
QuikChange (f)

MGA2 S1063*, S1064*;
QuikChange (r)

MGA2 W1042A; QuikChange (f)

MGA2 W1042A; QuikChange (r)

ALPKY MBPMga2-LPKY-TMH;
Q5 (f)

ALPKY M8PMga2-LPKY-TMH;
Q5 (r)

MGA2 K969C; QuikChange ()
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RE905

RE906

REQ907

TP246

TP267

CGGGAACAGATCCTCATAACATGGTAAGTCATCATTAATTCG

CGTTGTCTTGGGGTAAAGATGATTGTTTGAAAACCACAAATCAAGAC

GTCTTGATTTGTGGTTTTCAAACAATCATCTTTACCCCAAGACAACG

GCGAATTCCGAAATGATAAAATGTTAATATTTTTCTGTATACCCTTAACACTACTACTTTTG

CAAAAGTAGTAGTGTTAAGGGTATACAGAAAAATATTAACATTTTATCATTTCGGAATTCGC

MGA2 K969C; QuikChange (r)
MGA2 K983C; QuikChange (f)
MGA2 K983C, QuikChange (r)

MGA2 W1042C; QuikChange (f)

MGA2 W1042C; QuikChange
(U]
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512 Supplementary Table 4. Antibodies used for inmunoblotting.

Antibody Vendor Catalogue # Working dilution
Mouse anti-myc monoclonal (9E10) Sigma-Aldrich M4439 1:2,000
mouse anti-Pgk1 monoclonal (22C5) Invitrogen 459250 1:20,000
mouse anti-MBP, monoclonal NEB E8032L 1:30,000
Goat anti-mouse-HRP Dianova 115-035-146 1:20,000
Goat anti-mouse-IRDye 800CW Li-COR 926-32210 1:20,000

513  The antibodies used in this study are listed along with the vendor, catalogue number, and the
514  working solution are listed.
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515  Supplementary Table 5. All-atom bilayers simulated in this study.

. . Lipids per Waters Simulation
Bilayer Construction reaflel; per lipid lons Time [ns]
DOPC - 100 45 - 902 (915)
(1:1) DOPC:POPC bﬁlﬁ%”éﬂlfﬁ&'?&”e“ﬁfg' 100 45 ~ | 1008 (1009)
(5:1:4) DOPC:POPC:POPE 100 45 - 1018 (1018)
transDOPC Initial configuration taken

from the end of CHARMM- 100 45 - 973 (1007)
GUI equilibration protocol'®

516  All-atom bilayers simulated in this study. Shown are (from left to right): bilayer composition,
517  system construction details, number of lipids per leaflet, number of water molecules per lipid,
518  number of ions in the system and the length of the last portion of the trajectory where the
519  bilayer area is converged as determined by a previously reported algorithm'®. The total
520  simulation length is given in parenthesis.

521
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The unfolded protein response (UPR) is central to endoplasmic reticulum (ER)
homeostasis by controlling its size and protein folding capacity. When activated by
unfolded proteins in the ER-lumen or aberrant lipid compositions, the UPR adjusts
the expression of hundreds of target genes to counteract ER stress. The proteotoxic
drugs dithiothreitol (DTT) and tunicamycin (TM) are commonly used to induce misfolding
of proteins in the ER and to study the UPR. However, their potential impact on
the cellular lipid composition has never been systematically addressed. Here, we
report the quantitative, cellular lipid composition of Saccharomyces cerevisiae during
acute, proteotoxic stress in both rich and synthetic media. We show that DTT
causes rapid remodeling of the lipidome when used in rich medium at growth-
inhibitory concentrations, while TM has only a marginal impact on the lipidome under
our conditions of cultivation. We formulate recommendations on how to study UPR
activation by proteotoxic stress without interferences from a perturbed lipid metabolism.
Furthermore, our data suggest an intricate connection between the cellular growth
rate, the abundance of the ER, and the metabolism of fatty acids. We show that
Saccharomyces cerevisiae can produce asymmetric lipids with two saturated fatty acyl
chains differing substantially in length. These observations indicate that the pairing of
saturated fatty acyl chains is tightly controlled and suggest an evolutionary conservation
of asymmetric lipids and their biosynthetic machineries.

Keywords: UPR, Ire1, lipid bilayer stress, proteotoxic stress, lipidomics, DTT, tunicamycin, asymmetric lipids

INTRODUCTION

Biological membranes are complex assemblies of proteins and lipids forming the boundary
of cellular life and compartmentalizing biochemical processes in different organelles (van
Meer et al, 2008; Bigay and Antonny, 2012). A major fraction of cellular bioactivity
is localized to biological membranes: one third of all proteins and the majority of
therapeutic drug targets are either membrane embedded or membrane associated
(Uhlén et al., 2015). The interactions, activities, and subcellular localizations of membrane proteins
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are modulated by their complex and dynamically regulated
environment (Lee, 2004; Phillips et al., 2009; Lorent et al., 2017).
The lipidome of a eukaryotic cell comprises hundreds, if not
thousands, of lipid species and it can be remodeled upon dietary
perturbation, by the growth phase, and in response to external
cues such as temperature or nutrient availability (Shevchenko and
Simons, 2010; Klose et al., 2012; Casanovas et al., 2015; Han, 2016;
Levental et al., 2020). This membrane responsiveness down to
the level of individual lipid species is essential to sustain cellular
fitness, by maintaining physicochemical membrane properties
such as fluidity, permeability, phase behavior, and surface charge
density in a regime acceptable for membrane function (Bigay
and Antonny, 2012; Sezgin et al, 2017; Ernst et al, 2018;
Harayama and Riezman, 2018). Our understanding of these
complex remodeling processes, their purposes and the underlying
principles, remains rather limited.

The endoplasmic reticulum (ER) is the central hub for
membrane biogenesis in eukaryotic cells (van Meer et al,
2008). The vast majority of membrane proteins is targeted
to ER-localized machineries for membrane insertion (Aviram
and Schuldiner, 2017). Likewise, a major fraction of membrane
lipids including sterols, glycerophospholipids, and ceramides is
produced in the ER (van Meer et al., 2008). In the past years it
became increasingly clear that protein quality control and lipid
metabolism are intimately connected both on the cellular and
the molecular level (Jonikas et al., 2009; De Kroon et al., 2013;
Stordeur et al., 2014; Volmer and Ron, 2015; Fun and Thibault,
2020; Goder et al., 2020).

A prominent example is the unfolded protein response (UPR)
(Walter and Ron, 2011). Both an accumulation of unfolded
protein in the lumen of the ER and stiffening of the ER
membrane due to lipid imbalances serve as activating signals for
the UPR (Halbleib et al., 2017; Karagoz et al., 2017; Adams et al.,
2019; Preissler and Ron, 2019). How precisely these activating
signals from the lumen of the ER and the ER membrane are
integrated by the transducers of the UPR is matter of active
debate (Volmer and Ron, 2015; Covino et al., 2018; Fun and
Thibault, 2020). Once activated, the UPR increases the size
of the ER and its folding capacity in order to reestablish ER
homeostasis even under adverse conditions (Bernales et al.,
2006; Schuck et al., 2009). This is accomplished by a global
attenuation of protein production (Walter and Ron, 2011), by
upregulating the ER-associated degradation machinery, and by
increasing the number of ER chaperones (Cox et al., 1993;
Jonikas et al.,, 2009). At the same time, the UPR induces the
expression of a large number of genes involved in membrane-
related processes such as lipid biosynthesis, membrane protein
sorting, and vesicular traffic (Travers et al., 2000). Unbiased
genetic screens and targeted perturbations of lipid metabolism
have clearly established the mutual dependency of the UPR
and lipid metabolism (Jonikas et al., 2009; Pineau et al., 2009;
Schuck et al., 2009; Promlek et al., 2011; Thibault et al,
2012; Surma et al., 2013). Given its central importance for ER
homeostasis and cell physiology, it is not surprising that the UPR
plays also a crucial role in pathologic processes such as viral
infections, neurodegeneration, and cancer (Wang and Kaufman,
2012,Wang and Kaufman, 2014; Hetz et al., 2019). Metabolic

diseases associated with chronic UPR signaling such as type
IT diabetes and non-alcoholic steatohepatitis (Kaufman, 2002;
Fonseca et al., 2009) are historically studied with a focus on
the role of unfolded, soluble proteins in the ER lumen while
the contribution of signals from the ER membrane remains
understudied.

The eukaryotic model organism Saccharomyces cerevisiae
(S. cerevisiae) has facilitated the identification of numerous
key components of the secretory pathway, lipid metabolism,
and the proteostasis network (Novick et al., 1980; Wolf and
Schifer, 2006; Henry et al., 2012; De Kroon et al., 2013). In
contrast to metazoans, the UPR in S. cerevisiae relies on a
single, ER-localized UPR transducer (Kimata and Kohno, 2011):
the Inositol-requiring enzyme 1 (Irelp). It is conserved from
yeast to humans and comprises an N-terminal sensor domain
facing the ER-lumen, a single transmembrane helix, and cytosolic
effector domains with kinase and RNase functions. The formation
of dimers and higher oligomers of Irelp during stress from
unfolded proteins or from the ER membrane (Kimata et al.,
2007; Korennykh et al., 2009; Halbleib et al., 2017) triggers the
trans-autophosphorylation of the cytosolic kinase domain and
the activation of the adjacent RNase domain. The RNase activity
of Irelp contributes to an unconventional splicing of the HACI
mRNA in the cytosol (Cox and Walter, 1996; Mori et al., 1996)
thereby facilitating the production of the active transcription
factor Haclp regulating several hundred UPR-target genes.

For studying and assaying the UPR, it is common practice
to stress the cells acutely either with dithiothreitol (DTT),
a reducing agent interfering with disulfide bridge formation
in the ER-lumen, or tunicamycin (TM), a natural inhibitor
of the N-linked glycosylation of proteins in the ER (Azim
and Surani, 1979). It is generally assumed that DTT and TM
exclusively cause proteotoxic ER stress. However, the impact of
DTT and TM on the cellular lipid composition has never been
systematically tested.

Here, we have studied the impact of DTT or TM on
the lipidome of S. cerevisiae in both rich and synthetic
medium. Serendipitously, we find evidence for a remarkable
selectivity of S. cerevisiae in the generation and metabolism
of highly asymmetric glycerophospholipids with one saturated,
medium fatty acyl chain (C10 or C12) and a long, saturated
one (C16 or C18). Despite a high overall abundance of
unsaturated fatty acyl chains (C16:1 or C18:1), we find an
almost exclusive paring of two saturated fatty acyl chains
in these asymmetric glycerophospholipids, thereby implying a
strong, inherent selectivity of acyl chain pairing. With respect
to the UPR, we find that (1) DTT and TM impair cellular
growth, (2) the medium has a significant impact on the
cellular lipidome thereby potentially tuning the sensitivity of
the UPR, (3) DTT at growth-inhibitory concentrations causes
a substantial and rapid remodeling of the lipidome in rich
medium, and (4) TM under our experimental conditions has
only a marginal impact on the cellular lipidome in both synthetic
and rich medium. Based on these findings, we provide a
guideline to predictably and unambiguously activate the UPR
by proteotoxic stress, whilst minimizing potential artifacts from
lipid bilayer stress.
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MATERIALS AND METHODS

Yeast Strains

Yeasts used were the standard laboratory wild-type S. cerevisiae
strain BY4741 MATa his3A1 leu2A0 metl5A0 ura3A0 and
the irel A-derivative BY4741 MATa; ura3A0; leu2A0; his3A1;
met15A0; YHRO79c::kanMX4.

Reagents

Chemicals and solvents of HPLC/LC-MS analytical grade were
used. TM (#T17765), DTT (#D0632), and ammonium bicarbonate
(#9830) were purchased from Sigma-Aldrich. Ammonium sulfate
(#9218) was purchased from Carl Roth.

Media

All media were prepared according to standard protocols
(Dymond, 2013). D(+4)-Glucose (#HNO6, tryptone/peptone
(#8952), and yeast extract (#2363) were purchased from Carl
Roth. Yeast nitrogen base (YNB) (#CYN0602), agar-agar
(#AGAO03), and complete supplement mixture (CSM complete)
(#DCS0019) were purchased from FORMEDIUM.

Cell Cultivation for Lipidomics

Cells were cultivated under constant agitation at 30°C at 220 rpm,
if not stated otherwise. Every lipidomic sample started from an
individual, single colony on either yeast peptone dextrose (YPD)
or synthetic complete dextrose (SCD) agar plates. A single colony
was used to inoculate a pre-culture, which was then cultivated
overnight for 21 h in either YPD or SCD liquid medium. The
resulting stationary culture was used to inoculate a main culture
in fresh medium to a final ODggg of 0.1. When the culture reached
an ODggo of 0.8 =& 0.05, the cells were either stressed with DTT,
TM or left untreated. DTT was used at a final concentration
8 mM and 2 mM in YPD and SCD, respectively. TM was used
at a final concentration of 1.0 jLg/ml and 1.5 pg/ml in YPD and
SCD, respectively. After an additional hour of cultivation, 20 OD
units of cells were harvested by centrifugation (3,500 x g, 5 min,
4°C), and washed three-times with ice-cold 155 mM ammonium
bicarbonate supplemented with 10 mM sodium azide in 1.5 ml
reaction tubes using quick centrifugation (10.000 x g, 20 s, 4°C).
The resulting cell pellets were snap-frozen with liquid nitrogen
and stored for up to 4 weeks at —80°C. Prior to cell lysis, pellets
were thawed on ice and then resuspended in 1 ml 155 mM
ammonium bicarbonate. 200 1 zirconia beads were added to the
suspension and cells were disrupted by vigorous shaking using
a DisruptorGenie for 10 min at 4°C. 500 pl of the resulting
lysate was snap-frozen and used for further analysis via shotgun
mass spectrometry.

Growth Assay - Acute Stress

Cultures in YPD and SCD were inoculated precisely as described
for lipidomic experiments. The density of the culture was
monitored over a prolonged period of time by determining the
ODggo for up to 5 h after they had reached an ODggy = 0.8.
For determining the doubling time of an exponentially growing
culture, all data points with an ODggg between 0.2 and 2.5 were

considered. The data were fitted to the exponential (Malthusian)
growth function using Prism 8 for macOS Version 8.4.1.

Growth Assay - Prolonged Stress

Stationary overnight cultures in YPD were used to inoculate a
pre-culture in either YPD or SCD to an ODggg of 0.2. The cells
were then cultivated for 6 h to reach the exponential growth
phase. These cultures were used to inoculate a main culture in
a 96-well plate to an ODggp of 0.01 using fresh medium (either
YPD or SCD) containing different concentrations of DTT. After
cultivation for 16 h at 30°C with no agitation, the final ODggo was
determined after intense mixing of the culture using a microplate
reader (Tecan Microplate Reader Spark).

Lipid Extraction for Mass Spectrometry
Lipidomics

Mass spectrometry-based lipid analysis was performed by
Lipotype GmbH (Dresden, Germany) as described (Ejsing
et al, 2009; Klose et al, 2012). Lipids were extracted
using a two-step chloroform/methanol procedure (Ejsing
et al, 2009). Samples were spiked with internal lipid
standard mixture containing: CDP-DAG 17:0/18:1, ceramide
18:1;2/17:0  (Cer), diacylglycerol 17:0/17:0 (DAG), lyso-
phosphatidate 17:0 (LPA), lyso-phosphatidylcholine 12:0
(LPC), lyso-phosphatidylethanolamine 17:1 (LPE), lyso-
phosphatidylinositol 17:1 (LPI), lyso-phosphatidylserine 17:1
(LPS), phosphatidate 17:0/14:1 (PA), phosphatidylcholine
17:0/14:1 (PC), phosphatidylethanolamine 17:0/14:1 (PE),
phosphatidylglycerol 17:0/14:1 (PG), phosphatidylinositol
17:0/14:1 (PI), phosphatidylserine 17:0/14:1 (PS), ergosterol
ester 13:0 (EE), triacylglycerol 17:0/17:0/17:0 (TAG),
stigmastatrienol, inositolphosphorylceramide 44:0;2 (IPC),
mannosyl-inositolphosphorylceramide 44:0;2 (MIPC),
mannosyl-di-(inositolphosphoryl)ceramide 44:0;2 (M(IP),C).
After extraction, the organic phase was transferred to an
infusion plate and dried in a speed vacuum concentrator.
Ist step dry extract was resuspended in 7.5 mM ammonium
acetate in chloroform/methanol/propanol (1:2:4, V:V:V) and
2nd step dry extract in 33% ethanol solution of methylamine
in chloroform/methanol (0.003:5:1; V:V:V). All liquid handling
steps were performed using Hamilton Robotics STARIet robotic
platform with the Anti Droplet Control feature for organic
solvents pipetting.

MS Data Acquisition

Samples were analyzed by direct infusion on a QExactive
mass spectrometer (Thermo Scientific) equipped with
a TriVersa NanoMate ion source (Advion Biosciences).
Samples were analyzed in both positive and negative ion
modes with a resolution of Ry, — 200 = 280000 for MS
and Ry, = 200 = 17500 for MSMS experiments, in a
single acquisition. MSMS was triggered by an inclusion list
encompassing corresponding MS mass ranges scanned in
1 Da increments (Surma et al., 2015). Both MS and MSMS
data were combined to monitor EE, DAG, and TAG ions as
ammonium adducts; PC as an acetate adduct; and CL, PA,
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PE, PG, PI, and PS as deprotonated anions. MS only was
used to monitor LPA, LPE, LPI, LPS, IPC, MIPC, M(IP),C
as deprotonated anions; Cer and LPC as acetate adducts
and ergosterol as protonated ion of an acetylated derivative
(Liebisch et al., 2006).

MS Data Analysis

Data were analyzed by Lipotype GmbH using an in-house
developed lipid identification software based on LipidXplorer
(Herzog et al, 2011, 2012). Data post-processing and
normalization were performed using an in-house developed
data management system. Only lipid identifications with a
signal-to-noise ratio > 5, and a signal intensity five-fold higher
than in corresponding blank samples were considered for
further data analysis.

RESULTS

We investigated the impact of two potent, proteotoxic inducers
of ER stress, namely DTT and TM, on cellular growth
and the cellular lipid composition. Our ultimate goal was
to faithfully induce proteotoxic stress in the lumen of the

ER whilst minimizing potential artifacts from aberrant ER
lipid compositions.

DTT and TM Inhibit Cellular Growth

We wanted to know the impact of DTT and TM on
cellular growth. To this end, we cultivated the S. cerevisiae
wildtype (WT) strain BY4741 and isogenic irelA cells in
either rich medium (YPD) or synthetic medium (SCD)
to the exponential growth phase. Using these cells, we
inoculated fresh cultures in a 96-well plate to an ODggy of
0.01 in the respective medium supplemented with various
concentrations of DTT and TM. After overnight cultivation,
cellular growth was assayed via the ODggo (Figures 1A-D).
Not surprisingly, WT cells are more resistant to DTT- or
TM-induced ER stress than ireIA in both rich and synthetic
medium (Figures 1A-D). This suggests that UPR-activation
via Irelp contributes to cellular fitness under conditions
of prolonged proteotoxic stress. Notably, the choice of the
medium affects the growth-inhibitory concentrations of DTT
and TM such that higher initial concentrations of DTT
are required to inhibit overnight growth in rich medium,
while lower concentrations are sufficient in minimal medium
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FIGURE 1 | Acute and prolonged ER stress inhibits cellular growth. (A-D) Determination of the minimal inhibitory concentration (MIC) of DTT and TM for the
indicated strains. An overnight culture of the indicated strains in rich medium (YPD) was used to inoculate a main culture in either YPD (E) or SCD (F) to an ODggg of
0.2. After 6 h of cultivation to reach the exponential growth phase, a fresh culture in a 96-well plate was inoculated to an ODggp = 0.01 and adjusted to the indicated,
final concentrations of either DTT or TM. After 16 h of cultivation, the ODggp as a measure for the overnight growth was plotted against the concentration of the
proteotoxic drug. The data in panels (A-D) are plotted as the average + standard deviation (SD) from three independent experiments (n = 3) with technical
duplicates. (E-H) BY4741 WT and the isogenic ire1 A strain were cultivated in either synthetic (SCD) or rich (YPD) medium at 30°C. The main cultures were
inoculated to an ODgpp of 0.1 from a stationary overnight culture in the respective medium. Cell proliferation is monitored by plotting the ODggg against the time of
cultivation. At an ODggp of 0.80 + 0.05 the cells were either left untreated (black) or stressed with either TM (green) or DTT (orange). An arrow indicates the time
point of drug addition. DTT was used at a final concentration 8 mM and 2 mM in YPD and SCD, respectively. TM was used at a final concentration of 1.0 pg/ml and
1.5 pg/mlin YPD and SCD, respectively. The data in panels (A-D) are from a single, representative experiment. Raw data can be found in the Supplementary Data
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(Figures 1A,B). In contrast, lower concentrations of TM are
required to block overnight growth in rich versus synthetic
medium (Figures 1C,D). The underlying reasons remain unclear.
Among other possibilities, the medium might affect the drug
per se (e.g., DTT oxidation), the uptake and extrusion of the
compound, or -via diverse mechanisms- the cellular resistance
to proteotoxic stress. Nevertheless, our data help choosing
appropriate concentrations to effectively inhibit overnight
growth for each medium and both drugs.

Next, we wanted to study the impact of acute ER stress
on cellular growth. We cultivated WT cells in rich (YPD)
and synthetic (SCD) medium (Figures 1E,F) under conditions
most commonly used for studying the biology of S. cerevisiae
(Sherman, 2002). We inoculated liquid cultures to an ODggp of
0.1 using stationary, overnight cultures in the respective medium
and then followed the cellular growth over time. When the
cultures reached an ODgg of 0.75 to 0.8, the cells were either left
untreated or stressed with DTT or TM at concentrations causing
a near-complete inhibition of overnight growth to account for the
different dose-response curves in different media (Figures 1A-
D). Specifically, DTT was used at a concentration of 8 mM and
2 mM, while TM was used at a concentration of 1.0 jug/ml and
1.5 pg/ml in rich and synthetic medium, respectively. Notably,
8 mM of DTT has previously been used to study ER membrane
expansion in stressed cells, while 1-2 pg/ml of TM are known
to reorganize Golgi traffic and mitochondrial enlargement by
activating the UPR (Bernales et al., 2007; Schuck et al., 2009; Hsu
et al., 2016; Tran et al., 2019).

Expectedly, we find that unstressed cells grow faster in rich
medium (doubling time 86 min) than in synthetic medium
(doubling time 107 min) (Figures 1E,F), which underscores
the previous finding that BY4741 strains requires an additional
supplementation of the SCD medium for optimal growth
(Hanscho et al., 2012). Furthermore, DTT- and TM-stressed cells
grow markedly slower compared to the unstressed cells in both
media (Figures 1E,F). Consistent with previous observations
(Pincus et al, 2010), the reduced rate of growth becomes
apparent as early as 1 h after the addition of the stress-inducing
agents (Supplementary Figures S1A,B). Notably, the impact of
DTT is more pronounced than the impact of TM at the given
concentrations (Figures 1E,F).

Next, we wanted to test if the reduced growth of the stressed
cells is due to an activation of the UPR, which is known to
peak within 1 h after the addition of DTT or TM to the
medium and which largely remodels the cellular transcriptome
(Kawahara et al., 1997; Travers et al, 2000; Promlek et al.,
2011). Surprisingly, the growth of both stressed and unstressed
ireI A cells was indistinguishable from WT cells in both rich and
synthetic medium (Figures 1E-H and Supplementary Figures
S1C-H). This suggests that DTT and TM impair cellular growth
during this early phase of stress predominantly via their impact
on protein folding and not by processes downstream of UPR
activation. The slightly higher potency of DTT to impede cellular
growth compared to TM at the given concentrations may reflect
the fact that these compounds affect the folding of different sets
of proteins: proteins with disulfide bonds in the case of DTT and
N-linked glycosylated proteins in the case of TM. Furthermore,

DTT can reduce already formed disulfide bonds and is known to
directly affect also other cellular processes outside the ER such
as the protein import into mitochondria (Mesecke et al., 2005)
and protein palmitoylation (Levental et al., 2010). In contrast,
TM affects only the glycosylation of freshly synthesized proteins.
Our data suggest that the growth inhibition observed in acutely
stressed cells is independent of UPR activation.

Experimental Outline and Global Insights
From Principal Component Analysis

We used shotgun mass spectrometry-based lipidomics to
comprehensively and quantitatively dissect the impact of acute
proteotoxic stress on the cellular lipid composition. In light
of the pronounced impact of DTT and TM on cellular
growth, we focused on their immediate effects within 1 h
of treatment. We analyzed the lipid composition for six
conditions and two different strains each as biological triplicates
(Figure 2A). A principal component analysis (PCA) of the
entire dataset at the level of individual lipid species revealed
a close clustering of all samples from WT and irelA cells
cultivated in SCD, thereby suggesting UPR activity itself has
little impact on their lipidomes (Figure 2B). In contrast, we
observed two clusters for cells cultivated in rich medium.
One cluster contained samples from WT and irelA cells
that were either left untreated or stressed with TM, while
the other cluster contained samples from cells that were
stressed with DTT at concentrations commonly used for
UPR activation. This suggests that DTT causes a substantial
remodeling of the lipidome, while TM treatments have a lesser
impact on the cellular lipid composition. Not surprisingly,
the loadings plot suggests a correlation of specific groups of
lipids (Supplementary Figure S2A). The total amount of lipids
quantified from 1 OD unit of cells (Supplementary Figure S2B)
and the amount of storage lipids (Supplementary Figure S2C)
highlight a low variability between replicates and show that
storage lipids are more abundant in synthetic (SCD) medium.
Storages lipids comprise all triacylglycerol (TAG) species and
ergosterol esters.

The Impact of YPD and SCD Medium on

the Lipidome of S. cerevisiae

For representing this complex dataset, we assorted the identified
lipid species to one of four major lipid categories: sterols,
sphingolipids (SLs), membrane glycerolipids (MGLs), and
storage lipids. MGLs comprise all glycerophospholipids and
diacylglycerol (DAG) species (Figure 3 and Supplementary
Figure S$3). Overall, we find a remarkable impact of the medium
on the cellular lipid composition (Figure 3A).

Global Impact of the Medium on Sphingolipids

Yeast SLs comprise inositolphosphorylceramide (IPC),
mannosyl-inositol phosphorylceramide (MIPC), mannosyl-
di-(inositolphosphoryl) ceramide (M(IP),C), and - less

abundantly - ceramides (Cer). With the exception of Cer,
all SLs have a significantly lower level in cells cultivated in
rich medium compared to cells cultivated synthetic medium
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FIGURE 2 | Experimental conditions affecting lipidome variability. (A) Overview of the cultivation and stress conditions use for lipidomic analysis. (B) A
two-dimensional principal component analysis (PCA) of lipid species abundances reveals the degree of variations between different cultivation and stress conditions.
Data from BY4741 WT and ire1 A cells are indicated by circles and triangles, respectively. The color of the data points indicates unstressed cells in gray and cells
stressed either with DTT (orange) or TM (green). Data from stressed and unstressed cells are indicated red and gray, respectively. PCA reveals that the lipidomes
from both stressed and unstressed cells cultivated in synthetic medium (SCD) are very similar. In contrast, DTT induces a characteristic remodeling of the lipidome of
both WT and ire7 A cells cultivated in rich medium (YPD).

(Figure 3A). The same trend was observed for all SLs in possible differences in basal, constitutive UPR signaling.
ire]l A cells (Supplementary Figure S3A). Thus, the lower However, because SLs are concentrated along the secretory
level of sphingolipids in YPD-cultured cells is not due to pathway and highly abundant in the plasma membrane (van
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A Impact of medium on lipid class composition of WT cells
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FIGURE 3 | The lipid composition of S. cerevisiae WT in different media. A single colony of the BY4741 WT strain was used to inoculate a preculture in either

synthetic (SCD) or rich (YPD) medium. After overnight cultivation for 21 h, a fresh culture was inoculated to an ODggp of 0.1. When the cells reached an ODggg of

0.80 =+ 0.05, they were cultivated for one more hour. 20 OD equivalents of these cells were harvested and analyzed by lipid mass spectrometry. The data

represented by black and white bars relate to cells cultivated in rich and synthetic medium, respectively [except for panels (F and G)]. (A) Lipid class composition in

mol% of all quantified lipids in the sample organized by the categories: sterol (orange), sphingolipids (magenta), membrane glycerolipids (green, classes with two acyl

chains highlighted by green box), and storage lipids (blue). Erg, ergosterol; Cer, ceramide; IPC, inositolphosphorylceramide; MIPC, mannosy-IPC; M(IP)2C,

mannosyl-di-IPC; CL, cardiolipin; PA, phosphatidic acid; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylinositol; PS, phosphatidylserine;
(Continued)
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FIGURE 3 | Continued

DAG, diacylglycerol; LPC, lyso-PC; LPE, lyso-PE; LPI, lyso-Pl; LPS, lyso-PS; TAG, triacylglycerol; EE, ergostery! ester. (B) Profile of PA lipids in mol% of the class.
(C) Total length of lipids in a sub-category of membrane glycerolipids (MGLs) including PA, PC, PE, PI, PS, DAG. The total length is given as the sum of carbon
atoms in both fatty acyl chains in mol% of this sub-category. (D) Total number double bonds in a sub-category of MGLs (PA, PC, PE, PI, PS, DAG) is given as the
sum of double bonds in both acyl chains, in mol% of this sub-category. (E) The acyl chain composition of PA, PC, Pl and of a s sub-category of MGLs (PA, PC, PE,
PI, PS, DAG) is normalized either to the individual lipid class or the sub-category and given in mol%. (F,G) The pairing of fatty acyl chains in MGLs (PA, PC, PE, P,
PS, DAG) is plotted for cells cultivated in (F) rich (YPD) and (G) synthetic (SCD) medium. The left panel indicates the pairing of fatty acyl chains in a sub-category of
MGLs (PA, PC, PE, PI, PS, DAG) normalized to each particular fatty acyl chain and is given as mol%. The right panel indicates the abundance of acyl chain pairs in
the sub-category of MGLs and is given in mol%. (H) Profile of sphingolipids in mol% of the category. The least abundant species in each panel are omitted for clarity.

Prism, *p < 0.05, *p < 0.01, **p < 0.001.

Each bar represents the average + SD from n = 3 independent experiments. Statistical significance was tested by an unpaired two-tailed t-test using GraphPad

Meer et al., 2008; Klemm et al., 2009; Hannich et al., 2011;
Surma et al, 2011) it is tempting to speculate that cells
cultivated in rich medium feature a higher abundance of
inner membranes relative to the plasma membrane. In fact,
the rapidly growing cells in rich medium have a particularly
high demand for membrane biogenesis and both ER size
and the rate of membrane lipid production can be controlled
independently of UPR signaling (Loewen, 2004; Schuck et al,,
2009; Henry et al., 2012).

Global Impact of the Medium on Membrane
Glycerolipids

Membrane glycerolipids constitute the most abundant lipid
category comprising the lipid classes phosphatidic acid
(PA), phosphatidylcholine (PC), phosphatidyl-ethanolamine
(PE), phosphatidylinositol (PI), phosphatidylserine (PS), and
diacylglycerol (DAG) (Henry et al., 2012; Klose et al., 2012). Less
abundant are cardiolipin (CL) and the lyso-lipid derivatives of
the major glycerophospholipid classes with one fatty acid (FA)
chain. We find that phosphatidylinositol (PI) is by far the most
abundant lipid class in both WT and ireI A cells when cultivated
in rich medium (Figure 3A and Supplementary Figure S3A).
However, when cells are cultivated in synthetic medium, PI
is much less abundant and found at levels comparable with
phosphatidylcholine (PC) and phosphatidylethanolamine (PE)
(Figure 3A and Supplementary Figure S3A). This is particularly
relevant when studying the UPR: Irelp has been identified as
inositol-requiring enzyme (Nikawa and Yamashita, 1992), it
is activated by inositol-depletion (Promlek et al., 2011), and
sensitive to the stiffness of the ER membrane (Halbleib et al.,
2017) thereby implying an important role of PI lipids. But not
only PI, also the abundance of PE is affected by the choice the
medium. PE is significantly less abundant in cells cultivated in
rich versus synthetic medium (Figure 3A). Again, this is likely to
affect the sensitivity and activity of the UPR as aberrant PE-to-PC
ratios have been firmly implicated in chronic activation of the
UPR in yeast, worms, and mammals (Fu et al., 2011; Thibault
etal., 2012; Hou et al., 2014).

Although qualitatively consistent with previous reports
(Ejsing et al,, 2009; Klose et al., 2012; Surma et al., 2013;
Casanovas et al., 2015) our observations also highlight an
important caveat for the use of rich medium. Because YPD is
not a defined medium (in contrast to the synthetic-defined SCD),
its use will inevitably lead to inconsistencies with respect to the
lipid composition. As a consequence, it is almost impossible to

compare data coming from different laboratories using media
from different suppliers or even media batches. It is also
impossible to exclude a technical bias as contributing factor for
seemingly divergent observations: different procedures for lipid
extraction into an organic phase may affect the spectrum of lipids
that can be detected, different modes of sample separation and/or
detection [such as thin-layer chromatography (TLC), liquid
chromatography coupled to mass spectrometry (LC-MS) or the
shotgun lipidomics platform used for this study] might bias the
detection of some lipids/lipid classes over others. Ideally, the use
of internal standards should correct the bias from extraction and
detection. Furthermore, only fully quantitative data expressed
in absolute units (such as pmol or derived molar fractions) can
be compared to each other, as any relative data depend on the
experimental setup and reference points applicable only within a
given experiment.

Impact of the Medium on Storage Lipids

The choice of the medium has a striking impact on the
abundancies of storage lipids. Exponentially growing cells
cultivated in rich medium store much less TAGs and EEs than
those cultivated in synthetic medium (Figure 3A). The same
trend is observed in irel A cells (Supplementary Figure S3A). It
is tempting to speculate that rapidly growing cells depend more
heavily on the production of membrane lipids than relatively slow
growing cells, which can ‘afford’ to store some lipids for future
use. Clearly, the different growth rates in the two media (Figure 1
and Supplementary Figure S1) must be considered in light of
the intricate connections between membrane biogenesis, lipid
droplet formation, and the UPR (Gaspar et al., 2011; Stordeur
et al., 2014; Casanovas et al., 2015). Our data underscore the
importance to study the UPR under tightly controlled conditions.

Impact of the Medium on the Lipid Species Level
Identifies Asymmetric Lipids

We wanted to know the impact of rich versus synthetic medium
on lipid acyl chains and initially focused our attention on the
profile of PA lipids (Figure 3B). Normally, in S. cerevisiae,
the fatty acid composition of PA lipids is mostly limited to
palmitic (C16:0), palmitoleic (C16:1) and oleic acid (C18:1)
with low amounts of shorter fatty acids (Klose et al., 2012).
However, the cells cultivated in rich medium exhibited a
significantly higher abundance of PA lipids with shorter,
saturated acyl chains, as evidenced by the level of PA lipids
with a cumulative acyl chain length of C26, C28, and C30
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(Figure 3B). A combined analysis of all MGLs with two fatty
acyl chains (PA, PC, PE, P, PS, DAG) further highlighted this
general and significant shift toward shorter (Figure 3C) and
more saturated lipid species (Figure 3D). Notably, identical
trends can be observed for ireIA cells indicating that a low,
basal activation of the UPR does not contribute to this global
trend in all MGLs caused by the cultivation in different media
(Supplementary Figures S3B-D).

We then studied the usage of different fatty acyl chains in
PA, PC, and PI in cells cultivated in both rich and synthetic
medium (Figure 3E) and also calculated the abundance of the
different fatty acyl chains in all MGLs (with two fatty acyl chains)
(Figure 3E). Consistent with previous reports, we find that the
distribution of the fatty acyl chains differs between the individual
glycerophospholipids classes (Figure 3E) (Ejsing et al., 2009;
Klose et al., 2012; Casanovas et al., 2015). Strikingly, our data
reveal that saturated, medium fatty acyl chains (C10, C12, and
C14) are much more prominently found in cells cultivated in rich
medium throughout all glycerophospholipid classes (Figure 3E).
Notably, similar asymmetric lipids with two acyl chains differing
substantially in length have only recently been found at high
abundance in the lipidome of Schizosaccharomyces japonicus
(Makarova et al., 2020).

In order to gain more insight in the molecular rules that
govern the production of asymmetric lipids, we studied the
pairing of fatty acyl chains in MGLs. We found an almost
exclusive pairing of saturated, medium fatty acyl chains (C10:0
or C12:0) with longer saturated fatty acyl chains (C16:0 or
C18:0) in S. cerevisiae (Figure 3F; left panel). In fact, we find
virtually no pairing of unsaturated fatty acyl chain (C16:1 or
C18:1) with medium fatty acyl chains (C10:0 or C12:0). Also
when considering the relative abundance of the different fatty
acyl chains (C16:0, C16:1 and C18:1 are most abundant), the
same, remarkable selectivity for certain pairs of fatty acyl chains
becomes clear: medium fatty acyl chains preferentially pair with
saturated, but not with unsaturated fatty acyl chains (Figure 3F;
right panel). YPD is not a fully defined medium and it may
contain minor concentrations of short and medium chain fatty
acids. In order to test if S. cerevisiae can synthesize asymmetric
lipids from scratch, we analyzed the acyl chain pairing in cells
cultivated in synthetic medium (Figure 3G). Again, we found a
strong preferential pairing of saturated, medium fatty acyl chains
with saturated, long fatty acid chains, but not with unsaturated
ones (Figure 3G). Our data suggest that tight and evolutionary
conserved rules underly the pairing of fatty acyl chains in these
highly asymmetric lipids.

A Medium-Dependent Switch in the Species
Distribution of Sphingolipids

Another remarkably specific impact of the medium can be
observed in the profile of SLs for both WT (Figure 3H) and
irel A cells (Supplementary Figure S3E). The most abundant
sphingolipid species of cells cultivated in rich medium is
IPC 44:0,3 (with three hydroxylations) contributing to more
than 50 mol% of all SLs, while IPC 44:0,4 (with four
hydroxylations) is much less abundant. In contrast, IPC 44:0;4
is contributing to more than 40 mol% to the pool of SLs and

is the most abundant SL species in SCD-cultured cells. The
molecular underpinnings of this remarkable shift in the species
composition and its physiological relevance remains to be studied
in greater detail.

The Impact of DTT and TM on the

Lipidome of S. cerevisiae in Rich Medium
We wanted to study the impact of DTT and TM on the lipid
composition of cells cultivated in both rich medium (Figure 4)
and synthetic medium (Figure 5) and focus our attention on an
early time point after 1 h of treatment. As important controls, we
also determined the lipid compositions of stressed and unstressed
irel A cells in both media to test a possible contribution of UPR
to changes of the lipidome (Supplementary Figures $4, S5).

Consistent with our PCA analysis (Figure 2B), we find that
the TM-induced stress has barely any impact on the lipid
composition of WT cells (Figure 4A). This lack-of-impact is
best evident when representing difference of abundance between
stressed and unstressed cells for each lipid class (Figure 4B).
There is also barely any impact of TM on the profile of PA
lipids (Figure 4C), the length distribution of the fatty acyl chains
(Figure 4D), the degree of saturation (Figure 4E), and the species
composition of SLs (Figure 4F). Notably, this is true for both for
WT and irel A cells (Supplementary Figures S4A-F). These data
suggest TM can be used as proteotoxic drug in YPD-cultivated
cells without severely affecting the cellular lipid composition.

In contrast to that, DTT at the given concentration has
a significant impact on the lipidome of YPD-cultured cells
(Figure 4A), which is most apparent when plotting the difference
of lipid class abundance between stressed and unstressed cells
(Figure 4B). Clearly, treating the cells for only 1 h with DTT is
sufficient to cause a significant and substantial increase of PA in
the stressed cells. Given that PA lipids are important signaling
lipids involved in regulating membrane biogenesis (Loewen,
2004; Schuck et al., 2009; Henry et al., 2012; Hofbauer et al,
2018), a two-fold increase of the cellular PA level is likely to have
broad impact on lipid metabolism and the cellular transcriptome.
Intriguingly, treating the cells with DTT induces also a shift in
the profile of PA lipids toward a higher average acyl chain length
and more unsaturation for both WT (Figure 4C) and irel A cells
(Supplementary Figure S4C). While these observations suggest
that DTT affects PA lipids either directly (by affecting fatty acid
metabolism) or indirectly (by its impact on cellular growth or
other means; Supplementary Figure S1A), these trends are not
pronounced in the wider group of MGLs with two fatty acyl
chains - neither for WT nor irelA cells (Figures 4D,E and
Supplementary Figures S4D,E). Based on its position in the lipid
metabolic network (Henry et al., 2012; Ernst et al., 2016), we
speculate that PA is a class of ‘early-responding’ lipids, which
change most readily upon an environmental perturbation, while
other MGLs are affected only after prolonged periods of stress.

We also find some impact of ER stress on the profile of SLs of
WT and irel A cells (Figure 4F and Supplementary Figure S4F),
but these changes are relatively small. The overall similarity of the
lipidomic changes observed for WT and ireIA cells upon DTT
treatments, suggest that most DTT impacts on lipid metabolism
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A Impact of ER stress on lipid class composition of WT cells in rich medium (YPD)
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FIGURE 4 | The impact of proteotoxic stress on the lipidome of S. cerevisiae WT in rich medium. A single colony of the BY4741 WT strain was used to inoculate a
preculture in rich (YPD) medium. After overnight cultivation for 21 h, a fresh culture was inoculated to an ODggg of 0.1 and then cultivated to an ODggg of

0.80 £ 0.05. The cells were then either left untreated (white bars), stressed by the addition of either with 8 mM DTT (black bars) or 1.0 wg/ml TM (gray bars). After
one additional hour of cultivation, 20 OD equivalents of these cells were harvested and analyzed by lipid mass spectrometry. (A) Lipid class composition in mol% of
all quantified lipids in the sample organized by lipid categories. (B) The difference in lipid class abundance in stressed minus unstressed cells highlights the impact of
DTT (black) and TM (gray) on the cellular lipid composition in rich medium. The difference in abundance in mol% was calculated by subtracting the abundance in
unstressed cells from the abundance in either DTT- or TM-stressed cells under consideration of error propagation. (C) Profile of PA lipids in mol% of the class.

(D) Total length of lipids in a sub-category of MGLs (PA, PC, PE, PI, PS, DAG). The total length is given as the sum of carbon atoms in both fatty acyl chains in mol%
of this sub-category. (E) Total number double bonds in a sub-category of MGLs (PA, PC, PE, PI, PS, DAG) is given as the sum of double bonds in both acyl chains
and represented in mol% of this sub-category. (F) Profile of sphingolipids in mol% of this category. The least abundant species are omitted for clarity. Each bar
represents the average + SD from n = 3 independent experiments. Statistical significance was tested by an unpaired two-tailed t-test using GraphPad Prism,

*p < 0.05, *p < 0.01, **p < 0.001.
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A Impact of ER stress on lipid class composition of WT cells in synthetic medium (SCD)
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FIGURE 5 | The impact of proteotoxic stress on the lipidome of S. cerevisiae WT cultivated in synthetic medium. A single colony of the BY4741 WT strain was used
to inoculate a preculture in synthetic medium (SCD). After overnight cultivation for 21 h, a fresh culture was inoculated to an ODggg of 0.1 and then cultivated to an
ODgoo of 0.80 £ 0.05. The cells were then either left untreated (white bars), stressed by the addition of either with 8 mM DTT (black bars) or 1.0 g/ml TM (gray
bars). After one additional hour of cultivation, 20 OD equivalents of these cells were harvested and analyzed by lipid mass spectrometry. (A) Lipid class composition
in mol% of all quantified lipids in the sample organized by lipid categories. (B) The difference in lipid class abundance in stressed minus unstressed cells highlights
(Continued)
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FIGURE 5 | Continued

GraphPad Prism, *p < 0.05, *p < 0.01, **p < 0.001.

the impact of DTT (black) and TM (gray) on the cellular lipid composition in synthetic medium. The difference in abundance in mol% was calculated by subtracting
the abundance in unstressed cells from the abundance in either DTT- or TM-stressed cells under consideration of error propagation. (C) Profile of PA lipids in mol%
of the class. (D) Total length of lipids in a sub-category of MGLs (PA, PC, PE, PI, PS, DAG). The total length is given as the sum of carbon atoms in both fatty acyl
chains in mol% of this sub-category. (E) Total number double bonds in a sub-category of MGLs (PA, PC, PE, PI, PS, DAG) is given as the sum of double bonds in
both acyl chains and represented in mol% of this sub-category. (F) Profile of sphingolipids in mol% of this category. The least abundant species are omitted for
clarity. Each bar represents the average + SD from n = 3 independent experiments. Statistical significance was tested by an unpaired two-tailed t-test using

are independently of UPR-signaling, at least under the given
conditions (Figure 4 and Supplementary Figure $4).

In summary, we find that even a short cultivation in
the presence of DTT induces substantial changes of the
cellular lipidome.

The Impact of DTT and TM on the
Lipidome of S. cerevisiae in Synthetic

Medium

We wanted to know the impact of DTT and TM on
the lipid composition of S. cerevisiae cultivated in synthetic
medium. We therefore determined the lipidomes of both
stressed and unstressed WT and irelA cells (Figure 5 and
Supplementary Figure S5). Overall, we find an almost identical
lipid class composition for cells stressed either with DTT or TM
compared to untreated control cells with only minor changes
in the abundance of several lipid classes (Figures 5A,B and
Supplementary Figures S5A,B). While the changes between
stressed and unstressed cells are significant, the difference in
abundance seems rather moderate (Figure 5B). For example,
the ~30% lower level of PA in both DTT- and TM-stressed
cells (Figure 5A), has most probably a lower impact on cellular
physiology than the two-fold increase of PA in DTT-treated
cells in rich medium (Figure 4A). Other significant, moderate
changes are observed for several SLs, Erg, and EEs (Figure 5A).
We doubt that these lipidome changes are substantial enough
to impact on the activity of the UPR via a membrane-based
mechanism. This speculation is supported by the observation that
proteotoxic stress clearly dominates over membrane-based stress
when cells are treated with either DTT or TM for 1 h or less
(Promlek et al., 2011).

Beyond the overall very similar lipid class distribution of
stressed and unstressed cells cultivated in synthetic medium,
we find significant, but minor stress-induced changes in the
PA species composition (Figure 5C), a similar total fatty acyl
chain length in MGLs (Figure 5D), a mildly affected degree
of lipid saturation (Figure 5E), and a largely similar profile of
SLs (Figure 5F). Again, the lipidomes observed for WT and
irel A cells are extremely similar. In summary, we find, somewhat
surprisingly, that the cellular lipidome is quite ‘resistant’ to
perturbations from DTT- and TM-treatments when cells are
treated for 1 h in synthetic medium.

Our lipidomic survey of stressed and unstressed S. cerevisiae
reveals that TM treatments for 1 h are suitable in both rich
and synthetic medium to activate the UPR via proteotoxic stress
with only little interference from a perturbed lipid composition.
However, more precautions should be taken when using DTT.

DISCUSSION

We have performed a systematic, quantitative analysis of the
lipidomic changes associated with acute ER stress caused by the
proteotoxic agents DTT and TM. Given the central relevance
of the UPR for cellular homeostasis and the adverse effects
associated with chronic UPR activation, it is crucial to better
understand the signals that underlie prolonged and chronic
activation of the UPR in the future.

Recommendations for Studying
UPR-Activating Signals

Using S. cerevisiae as a model, we highlight the importance of
tightly controlled cultivation conditions and quantitative lipid
analyses for a more holistic approach toward understanding
the interplay of UPR-activating signals. We show that (1) the
proteotoxic drugs DTT and TM impair cellular growth, thereby
confirming previous observations (Pincus et al., 2010), (2) DTT
causes within 1 h of treatment substantial changes of the lipidome
of YPD-cultured cells, (3) DTT and TM have only a minor impact
on the lipidome of SCD-cultured cells, (4) unstressed WT and
irel A cells feature virtually identical lipidomes under the tested
conditions, thereby suggesting that basal, low-level UPR signaling
(or lack of thereof) does not substantially affect the cellular lipid
composition. Overall, our data are consistent with the general
assumption that TM predominantly causes proteotoxic stress, at
least within the first hour of treatment (Promlek et al., 2011). The
rapid, DTT-dependent remodeling of the lipidome observed in
YPD-cultured cells and the strongly impaired growth of stressed
cultures, however, may serve as a warning to carefully interpret
data derived from acutely stressed cells. We like to stress that we
investigated only the impact of a single concentration for each
drug in both media on the cellular lipid composition. It is possible
that TM, when used at higher concentrations, might have a more
severe impact on the cellular lipid composition. Nevertheless, for
studying the UPR and its response to proteotoxic signals with
little to no interference from a perturbed lipid metabolism, we
suggest (1) the use of defined SCD over ill-defined YPD, (2) the
use of TM over DTT, because of its more specific impact on
protein folding in the ER, and (3) applying TM or DTT stress
for a maximum of 1 h.

Membrane Biogenesis in Rapidly
Growing Cells - Competition for Lipid
Metabolites

Our systematic lipidomic analyses of WT and irelA cells in
two different media provides insights into the orchestration
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of membrane biogenesis by rapidly growing, eukaryotic cells.
Even though rich medium provides a rich supply of nutrients,
cells cultivated in this medium do not accumulate substantial
amounts of storage lipids during the exponential growth
phase (Figure 3A). Cells cultivated in synthetic medium,
however, accumulate a five times higher level of neutral lipids
(TAGs + EEs) although the medium is not as rich (Figure 3A).
We speculate that these marked differences are at least partly
due to the growth rate, which is substantially higher for YPD-
cultured cells. This interpretation is consistent with the previous
observation that storage lipids are dynamically regulated in a
growth-stage dependent fashion (Klose et al., 2012; Kohlwein
etal,, 2013; Casanovas et al., 2015) and suggests an increased flux
of fatty acids into membrane lipids in rapidly growing cells. In
fact, the lipid phenotypes associated with a genetically disrupted
fatty acid desaturation are more pronounced in YPD-cultured
cells (Surma et al., 2013). The global role of the cellular growth
rate on lipid metabolism remains to be established in the future.

Along these lines, we also find that the ratio of SLs to MGLs
is low in rapidly growing, YPD-cultured cells, but higher in
slow-growing SCD-cultured cells (Figure 3A). While it is clear
that many distinct regulatory circuits of the cell are affected
by the composition of the medium, we speculate that the low
SL-to-MGL ratio reflects an increased global rate of the lipid
biosynthesis in the ER and -as a consequence- a low ratio
of plasma membrane-to-ER abundance. Notably, our finding
that WT and irelA cells feature almost identical lipidomes
(Supplementary Figure S3) would suggest that ER abundance
is controlled independently of the UPR in this case. This is
consistent with previous findings that ER proliferation can be
uncoupled from the UPR via the Opil and Ino2/Ino4 regulatory
circuit (Loewen, 2004; Schuck et al., 2009; Henry et al., 2012).
Opil binding to PA lipids at the ER membrane (Loewen, 2004;
Hofbauer et al., 2018) de-represses Ino2/Ino4-regulated genes
involved in MGL biosynthesis and tip the balance from storing
neutral lipids toward membrane proliferation. In fact, we find
an increased level of PA lipids in YPD-cultured cells (Figure 3A
and Supplementary Figure S3A). Our findings fuel that idea that
the flux of fatty acids into either membrane or storage lipids is
affected by the cellular growth rate, which shall investigated by
dedicated experiments in the future.

Revealing Acyl Chain Selectivity in

Saturated, Asymmetric Lipids

We were surprised by the high content of saturated lipids in
YPD-grown cells (Figures 3D,E), which differs from previous
studies (Klose et al., 2012; Surma et al., 2013; Casanovas et al.,
2015) and which resembles lipid phenotypes observed only in
genetically modified S. cerevisiae with a disrupted fatty acid
desaturation (Pineau et al., 2009; Surma et al., 2013; Ballweg and
Ernst, 2017; Budin et al., 2018). The majority of these saturated
lipids contain a medium fatty acyl chain (C10:0 or C12:0)
paired with a second, long fatty acyl chain (C16:0 or C18:0).
Such asymmetric, saturated lipids at even higher abundancies
have been recently identified in Schizosaccharomyces japonicus
(Makarova et al., 2020). The length difference of the two acyl

chains may allow for an interdigitation of the acyl chains, which
increases lipid packing, whilst maintaining a fluid bilayer (Xu
and Huang, 1987; Schram and Thompson, 1995; Makarova et al.,
2020). This way, the asymmetric lipids can provide an alternative
handle to balance competing demands in the homeostasis of
physicochemical membrane properties, e.g., by maintaining
membrane barrier function whilst increasing membrane fluidity
(Lande et al., 1995; Schram and Thompson, 1995; Radanovi¢
et al., 2018). This may become very relevant under conditions
when medium-chain fatty acids accumulate in the cell and/or
when the desaturation of long-chain fatty acids via the fatty acid
desaturase Olel becomes limiting (Stukey et al., 1989; Ballweg
and Ernst, 2017). How precisely saturated, asymmetric lipids
provide a feedback to the production of unsaturated fatty acid
via the lipid saturation sensor Mga2 (Covino et al., 2016; Ballweg
et al,, 2020) is an interesting question for the future. Our finding
that asymmetric, saturated lipids can be observed at substantial
levels in S. cerevisiae suggests that such lipids may play a much
wider role than previously anticipated.

The machineries and mechanisms mediating a finely tuned
production of asymmetric lipids in S. cerevisiae and other
fungi are still unknown, but tracking the origin and fate of
medium chain fatty acids might help identifying them. Our
finding that saturated, asymmetric lipids are produced even
upon cultivation in fatty acid-free SCD medium (Figure 3G)
suggests that at least a significant portion of the esterified
medium chain fatty acids originate from de novo biosynthesis.
The fungal fatty acid synthase produces fatty acids of different
lengths determined by the cellular ratio of acetyl-CoA to
malonyl-CoA, which are used for priming and fatty acid
elongation (Sumper et al., 1969; Okuyama et al., 1979; Heil
et al., 2019). It is possible that a different product spectrum
of the fatty acid synthase contributes to the production and
abundance of asymmetric lipids in S. cerevisiae. Intriguingly,
a hyper-active mutation in the rate-limiting enzyme for
fatty acid biosynthesis leads to an increased production of
malony-CoA and increased average fatty acyl chain length
in glycerophospholipids (Hofbauer et al, 2014). In line
with previous reports (Makarova et al., 2020), we therefore
propose that the profile of de novo synthesized fatty acids
is a major determinant for the abundance of saturated,
asymmetric lipids.

Our finding that saturated, medium fatty acyl chain pair
almost exclusive with saturated, but not with the more
abundant unsaturated fatty acyl chains (Figures 3E-G), reveals
a remarkable, inherent selectivity in the biosynthesis and
metabolism of asymmetric lipids. It will be intriguing to learn
about the processes that contribute to this selectivity and to
dissect the contribution of fatty acid biosynthesis and activation,
acyl transferases, phospholipases, and substrate channeling
(Henry et al., 2012; Ernst et al, 2016; Patton-Vogt and de
Kroon, 2020). Because the key enzymes of lipid metabolism
and the principle mechanisms of membrane adaptivity are
conserved throughout evolution (Henry et al, 2012; Ernst
et al., 2016), it will be intriguing to test if similarly specific
mechanisms of acyl chain pairing are at work in organisms from
bacteria to humans.
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CONCLUSION

The UPR has been implicated in a wide array of pathologies
and is gaining increasing attention as a potential drug target
(Hetz et al., 2019). While the fatal consequences of prolonged
ER stress have been intensively studied (Tabas and Ron, 2011),
the molecular events that cause chronic UPR activation remain
poorly characterized. In the future, it will be crucial to develop
new tools and assays to better understand the signals that
perpetuate ER stress. Only quantitative information on the
ER load with unfolded proteins and on the composition of
the ER membrane during acute and prolonged ER stress can
unambiguously establish the relative importance of signals from
the ER lumen and the ER membrane. As a first step in this
direction, we have studied the impact of different media and
two UPR-activating, proteotoxic drugs on the cellular lipid
composition. Our data will provide an important reference
point for future endeavors, and has already proven useful
for highlighting possible connections between the cellular
growth rate, proteotoxic ER stress, and lipid metabolism.
Our finding that S. cerevisiae produces asymmetric lipids
with two saturated acyl chains of different lengths provides
evidence for a remarkable specificity in paring of saturated
fatty acyl chains.
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Supplementary Figure S1. Acute growth defect by UPR inducing drugs is predominantly a
consequence of proteotoxic stress independent of UPR activation. (A),(B) The data are replotted
from Figure 1E-F. Only a subset of data is represented with a particular focus on the period the cells
were either stressed by DTT (orange), TM (green) or left untreated (black). The first datapoint
corresponds to the moment of adding the proteotoxic drug. (C)-(H) The data are replotted from
Figure 1E-H to highlight the similar growth of BY4741 WT and irelA cells. The arrow indicates the
moment of adding the proteotoxic drug (6.7 h and 7.5 h in YPD and SCD, respectively). All data in

in this Figure are derived from a single, representative experiment.
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Supplementary Figure S2. Loadings plot of the entire dataset. (A) The loadings plots indicate the
contribution (loadings) of individual lipid species to the principle components 1 and 2 from

Figure 2B. For clarity, only membrane glycerolipids with two acyl chains were considered. The data
suggest low, negative loadings of most storage lipids (SL, blue squares), sphingolipids (gray
triangles) and ergosterol (orange hexagons) on principle component 1. In contrast, the majority of
membrane glycerophospholipids (green circles) have low, positive loadings on principle

component 1. (B),(C) The total amount of lipids (A) and the amount of storage lipids (B) quantified
from 1 OD unit of cells is plotted for different cells and media as indicated. The color code indicates
unstressed (gray), DTT-stressed (orange), and TM-stressed (green) cells.
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Supplementary Figure S3. The lipid composition of irelA cells in different media. A single
colony of irel A cells was used to inoculate a preculture in either minimal (SCD) or full (YPD)
medium. After overnight cultivation for 21 hours, a fresh culture was inoculated to an ODggo of 0.1.
When the cells reached an ODsoo of 0.80 + 0.05, they were cultivated for one more hour. 20 OD
equivalents of these cells were harvested and analyzed by lipid mass spectrometry. The data
represented by black and white bars relate to cells cultivated in full and minimal medium,
respectively. (A) Lipid class composition in mol% of all quantified lipids in the sample organized by
lipid categories. (B) Profile of PA lipids in mol% of the class. (C) Total length of lipids in a sub-
category of MGLs (PA, PC, PE, PI, PS, DAG). The total length is given as the sum of carbon atoms
in both fatty acyl chains in mol% of this sub-category. (D) Total number double bonds in a sub-
category of MGLs (PA, PC, PE, PI, PS, DAG) is given as the sum of double bonds in both acyl
chains and represented in mol% of this sub-category. (E) Profile of sphingolipids in mol% of this
category. (F) The difference in lipid class abundance in mol% between WT and irelA is both SCD
and YPD was determined and is plotted. The difference was calculated by subtracting the lipid class
abundance in WT cells from the abundance in ire/A under consideration of error propagation. The
least abundant species in each panel are omitted for clarity. Each bar represents the average + SD
from n = 3 independent experiments. Statistical significance was tested by an unpaired two-tailed t-
test using GraphPad Prism, *p<0.05, **p<0.01, ***p<0.001.
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A Impact of ER stress on lipid class composition of ire1A cells in full medium (YPD)
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Supplementary Figure S4. The impact of proteotoxic stress on the lipidome of irelA cells in full
medium. A single colony of irelA cells was used to inoculate a preculture in full (YPD) medium.
After overnight cultivation for 21 hours, a fresh culture was inoculated to an ODgoo of 0.1 and then
cultivated to an ODggo of 0.80 + 0.05. The cells were then either left untreated (white bars), stressed
by the addition of either with 8 mM DTT (black bars) or 1.0 pg/ml TM (gray bars). After one
additional hour of cultivation, 20 OD equivalents of these cells were harvested and analyzed by lipid
mass spectrometry. (A) Lipid class composition in mol% of all quantified lipids in the sample
organized by lipid categories. (B) The difference in lipid class abundance in stressed minus
unstressed cells highlights the impact of DTT (black) and TM (gray) on the cellular lipid composition
in full medium. The difference in abundance in mol% was calculated by subtracting the abundance in
unstressed cells from the abundance in either DTT- or TM-stressed cells under consideration of error
propagation. (C) Profile of PA lipids in mol% of the class. (D) Total length of lipids in a sub-
category of MGLs (PA, PC, PE, PI, PS, DAG). The total length is given as the sum of carbon atoms
in both fatty acyl chains in mol% of this sub-category. (E) Total number double bonds in a sub-
category of MGLs (PA, PC, PE, PI, PS, DAGQG) is given as the sum of double bonds in both acyl
chains and represented in mol% of this sub-category. (F) Profile of sphingolipids in mol% of this
category. The least abundant species are omitted for clarity. Each bar represents the average + SD
from n = 3 independent experiments. Statistical significance was tested by an unpaired two-tailed t-
test using GraphPad Prism, *p<0.05, **p<0.01, ***p<0.001.
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A Impact of ER stress on lipid class composition of ire1A cells in minimal medium (SCD)
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Supplementary Figure S5 The impact of proteotoxic stress on the lipidome of irelA cells in
minimal medium. A single colony of ire/A cells was used to inoculate a preculture in minimal
(SCD) medium. After overnight cultivation for 21 hours, a fresh culture was inoculated to an ODeoo
of 0.1 and then cultivated to an ODeoo of 0.80 & 0.05. The cells were then either left untreated (white
bars), stressed by the addition of either with 8 mM DTT (black bars) or 1.0 ug/ml TM (gray bars).
After one additional hour of cultivation, 20 OD equivalents of these cells were harvested and
analyzed by lipid mass spectrometry. (A) Lipid class composition in mol% of all quantified lipids in
the sample organized by lipid categories. (B) The difference in lipid class abundance in stressed
minus unstressed cells highlights the impact of DTT (black) and TM (gray) on the cellular lipid
composition in minimal medium. The difference in abundance in mol% was calculated by subtracting
the abundance in unstressed cells from the abundance in either DTT- or TM-stressed cells under
consideration of error propagation. (C) Profile of PA lipids in mol% of the class. (D) Total length of
lipids in a sub-category of MGLs (PA, PC, PE, PI, PS, DAG). The total length is given as the sum of
carbon atoms in both fatty acyl chains in mol% of this sub-category. (E) Total number double bonds
in a sub-category of MGLs (PA, PC, PE, PI, PS, DAG) is given as the sum of double bonds in both
acyl chains and represented in mol% of this sub-category. (F) Profile of sphingolipids in mol% of
this category. The least abundant species are omitted for clarity. Each bar represents the average +
SD from n = 3 independent experiments. Statistical significance was tested by an unpaired two-tailed
t-test using GraphPad Prism, *p<0.05, **p<0.01, ***p<0.001.
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MemPrep, a new technology for isolating organellar
membranes provides fingerprints of lipid

bilayer stress
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Abstract

Biological membranes have a stunning ability to adapt their com-
position in response to physiological stress and metabolic chal-
lenges. Little is known how such perturbations affect individual
organelles in eukaryotic cells. Pioneering work has provided
insights into the subcellular distribution of lipids in the yeast Sac-
charomyces cerevisiae, but the composition of the endoplasmic
reticulum (ER) membrane, which also crucially regulates lipid
metabolism and the unfolded protein response, remains insuffi-
ciently characterized. Here, we describe a method for purifying
organelle membranes from yeast, MemPrep. We demonstrate the
purity of our ER membrane preparations by proteomics, and
document the general utility of MemPrep by isolating vacuolar
membranes. Quantitative lipidomics establishes the lipid compo-
sition of the ER and the vacuolar membrane. Our findings provide a
baseline for studying membrane protein biogenesis and have
important implications for understanding the role of lipids in reg-
ulating the unfolded protein response (UPR). The combined pre-
parative and analytical MemPrep approach uncovers dynamic
remodeling of ER membranes in stressed cells and establishes
distinct molecular fingerprints of lipid bilayer stress.
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Introduction

Biological membranes are complex assemblies of lipids and
proteins. Their compositions and properties are dynamically

7, Charlotte Berhorst'?, Heike Stumpf"?, James P Séenz

12 Leonhard Starke?, Christian Klose?® Per Haberkant®, Henrik Hammarén (2 ¢,

8 Jochen Hub 3,

regulated in response to stress and as well as more subtle physical
and metabolic cues (Harayama and Riezman, 2018; Ernst et al,
2018). A prominent example is the homeoviscous adaptation,
where the lipid composition is adapted to temperature for
maintaining membrane fluidity and membrane phase behavior
(Sinensky, 1980; Ernst et al, 2016; Harayama and Riezman, 2018).
Even mammals, which maintain a constant body temperature, can
readily adjust their membrane composition in response to dietary
perturbation with major impact on collective bilayer properties
such as fluidity, thickness, surface charge or compressibility (Bigay
and Antonny, 2012; Levental et al, 2020). Eukaryotic cells face the
challenge of maintaining the properties of the plasma membrane
and several coexisting organelle membranes each featuring
characteristic lipid compositions as well as constantly exchanging
membrane material with other organelles. Despite recent advances
to manipulate and follow membrane properties (John Peter et al,
2022; Renne et al, 2022; Tsuchiya et al, 2023; preprint: Jiménez-
Rojo et al, 2022), we know little about how stressed cells coordinate
membrane adaptation between organelles whilst maintaining
organelle identity and functions.

The endoplasmic reticulum (ER) spans eukaryotic cells as a
continuous membrane network, including the nuclear envelope and
the peripheral ER consisting of flat cisternae and narrow tubules
(Phillips and Voeltz, 2016). It is a hotspot for lipid biosynthesis
(Zinser et al, 1991; Henry et al, 2012) and provides an entry site for
soluble and transmembrane proteins to the secretory pathway. The
flux of proteins and lipids through the secretory pathway is
controlled by the unfolded protein response (UPR) (Travers et al,
2000; Walter and Ron, 2011). When the protein folding capacity of
the ER is overwhelmed, the type I membrane protein Irel responds
to an increase in protein misfolding by multimerizing thereby
facilitating the association and activation of its cytosolic kinase/
RNase domains (Walter and Ron, 2011). The cleavage of the HACI
mRNA in Saccharomyces cerevisiae (from here on “yeast”) by the
activated RNase domain is the committed step for UPR activation
and leads to the formation of the Hacl transcription factor, which
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regulates hundreds of UPR target genes (Travers et al, 2000; Ho
et al, 2020). Once activated, the UPR lowers global protein
synthesis, whilst upregulating the ER-luminal folding machinery,
ER-associated protein degradation, and lipid biosynthesis enzymes
(Travers et al, 2000; Walter and Ron, 2011). Intriguingly, Irel can
also sense ER membrane aberrancies referred to as lipid bilayer
stress via a hydrophobic mismatch-based mechanism (Halbleib
et al, 2017). This responsiveness of the UPR to lipid bilayer stress is
evolutionarily conserved (Volmer et al, 2013; Hou et al, 2014; Ho
et al, 2018; Pérez-Marti et al, 2022). A diverse set of lipid metabolic
perturbations trigger the UPR: inositol depletion (Cox et al, 1997;
Promlek et al, 2011; Halbleib et al, 2017), increased lipid saturation
(Pineau et al, 2009; Surma et al, 2013), increased sterol levels (Feng
et al, 2003; Pineau et al, 2009), misregulated sphingolipid
metabolism (Han et al, 2010), and a disrupted conversion of
phosphatidylethanolamine (PE) to phosphatidylcholine (PC) (Thi-
bault et al, 2012; Ho et al, 2020; Ishiwata-Kimata et al, 2022). Even
prolonged proteotoxic stresses, misfolded membrane proteins, and
exhaustion of the culture medium have been associated with UPR
activation via this membrane-based mechanism (Promlek et al,
2011; Tran et al, 2019b; Vith et al, 2021; Ishiwata-Kimata et al,
2022). Little is known how these conditions of lipid bilayer stress
affect the molecular composition of the ER membrane.

Advances in quantitative lipidomics (Ejsing et al, 2009) have
provided deep insights into the flexibility and adaptation of the
cellular lipidome to various metabolic and physical stimuli in both
yeast and mammals (Klose et al, 2012; Casanovas et al, 2015;
Levental et al, 2020; Surma et al, 2021). However, unless these
analytical platforms are paired with powerful techniques for
isolating organellar membranes from stressed and unstressed cells,
they lack the subcellular resolution, which is essential to under-
stand how lipid metabolism is organized between organelles. Even
though tremendous and pioneering efforts have been invested in
characterizing organellar membranes from yeast (Zinser and
Daum, 1995; Schneiter et al, 1999; Klemm et al, 2009; Surma
et al, 2011; Reglinski et al, 2020), we still lack comprehensive and
quantitative information on the ER membrane. This is probably
due to the extensive membrane contact sites formed between the
ER and other organelles, making isolation technically challenging
(English and Voeltz, 2013; Scorrano et al, 2019).

Here, we describe a protocol for the isolation of highly enriched
organellar membranes, MemPrep. We demonstrate its utility by the
successful isolation of both ER and vacuolar membranes from yeast
and provide a molecular toolkit to make this method applicable to
other organelles. Using quantitative lipidomics, we reveal specific
characteristics of these membranes. In the ER, we observe a high
proportion of monounsaturated fatty acyl chains and a low level of
ergosterol. The vacuole membrane, on the other hand, is virtually
devoid of phosphatidic acid (PA). By analyzing the lipid
composition of the stressed ER, we establish molecular fingerprints
of lipid bilayer stress, provide evidence for a general contribution of
low membrane compressibility to UPR activation, and identify a
potential role of anionic lipids as negative regulators of the UPR.
Despite these common denominators, our data demonstrate that
lipid bilayer stress comes in different flavors provided by vastly
distinct lipid and protein compositions of the ER membrane. The
MemPrep approach sets the stage for a better understanding of the
organelle-specific membrane adaptations to metabolic, proteotoxic,
and physical stresses in the future.
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Results

Creation of a rapid and clean approach for yeast
organelle isolation, MemPrep

In the past, systematic organelle isolation from yeast has been
carried out predominantly by differential sedimentation and
density centrifugation (Zinser and Daum, 1995; Schneiter et al,
1999). Affinity purification methods that work well in mammalian
cells cannot be translated easily into yeast work, especially when the
organelle-of-interest forms extensive membrane contact sites
(Takamori et al, 2006; Klemm et al, 2009; Abu-Remaileh et al,
2017; Ray et al, 2020; Fasimoye et al, 2023). We sought to create a
versatile, yeast-specific affinity purification method, MemPrep, for
obtaining highly enriched organelle membrane fractions. We
reasoned that important aspects of MemPrep would be the capacity
to bind organellar membranes with high specificity and the ability
to release them selectively after intense washing. Hence, we
constructed a tagging cassette that can equip an open reading
frame in yeast with a sequence encoding for a C-terminal bait tag
comprising a myc epitope, a recognition site for the human
rhinovirus (HRV) 3C protease, and the 3xFLAG epitope (Fig. 1A).
Following proof of concept of the validity of MemPrep (see below)
and to enable our approach to be widely used by the yeast
community regardless of which organelle is of interest, we created a
systematic collection of strains in which every yeast protein is
tagged with the bait sequence (see some examples for each
organelle in Appendix Fig. S1A). To do this, we used the SWAp
Tag (SWAT) approach (Yofe et al, 2016; Meurer et al, 2018; Weill
et al, 2018) coupled with automated library creation strategies
(Tong and Boone, 2006; Weill et al, 2018). The library or any
individual strain is freely distributed.

MemPrep yields highly enriched ER membrane vesicles

To showcase MemPrep, we initially focused on the largest organelle
in the cell, the ER, which is a particularly challenging target. It
forms physical contact sites with almost every other membrane-
bound organelle (English and Voeltz, 2013), and previous attempts
to isolate ER membranes suffered from significant mitochondrial
contaminations (Schneiter et al, 1999; Reglinski et al, 2020). An
ideal bait protein should be a highly abundant transmembrane
protein, feature an accessible C-terminus, and localize exclusively
to a single organelle. Initially, we used Rtnl as a bait, which is a
structural determinant of the tubular ER. Rtn1 is a small (~33 kDa)
and highly abundant reticulon protein (~37,100 copies per cell),
which stabilizes membrane curvature in the tubular ER (Ghaem-
maghami et al, 2003; Voeltz et al, 2006). Rtnl has four predicted
transmembrane helices with both N- and C-terminus facing the
cytosol and a C-terminal amphipathic helix, which inserts into the
cytosolic leaflet of the ER membrane to generate a high
spontaneous membrane curvature (De Craene et al, 2006; Hu
et al, 2008).

Several experimental factors are important to ensure the
successful isolation of ER membranes (Fig. 1A): First, cells are
mechanically disrupted, thereby minimizing potential artifacts
from the ongoing lipid metabolism and ER stress that would occur
during the enzymatic digestion of the cell wall under reducing
conditions (Zinser and Daum, 1995). Second, after a differential

© The Author(s)
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centrifugation to obtain a crude microsome fraction, organellar
fragments were disrupted by sonication. This is because a major
fraction of the ER membrane surface forms physical contacts to
other organelles (Phillips and Voeltz, 2016), which would hamper
the subsequent ER isolation. We reasoned that large ER fragments
are more likely to contain such contact sites, while enough small ER
fragments might facilitate higher purity if membrane mixing can be
avoided. Third, we employ harsh washing conditions with urea-
containing buffers to remove peripherally attached proteins and to

© The Author(s)

destabilize membrane contact sites. Fourth, the isolated membrane
vesicles are selectively eluted from the affinity matrix thereby
providing a straightforward coupling to various mass spectrometry-
based analytical platforms following previous paradigms (Klemm
et al, 2009).

Enrichments of organellar membranes relies first on differential
centrifugation and only then on affinity purification. To decide on
the exact fraction best to utilize for membrane pulldowns, we

performed immunoblotting experiments after differential
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Figure 1. Immunoisolation of the ER via MemPrep.

(A) Schematic representation of the immunoisolation protocol. Cells are cultivated in SCDcompiete Mmedium and mechanically disrupted by vigorous shaking with zirconia/
glass beads. Differential centrifugation at 3234 x g, 12,000 x g, and 100,000 x g yields crude microsomes in the P100 fraction originating from different organelles. The
immunoisolation bait tag installed at the C-terminal end of Rtn1 is depicted in the inlay (myc-tag, human rhinovirus (HRV) 3C protease cleavage site, 3xFLAG tag).
Sonication segregates clustered vesicles and decreases the vesicle size. ER-derived vesicles are specifically captured by anti-FLAG antibodies bound to Protein G on
magnetic beads. After rigorous washing, the ER-derived vesicles are selectively eluted by cleaving the bait tag with the HRV3C protease (blue sectors). The eluted ER-
derived vesicles (red circles) are harvested and concentrated by ultracentrifugation. (B) Distribution of the indicated organellar markers in the fractions of a differential
centrifugation procedure: Supernatant after 3234 x g centrifugation (post nuclear supernatant, PNS), supernatant after 12,000 x g centrifugation (512), pellet after
12,000 x g centrifugation (P12), supernatant after 100,000 x g centrifugation (S100), pellet after 100,000 x g centrifugation (P100). Dpm1 and Kar2 are ER markers, the
40 kDa protein (40 kDa) is a marker for light microsomes (Zinser et al, 1991), Por1 is a marker of the outer mitochondrial membrane, Vac8 is a vacuolar marker, Ypt7 and
Pepl12 mark endosomes, and Gas1 serves as plasma membrane marker. In total, 7.8 pg total protein loaded per lane. (C) Overlay of fluorescence micrographs and
differential interference contrast images of cells expressing an ER-luminal marker (ER-sfGFP-HDEL) and fractions from immunoisolation. Intact cells (cells) show typical ER
staining. Mechanical cell disruption leads to fragmentation and release of intracellular membranous organelles (lysate). The crude microsomal fraction (P100) contains
aggregates of GFP-positive and GFP-negative vesicles (white arrowhead). Segregation by sonication yields more homogenous size distribution of vesicles (load). Individual
ER-luminal marker containing vesicles are bound to the surface of much larger magnetic beads (bind). Selective elution by protease cleavage releases vesicles from the
affinity matrix (eluate). Scale bar for all panels: 5um. (D) Immunoblot analysis of immunoisolation fractions for common organellar markers (ER endoplasmic reticulum,
micro light microsomal fraction, mito mitochondria, Golgi Golgi apparatus, vac vacuole, endo endosomal system, PM plasma membrane, pox peroxisomes). Overall, 0.2%
of each fraction loaded. (E) Untargeted protein mass spectrometry analysis showing enrichment of P100 and isolate fractions over whole-cell lysate. The enrichment of
proteins over the cell lysate (fold change) is based on uniquely annotated subcellular locations and provided for each biological replicate. The illustrated numbers

John Reinhard et al

represent the median enrichment for unique annotated genes from n = 3 biological replicates. Source data are available online for this figure.

centrifugation (Fig. 1B). Membrane markers for the ER (Dpml),
mitochondria (Porl), endosomes (Ypt7, Pepl2), the vacuole
(Vac8), and the plasma membrane (Gasl) were all enriched in
the pellets of a centrifugation at 12,000 x g (P12) and 100,000 x g
(P100), while the light microsomal 40 kDa protein (40 kDa) was
predominantly found in the P100 fraction (Fig. 1B). The marker for
the outer mitochondrial membrane (Porl) was significantly
enriched in PI2 relative to P100 (Fig. 1B). To minimize
contaminations from mitochondrial membranes we decided to
use the crude microsomal P100 fraction for isolating ER membrane
vesicles. By doing so, we discard a significant fraction of ER
membrane with the P12 fraction (Fig. 1B). We cannot formally rule
out the possibility that the discarded ER membrane vesicles in the
P12 fraction have a different composition than the rest of the ER,
which we subsequently isolate. The ER-luminal chaperone Kar2
was found both in the supernatant and the pellet after centrifuga-
tion at 100,000 x g (5100). This suggests that a significant portion of
ER-luminal content is released during cell disruption.

To ensure that our choice of P100 is optimal and to uncover the
extent of loss of ER-luminal proteins, we followed the entire
procedure from cell disruption to the elution of the isolated vesicles
in a control experiment using fluorescence microscopy. To this end,
we used cells expressing both an ER bait protein, but also an ER-
targeted, superfolder-GFP variant equipped with a HDEL sequence
for ER retrieval (Fig. 1C) (Lajoie et al, 2012). By following
the fluorescent ER-luminal marker, we realized that the crude
microsomal P100 fraction contains large clumps of GFP-positive
and GFP-negative vesicles (Fig. 1C; P100, white arrowhead). Due to
the loss of ER-luminal proteins, the GFP-negative vesicles could be
derived from the ER but may also be from other organelles. We
decided to reduce the size of the microsomes by sonication, which
also separated larger clumps of aggregated vesicles (Fig. 1A,C).

Sonication transiently disrupts lipid bilayers and can theoreti-
cally induce lipid mixing or a transient fusion of adjacent lipid
bilayers. Because this would obscure our measurement of the ER
membrane composition, we performed control experiments to rule
this out. We utilized small unilamellar vesicles of ~100nm
containing POPC, NBD-PE, and Rho-PE at a ratio of 98:1:1. The
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two fluorescent lipid analogs form a Forster resonance energy
transfer (FRET) pair (Appendix Fig. S1B). We sonicated these
synthetic liposomes in the presence of a ~15.4-fold excess of
microsomal membranes (P100) based on membrane phospholipid
content. Because fusion between the synthetic liposomes and
microsomal membranes would “dilute” the fluorescent lipid
analogs, a decrease of the relative FRET efficiency would be
expected upon membrane mixing or upon the exchange of
individual fluorescent lipid molecules. However, the 10 cycles of
sonication as used during MemPrep procedure for dissociating
vesicle aggregates do not lead to a significant change of the FRET
efficiency. Lower FRET efficiencies indicative for lipid exchange or
membrane fusion, was only observed after 100 cycles of sonication,
which also leads to sample warming, and upon incubation for
30 min at RT with either 18 mM methyl-B-cyclodextrin, which
facilitates lipid exchange, or with 40% w/v PEG 8000, which
supports membrane fusion (Appendix Fig. S1B) (Lentz, 1994;
Cheng et al, 2009). Expectedly, we observed a dramatic drop of the
relative FRET efficiency upon the addition of SDS, which dissolves
both the liposomal and microsomal membranes (Appendix
Fig. S1B). These data suggest that the sonication as used in the
MemPrep procedure does not cause a significant degree of
membrane mixing from fusion and/or lipid exchange.

After having optimized sample homogenization, we turned our
attention to the immunoisolation procedure. We decided on
magnetic dynabeads coated with Protein G and sparsely decorated
with anti-FLAG antibodies. Notably, the low density of antibodies
is required to lower avidity effects, which would impede the elution
of membrane vesicles from the matrix. The capturing of GFP-
positive, ER-derived vesicles to the affinity matrix was validated by
fluorescence microscopy (Fig. 1C, bind). After extensive washing
with 0.6 M urea-containing buffers, the isolated vesicles were eluted
by cleaving the bait tag (Fig. 1C; eluate) as validated by
immunoblotting using anti-myc antibodies (Fig. 1D; eluate). The
isolated membrane material was harvested and concentrated by
ultracentrifugation (264,360 x g, 2 h, 4°C) (Fig. 1A). Immunoblot-
ting demonstrated the co-purification of the bait (Rtn1) with other
ER membrane proteins (Dpml1, Sec61) (Fig. 1D), while most of the
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ER-luminal chaperone Kar2 is lost during the isolation. Remark-
ably, all markers for other organelles including the mitochondrial
marker Porl remained undetected in the final isolate (Fig. 1D).
Even the light microsomal marker 40 kDa protein (40 kDa), whose
subcellular localization is not fully established, is lost during the
preparation (Zinser et al, 1991). Hence, MemPrep yields highly
enriched ER membrane preparations. While previous approaches
for isolating organelles such as the Lyso-IP were optimized for
speed (Abu-Remaileh et al, 2017; Ray et al, 2020; Fasimoye et al,
2023), we established a technique that also allows for the elution of
the isolated membrane vesicles. This approach does not only
increase the purity of our preparation, it also provides a significant
advantage for coupling the isolation to analytical platforms such as
quantitative lipidomics, proteomics, or fluorescence spectroscopy.
Overall, the MemPrep procedure provides high purity of organelle-
derived membranes at the expense of low yields (83 mg protein in
the cell lysate yields ~30 ug of protein in the isolate via the Rtnl-
bait). Assuming the ER accounts for 20% of the total cell protein
(Zinser and Daum, 1995), we estimate that >99.8% of ER protein is
lost during the isolation.

Quantitative proteomics validates the performance of
MemPrep with distinct bait proteins

Demonstrating the loss of several specific organelle markers by
immunoblotting is often used as a “gold standard” for validating
organelle isolations, however, this validation is limited by the
detection sensitivity of the antibody as well as the specific
abundance of the organelle marker utilized. Hence, for a more
rigorous validation, we measured the level of cleanliness of our
preparations by TMT-multiplexed, untargeted protein mass
spectrometry (Fig. 1E). We also compared the enrichment of the
ER over the cell lysate with that of other organelles using a total of
1670 proteins uniquely annotated for cellular compartments with
gene ontology terms (GO terms) (Fig. 1E, Source Data file:
Fig. 1E_annotations). The mean enrichment of 213 ER-specific
proteins was 27.7-fold in the immuno-isolate over the cell lysate,
which is also consistent with semi-quantitative, immunoblotting
data (Appendix Fig. S1C). This quantitative approach revealed an
efficient depletion of cytosolic and nucleoplasmic proteins and a
strong enrichment over mitochondrial proteins, which represented
a major contaminant in microsome preparations in the past
(Schneiter et al, 1999; Reglinski et al, 2020). A moderate
enrichment of markers from other organelles of the endomembrane
system (Golgi apparatus, vacuole, etc.) was found as expected since
they pass through the ER on their route to their subcellular
destination and because the efficient removal of soluble proteins
alone causes an enrichment of organelle membrane markers. In line
with the procedure that is intended to enrich for the membrane
fraction, ER membrane proteins were substantially more enriched
than ER-luminal, soluble proteins or proteins from other organelles
(Appendix Fig. S1D). Only a few proteins annotated to other
organelles are enriched >20-fold over the lysate (Appendix
Fig. S1D) and for most of these there is evidence that they in fact
localize to the ER or the nuclear envelope, which is continuous
with the ER membrane. Hence, Osml, Yurl, Ist2, Ygr026w,
Pex30, Pex29, Slcl, Uip6, Brr6, and Shel0 were falsely annotated as
non-ER proteins (Appendix Fig. S1D). A dual localization
including the ER and another organelle has been reported for
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Osml, Yurl, Pex31, Slcl, Cst26, Svp26, Eptl, and Cbrl. Likewise,
there is evidence for an ER localization for the non-annotated
proteins Ybr096w, Gtal, Mscl, and HIjl. This suggests that
MemPrep and quantitative proteomics can even predict ER
membrane localization.

The ER forms an extended membrane network composed of
sheets and tubules. We assayed whether MemPrep is suitable to
isolate ER subdomains by an appropriate choice of the bait or if ER
membranes isolated by this approach are representative for the
“entire” ER membrane? To address this question, we compared the
isolates using the Rtnl-bait localizing to the tubular ER with those
using the Elo3-bait, which is enriched in the nuclear ER membrane
(Fig. EVIA). Quantitative proteomics reveals that fusing the bait
tag to either Rtnl or Elo3 has no impact on the overall cellular
proteome (Fig. EV1B) and that ER proteins can be enriched by
MemPrep using either of the two baits (Fig. EV1C,D) with an
estimated yield of 0.19% and 0.08% of the input material for the
Rtnl- and Elo3-bait, respectively. We included an additional
carbonate wash of the P100 microsomes prior to the immunoisola-
tion procedure to further decrease contaminations from soluble
proteins and to potentially increase the coverage of membrane
proteins in the subsequent proteomics experiment. A direct
comparison of the proteomes from the two isolates identified
stunningly few differences: While 3013 proteins were detected and
analyzed, only 12 proteins showed a >twofold difference between
Rtnl-bait and Elo3-bait-derived ER isolates (Fig. EV1E). This
suggests that MemPrep yields preparations, which rather represent
the “entire” ER membrane than a specific ER subdomain. Yet, we
cannot exclude that the portion of the ER that is lost/discarded
during the preparation may have a different composition. We
speculate that the harsh mechanical disruption of the cell, which is
required to break the cell wall, causes a fragmentation of the ER
network that disrupts lateral specializations. While we know from
our work with mammalian cells that ER subdomains can be isolated
via MemPrep, we are convinced that preparations representative of
the “entire” organelle membranes have practical advantages for
studying inter-organelle transport processes by lowering the
minimally required sample number for proteomics and lipidomics
experiments as indicated by first applications using the MemPrep
technology and variations thereof (Reinhard et al, 2023; preprint:
Koch et al, 2023).

The lipid composition of the ER

Previous attempts to establish the ER membrane lipid composition
in yeast were hampered by mitochondrial contaminations (Schnei-
ter et al, 1999; Reglinski et al, 2020). Having established the
isolation of ER-derived membranes via the Rtnl-bait, we were
interested in determining their lipid composition using quantitative
lipidomics (Fig. 2A-C). Compared to whole-cell lysates, the ER
membrane features (1) substantially lower levels of neutral storage
lipids (ergosterol esters (EEs) and triacylglycerols (TAGs)), (2)
significantly more diacylglycerol (DAG), PC and PE, but (3) less
phosphatidylinositol (PI) lipids. Notably, the same lipid composi-
tion was observed for ER membranes isolated via the Elo3-bait
(Fig. EV2A-C). Hence, the ER maintains a characteristic lipid
composition even though it readily exchanges membrane material
with other organelles (Wong et al, 2019). Remarkably, the level of
ergosterol in the ER (9.7 mol%) is barely distinct from the level in
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Figure 2. Lipid composition of the ER membrane of S. cerevisiae determined by MemPrep via Rtn1-bait.

SCDcomplete Medium was inoculated to an ODgqo of 0.1 using stationary overnight cultures of cells expressing the bait protein. Cells were cultivated to an ODgoo of 1.0,
harvested, frozen, stored, thawed, and then subjected to the MemPrep procedure. (A) Quantitative lipidomics reveals the lipid class composition given as mol% of all
identified lipids in the sample. Classes are categorized into sterol (Erg ergosterol), storage lipids (EE ergosteryl ester, TAG triacylglycerol), membrane glycerolipids (DAG
diacylglycerol, PA phosphatidic acid, PC phosphatidylcholine, PE phosphatidylethanolamine, Pl phosphatidylinositol, PS phosphatidylserine) (n = 4 biological replicates).
(B) Lipid class composition of rare membrane glycerolipids (CDP-DAG cytidine diphosphate diacylglycerol, PG phosphatidylglycerol, CL cardiolipin), lysolipids (LPC lyso-
phosphatidylcholine, LPE lyso-phosphatidylethanolamine, LPI lyso-phosphatidylinositol), and sphingolipids (Cer ceramide, IPC inositolphosphorylceramide, MIPC
mannosyl-IPC, M(IP),C mannosyl-di-IPC) given as mol% of all lipids in the sample (n = 4 biological replicates). (C) The total number of double bonds in membrane
glycerolipids except for CL (i.e. CDP-DAG, DAG, PA, PC, PE, PG, PI, PS) as mol% of this category (n = 4 biological replicates). % (D) Reproducibility of immuno-isolated ER
lipidome data shown as the correlation of mol% of sample values of all detected lipid species between replicate 1 and replicates 2-4. (E) Pearson correlation coefficients of
lipidomics data for all combinations of replicate samples. (F) Correlation of mol% of sample values of all detected lipid species from Rtn1-bait and Elo3-bait derived ER
membranes. Data information: Data from n = 4 biological replicates in (A-C) are presented as individual data points and as mean + SD. **P < 0.01, ***P < 0.001 (multiple t

tests, corrected for multiple comparisons using the method of Benjamini, Krieger, and Yekutieli, with Q =1%, without assuming consistent SD). Nonsignificant

comparisons are not highlighted. Source data for this figure are available online.

whole cells (10.5 mol%) (Fig. 2A) or in the trans-Golgi network/
endosome (TGN/E) system (9.8 mol%) (Klemm et al, 2009), but
much lower than in the plasma membrane (>44 mol%) (Surma
et al, 2011). Notably, the absence of a steep sterol gradient in the
early secretory pathway is not in conflict with previous studies
(Zinser et al, 1991, 1993) and has important implications for the
sorting of transmembrane proteins based on hydrophobic thickness
(Bretscher and Munro, 1993; Ridsdale et al, 2006; Herzig et al,
2012). Complex sphingolipids such as inositolphosphorylceramide
(IPC), mannosyl-IPC (MIPC), and mannosyl-di-(IP)C (M(IP),C)
are found, as expected, at a significantly lower level in the ER
(Figs. 2B and EV2B). While we cannot rule out that a minor
fraction of these lipids may originate from contaminating
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organelles, these data suggest a significant retrograde transport of
complex sphingolipids from the Golgi apparatus to the ER, likely
via COP-I vesicles together with ER-resident proteins bound to the
HDEL receptor (Aguilera-Romero et al, 2008). A closer look at the
fatty acyl chain composition of ER lipids reveals a particularly low
level (<5 mol%) of tightly packing, saturated lipids and a significant
enrichment of loosely packing, unsaturated lipids (Figs. 2C
and EV2C). Loose lipid packing and high membrane compressi-
bility are likely contributing to the remarkable ability of the ER to
accept and fold the entire diversity of transmembrane proteins
differing substantially in shape and hydrophobic thicknesses
(Sharpe et al, 2010; Quiroga et al, 2013; Lorent et al, 2020; Renne
and Ernst, 2023). Future work will be dedicated to quantifying also
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phosphoinositides such as phosphatidylinositol-4,5-bisphosphate
(PIP2), or phosphatidylinositol-3,4,5-triphosphate (PIP3).

In summary, our molecular analysis of the ER membrane reveals
surprising insights, which are nevertheless consistent with previous
findings and our current understanding of the properties and
functions of the ER. The robustness and reproducibility of our
MemPrep approach coupled to lipidomic platforms is demon-
strated by the remarkable correlation of lipid abundances reported
in four independent experiments with the Rtnl-bait (Fig. 2D,E) or
between the isolates using the Rtnl- and the Elo3-bait (Fig. 2F).

Stable lipid compositions after cell lysis contrasts ER
lipid remodeling in living cells

While our isolation process is shorter than many previously
employed methods for organelle purification, it still takes 8 h from
cell lysis to finish. Hence, we wanted to exclude that ongoing lipid
metabolism during the isolation procedure distorts the measured
lipid composition. Consequently, we performed a control experi-
ment in which we split a crude microsome preparation (P100) into
two equal samples. The first sample was directly snap-frozen in
liquid N, while the second one was frozen only after incubation at
4°C for 8 h. A comparison of the two samples revealed remarkably
similar lipid compositions (Appendix Fig. S2A-C). Only the low
abundant lyso-PC, lyso-PE, and lyso-PI lipids showed some
differences (Appendix Fig. S2B), suggesting a loss of lysolipids
over time, which is consistent with their role as intermediates of
lipid degradation (Harayama and Riezman, 2018). Hence, ongoing
lipid metabolism has only a minor impact on the cellular lipidome.

A molecular fingerprint of lipid bilayer stress during
inositol depletion

Having successfully coupled the MemPrep technology to quanti-
tative lipidomics, we turned our attention to the stressed ER. Lipid
bilayer stress is a collective term for aberrant ER membrane
compositions activating the UPR (Surma et al, 2013; Ho et al, 2018;
Radanovi¢ and Ernst, 2021). It is expected that an acute depletion
of inositol from the medium causes UPR activation without
triggering a substantial accumulation of misfolded proteins (Cox
et al, 1997; Promlek et al, 2011; Lajoie et al, 2012). We scored UPR
activity in stressed and unstressed cells by determining the relative
abundance of the spliced HACI mRNA (Fig. EV3A) and the mRNA
abundance of the UPR target genes PDII and KAR2 by RT-qPCR
(Fig. EV3B,C). Depletion of inositol from the medium, but not
supplementation with choline, triggered a robust UPR in both the
Rtnl-bait strain and the respective wild-type yeast (BY4741)
(Fig. EV3A-C). Hence, the bait tag attached to Rtnl does not
interfere with the ability of the cell to respond to lipid bilayer stress.
We then isolated ER membranes via the Rtnl-bait and performed
quantitative proteomics experiments. The ER membrane proteome
remains remarkably unperturbed by inositol depletion: only 12 out
of 2655 robustly detected proteins showed increased abundances in
ER isolates upon inositol depletion (Fig. 3A). Among these, we
found the myo-inositol transporter Itrl (Nikawa et al, 1993), the
glycerophosphoinositol permease Gitl (Patton-Vogt and Henry,
1998), and the soluble Inositol-3-phosphate synthase Inol (Hirsch
and Henry, 1986), known to be transcriptionally upregulated in
response to inositol depletion (Jesch et al, 2006).
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Our main goal was establishing a molecular fingerprint of lipid
bilayer stress in the ER (Fig. 3). Immuno-isolated ER membranes
revealed, somewhat unsurprisingly, that inositol depletion causes a
substantial drop of inositol-containing PI lipids in the ER (Fig. 3B)
accompanied by a drastic accumulation of CDP-DAG lipids, which
serve as direct precursors for PI synthesis via Pisl (Fig. 3C,D)
(Henry et al, 2012). Even the penultimate precursor of PI synthesis,
PA, accumulates in the ER upon inositol depletion (Fig. 3B) (Henry
et al, 2012). Inositol-containing sphingolipids, however, are not
depleted under this condition (Fig. 3C). This implies distinct rates
of PI and sphingolipid metabolism under this condition. Overall,
the molecular lipid fingerprint of the lipid bilayer stress caused by
inositol depletion is characterized by substantial changes in the
abundance of anionic lipids, PI in particular (Fig. 3B,C).

We further dissected the compositional changes of the ER
membrane lipidome upon inositol depletion at the level of the lipid
acyl chains and observed a minor, nonsignificant trend toward
more saturated glycerophospholipids (Fig. 3E). While these
changes are likely to fine-tune the physicochemical properties of
the ER membrane, it is unlikely that they alone are sufficient to
trigger the UPR by activating Irel (Halbleib et al, 2017). Hence, we
speculate that the overall reduction of anionic lipids might
contribute to lipid bilayer stress. Our data provide a quantitative
basis for studying the contribution of anionic lipids and collective
membrane properties to chronic ER stress in vitro after recon-
stituting UPR transducers in native-like membrane environments.

An increased PC-to-PE ratio does not cause lipid bilayer
stress in yeast

Increased cellular PC-to-PE ratios have been associated with chronic
ER stress in mammalian cells (Fu et al, 2011), while a decreased
production of PC from PE causes lipid bilayer stress in yeast (Thibault
et al, 2012; Ho et al, 2020; Ishiwata-Kimata et al, 2022). Because cells
cultivated in a synthetic medium and challenged with 2 mM choline
do not activate the UPR (Fig. EV3), we were interested in the ER
lipidome under this condition. We isolated ER membranes via the
Rtnl-bait and determined the resulting lipid composition (Appendix
Fig. S3A-C). Choline can be activated to CDP-choline and then
transferred onto diacylglycerol (DAG) to yield PC (Appendix Fig. S3D)
(Kennedy and Weiss, 1956). Expectedly, the ER of choline-challenged
cells features substantially higher levels of PC lipids at the expense of
PE and causes an increase of the PC-to-PE ratio from ~1.1 to ~2.4
(Appendix Fig. S3A). This increased PC-to-PE ratio in the ER of
choline-challenged cells is neither associated with changes in lipid
saturation (Appendix Fig. S3C) nor with UPR activation
(Fig. EV3A-C). Lipid metabolism and the PC-to-PE ratio may have
been more affected if different concentrations of choline and inositol
had been used (Hirsch and Henry, 1986; Gaspar et al, 2006).
Nevertheless, our data show that even a grossly increased PC-to-PE
ratio, which likely affects the lateral pressure profile and ER membrane
fluidity (van den Brink-van der Laan et al, 2004; Marsh, 2007;
Dawaliby et al, 2016) does not cause lipid bilayer stress in yeast.

Lipid bilayer stress caused by proteotoxic agents
Dithiothreitol (DTT) and Tunicamycin (TM)

Instances of acute proteotoxic stress disrupt protein folding in the
ER and activate the UPR without causing substantial alterations to
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Figure 3. Molecular fingerprints of lipid bilayer stress.

SCDcomplete Medium was inoculated with Rtni-bait cells to an ODgqo of 0.003 from an overnight pre-culture and grown to an ODggo of 1.2. Cells were washed with inositol-
free medium and then cultivated for an additional 2 h in either inositol-free (inositol depletion) or SCDcompiete Medium (control) starting with an ODgqo of 0.6. Note that
the culturing conditions for the unstressed control was different from that used to determine the steady-state ER lipid composition in Fig. 2. ER-derived membranes
were purified by differential centrifugation and immunoisolation and subsequently analyzed by TMT-labeling proteomics or quantitative shotgun lipidomics. (A) To
increase the proteomics coverage for membrane proteins, PI00 membranes were carbonate-washed before performing immunoisolation. Limma analysis of TMT-labeling
proteomics. Highlighted are proteins that are more abundant in ER samples upon lipid bilayer stress by inositol depletion (ER¥"-ino). (B) Lipid class composition given
as mol% of all lipids in the sample. Erg ergosterol, EE ergosteryl ester, TAG triacylglycerol, DAG diacylglycerol, PA phosphatidic acid, PC phosphatidylcholine, PE
phosphatidylethanolamine, Pl phosphatidylinositol, PS phosphatidylserine (n =3 biological replicates). (C) Class distribution of low abundant lipids CDP-DAG cytidine
diphosphate diacylglycerol, PG phosphatidylglycerol, CL cardiolipin, LPC lyso-phosphatidylcholine, LPE lyso-phosphatidylethanolamine, LPI lyso-phosphatidylinositol, Cer
ceramide, IPC inositolphosphorylceramide, MIPC mannosyl-IPC, M(IP),C mannosyl-di-IPC (n = 3 biological replicates). (D) Lipid metabolic pathway of Pl biogenesis. (E)
The total number of double bonds in membrane glycerolipids (except CL which has four acyl chains) as mol% of this category (n =3 biological replicates). Data
information: Data from n = 3 biological replicates in (A) are presented as the mean. We used the moderated t-test limma to test for differential enrichment. P values were
corrected for multiple testing with the method from Benjamini and Hochberg. The data from three biological replicates are presented as individual points in (B, C, E) and as
the mean  SD. ***P < 0.001 (multiple t tests, corrected for multiple comparisons using the method of Benjamini, Krieger, and Yekutieli, with Q = 1%, without assuming
consistent SD). Nonsignificant comparisons are not highlighted. Source data are available online for this figure.

cellular lipidomes (Reinhard et al, 2020). However, prolonged
proteotoxic stress triggers the UPR through a membrane-based
mechanism (Promlek et al, 2011; Vith et al, 2021), with the
underlying molecular basis remaining largely unexplored. Even
prolonged yeast cultivation without external stressors transiently
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triggers the UPR around the time of the diauxic shift (Tran et al,
2019a). To replicate these observations in our experimental context,
we investigated the impact of DTT, TM, and extended cultivation
on UPR activity (Fig. EV4). Cells exposed to 2 mM DTT or 1.5 pg/
ml TM for 4h exhibited potent UPR activity, as evidenced by
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increased mRNA abundance of spliced HACI, PDI1, and KAR2
compared to cells harvested before exposure to the proteotoxic
agents (Fig. EV4A-C; pre-stress). As expected, TM failed to induce
a UPR in irelA cells (Fig. EV4A-C). Prolonged cultivation in the
absence of proteotoxic agents triggered a mild UPR in both wild-
type yeast and the Rtnl-bait strain (Fig. EV4A-C).

We sought to understand how prolonged proteotoxic stress and
extended cultivation without external stressors affected the lipid
composition of wild-type and ireIA cells (Fig. 4A). Comprehensive
analyses revealed that DTT and TM have a remarkably similar
impact on the cellular lipid composition (Fig. 4A, see Source Data
for full dataset). Stressed cells, compared to exponentially growing
cells before the proteotoxic insult, showed elevated levels of PC,
DAG, ergosterol esters (EEs), and TAGs, but reduced levels of PE
and PI (Fig. 4A). If the increased levels of storage lipids reflect an
increased abundance in the ER membrane or a more intimate
interaction of the ER with lipid droplets, which accumulate under
ER stress (Stordeur et al, 2014; Garcia et al, 2021), remains to be
investigated.

Prolonged cultivation in the absence of supplemented proteo-
toxic agents also resulted in significant remodeling of the cellular
lipidome and much lower EE and PI levels compared to DTT- or
TM-treated cells (Fig. 4A; untreated versus TM or DTT). Because
standard SCD medium contains only 11 uM inositol and because
the BY4741 is particularly dependent on inositol for normal growth
(Hanscho et al, 2012) it is possible that prolonged cultivation of this
strain leads to a “natural” inositol depletion. The increased
abundances of precursors of PI biosynthesis, PA and CDP-DAG,
also point in this direction. While it is likely that the mildly reduced
levels of PI contribute to the membrane-based ER stress upon
prolonged DTT or TM treatments, our data suggest a more
complex remodeling of the cellular lipidome, which is distinct from
the effects of inositol depletion and prolonged cultivation. This
conclusion is corroborated by a principal component analysis of
whole-cell lipidomic data showing distinct clustering of the data
derived from pre-stressed, untreated, inositol-depleted, and the
DTT- or TM-stressed cells (Fig. 4B). Notably, irelA cells exhibited
nearly identical lipidomic changes as their wild-type counterparts
regardless of the treatment, and the respective data from wild-type
and irelA cells co-clustered in principal component analyses
(Fig. 4B). Thus, lipidome remodeling cannot be attributed to UPR
signaling in this context but may be involved in UPR induction
(Fig. EV4A-C). Instead, lipidome remodeling may be related to the
strong growth defect that is induced by both drugs (Reinhard et al,
2020).

Given our interest in the molecular basis of UPR activation by
lipid bilayer stress, we focused on the impact of prolonged DTT and
TM treatments on ER membrane composition. These treatments
trigger a robust UPR by a membrane-based mechanism
(Fig. EV4A-C) (Promlek et al, 2011; Vith et al, 2021) and induce
severe remodeling of the cellular lipidome (Fig. 4B). We aimed to
provide a quantitative description of the ER membrane composi-
tion from stressed cells, hoping it would facilitate a direct
comparison of different types of lipid bilayer stress and reveal
both commonalities and differences. Even though DTT and TM
have different modes of action, they have a remarkably similar
impact on ER membrane composition (Fig. 4D,E). The stressed ER
features a lower content of unsaturated membrane lipids (Fig. 4C)
and exhibits higher levels of storage lipids (EEs and TAGs)
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(Fig. 4D), possibly due to reduced growth rates (Reinhard et al,
2020) and increased fatty acid flux into storage lipids, or a gradual
depletion of lipid metabolites such as inositol from the medium
(Listenberger et al, 2003; Vevea et al, 2015; Henne et al, 2018;
Reinhard et al, 2020). The elevated levels of lipid metabolic
intermediates CDP-DAG and DAG in the stressed ER support both
possibilities (Fig. 4D,E). In fact, inositol depletion is a possible
contributor to the membrane-based activation of the UPR under
this condition. However, the most notable change was observed in
the abundant lipid classes PC and PE. In the unstressed ER, the PC-
to-PE ratio was 1.0, while the DTT- and TM-stressed ER featured
PC-to-PE ratios of 2.8 and 3.1, respectively (Fig. 4D). The UPR
transducer Irel is unlikely to be directly activated by increased PC-
to-PE ratios, as artificially increasing it by choline supplementation
to ~2.4 does not activate the UPR (Appendix Fig. S3A;
Fig. EV3A-C), whereas inositol depletion triggers the UPR without
perturbing the PC-to-PE ratio (Figs. 3B and EV3) (Fu et al, 2011;
Gao et al, 2015; Ho et al, 2020; Ishiwata-Kimata et al, 2022).
Instead, the ER membrane of DTT- and TM-stressed cells features
lower levels of negatively charged, inositol-containing lipids
(PI, LPI, IPC, MIPC), which is only partially compensated by
increased levels of PA and CDP-DAG (Fig. 4D,E). The molecular
fingerprints of lipid bilayer stress provide a crucial framework for
dissecting the modulatory role of anionic lipids in UPR activation
in the future.

Characterizing complex ER-like lipid mixtures in vitro
and in silico

Based on lipidomic data on isolated ER membranes and using
twelve commercially available lipids, we established ER-like lipid
compositions mimicking the stressed and unstressed ER (Appendix
Fig. S4A). For each condition, these mixtures match the lipid class
composition, the overall degree of lipid saturation, and the acyl
chain composition of each lipid class. We assessed the molecular
lipid packing density of these ER-like lipid mixtures in large
unilamellar vesicles (LUVs) using the solvatochromic probe
C-laurdan (Appendix Fig. S4B), which reports on water penetration
into the membrane (Kim et al, 2007). Liposomes mimicking the ER
upon inositol depletion featured higher generalized polarization
(GPs) values than those mimicking the unstressed ER and the ER
exposed to prolonged proteotoxic stresses. Hence, there is no
correlation between lipid packing in the water-membrane interface
as measured by C-laurdan (Appendix Fig. S4B) and UPR activity
(Figs. EV3 and EV4). This also means that lipid packing in this
region of the bilayer is not the dominant modulator of UPR
activity, which is consistent with the proposed hydrophobic
mismatch-based mechanism of Irel that predicts a contribution
of lipid packing across the entire lipid bilayer (Halbleib et al, 2017;
Covino et al, 2018). All-atom molecular dynamics (MD) simula-
tions revealed substantial differences between different ER-like
lipid bilayers and those composed solely of PC lipids in terms of
membrane thickness (Appendix Fig. S4D), lipid packing defects
(Appendix Fig. S4E), and free volume profile (Appendix Fig. S4F).
This highlights that PC-dominated membrane mixtures are not an
accurate mimic for the ER membrane. Compared to a lipid
composition mimicking the unstressed ER, the stressed ER
(induced by DTT/TM or inositol depletion) was significantly
thicker (Appendix Fig. S4D), aligning with the notion that
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Figure 4. ER stress induced by DTT and TM manifests in a distinct lipid fingerprint on the whole cell and ER level.

(A) SCDomplete medium was inoculated with BY4741 wild-type or AIRET cells to an ODgqo of 0.1 from an overnight pre-culture. Cells were grown to an ODg¢qo of 0.8 and
then stressed by the addition of either 2mM DTT or 1.5 ug/ml TM or left untreated for 4 h. The lipidome of whole cells was determined by quantitative shotgun mass
spectrometry. Mean abundance from three biologically independent replicates is shown as mol% of all lipid classes identified in the sample. Only classes with significant
changes are shown and clustered by their abundance pattern. Erg, PE, PA, PS are decreased in DTT- and TM-stressed cells. PC, DAG, EE are increased in stressed cells.
TAG increases in all three conditions (DTT/TM stress, untreated). Pl is slightly decreased in DTT- and TM-stressed cells and strongly decreased in untreated cells. (B)
Principal component analysis (PCA) of whole-cell lipidomics data from wild-type (BY4741, circles) and AIRET (triangles) cells. Cells were subjected to prolonged
proteotoxic stress by DTT or TM or left untreated. PCA includes whole-cell lipidomes of direct lipid bilayer stress by inositol depletion. Lipidomes of DTT and TM stress
cluster together, indicating a high degree of similarity. Lipidomes of untreated cells form a distinct cluster different from pre-stressed and DTT- or TM-stressed conditions.
Lipidomes of inositol depletion form a distinct cluster, the respective control condition is close to the pre-stress cluster. Cells for inositol depletion were grown as
described in Fig. 3. Interestingly, lipidomes of AIRET cells cluster with their respective wild-type counterparts, indicating little influence of UPR activity on the cellular
lipidome under these conditions. (C) Rtnl-bait cells were grown as described for (A). ER-derived membranes were purified by MemPrep and subsequently analyzed by
quantitative shotgun lipid mass spectrometry. Total number of double bonds in membrane glycerolipids (without CL) given as mol% of this category (n= 3 biological
replicates). (D) Lipid class distribution of sterol, storage lipids and abundant membrane glycerolipids in ER-derived vesicles from cells that were either challenged with
2 mM dithiothreitol (DTT) or 1.5 ug/ml TM for 4 h. The ER lipidome undergoes significant remodeling upon ER stress (n =3 biological replicates). (E) Lipid class
distribution of rare membrane glycerolipids, lysolipids, and sphingolipids (n = 3 biological replicates). Data information: Data from n = 3 biological replicates in (A) are
shown as the mean. Data from n =3 biological replicates in (C-E) are presented as individual data points and as the mean +SD. *P<0.05, **P < 0.01, ***P < 0.001
(multiple t tests, corrected for multiple comparisons using the method of Benjamini, Krieger, and Yekutieli, with Q = 1%, without assuming consistent SD). Nonsignificant
comparisons are not highlighted. Source data are available online for this figure.
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Irel senses lipid bilayer stress through a hydrophobic mismatch-
based mechanism (Halbleib et al, 2017; Covino et al, 2018). A
particularly intriguing difference between stressed and unstressed
ER-like mixtures was the distinct distribution of positive and
negative charges in the water-membrane interface (Appendix
Fig. S4G) reflecting the different abundance of anionic lipids in
the stressed ER (Fig. EV4D; Appendix Fig. S4C). These observa-
tions suggest that membrane thickness and membrane compres-
sibility regulate the activity of the UPR and identify anionic lipids
as  potential modulators. The underlying
however, remain to be dissected by in vitro experiments. Beyond
that, our lipidomic data on the stressed and unstressed ER do
not only establish lipid fingerprints of the stressed ER, but also
provide a resource for studying the structure, folding, and function
of ER membrane proteins in more realistic membrane
environments.

mechanisms,

DTT and TM have similar yet distinct impact on the
ER proteome

Next, we were interested in the repercussions of prolonged
proteotoxic stress on the ER proteome. To this end, we isolated
ER membranes stressed and unstressed cells for a
quantitative analysis via untargeted proteomics. Prior to subjecting
microsomal membranes to the immunoisolation procedure, we
washed the microsomes with sodium carbonate to remove loosely
attached peripheral proteins and contaminating cytosolic proteins
even more efficiently. Membrane contact sites are remodeled
during ER stress in both yeast and mammalian cells (Vevea et al,
2015; Liu et al, 2017; Kwak et al, 2020; Liao et al, 2022). To exclude
that any of the observed proteomic changes are due to increased
contaminations with other organelles, we first assessed the impact
of DTT and TM on the quality of our ER preparations by
immunoblotting.  Expectedly, the GPI-anchored cell wall
protein Gasl accumulates as a ~105kDa precursor in the ER of
TM-stressed cells, but not in the ER or DTT-stressed cells
(Fig. EV5A) (Fankhauser and Conzelmann, 1991; Wang et al,
2024). The purity of the ER isolations was assessed by determining
the enrichment of marker proteins for the ER, the vacuole,
mitochondria, and endosomes (Fig. EV5A-C). While the Rtn1-bait
and the ER membrane protein Dpm1 were several-fold enriched in
the immunoisolation step starting from microsomes, the markers
for the vacuole (Vphl), mitochondria (Porl), and endosomes
(Pep12) were depleted relative to the microsomal P100 fraction
(Fig. EV5A-C). Hence, MemPrep allows for the isolation of both
the unstressed and the stressed ER.

Using untargeted, quantitative proteomics on ER isolates a total
of 2952 proteins were robustly detected in three biological
replicates of both the stressed and unstressed ER. Prolonged
proteotoxic stresses cause a major remodeling of the ER proteome
that involves hundreds of proteins (Fig. 5A,B). Notably, this is in
stark contrast to inositol depletion, which affects the abundance of
only a few proteins in the ER (Fig. 3A).

Globally, the ER proteomes of DTT- and TM-stressed cells are
similar to each other (Pearson correlation coefficient r=0.82,
Fig. EV5D). Canonical UPR targets, including ER-luminal (co-)
chaperones Kar2, Sill, and Lhsl, proteins involved in disulfide
bridge formation Eugl and Erol, and the lipid metabolic enzyme
Inol were upregulated in the stressed ER (Fig. 5A,B) (Travers et al,

from
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20005 Jesch et al, 2006). The increased abundance of various lipid
metabolic enzymes such as Plbl, PIb3, and Cld1 for acyl chain
remodeling may contribute to the lipidomic changes observed for
the stressed ER and reflect, at least in part, homeostatic responses
to maintain ER membrane function upon stress (Renne et al, 2015).
Furthermore, major reorganizations of the secretory pathway in
response to both DTT- and TM treatments can be inferred from the
ER accumulation of the HDEL receptor Erd2 and crucial
components of the COP-I (Emp46, and Slyl) and COP-II (Ret2)
machinery.

To functionally annotate the complex proteomic changes, we
determined the enrichment of gene ontology terms (GO terms) in
all upregulated proteins (Fig. 5C). While DTT seems to act more
prominently on vesicular transport and autophagic processes
(regulation of macroautophagy) (Fig. 5C), TM affects more
selectively hydrolytic enzymes and carbohydrate-related metabolic
processes thereby leading to an aberrant ER accumulation of
vacuolar proteins and cell wall proteins. This can be expected
because TM is crucial for the maturation of N-glycosylated proteins
and GPI-anchored proteins. To further investigate the differences
of DTT- and TM-induced changes of ER proteomes, we performed
K-means clustering of the proteomic data (Fig. EV5D). The analysis
of GO term enrichments for the individual clusters revealed a small
group of proteins that were accumulated in the DTT-stressed ER
but depleted in the ER from TM-stressed cells (Fig. EV5D,E, cluster
2). These proteins are involved in copper and iron transport (Fre7,
Ctrl, and Frel), which is interesting because iron affects the
clustering propensity of Irel and the amplitude of UPR signaling
(Cohen et al, 2017).

Taken together, our proteomics data suggest that DTT and TM
treatments induce globally similar, yet qualitatively distinct forms
of stress, which are reflected in distinct ER proteomes. Both forms
of ER stress cause an accumulation of non-ER proteins in the ER,
whose contribution to UPR activation remains to be systematically
investigated.

Different forms of lipid bilayer stress leave different
marks in the lipid acyl chain region

Prolonged proteotoxic stress and inositol depletion exert discrete
effects on the ER proteome (Figs. 3A and 5A,B) and the lipid class
composition in the ER (Figs. 3A,B and 4C-E). These discrete effects
also extend to the lipid acyl chains (Appendix Fig. S5). Upon
inositol depletion, a nuanced shift toward shorter and more
saturated acyl chains is observed across major glycerophospholipid
classes (Appendix Fig. S5A). This contrasts with the impact of an
increased PC-to-PE ratio enforced by choline supplementation,
which barely leaves any marks in the lipid acyl chain composition
(Appendix Fig. S5B). Moreover, prolonged proteotoxic stress
induced by DTT or TM elicits distinctive impacts on the
composition of lipid acyl chains (Appendix Fig. S5C,D). In this
context, the acyl chains demonstrate a tendency throughout most
lipid classes to become slightly longer and more saturated.
Collectively, these observations underscore the notion that different
forms of lipid bilayer stress are based on unique molecular
signatures despite having common denominators. Consequently,
targeted perturbations in lipid metabolism designed to ameliorate
specific types of lipid bilayer stress may prove detrimental in other
metabolic contexts.
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Figure 5. The proteome of the ER under conditions of prolonged proteotoxic stress.

ER-derived vesicles were isolated by MemPrep and subsequently analyzed by untargeted proteomics. An additional sodium carbonate wash step was performed on P100
to remove soluble proteins from the membrane preparation. (A) Limma analysis identified proteins that are accumulating in ER preparations after prolonged DTT-induced
stress (top right quadrant of volcano plot). Proteins that are discussed in the text are indicated. The enrichment of proteins in preparations of the stressed ER membrane
was considered significantly when they were at least twofold enriched compared to their abundance in pre-stress conditions with a P value < 0.01 (n = 3 biological

replicates). (B) Limma analysis showing proteins that are accumulating in the ER upon prolonged TM-induced ER stress (top right quadrant of volcano plot). All proteins
discussed in the text are labeled. The enrichment of proteins in the preparations of the stressed ER was considered significant when they were enriched at least twofold
compared to their abundance in pre-stress conditions with a P value < 0.01 (n = 3 biological replicates). (C) Enriched gene ontology terms (GO terms) in the list of

enriched proteins. GO terms are grouped by categories, FDR <1% (n = 3 biological replicates). Data information: Data in (A, B) are presented as the mean from three
biological replicates. We used the moderated t-test limma to test for differential enrichment. P values were corrected for multiple testing with the method from Benjamini
and Hochberg. Data in (C) presented as mean from three biological replicates. P values were derived from a Fisher-test and corrected for multiple testing with the method

of Benjamini and Hochberg. Source data are available online for this figure.

Demonstrating the broad applicability of MemPrep on
vacuolar membranes

While MemPrep was initially designed and optimized for the
isolation of ER membranes, our objective was to develop its
applicability for isolating membranes from various organelles. This
versatility was validated by successfully isolating vacuolar mem-
branes (Fig. 6A,B). Given that the vacuole receives membrane
material via the secretory pathway, endocytosis, macroautophagy,
lipophagy, and direct lipid transfer, it was unclear what the lipid
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composition of the vacuole would be even though its lipid
composition has been partially addressed before (Schneiter et al,
1999; Gonzalez Montoro et al, 2018).

To investigate the lipid composition of the vacuole, we utilized a
bait-tagged variant of Vphl, a subunit of the abundant ATP-driven
proton pump in the vacuole. Employing the same procedures as for
the ER isolation but with increased starting material, we conducted
the subcellular fractionation (Appendix Fig. S6A) and immunoi-
solation (Fig. 6A). Immunoblot analysis of the final isolate
confirmed the presence of two vacuolar membrane proteins (the

© The Author(s)
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Vphl-bait and the palmitoylated Vac8), while markers for other
organelles remained undetectable, underscoring the broad applic-
ability of MemPrep for organelle membrane isolation (Fig. 6A).
Untargeted proteomics robustly detected 3264 proteins in all
three biological replicates and revealed a >20-fold enrichment of
many annotated vacuolar proteins (both soluble and membrane
proteins) in the final isolate (Fig. 6B). Only a few proteins

© The Author(s)

annotated to other organelles were enriched >20-fold in the final
isolate (Appendix Fig. S6B). Apart from Sysl, which is well-
characterized as membrane protein in the Golgi apparatus, all other
proteins (Adpl, the uncharacterized Ypr003c, Sygl, Fet5, and Tull)
have previously been observed to localize to the vacuole, affirming
the accuracy of our isolation method (Breker et al, 2013, 2014; Yofe
et al, 2016; Weill et al, 2018). More specifically, the iron oxidase

The EMBO Journal 13

173

99/ Z6P:SBSHRS89:00SE: [9€:88€8:T0RT dI WO $70T ‘S| YoTe U0 S10°ssardoquuia mamm,//:sdpy woly papeojumo



Appendix

The EMBO Journal

Figure 6. Lipid composition after MemPrep of the vacuolar membrane.

(A) Immunoblot analysis of fractions after immunoisolation via a vacuolar bait protein (Vph1-bait). Common organellar markers are shown: ER, endoplasmic reticulum
(Dpm1 and Kar2); micro, microsomal fraction (40 kDa); mito, mitochondria (Por1); vac, vacuole (Vac8); endo, endosomal system (Ypt7 and Pep12); PM, plasma
membrane (Gas1 and Pdr5); pox, peroxisomes (Pcs60 and Pex14). 0.2% of each fraction loaded per lane. (B) Untargeted protein mass spectrometry analysis showing
enrichment of P100 and isolate fractions over whole-cell lysate. The enrichment of proteins over the cell lysate (fold change) is based on uniquely annotated subcellular
locations and provided for each of n =3 biological replicates. The illustrated numbers represent the median enrichment for each biological replicate. (C) Lipid class
composition given as mol% of all lipids in the sample. Classes are categorized into sterol (Erg ergosterol), storage lipids (EE ergosteryl ester, TAG triacylglycerol),
membrane glycerolipids (DAG diacylglycerol, PA phosphatidic acid, PC phosphatidylcholine, PE phosphatidylethanolamine, Pl phosphatidylinositol, PS phosphatidylserine).
Whole-cell lipid data are identical with the data presented in Fig. 2A,B (n = 4 biological replicates for whole cell; n = 3 biological replicates for vacuole"”"). (D)
Continuation of lipid class composition given as mol% of all lipids in the sample. Classes are categorized into rare membrane glycerolipids (CDP-DAG cytidine
diphosphate diacylglycerol, PG phosphatidylglycerol, CL cardiolipin), lysolipids (LPC lyso-phosphatidylcholine, LPE lyso-phosphatidylethanolamine, LPI lyso-
phosphatidylinositol) and sphingolipids (Cer ceramide, IPC inositolphosphorylceramide, MIPC mannosyl-IPC, M(IP),C mannosyl-di-IPC). Whole-cell lipid data are identical
with the data presented in Fig. 2B. Data information: Data in (B) are presented as the median enrichment of uniquely annotated genes for n = 3 biological replicates. Data
in (C, D) are presented as individual data points and the mean + SD. **P < 0.01, ***P < 0.001 (multiple t tests, corrected for multiple comparisons using the method of
Benjamini, Krieger, and Yekutieli, with Q = 1%, without assuming consistent SD). Nonsignificant comparisons are not highlighted. Source data are available online for this
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figure.

Fet5 was demonstrated to reside in the vacuole (Urbanowski and
Piper, 1999), while Tull is part of the yeast Dsc E3 ubiquitin ligase
complex that localizes, depending on its exact composition, to the
Golgi apparatus, endosomes, or the vacuole (Yang et al, 2018).
These observations collectively support the conclusion that the
MemPrep procedure can yield highly pure vacuole membranes.

Further analysis through shotgun lipidomics unveiled substan-
tial differences in lipid composition between vacuolar membranes
and whole-cell lysate (Fig. 6C,D), as well as the plasma membrane
(Surma et al, 2011). Noteworthy similarities with the ER, such as
the abundance of PC, PI, and complex sphingolipids, were observed
(Appendix Fig. S6C,D). However, distinct features included
significantly higher levels of ergosterol and DAGs in the vacuole
membrane, as well as an almost complete absence of PA lipids
(Appendix Fig. S6C). These findings align with previous studies
using alternative protocols for vacuole isolation (Gonzalez Montoro
et al, 2018; Kim and Budin, 2024) and our own work utilizing
Mam3 as an alternative bait protein (Reinhard et al, 2023).

In line with its function of the vacuole as a lipid-degrading
organelle, elevated levels of lysolipids (LPC, LPE, and LPI) were
detected in the vacuole compared to the ER membrane (Appendix
Fig. $6D). In addition, the lipid fatty acyl chains are more saturated
in the vacuole compared to the ER membrane (Appendix Fig. S6E).
These findings underscore the remarkable versatility of the
MemPrep immunoisolation procedure and its suitability for
organellar lipidomics.

Discussion

Understanding the homeostasis and adaptation of organellar
membranes to metabolic perturbation and cellular stress is one of
the key challenges in membrane biology. We developed MemPrep
for the isolation of organellar membranes and a quantitative
characterization of their composition. The versatility of this
approach is demonstrated by the immunoisolation of membrane
vesicles from two organelles in yeast: the ER and the vacuole. Using
state-of-the-art lipidomics we provide a comprehensive, molecular
description of their membrane composition and establish a baseline
for dissecting the role of lipids in transmembrane protein folding,
trafficking, and function. Atomistic molecular dynamics (MD)

simulations highlight the difference between ER-mimetic
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membranes and PC-based lipid bilayers with respect to membrane
thickness, lipid packing, the free volume profile, and surface charge
distribution (Appendix Fig. S4C-G). The biochemical reconstitu-
tion of ER proteins in more realistic membrane environments is
now feasible and will become particularly relevant for the
characterization of membrane property sensors and the machi-
neries that insert and extract membrane proteins into and out of
the ER, respectively (Covino et al, 2018; Wu and Rapoport, 2021).

MemPrep overcomes the challenges associated with extensive
membrane contact sites for purifying organelle membranes. In
contrast to recent strategies optimized for a rapid precipitation of
organelles from yeast and mammalian cells (Liao et al, 2018; Melero
et al, 2018; Ray et al, 2020; Higuchi-Sanabria et al, 2020), MemPrep
maximizes purity at the expense of low yields and provides full
access to the eluted membrane vesicles for a straightforward
coupling to quantitative, analytical platforms. Using the Rtnl-bait,
MemPrep facilitates a mean enrichment of 27.7 for over 213 tested
ER-resident proteins. This is remarkable, because even a sevenfold
enrichment over the cell lysate has been considered as sufficient or
even optimal in the past (Zinser and Daum, 1995). While we
cannot rule out the possibility that certain lipids redistribute during
cell disruption and organelle isolation, our proteomic and lipidomic
data identify organelle-specific compositions that exclude a global
mixing of organelle membranes or a broad equilibration of lipids
during these procedures. Nevertheless, lateral specializations of the
ER membrane such as sheets and tubules collapse during the
preparation, as isolates via the Rtnl-bait and the Elo3-bait feature
almost identical proteomes (Fig. EV1) and lipidomes (Fig. EV2).
Based on these observations, we think that MemPrep reports rather
on the “global” ER membrane composition, whereas ER sub-
compartments in vivo may establish local, specialized
compositions.

Quantitative lipidomics demonstrates that the ER membrane
has a remarkably high content of unsaturated fatty acyl chains
(~74 mol%) and a low level of ergosterol (9.7 mol%). The resulting
low degree of lipid packing is a crucial determinant of ER identity
and renders it highly compressible (Bigay and Antonny, 2012;
Holthuis and Menon, 2014; Renne and Ernst, 2023). Lipid packing
in the ER membrane is continuously monitored by lipid saturation
sensors (Covino et al, 2016; Ballweg et al, 2020) and actively
maintained by the OLE pathway that regulates the production of
unsaturated fatty acids and sterols (Hoppe et al, 2000; Rice et al,
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2010). Maintaining ER membrane compressibility, on the other
hand, is important to facilitate the insertion and folding of
membrane proteins that differ substantially in their hydrophobic
thicknesses and surface roughness depending on their subcellular
distribution along the secretory pathway (Sharpe et al, 2010;
Quiroga et al, 2013; Lorent et al, 2017, 2020). The machineries that
insert and remove membrane proteins into and from the ER,
respectively, induce a local membrane thinning, presumably to
lower the energy barrier for insertion and extraction (Wu and
Rapoport, 2021). Consequently, aberrantly high sterol levels or
increased lipid saturation inhibit the insertion of transmembrane
proteins in model membranes, the mammalian ER, and bacterial
membranes (Nilsson et al, 2001; Brambillasca et al, 2005; Kamel
et al, 2022). Therefore, it comes as no surprise that the
compressibility and thickness of the ER membrane is continuously
monitored by the UPR for regulating the relative rate of protein and
lipid biosynthesis (Halbleib et al, 2017; Schuck et al, 2009; Covino
et al, 2018).

Our lipidomic data are fully consistent with a gradual increase of
lipid saturation along the secretory pathway (Van Meer et al, 2008;
Bigay and Antonny, 2012), thereby complementing previous work on
the composition of the trans-Golgi network/endosomal (TGN/E)
system, secretory vesicles, and the plasma membrane in yeast (Klemm
et al, 2009; Surma et al, 2011). Likewise, the ergosterol level of 9.7 mol
% in the yeast ER membrane is consistent with previous estimations
(Zinser and Daum, 1995; Schneiter et al, 1999; Van Meer et al, 2008)
and parallels findings in mammalian cells, for which a resting
cholesterol level in the ER between 7 and 8 mol% has been reported
along with a switch-like regulation of sterol response element binding
protein (SREBP) processing, when the level of cholesterol drops below
5mol% in the ER (Radhakrishnan et al, 2008; Sokoya et al, 2022).
From a cell biological viewpoint, our data suggest that the sterol
gradient along the secretory pathway is rather flat from the ER
(9.7 mol%) to the TGN/E system (9.8 mol%) (Klemm et al, 2009). If
this is indeed the case, our findings support the view that active
transport of sterols by lipid transfer proteins (Mesmin et al, 2013) aids
lipid and protein sorting at the level of the TGN (Klemm et al, 2009).
A flat sterol gradient in the early secretory pathway and a step-wise
increase at the level of the TGN has important implications for the
sorting of transmembrane proteins (Sharpe et al, 2010; Herzig et al,
2012; Quiroga et al, 2013; Lorent et al, 2017) and is consistent with
recent models that favor sterol-enriched vesicular carriers (Borgese,
2016) or sterol-based, selective diffusion barriers for membrane
proteins in the early secretory pathway (Weigel et al, 2021). This
would be reminiscent of ceramide-based diffusion barriers for
membrane proteins in the ER of dividing cells, which limits the
access for ‘old’, potentially damaged membrane proteins to the
daughter cell (Clay et al, 2014; Megyeri et al, 2019). Significant levels of
complex sphingolipids in the ER, on the other hand, have previously
been observed and are not surprising, even though the de novo
biosynthesis of these lipids occurs in the Golgi apparatus (Hechtberger
et al, 1994; Schneiter et al, 1999) (Fig. 2B). In fact, complex
sphingolipids can be transported to the ER at substantial rates, in part
for their degradation to ceramide by the phospholipase Iscl in the
context of a sphingolipid salvage pathway (Matmati and Hannun,
2008).

The lipid composition of the vacuole is vastly distinct from that
of the plasma membrane (Surma et al, 2011) despite a substantial
intake of membrane material via the endocytic route (Wendland
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et al, 1998). The vacuolar membrane is also distinct from the ER
membrane both in terms of lipid saturation (71 mol% unsaturated
lipid acyl chains) and sterol content (11.7 mol%). It is possible that
a tighter lipid packing in the vacuole membrane is required to
reduce membrane permeability and to support vacuolar acidifica-
tion. Most strikingly, however, is the near complete absence of PA
lipids in the vacuole membrane (Fig. 6C), which is consistent with
recent observations using alternative means of organelle isolation
(Gonzélez Montoro et al, 2018; Kim and Budin, 2024). Intriguingly,
PA lipids are important signaling molecules in the ER membrane
that regulate lipid biosynthesis by sensing the cytosolic pH, which
in turn is crucially regulated by the vacuolar proton pump (Young
et al, 2010; Hofbauer et al, 2018). The higher level of lysolipids
observed in vacuolar versus ER membranes is consistent with the
role of the vacuole as a lipid-degrading organelle (Henry et al,
2012). Notably, due to the large head-to-tail volume ratio, lysolipids
exhibit large positive intrinsic curvature that would favor the
formation of membrane defects (Ting et al, 2018). Hence, the high
levels of the negatively curved DAG may be required to counter-
balance undesired effects from lysolipids on membrane stability.

We have established and employed MemPrep to identify
molecular fingerprints of lipid bilayer stress. While lipid metabolic
changes of the ER membrane have been firmly associated with
chronic ER stress (Hotamisligil, 2010), the underlying molecular
changes remain understudied. We show that distinct conditions of
lipid bilayer stress, namely inositol depletion and prolonged
proteotoxic stresses, are associated with significant changes of the
ER composition (Figs. 3 and 4) and identify an increased
of the
membrane-based UPR activation (Appendix Fig. $4D). This is in
line with the prevailing model that Irel senses lipid bilayer stress
via a hydrophobic mismatch-based mechanism (Halbleib et al,
2017). Our unbiased approach provides the surprising insight that a
reduced abundance of anionic lipids in the ER membrane correlates
with UPR activation. A general role of negatively charged lipids as
attenuators of the UPR would have important physiological
implications, because the level of PI and other anionic lipids
change substantially in different growth stages (Casanovas et al,
2015). In fact, the availability of inositol is limiting for optimal
growth of the commonly used strain BY4741 (Hanscho et al, 2012)
and its prolonged cultivation in synthetic medium containing only
11 uM causes UPR activation even in the absence of exogenous
stressors (Fig. EV4) when the cellular level of anionic PI lipids is
low (Fig. 4A). Integrating information on the membrane composi-
tion and properties, either directly or indirectly, is crucial for Irel
to orchestrate membrane biogenesis by balancing the production of
proteins and lipids in different stages of growth (Covino et al,
2018). Now, it is possible to study the role of anionic lipids on Irel
oligomerization by systematic reconstitution experiments using
realistic membrane environments.

MemPrep also facilitates a direct comparison of different forms
of lipid bilayer stress on the level of the proteome. Inositol
depletion affects the abundance of only a handful of proteins,
which are involved in handling either inositol or inositol-
containing lipids (Fig. 3A). In stark contrast, DTT and TM cause
a broader and more complex remodeling of the ER proteome
(Figs. 5 and EV5D,E). This is not surprising as these potent
proteotoxic agents can rapidly trigger the UPR and maintain UPR
activity upon prolonged treatments via a membrane-based

membrane thickness as a common denominator

The EMBO Journal 15

175

99/ Z6P:SBSHRS89:00SE: [9€:88€8:T0RT dI WO $70T ‘S| YoTe U0 S10°ssardoquuia mamm,//:sdpy woly papeojumo



Appendix

The EMBO Journal

mechanism (Promlek et al, 2011; Vith et al, 2021). Many proteins
accumulating in the ER of DTT- or TM-stressed cells are known
UPR targets, including ER chaperones, oxidoreductases, and lipid
metabolic enzymes (Figs. 5 and EV5) (Travers et al, 2000; Jesch
et al, 2006). While this accumulation likely reflects the duration of
UPR activity, our proteomic analyses of the stressed ER are in line
with the proposition that proteotoxic and lipid bilayer stress are
associated with distinct transcriptional programs (Ho et al, 2020).
Nevertheless, it is remarkable that DTT and TM, which establish
somewhat similar but clearly distinct ER proteomes (Figs. 5
and EV5D,E), have virtually identical ER lipid fingerprints even
down to the level of lipid acyl chains (Fig. 4C-E; Appendix
Fig. $5).

Our quantitative data address an open question on the role of
the PC-to-PE ratio in the ER as a potential driver of the UPR. PC
and PE lipids are key determinants of the lateral pressure profile
and curvature stress in cellular membranes, thereby affecting the
conformational dynamics of membrane proteins (Marsh, 2007; van
den Brink-van der Laan et al, 2004; Phillips et al, 2009). Aberrantly
increased PC-to-PE ratios in the ER were suggested to cause
chronic ER stress in obese mice (Fu et al, 2011), but the general
validity of this interpretation has been controversially discussed
(Gao et al, 2015). We employed MemPrep, quantitative lipidomics,
and sensitive UPR assays to investigate this point in yeast.
Prolonged proteotoxic stress is associated with a dramatically
increased PC-to-PE ratio in the ER, which goes well beyond the
range of physiological variation observed in cells at different growth
stages (Klose et al, 2012; Janssen et al, 2000; Casanovas et al, 2015;
Tran et al, 2019a). In contrast, artificially increasing the PC-to-PE
ratio in the ER by supplementing choline to the medium is not
sufficient to trigger the UPR (Fig. EV3). Inositol depletion, on the
other hand, triggers a robust UPR without significantly perturbing
the PC-to-PE ratio (Fig. EV3). Hence, an increased PC-to-PE ratio
is not sufficient to activate the UPR in yeast. Instead, we favor the
idea that a reduced PC-to-PE ratio and the accumulation of
lipotoxic intermediates trigger the UPR by activating Irel either
directly or indirectly (Ho et al, 2020; Ishiwata-Kimata et al, 2022).
In summary, our quantitative analysis of the ER membrane
composition isolated from stressed and metabolically challenged
cells provides important insights to tackle mechanistic questions
related to the chronic activation of the UPR.

Combining MemPrep with quantitative proteomics and lipido-
mics unlocks a toolbox to study the inter-organelle transport of
both proteins and lipids. It is now feasible to investigate membrane
protein targeting and sorting comprehensively and with organellar
resolution. A variation of the MemPrep approach has been
employed to establish a crucial role of the endoplasmic
reticulum-mitochondria encounter structure (ERMES) for the
delivery of mitochondrial preproteins via the ER surface to the
mitochondrial import machinery (preprint: Koch et al, 2023).
There are also fascinating examples of inter-organelle communica-
tion between the ER, lipid droplets, mitochondria, peroxisomes,
and the vacuole in dealing with ER stress and lipotoxicity
(Listenberger et al, 2003; Piccolis et al, 2019; Garcia et al, 2021).
Here, the exchange of lipids between organelles provides a means to
adapt to cellular stress and metabolic cues (Scorrano et al, 2019).
While changes in lipid abundance can be readily identified by
whole-cell lipidomics, it is not possible to study their redistribution
in cells from one organelle to another unless individual organelle
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membranes can be isolated and analyzed. This is now becoming
feasible. Naturally, it also possible in this context to combine
gene deletions with organelle-specific bait strains for studying the
role of a specific gene on the lipid composition of an individual
organelle.

There are, however, also limitations to the MemPrep approach,
which has been optimized for highest purity. The yields of the
preparation are low, which can make the isolation of membranes
from low abundant organelles less feasible. While MemPrep
provides a comprehensive snapshot of a specific organelle
membrane, the associated preparative efforts are significant, and
the benefit of extensive time-course experiments should be carefully
evaluated. Because lateral specializations of the ER membrane and
membrane contact sites are disrupted during the preparation, the
MemPrep approach is not suitable to isolate membrane contact
sites or other lateral membrane specializations such as the outer or
inner nuclear membrane. For these purposes, proximity labeling
approaches and a selective solubilization of membrane proteins are
promising developments (Kwak et al, 2020; van ’t Klooster et al,
2020).

Elegant approaches have provided a first glimpse at the rate of
lipid exchange between individual certain organelles (John Peter
et al, 2022), but there is a great need for new preparative and
analytical tools to obtain a comprehensive map of lipids at a given
time. The combination of biosensors providing high spatial and
temporal resolution with MemPrep, which provides quantitative
and comprehensive snapshots of a given organelle at a certain time,
surfaces as a promising approach to study membrane adaptation in
a holistic fashion. We make MemPrep accessible to the community
and have generated a collection of strains that facilitates the
isolation of any organellar membrane of interest, as demonstrated
for the ER and the vacuolar membrane.

Methods

Generation of MemPrep library

The C-terminus SWAp Tag (SWAT) library from yeast was used to
generate a library with a C-terminal myc-HRV3C-3xFLAG tag as
previously published (Meurer et al, 2018). In short, a SWAT donor
strain (yMS2085) was transformed with a donor plasmid
(pMS1134) containing the myc-HRV3C-3xFLAG cassette and then
SWATted as described. The final library genotype is his3A1 leu2A0
metl5A0  ura3A0, canlA:GALIlpr-Scel-NLS::STE2pr-SpHIS5,
lyplA:STE3pr-LEU2, XXX-L3-MYC-HRV3C-3xFLAG-ADH1ter-
TEFpr-KANMXR-TEFter-L4)]. Once generated, to check proper
integration of the cassette into the genome, random proteins were
tested by polymerase chain reaction (PCR) and sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), confirm-
ing their in-frame tagging.

Manual generation of bait-tag strains

DNA sequences of HRV3C site-GSG and myc-GSG were introduced
via primers in two consecutive steps between 6xGLY and 3xFLAG
encoding regions on plasmid pFA6a-6xGLY-3xFLAG-kanMX6
(Funakoshi and Hochstrasser, 2009) (Addgene plasmid #20754)
using Gibson assembly to yield pRE866. The DNA sequence of the
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Reagents and tools table

Reagent/resource

Reference or source

The EMBO Journal

Identifier or catalog number

Experimental models

BY4741 (S. cerevisiae) Euroscarf MATa his3A1 leu2A0 met15A0 ura3A0

AIRET (S. cerevisiae) Euroscarf MATa his3A1 leu2A0 met15A0 ura3A0 IRET:KANMX4

Rtn1-bait, RESCO00796 This study MATa his3AT leu2A0 met15A0 ura3A0 RTN1-MYC-3C-3xFLAG-KANMX6 + pRE512
(S. cerevisiae)

Elo3-bait, RESCO00799 This study MATa his3AT leu2A0 met15A0 ura3A0 ELO3-MYC-3C-3xFLAG-KANMX6

(S. cerevisiae)

Vphi-bait, RESCO00798  This study MATa his3AT leu2A0 met1SAO ura3A0 VPH1-MYC-3C-3xFLAG-KANMX6

(S. cerevisiae)

Rtn1-bait + ER-sfGFP- This study MATa his3A1 leu2A0 met15A0 ura3A0 RTN1-MYC-3C-3xFLAG-KANMX6 + pRE512

HDEL, RESCO00797 (S.
cerevisiae)

Recombinant DNA

Indicate species for genes and proteins when appropriate

pRE866 This study pFA6a-KANMX6 containing the MYC-3C-3xFLAG tag for bait tagging

pRE512 Eric Snapp pRS415-ER-sfGFP-HDEL (ER-luminal marker)
Antibodies

Anti-FLAG, mouse Sigma-Aldrich F1804

monoclonal M2

Anti-myc, mouse Sigma-Aldrich M4439

monoclonal 9E10

(1:1000)

Anti-Dpm1, mouse Fisher Scientific A6429

monoclonal 5C5A7

(1:2000)

Anti-Sec61, rabbit Karin Rémisch

antiserum (1:1000)

Anti-Kar2, rabbit Santa Cruz sc-33630

polyclonal y-115 (1:1000)

Anti-40kDa, rabbit Sepp Kohlwein

antiserum (1:10,000)

Anti-Por1, rabbit Sepp Kohlwein

antiserum (1:10,000)

Anti-Tlg2, rabbit Susan Ferro-Novick

antiserum (1:1000)

Anti-Vac8, rabbit Christian Ungermann

antiserum (1:10,000)

Anti-Ypt7, rabbit Christian Ungermann

antiserum (1:1000)

Anti-Pep12, mouse Thermo Fisher

monoclonal 2C3 (1:1000)  Scientific

Anti-Gas], rabbit Howard Riezman

antiserum (1:2000)

Anti-Pdr5, rabbit Karl Kuchler

antiserum (1:10,000)

Anti-Pcs60, rabbit Ralf Erdmann

antiserum (1:5000)

Anti-Pex14, rabbit Ralf Erdmann

antiserum (1:2000)

Anti-Vph1, mouse Abcam ab113683

monoclonal (1:2000)

Anti-rabbit, goat IRDye LI-COR 926-68021

680LT (1:15,000)
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Reagent/resource Reference or source Identifier or catalog number
Anti-rabbit, goat IRDye LI-COR 926-32211
800CW (1:15,000)
Anti-mouse, goat IRDye  LI-COR 926-68020
680LT (1:2000)
Anti-mouse, goat IRDye LI-COR 926-32210

800CW (1:15,000)

Oligonucleotides and sequence-based reagents

RE1012 (tag Rtn1 with bait  This study GAAAAGTACAAAAAACTTGCAAAATGAATTGGAAAAAAACAACGCTgggggaggcgggggtgga
from pRE866 fwd)

RE1013 (tag Rtn1 with bait  This study CAAAAGTTAGCTATTCTTGTTTGAAATGAAAAAAAAAAAGCACTCAgaattcgagctcgtttaaac
from pRE866 rev)

RE1014 (tag Vph1 with This study GGAAGTCGCTGTTGCTAGTGCAAGCTCTTCCGCTTCAAGCgggggaggcggggstgga

bait from pRE866 fwd)

RE1015 (tag Vph1 with This study GAAGTACTTAAATGTTTCGCTTTTTTTAAAAGTCCTCAAAATTTAgaattcgagctcgtttaaac
bait from pRE866 rev)

RE1018 (tag Elo3 with bait  This study CTGGTGTCAAGACCTCTAACACCAAGGTCTCTTCCAGGAAAGCTgggggaggcgggggtgga
from pRE866 fwd)

RE1019 (tag Elo3 with bait  This study CATTTAATTTTTTTCTTTTTCATTCGCTGTCAAAAATTCTCGCTTCCTATTTAgaattcgagctcgtttaaac

from pRE866 rev)

Chemicals, enzymes, and other reagents

NBD-PE, 1,2-dioleoyl-sn-
glycero-3-
phosphoethanolamine-N-
(7-nitro-2-1,3-
benzoxadiazol-4-yl)

Avanti Polar Lipids

810145

Rho-PE, 1,2-dioleoyl-sn-
glycero-3-
phosphoethanolamine-N-
(lissamine rhodamine B
sulfonyl)

Avanti Polar Lipids

810150

DPDG, 1,2-dipalmitoyl-sn-
glycerol

Avanti Polar Lipids

800816

PODG, 1-palmitoyl-2-
oleoyl-sn-glycerol

Avanti Polar Lipids

800815

DODG, 1-2-dioleoyl-sn-
glycerol

Avanti Polar Lipids

80081

Erg, Ergosterol

Sigma-Aldrich

PHR1512

16:1-PE, 1,2-
dipalmitoleoyl-sn-
glycero-3-
phosphoethanolamine

Avanti Polar Lipids

850706

POPE, 1-palmitoyl-2-
oleoyl-sn-glycero-3-
phosphoethanolamine

Avanti Polar Lipids

850757

16:1-PC, 1,2-
dipalmitoleoyl-sn-
glycero-3-
phosphocholine

Avanti Polar Lipids

850358

POPC, 1-palmitoyl-2-
oleoyl-glycero-3-
phosphocholine

Avanti Polar Lipids

850457

POPI, 1-palmitoyl-2-
oleoyl-sn-glycero-3-
phosphoinositol

Avanti Polar Lipids

850142

POPA, 1-palmitoyl-2-
oleoyl-sn-glycero-3-
phosphate

Avanti Polar Lipids

840857
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Reagent/resource Reference or source Identifier or catalog number
DOPA, 1,2-dioleoyl-sn- Avanti Polar Lipids 840875
glycero-3-phosphate
POPS, 1-palmitoyl-2- Avanti Polar Lipids 840034
oleoyl-sn-glycero-3-
phospho-L-serine
DOPS, 1,2-dioleoyl-sn- Avanti Polar Lipids 840035

glycero-3-phospho-L-
serine

bait-tag cassette (Appendix Supplementary Methods) was amplified
by PCR from plasmid pRE866 using primers RE1012/RE1013,
RE1018/RE1019, RE1014/RE1015 for tagging Rtnl, Elo3, and
Vphl, respectively. Primers contain homologous regions for
C-terminal tagging at the endogenous loci (RTNI, ELO3, VPHI).
PCR products were used to transform wild-type yeast strain
BY4741 by the lithium-acetate method (Ito et al, 1983).

Fluorescence microscopy

In total, 3ul of a yeast cell suspension (ODggo=50), crude cell
lysates or a fraction from the isolation procedure were placed on a
thin agarose pad (1% agarose prepared in SCD) and then covered
with a coverslip. Images were acquired on an Axio Observer Z1
equipped with a Rolera em-c2 camera (QImaging) and a Colibri 7
(Zeiss) light source for fluorescence excitation. Using either an EC
Plan-Neofluar 100 x/1.3 or an EC Plan-Apochromat 63 x/1.4
objective in combination with a 1.6 x tube lens (Zeiss), GFP
fluorescence was excited using a 475-nm LED module and a 38 HE
filter (Zeiss). Differential interference contrast (DIC) images were
acquired using a translight LED light source. Image contrasts were
adjusted linearly using Fiji (Schindelin et al, 2012).

Immunofluorescence

Yeast cells for immunofluorescence were grown to ODgg = 1.0. 20
ODggo units were fixed in 1 ml PBS containing 4% paraformalde-
hyde at RT for 2 h. Fixed cells were then washed with SP buffer
(25mM HEPES pH 7.4, 1mM EDTA, 12M sorbitol) and
subsequently incubated in SP buffer containing 2% (v/v)
2-mercaptoethanol and 0.1 mg/ml Zymolyase 20T (amsbio,
120491-1) at RT for 15min to generate spheroblasts. 10 ul of
washed spheroblast solution was placed on a round 10 mm
coverslip, previously coated with poly-L-lysine (Sigma-Aldrich,
P8920), and incubated at RT for 30 min. Cells were permeabilized
by incubation in ice-cold methanol for 5 min and then acetone for
30s. After brief air-drying, coverslips were immediately placed in
12-well plates and incubated with 1 ml of PBS-B (PBS, 1% BSA) for
30 min. Samples were then incubated with primary anti-FLAG
(1:500) in PBS-BT (PBS, 1% BSA, 0.1% Tween-20) at RT for 1h.
After washing with PBS-B, samples were incubated with secondary
anti-mouse IRDye 680LT (1:2000) in PBS-BT at RT for 1h. After
washing with PBS-B, PBS and rinsing in 95% ethanol, samples were
mounted with 4 pl Fluoromount-G (Thermo Fisher Scientific) on
glass slides. Images were acquired on an Axio Observer Z1
equipped with a Rolera em-c2 camera (QImaging) and a Colibri 7
(Zeiss) light source for fluorescence excitation. Using an EC Plan-
Neofluar 100 x /1.3 objective, GFP and IRdye fluorescence were
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excited using a 475 nm and 630 nm LED module with filters 38 HE
and 90 HE (Zeiss), respectively. Image contrasts were adjusted
linearly using Fiji (Schindelin et al, 2012).

Cell cultivation

Cells were cultivated at 30°C in SCDcomplete medium (0.79 g/l
complete supplement mixture (Formedium, batch no: FM0418/
8363, FM0920/10437), 1.9 g/l yeast nitrogen base without amino
acids and without ammonium sulfate (YNB) (Formedium, batch
no: FMO0A616/006763, FM0718/8627), 5g/l ammonium sulfate
(Carl Roth) and 20 g/l glucose (ACS, anhydrous, Carl Roth)) and
constantly agitated by shaking the cultures at 220 rpm. Unless
stated otherwise, overnight cultures (21 h) were used to inoculate a
main culture to an ODgg of 0.1. Cells were harvested by
centrifugation (3000 x g, 5min, room temperature (RT)) at an
ODgqp of 1.0, washed with 25 ml ice-cold phosphate-buffered saline
(PBS), snap-frozen in liquid nitrogen, and stored at —80 °C until
further use. In each case ER and vacuolar membranes were isolated
from a total of 2000 and 4000 ODggo units, respectively. This
general procedure for cell cultivation and harvesting was also
employed for stressed cells, with minor adaptations. For isolating
the ER from cells before and after the induction of prolonged
proteotoxic stresses, the cells were cultivated in the absence of stress
to an ODggo of 0.8 and a “pre-stress” sample was harvested. The
residual culture was supplemented with either 2 mM dithiothreitol
(DTT) or 1.5 pg/ml tunicamycin (TM) and cultivated for another
4 h prior to harvesting the cells. For isolating the ER from inositol-
depleted cells, a first culture was inoculated to an ODgg, of 0.003
and cultivated overnight to an ODg of 1.2. Cells from this culture
were pelleted (3000 x g, 5 min, RT), washed twice with 100 ml pre-
warmed inositol-free medium (SCDcomplete-ino Prepared using yeast
nitrogen base lacking inositol (YNB-ino) [Formedium batch no:
FM0619/9431]). The washed cells were then resuspended in either
inositol-containing SCDcomplete (control) or in SCDcomplete-ino
(inositol depletion) medium to an ODggo of 0.6 and cultivated for
another 2 h prior to harvesting the cells.

Cell lysis and differential centrifugation

Frozen cell pellets of 1000 ODggo units were thawed on ice,
resuspended in microsome preparation (MP) buffer (25 mM
HEPES pH 7.0, 600 mM mannitol, 1mM EDTA, 0.03 mg/ml
protease inhibitor cocktail containing equal weights of pepstatin,
antipain, chymotrypsin and 12.5 units/ml benzonase nuclease
(Sigma-Aldrich)) and mechanically disrupted in 15ml reaction
tubes previously loaded with 13 g zirconia/silica beads (0.5 mm
diameter, Carl Roth) using a FastPrep-24 bead beater (5m/s, 10
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cycles of 15 s beating and 45 s of cooling in an ice bath). Cell lysates
were centrifuged twice (3234 x g, 5 min, 4 °C) in a swinging bucket
rotor to remove unbroken cells, cell debris and nuclei. The resulting
post nuclear supernatant (PNS) was centrifuged (12,000 x g,
20 min, 4°C) in a Beckman type 70 Ti rotor to remove large
organelle fragments. Using the same rotor, the resulting super-
natant (S12) was centrifuged (100,000xg, 1h, 4°C) to obtain
microsomes in the pellet. Microsomes were resuspended in 1 ml
MP buffer per 1000 ODgg, units of original cell mass, snap-frozen
in liquid nitrogen, and stored at —80°C until further use. For
subsequent proteomics analyses of samples from pre-stressed and
stressed cells, microsomes were additionally resuspended in MP
buffer containing 200 mM sodium carbonate (pH 10.6) and
incubated rotating overhead at 3 rpm and 4°C for 1h to remove
soluble and membrane-associated proteins. Carbonate-washed
microsomes were neutralized by the addition of concentrated
HCI, sedimented by ultracentrifugation (100,000 xg, 1h, 4°C),
resuspended in 1 ml MP buffer per 1000 ODg units original cell
mass, snap-frozen in liquid nitrogen, and stored at —80 °C until
further use.

Immunoisolation

The entire isolation procedure was performed on ice or at 4°C.
Microsomes were thawed in 1.5-ml reaction tubes and then
dissociated using a sonotrode (MS72) on a Bandelin Sonopuls
HD 2070 with 50% power and 10 pulses of each 0.7 s (duty cycle
0.7). While sonication may affect the sidedness of ER-derived
vesicles, this step was crucial for maximizing the purity of the
preparation. After sonication, the microsomes were centrifuged
(3000 x g, 3 min, 4 °C). In total, 700 pl of the resulting supernatant
(corresponding to 700 ODggo units) were mixed with 700 ul
immunoprecipitation (IP) buffer (25 mM HEPES pH 7.0, 150 mM
NaCl, 1 mM EDTA) and loaded onto magnetic beads (dynabeads,
protein G, 2.8 um diameter, Invitrogen), which were previously
decorated with sub-saturating quantities of a monoclonal anti-
FLAG antibody (M2, F1804, Sigma-Aldrich). Specifically, the
affinity matrix was prepared by using 800 ul of magnetic bead
slurry per 700 ODgq units of cells, which were incubated overnight
at 4°C with 3.2 ug of the anti-FLAG antibody using an overhead
rotor at 20 rpm. Subsequently, microsomes were loaded on the
antibody-decorated magnetic beads and allowed to bind for 2h at
4°C using an overhead rotor at 3 rpm.

The bound membrane vesicles were washed two times with
1.4ml of wash buffer (25mM HEPES pH 7.0, 75mM NaCl,
600 mM urea, 1 mM EDTA) and twice with 1.4 ml of IP buffer.
Specific elution was performed by resuspension of the affinity
matrix in 700 ul elution buffer (PBS pH 7.4, 0.5 mM EDTA, 1 mM
DTT, and 0.04 mg/ml affinity-purified GST-HRV3C protease) per
700 ODgqp units of original cell mass followed by incubation for 2 h
at 4 °C on an overhead rotor at 3 rpm. The eluate was centrifuged
(264,360 x g, 2 h, 4 °C) in a Beckman TLA 100.3 rotor to harvest the
ER- or vacuole-derived vesicles. The membrane pellet was
resuspended in 200 pl PBS per 1400 ODgq units of original cell
mass (isolate), snap-frozen, and stored at —80°C until lipid
extraction and lipidomics analysis. For proteomics experiments, the
membrane pellet was resuspended in 40 ul PBS-SDS (1%) per 1400
ODggp units.
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Protein concentration determination, SDS-PAGE,
and immunoblotting

Protein concentrations of all fractions from the immunoisolation
were determined using the microBCA protein assay (Thermo
Fisher Scientific #23235) following the manufacturer’s recommen-
dations. For SDS-PAGE, 1 volume membrane sample buffer (8 M
urea, 0.1 M Tris-HCI, pH 6.8, 5mM EDTA, 3.2% (w/v) SDS, 0.05%
(w/v) bromphenol blue, 4% [v/v] glycerol, and 4% (v/v) B-
mercaptoethanol) was mixed with two volumes of the immunoi-
solation fraction, incubated at 60 °C for 10 min, and loaded onto
4-15% mini-PROTEAN TGX precast protein gels (Bio-Rad).
Proteins were separated at 185V for 35min. After separation,
proteins were transferred by semi-dry Western blotting onto
nitrocellulose membranes (Amersham Protran Premium 0.45 um).
The proteins of interest were detected using specific primary
antibodies and fluorescent secondary antibodies (see “Reagents and
tools table”) on a fluorescence imager (LI-COR, Odyssey DLx).
Signal intensities on immunoblots were quantified using
ImageStudioLite.

Liposome integrity and fusion assay

POPC-based, multilamellar liposomes containing 1mol% 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-ben-
zoxadiazol-4-yl) (NBD-PE) and 1 mol% 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (Rho-
PE) as a FRET pair (Weber et al, 1998) were prepared by
rehydrating dried lipids in MP buffer without protease inhibitors
and benzonase (25 mM HEPES pH 7.0, 600 mM mannitol, 1 mM
EDTA). Multilamellar liposomes were extruded through 0.4 um
and then 0.1-um filters with each 21 strokes to yield large
unilamellar vesicles (LUVs). LUVs were mixed with a 15.4 + 1.3-
fold excess of unlabeled P100 microsomes as quantified by a total
phosphate determination after lipid extraction and acid hydrolysis
based on classical protocols (Chen et al, 1956; Bligh and Dyer, 1959;
Rouser et al, 1970). In brief, lipids from 100ul of LUV or
microsome solution were mixed with 100 ul MP buffer without
protease inhibitors and benzonase (25 mM HEPES pH 7.0, 600 mM
mannitol, 1 mM EDTA) and extracted in two steps by addition of
first 750 pl chloroform:methanol (1:2) and then 750 pl chloroform
and 250 ul ABC buffer (155 mM ammonium bicarbonate) at RT.
The organic phase was recovered, and the solvent was evaporated
using a centrifugal evaporator. Dried lipids were resuspended in
100 pl chloroform:methanol (1:2). 25 ul of this lipid extract was
transferred to a pyrex glass tube, and the solvent was evaporated.
The resulting lipid cake was treated with 300 pl 70% perchloric acid
at 180 °C. Subsequently, 1 ml Milli-Q water, 0.4 ml of 5% (w/v)
ascorbic acid, and 0.4ml of 1.25% (w/v) ammonium molybdate
were added and the resulting sample was boiled for 15min.
Absorbance at 797 nm was measured at RT after the sample cooled
down. To test if sonication might potentially induce lipid exchange
between liposomes and microsomes or even membrane fusion, the
suspension was either sonicated for 10s (Sonotrode MS72;
Bandelin Sonopuls HD 2070 with 50% volume as 70% pulses) to
match the MemPrep procedure or for 100 s to validate the impact
of a much harsher treatment. As a positive control for lipid
exchange, the suspension was mixed with 18 mM methyl-B-
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cyclodextrin and incubated for 30 min at RT. To induce membrane
fusion between the liposomes and microsomes as a control, we
adjusted the mix to 40% (w/v) PEG 8000 and incubated for 30 min
at RT. Full solubilization of the liposomes and the microsomes was
achieved by adjusting the suspension to 1% SDS. Fluorescence
emission spectra were recorded between 500 and 700 nm (step size
of 2nm) upon excitation at 467 nm using an Infinite 200 Pro
(Tecan) plate reader. Bandwidths for the excitation and emission
were set to 10 nm. Acceptor fluorescence upon donor excitation in
the absence of a donor fluorophore (crosstalk) was determined
using LUVs containing only the acceptor fluorophore (99 mol%
POPC and 1mol% Rho-PE) and subtracted from raw spectra of
samples containing the FRET pair to yield background-corrected
spectra. To aid spectral unmixing, we recorded fluorescence
emission spectra of LUVs containing only the donor fluorophore
(99 mol% POPC and 1 mol% NBD-PE) excited at 467 nm and of
LUVs containing only the acceptor fluorophore (99 mol% POPC
and 1mol% Rho-PE) excited at 520 nm. Both, the background-
corrected spectrum of the FRET pair and the two reference spectra
were normalized by setting the area under the curve to 1 and
decomposed using the software ale by FluorTools to determine the
relative contribution of the donor (NBD-PE) and the acceptor
(Rho-PE) to the overall spectrum. Relative FRET efficiencies were
calculated as Ippo-pr/(INgD-PE+HIRho-PE) With Igho.pr being the
acceptor and Iypp.pg the donor component after decomposition
of the spectrum recorded from 500 to 700 nm.

C-laurdan fluorescence spectroscopy

Lipid films were generated by drying lipid mixtures in chloroform
under a stream of nitrogen at 50°C and constant agitation at
400 rpm. Subsequently, residual chloroform was removed in an
evacuated desiccator at RT for 1 h. Multilamellar liposomes were
generated by the swelling method in liposome buffer (25 mM
HEPES pH 7.0, 150 mM NaCl) at 1200 rpm shaking, 60 °C for 1 h.
After sonication in a sonication bath for 20 min, the resulting
multilamellar vesicles were snap-frozen in liquid nitrogen and
stored at -80°C. After thawing, the multilamellar vesicles were
subjected to sonication using the sonotrode MS72 on a Bandelin
Sonopuls HD 2070 with 50% power for 10 pulses of each 0.7s.
Liposomes were diluted (0.1 mM lipid) in liposome buffer and
equilibrated in black 96-well plates in an Infinite 200 Pro (Tecan)
plate reader at 30°C. Background fluorescence emission spectra
were recorded at 400-530 nm in 2 nm steps with 40 us integration
time, excitation at 375 nm and both bandwidths set to 10 nm. In
total, 0.2 uM C-laurdan was added and incubated for 15 min before
recording a fluorescence spectrum with the same settings. General-
ized polarization was calculated as GP = (I1 — I2) / (I1 + I2) with I1
being the background-corrected signal sum between 400 and
460 nm and I2 the background-corrected signal sum between 470
and 530 nm.

Lipid extraction for mass spectrometry lipidomics

Mass spectrometry-based lipid analysis was performed by Lipotype
GmbH (Dresden, Germany) as described (Ejsing et al, 2009; Klose et al,
2012). Lipids were extracted using a two-step chloroform/methanol
procedure (Ejsing et al, 2009). Samples were spiked with internal lipid
standard mixture containing: CDP-DAG 17:0/18:1, ceramide 18:1;2/17:0

© The Author(s)

The EMBO Journal

(Cer), diacylglycerol 17:0/17:0 (DAG), lyso-phosphatidate 17:0 (LPA),
lyso-phosphatidylcholine 12:0 (LPC), lyso-phosphatidylethanolamine
17:1 (LPE),  lyso-phosphatidylinositol 17:1 (LPI),  lyso-
phosphatidylserine 17:1 (LPS), phosphatidate 17:0/14:1 (PA), phospha-
tidylcholine 17:0/14:1 (PC), phosphatidylethanolamine 17:0/14:1 (PE),
phosphatidylglycerol 17:0/14:1 (PG), phosphatidylinositol 17:0/14:1 (PI),
phosphatidylserine 17:0/14:1 (PS), ergosterol ester 13:0 (EE), triacylgly-
cerol 17:0/17:0/17:0 (TAG), stigmastatrienol, inositolphosphorylceramide
44:0;2 (IPC), mannosyl-inositolphosphorylceramide 44:0;2 (MIPC) and
mannosyl-di-(inositolphosphoryl)ceramide  44:0;2 (M(IP)2C). After
extraction, the organic phase was transferred to an infusion plate and
dried in a speed vacuum concentrator. lst step dry extract was
resuspended in 7.5mM ammonium acetate in chloroform/methanol/
propanol (1:2:4, V:V:V) and 2nd step dry extract in 33% ethanol solution
of methylamine in chloroform/methanol (0.003:5:1; V:V:V). All liquid
handling steps were performed using Hamilton Robotics STARIet robotic
platform with the Anti Droplet Control feature for organic solvents

pipetting.
Mass spectrometry (MS) data acquisition for lipidomics

Samples were analyzed by direct infusion on a QExactive mass
spectrometer (Thermo Scientific) equipped with a TriVersa NanoMate
ion source (Advion Biosciences). Samples were analyzed in both positive
and negative ion modes with a resolution of R,/,-200 = 280,000 for MS
and Rp,/,-200 = 17,500 for MSMS experiments, in a single acquisition.
MS/MS was triggered by an inclusion list encompassing corresponding
MS mass ranges scanned in 1 Da increments (Surma et al, 2015). Both
MS and MSMS data were combined to monitor EE, DAG, and TAG
ions as ammonium adducts; PC as an acetate adduct; and CL, PA, PE,
PG, PL, and PS as deprotonated anions. MS only was used to monitor
LPA, LPE, LPI, LPS, IPC, MIPC, M(IP)2C as deprotonated anions; Cer
and LPC as acetate adducts and ergosterol as protonated ion of an
acetylated derivative (Liebisch et al, 2006).

Data analysis and post-processing for lipidomics

Data were analyzed with in-house developed lipid identification
software based on LipidXplorer (Herzog et al, 2011; Herzog et al,
2012). Data post-processing and normalization were performed
using an in-house developed data management system. Only lipid
identifications with a signal-to-noise ratio >5, and a signal intensity
fivefold higher than in corresponding blank samples were
considered for further data analysis.

Sample preparation for proteomics via liquid
chromatography (LC)-MS/MS

Lysates were adjusted to 1% SDS and a final concentration 1 mg/ml.
5 ug of cell lysates and 10 pug of ER membrane were subjected to an
in-solution tryptic digest using a modified version of the Single-Pot
Solid-Phase-enhanced Sample Preparation (SP3) protocol (Hughes
et al, 2014; Moggridge et al, 2018). In total, three biological replicates
were prepared including control, wild-type and mutant-derived
lysates (n=3). Lysates were added to Sera-Mag Beads (Thermo
Scientific, #4515-2105-050250, 6515-2105-050250) in 10ul 15%
formic acid and 30 ul of ethanol. Binding of proteins was achieved
by shaking for 15 min at room temperature. SDS was removed by
4 subsequent washes with 200 ul of 70% ethanol. Proteins were
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digested overnight at room temperature with 0.4 pg of sequencing
grade modified trypsin (Promega, #V5111) in 40 ul HEPES/NaOH,
pH 8.4 in the presence of 1.25 mM TCEP and 5 mM chloroacetamide
(Sigma-Aldrich, #C0267). Beads were separated, washed with 10 pl of
an aqueous solution of 2% DMSO and the combined eluates were
dried down. Peptides of ER membranes were reconstituted in 10 ul of
H,0O and reacted for 1h at room temperature with 80pug of
TMT10plex (Thermo Scientific, #90111) (Werner et al, 2014) label
reagent dissolved in 4 pl of acetonitrile. Peptides of cell lysates were
reconstituted in 10 pl of H,O and reacted for 1 h at room temperature
with 50 ug of TMT16pro™ label reagent (Thermo Scientific,
#A44521) dissolved in 4 pul of acetonitrile. Excess TMT reagent was
quenched by the addition of 4 pul of an aqueous 5% hydroxylamine
solution (Sigma, 438227). Peptides were reconstituted in 0.1% formic
acid, mixed to achieve a 1:1 ratio across all TMT-channels and
purified by a reverse phase clean-up step (OASIS HLB 96-well
uElution Plate, Waters #186001828BA). Peptides were subjected to an
off-line fractionation under high pH conditions (Hughes et al, 2014).
The resulting 12 fractions were then analyzed by LC-MS/MS on an
Orbitrap Fusion Lumos mass spectrometer.

LC-MS/MS analysis of ER membranes and cell lysates

Peptides were separated using an Ultimate 3000 nano RSLC system
(Dionex) equipped with a trapping cartridge (Precolumn CI18
PepMap100, 5mm, 300 ym id., 5um, 100 A) and an analytical
column (Acclaim PepMapl00. 75x50cm C18, 3mm, 100 A)
connected to a nanospray-Flex ion source. The peptides were
loaded onto the trap column at 30 pl per min using solvent A (0.1%
formic acid) and, for analysis of ER membranes, eluted using a
gradient from 2 to 38% Solvent B (0.1% formic acid in acetonitrile)
over 52 min and then to 80% at 0.3 ul per min (all solvents were of
LC-MS grade). Peptides for analysis of cell lysates were eluted using
a gradient from 2 to 80% Solvent B over 2 h at 0.3 pl per min. The
Orbitrap Fusion Lumos was operated in positive ion mode with a
spray voltage of 2.4kV and capillary temperature of 275 °C. Full-
scan MS spectra with a mass range of 375-1500 m/z were acquired
in profile mode using a resolution of 60,000 or 120,000 for analysis
of ER membranes or cell lysates respectively, with a maximum
injection time of 50 ms, AGC operated in standard mode and a RF
lens setting of 30%.

Fragmentation was triggered for 3s cycle time for peptide-like
features with charge states of 2-7 on the MS scan (data-dependent
acquisition). Precursors were isolated using the quadrupole with a
window of 0.7m/z and fragmented with a normalized collision
energy of 36% for analysis of ER membranes (34% for analysis of
cell lysates). Fragment mass spectra were acquired in profile mode
and a resolution of 30,000 in profile mode. Maximum injection
time was set to 94ms or an AGC target of 200%. The dynamic
exclusion was set to 60s.

Analysis of proteomics data

Acquired data were analyzed using IsobarQuant (Franken et al, 2015)
and Mascot V2.4 (Matrix Science) using a reverse UniProt FASTA
Saccharomyces cerrevisiae database (UP000002311), including common

contaminants and the following Rtnl-myc-3C-3xFLAG-tagged (bait)
protein employed for the enrichment of subcellular membranes:
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sp|P1707_RE | P1707_RE

MSASAQHSQAQQQQQQKSCNCDLLLWRNPVQTGKYFGG
SLLALLILKKVNLITFFLKVAYTILFTTGSIEFVSKLFLGQGLIT-
KYGPKECPNIAGFIKPHIDEALKQLPVFQAHIRKTVFAQVP
KHTFKTAVALFLLHKFFSWEFSIWTIVFVADIFTFTLPVIYHSY-
KHEIDATVAQGVEISKQKTQEFSQMACEKTKPYLDKVESKLG-
PISNLVKSKTAPVSSTAGPQTASTSKLAADVPLEPESKAYTSSA
QVMPEVPQHEPSTTQEFNVDELSNELKKSTKNLQNELEKNNA
GGGGGGEQKLISEEDLGSGLEVLFQGPGSGDYKDHDGDYKDH
DIDYKDDDDK

The following modifications were considered: Carbamidomethyl (C,
fixed), TMT10plex (K, fixed), Acetyl (N-term, variable), Oxidation (M,
variable) and TMT10plex (N-term, variable). TMT16plex labeled
samples The TMT16plex (K, fixed) and TMT16plex (N-term, variable)
labels were considered as modifications. The mass error tolerance for
full-scan MS spectra was set to 10 ppm and for MS/MS spectra to
0.02Da. A maximum of two missed cleavages were allowed. A
minimum of two unique peptides with a peptide length of at least seven
amino acids and a false discovery rate below 0.01 were required on the
peptide and protein level (Savitski et al, 2015).

Enrichment calculation based on untargeted proteomics
and clustering

For enrichment calculations, IsobarQuant output data were analyzed on
a gene symbol level in R (https://www.R-project.org) using in-house data
analysis pipelines. In brief, data were filtered to remove contaminants
and proteins with less than two unique quantified peptide matches.
Subsequently, log2 transformed protein reporter ion intensities (“signal
sum” columns) were first cleaned for batch effects using the
“removeBatchEffects” function from the limma package (Ritchie et al,
2015) and further normalized within the TMT set using the vsn package
(Huber et al, 2002). UniProt annotations of subcellular location were
retrieved from UniProt (accessed 27.01.2023).

For clustering analyses, proteins were tested for differential
expression using the limma package. The replicate information was
added as a factor in the design matrix given as an argument to the
“ImFit” function of limma. A protein was annotated as a hit with a
false discovery rate (fdr) smaller 5% and a fold change of at least
100% and as a candidate with a fdr below 20% and a fold change of
at least 50%. Proteins classified as hits and candidates as well as a
positive fold changes of the “pre” condition were clustered into
nine clusters (method k-means) based on the Euclidean distance
between normalized TMT reporter ion intensities divided by the
median of the “pre-stress” condition.

Molecular dynamics (MD) simulations

All-atom MD simulations were set up and carried out using the
GROMACS software (Pall et al, 2020). Lipid topologies and
structures were taken from the CHARMM-GUI web server (Jo
et al, 2009). Bilayers were then generated using MemGen (Knight
and Hub, 2015). Three different ER compositions were used
(Appendix Fig. S4A) as well as a reference membrane composed of
50% POPC and 50% DOPC. Each system contained 100 lipids per
leaflet and 60 water molecules per lipid. Na* and Cl ions were
added to reach an ionic concentration of 0.15 M. Taken together
each system contained approximately 60000 atoms. Simulations
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were carried out using the CHARMM36m forcefield (Huang et al,
2017) and the CHARMM-modified TIP3P water model (Jorgensen
et al, 1983). The system was kept at 303 K using velocity recording
(Bussi et al, 2007). Semi-isotropic pressure coupling at 1.0 bar was
applied using the Berendsen barostat (Berendsen et al, 1984) for
equilibration and the Parrinello-Rahman barostat using a coupling
time constant of T=2ps (Parrinello and Rahman, 1981) during
production runs. Electrostatic interactions were calculated using
the particle-mesh Ewald method (Essmann et al, 1995). A cutoff of
1.2 nm according to CHARMMS36 specifications (Best et al, 2012)
was used for the non-bonded interactions, while the Lennard-
Jones interactions were gradually switched off between 1.0 and
1.2 nm. Bond constraints involving hydrogen atoms were imple-
mented using LINCS (Hess, 2008), thus a 2fs time step was
chosen. Each system was initially equilibrated for 50 ns followed by
three independent production runs of at least 700 ns.

For the analysis, the first 100ns of each production run was
discarded. Mass density profiles were calculated along the z axis
(membrane normal) using the Gromacs module gmx density. The
membrane thickness was extracted from the density profiles using a
threshold of 500 kg/m®. Errors were obtained by averaging and
calculating the SEM over independent simulations segments. An in-
house modified version of the Gromacs module freevolume was used to
calculate the free volume profile as a function of z. The module
estimates the accessible free volume by inserting probe spheres of radius
R at random positions, while testing the overlap with the Van der Waals
radii of all simulated atoms. Here, we used a probe radius or R=0,
thereby obtaining the total free volume. Errors for each individual
simulation were obtained by multiple independent insertion rounds
carried out by gmx freevolume, the overall error for the averaged curves
was calculated using standard error propagation. Surface packing
defects were calculated using the program PackMem (Gautier et al,
2018). The program uses a grid-based approach to identify surface
defects and distinguishes between deep and shallow defects based on the
distance to the mean glycerol position (everything below a threshold of
1 A was considered a deep defect). By fitting a single exponential to the
obtained defect area distribution, the defect size constant was
determined for each defect type. To achieve converged results, trajectory
snapshots taken every 100ps were used. Error estimation was
conducted by block averaging dividing each simulation into three
blocks of equal size, and calculating the SEM over all blocks.

RNA preparation, cDNA synthesis, and RT-qPCR analysis

UPR activation was measured by determining the mRNA levels of spliced
HACI, PDI, and KAR2. For each experimental condition total RNA was
prepared from five ODgg units of cells using the RNeasy Plus RNA
Isolation Kit (Qiagen). Synthesis of cDNA was performed using 500 ng of
prepared RNA, Oligo(dT) primers, and the Superscript II RT protocol
(Invitrogen). RT-qPCR was performed using the ORA gPCR Green ROX
L Mix (HighQu) and a Mic qPCR cycler (Bio Molecular Systems) using a
reaction volume of 20 pl. Primers were used at a final concentration of
400 nM to determine the Ct values of the housekeeping gene TAF10 and
the genes of interest: spliced HACI forward: 5-TACCTGCCGTAGA-
CAACAAC-3’; spliced HACI reverse: 5-ACTGCGCTTCTGGATTAC-
3%, PDI forward: 5-TTCCCTCTATTTGCCATCCAC-3’; PDI reverse: 5-
GCCTTAGACTCCAACACGATC-3%; KAR2 forward: 5-TGCTGTCG
TTACTGTTCCTG-3; KAR2 reverse: 5-GATTTATCCAAACCG-
TAGGCAATG-3; TAFI0 forward: 5-ATATTCCAGGATCAGGT
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CTTCCGTAGC-3; TAFIO reverse: 5-GTAGTCTTCTCATTCTGTT-
GATGTTGTTGTTG-3.

The qPCR program consisted of the following steps: (1) 95 °C,
15 min; (2) 95 °C, 20's; (3) 62 °C, 20's; (4) 72 °C, 30's; and (5) 72 °C,
5 min; steps 2-4 were repeated 40 times. We used the comparative
AACt method with normalization to the Ct values recorded for
TAFI0 to assess the relative levels of the spliced HACI, PDI, and
KAR2 mRNAs.

Data availability

The mass spectrometry proteomics data from this publication have
been deposited to the ProteomeXchange Consortium via the PRIDE
[http://www.ebi.ac.uk/pride] partner repository with the dataset
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Figure EV1. ER MemPrep via two different bait proteins.

(A) Immunofluorescence showing the localization of two different ER membrane bait proteins (Rtn1-bait, Elo3-bait) relative to the ER-luminal marker ER-sfGFP-HDEL.
Scale bar indicates 5 um. Quantification of fluorescence distribution. Cell and nuclear areas were chosen manually. Cortical area was defined as total cellular area minus
nuclear area. The ER-luminal marker ER-sfGFP-HDEL shows the same cortical-to-nuclear distribution in both bait strains. Rtn1-bait has a stronger preference for the
cortical ER, compared to Elo3-bait. n =7 cells for Rtn1-bait, n =14 cells for Elo3-bait Data from individual cells are represented as data points yielding the average + SD.
"P>0.05, **P < 0.01 (unpaired parametric t test with Welch's correction). (B) Limma analysis of TMT-labeling proteomics reveals that the proteome of Rtn1-bait and Elo3-
bait whole-cell lysates is identical except for a single outlier (Sbh2) (n = 3 biological replicates). (C) To increase the proteomics coverage for membrane proteins, P100
membranes were carbonate-washed before performing immunoisolation. MemPrep via Rtnl-bait enriches ER membrane proteins in the isolate (ER®™) (n = 3 biological
replicates). (D) ER membrane proteins are enriched to the same extent by MemPrep via the bait protein Elo3-bait (n = 3 biological replicates). (E) MemPrep via Rtn1-bait
and Elo3-bait yields almost identical sample composition with only 12 proteins that are enriched in the Elo3-bait derived ER. Data information: Data in (B-E) are presented
as the mean from n = 3 biological replicates. A moderated t-test limma to test for differential enrichment was used. P values were corrected for multiple testing with the
method from Benjamini and Hochberg. Source data are available online for this figure.
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Figure EV2. The lipidome of Rtnl-bait and Elo3-bait derived ER membranes is identical.
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Quantitative lipidomics of ER membranes derived via two different bait proteins. (A) Distribution of lipid classes with high abundance. Erg ergosterol, EE ergosteryl ester,
TAG triacylglycerol, DAG diacylglycerol, PA phosphatidic acid, PC phosphatidylcholine, PE phosphatidylethanolamine, PI phosphatidylinositol, PS phosphatidylserine

(n = 4 biological replicates). (B) Distribution of lipid classes with low abundance. CDP-DAG cytidine diphosphate diacylglycerol, PG phosphatidylglycerol, CL cardiolipin,
LPC lyso-phosphatidylcholine, LPE lyso-phosphatidylethanolamine, LPI lyso-phosphatidylinositol, Cer ceramide, IPC inositolphosphorylceramide, MIPC mannosyl-IPC,

M(IP),C mannosyl-di-IPC (n = 4 biological replicates). (C) Total number of double bonds in membrane glycerolipids, except for CL, (i.e.,, CDP-DAG, DAG, PA, PC, PE, PG,
PI, PS) as mol% of this category. Lipid data of Rtn1-bait derived membranes are identical with the data presented in Fig. 2A-C. Data information: In (A-C), data from n=4
biological replicates are presented as individual data points and as mean * SD. All differences of ER®" versus ER¥°® were nonsignificant with P> 0.05 (multiple t tests,
corrected for multiple comparisons using the method of Benjamini, Krieger and Yekutieli, with Q = 1%, without assuming consistent SD). Nonsignificant comparisons are

not highlighted. Source data are available online for this figure.
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Figure EV3. Activation of the UPR by lipid bilayer stress.

SCDcomplete medium was inoculated with Rtnl-bait cells to an ODgqo of 0.003 from an overnight pre-culture and grown to an ODggg of 1.2. Cells were washed with inositol-
free medium and then cultivated for an additional 2 h in either inositol-free (inositol depletion) or SCDcomplete Medium (control) starting with an ODggo of 0.6. Another
perturbation of lipid metabolism was achieved by addition of choline. For ‘+choline’ conditions, SCDcompiete medium was inoculated to an ODgoo of 0.1 using stationary
overnight cultures. Cells were then cultivated to an ODggo of 1.0 in the presence of 2mM choline. (A) UPR activation was measured by determining the levels of spliced
HACT mRNA. Data for relative HACT splicing was normalized to the inositol depletion Rtn1-bait condition (n = 8 biological replicates based on two technical replicates for
Rtn1-bait control, Rtn1-bait inositol depletion, BY4741 control and BY4741 inositol depletion, but n = 4 biological replicates based on two technical replicates for Rtn1-bait
+ choline and BY4741 + choline). (B) mRNA upregulation of the downstream UPR target gene PDI. PDI mRNA fold change was calculated as 222t and normalized to Rtn1-
bait control condition (n= 8 biological replicates based on two technical replicates for the Rtn1-bait control, Rtn1-bait inositol depletion, BY4741 control, and BY4741
inositol depletion, but n = 4 biological replicates based on two technical replicates for Rtnl-bait + choline and BY4741 + choline). (C) Upregulation of mRNA of the
downstream UPR target gene KAR2 calculated as 22 and normalized to Rtn1-bait control condition (n = 8 biological replicates based each on two technical replicates for
Rtn1-bait control, Rtn1-bait inositol depletion, BY4741 control, and BY4741 inositol depletion, but n = 4 biological replicates based on two technical replicates for Rtnl-bait
-+ choline and BY4741 + choline). Data information: All data from biological replicates are presented in (A-C) as individual data points with the mean  SD. "P > 0.05,
*P<0.05, **P < 0.01, ***P < 0.001 (unpaired parametric t test with Welch’s correction). Nonsignificant comparisons are not highlighted. Source data are available online
for this figure.
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Figure EV4. Activation of the UPR upon prolonged proteotoxic stress.

Cells were grown as described above. UPR activation was measured by determining the levels of (A) spliced HACT mRNA and the mRNA of the downstream UPR target
gene (n = 4 biological replicates based on two technical replicates) (B) PDI (n = 4 biological replicates based on two technical replicates) and (C) KAR2 before and after
4 h of DTT or TM treatment (n = 4 biological replicates based on two technical replicates). Data for relative HACT splicing was normalized to the TM-treated Rtn1-bait
condition. PDI and KAR2 mRNA fold changes were calculated as 222t and normalized to Rtnl-bait pre-stress. (D) Calculation of the average charge per lipid from ER
lipidomics data shown in Appendix Fig. S3A,B (SCDcompletes +choline), Fig. 3B,C (control, inositol depletion), and Fig. 4D,E (pre-stress, DTT, TM). Conditions with active
UPR show reduced negative lipid charges compared to their respective controls. Net charges of the lipid classes were considered as follows: Erg O, EE O, TAG O, DAG O, PA
-1,PC 0, PEO, PI -1, PS -1, CDP-DAG -2, PG -1, CL -2, Cer O, IPC -1, MIPC -1, M(IP),C-2 (n = 4 biological replicates for SCD omplete and n = 3 biological replicates for all other
conditions). Data information: All data are presented as individual data points and the mean £ SD. ™P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001 (unpaired parametric t test
with Welch’s correction). Source data are available online for this figure.

EV4  The EMBO Journal © The Author(s)

192

"899L: 176D SBSHIRS89:00$ € [9€:88€8:T08T dI WO $Z0T “ST YoIBI U0 S10"ssoxdoquua mma//:sdny woiy papeofumoq



Appendix

John Reinhard et al

DTT ™
'b@,\DQ \’2‘7@ fz}@,pg \‘2‘7@ o 200
&L L Kpa 8
Rtn1-bait hd il [ % E
n1-bai

L] - g
£
Sec61 ’ — — p— 1l £
=
c
me1’ —— — - g e
o

correlation
cluster #
—~ 5.0
S .
()]
k] . .
g 2.5- <,
g ®
<
5 .
T 0.0+—— T
el e (7
=
= .
-2.51 ®
r=0.82
25 0.0 2.5 5.0
DTT fold change (log2)

(9]

-bai 200
DTT Il Rtn1-bait
3 Dpm1 150,
B \Vpht 100
Il Por1 50.
[ Pep12 20

fold enrichment over lysate

isolate

adjusted p-value (Hog10)

2

The EMBO Journal

™

P100

4 6 8

10 12

Il Rin1-bait
[ Dpm1
B Vph1

o Il Por1

[ Pep12

isolate

odds ratio

10 40 70 100

cell wall organization or biogenesis
carbohydrate metabolic process
polysaccharide metabolic process

cell wall polysaccharide metabolic process
beta-glucan metabolic process

cell wall beta-glucan metabolic process
extracellular region

cell wall

anchored component of membrane
vacuole

hydrolase activity, hydrolyzing O-glycosyl compounds
glucosidase activity

copper ion transport

iron ion transport

small ribosomal subunit

mitochondrial small ribosomal subunit
membrane coat

mannosylation

mannosyltransferase activity

protein O-linked glycosylation

Golgi membrane

cell surface

endoplasmic reticulum lumen

vacuolar lumen

peptidase activity

proteolysis

positive regulation of autophagy

Figure EV5. Enrichment of stressed ER membranes by MemPrep.
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(A) Immunoblot analysis of the indicated organellar markers in whole-cell lysates (lysate), crude membranes (P100), and MemPrep isolates (isolate). ER membranes were
immuno-isolated via the Rtnl-bait protein. Sec61 and Dpm1 are prototypical ER membrane markers. Por1 is a marker for the outer mitochondrial membrane, Vphl is a
vacuolar marker. Pep12 marks endosomes and Gas1 serves as plasma membrane marker. 1pg total protein loaded per lane. (B) Quantification of the organelle markers
Dpm1, Vphl, Porl, Pep12 and the Rtnl-bait protein from three immunoblots of independent replicate ER MemPreps after prolonged proteotoxic stress induced by DTT
(n =3 biological replicates). (C) Quantification of three immunoblots from independent replicate ER MemPreps after prolonged proteotoxic stress induced by TM. Error
bars indicate standard deviations (n = 3 biological replicates). (D) Correlation of DTT- and TM-induced fold changes, after Limma analysis, over pre-stress with a Pearson
correlation coefficient r = 0.82. K-means clusters are indicated by colored groups and their respective cluster number (n = 3 biological replicates). (E) Gene ontology term
enrichments in K-means clusters (n = 3 biological replicates). Data information: Data in (B, C), data from three biological replicates are presented as individual data points
and as the mean £ SD. Data in (E) from n = 3 biological replicates are presented as the mean. P values were derived from a Fisher-test and corrected for multiple testing
with the method of Benjamini and Hochberg. Source data are available online for this figure.
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Appendix Figure S1. Analytical data from MemPrep-derived samples has predictive power. (A)
From a systematic collection of strains in which every protein is tagged with a C-terminal bait tag (myc-
3C-3xFLAG) we generated cell lysates for exemplary strains embedded in different organellar
membranes. (B) Fluorescence spectra and calculation of relative FRET efficiencies in mixtures of
labeled liposomes and a ~15.4-fold excess (based on membrane phospholipid content) of unlabeled
P100 microsomes after sonication as performed during MemPrep procedure (10 s sonication), after
extensive sonication (100 s sonication), or upon incubation with 18 mM methyl beta cyclodextrin
(MBCD), 40% (w/v) polyethylene glycol 8000 (PEG 8000), or 1% sodium dodecyl sulfate (SDS). A low
relative FRET efficiency is the result of decreased average proximity of the two FRET-pair fluorophores
and indicative for either fusion of labeled liposomes with unlabeled P100 microsomes or lipid exchange
between vesicles. Data are presented as individual data points and mean + SD (n = 3 independent
experiments). Statistical significance was tested using an unpaired parametric t test with Welch's
correction. ns: not significant; ***p < 0.001. (C) Correlation of mean enrichments of organellar markers
in ER membranes derived by MemPrep over P100 microsomes determined by either immunoblot
analysis or proteomics. Immuno-isolation bait protein (myc-Rtn1), ER markers Dpm1 and Sec61,
vacuole marker Vac8, and outer mitochondrial membrane marker Por1. Error bars indicate SD (n = 3
for Rtn1-bait, Dpm1, and Por1 immunoblot; n = 1 for Sec61 immunoblot; n = 2 for Vac8 immunoblot; n
= 3 for all markers in proteomics data). (D) Mean enrichment (fold change over lysate) of each individual
identified protein in our untargeted TMT-labeling proteomics data (Figure 1E, n = 3). The bait protein
‘Rtn1-bait’ via which MemPrep was perfomed is indicated. Several proteins that were highly enriched in
our ER membrane preparation via the Rtn1-bait are uniquely annotated to other organelles. Annotations
of subcellular location were retrieved from UniProt (accessed 27.01.2023). A subsequent consultation
of the Saccharomyces Genome Database gene description and GOterms (accessed 03.01.2024)
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reveals that many of those highly enriched proteins annotated to other organelles were previously
observed in the ER or the nuclear envelope (Ist2, Pex30, Pex29, Brr6, She10, YBR096W, YEL043W,
Hlj1, YGRO26W), or feature a dual localization to the ER and other organelles (Osm1, Sic1, Svp26,
Yur1, Ept1, Pex31, Msc1). ‘NA’ stands for no annotation for subcellular location.

Source data for this figure are available online.
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Appendix Figure S2. Lysolipids are depleted from the samples during the isolation procedure.
To control stability of the sample an aliquot of P100 microsomes was incubated at 4 °C and overhead
rotation (P100contro) While the remaining sample was purified by immuno-isolation. (A) Abundance of
detected lipid classes in microsomes (P100) and control microsomes after incubation for 8 h at 4 °C
(P100contral). (B) Lipid class distribution showing significantly less lyso-phospholipids in control
microsomes (P100contro)). (C) The total number of double bonds in membrane glycerolipids is not
changed.

In (A-C), data are presented as individual data points and mean + SD (P100, n = 4 biological replicates;
P100contral, N = 3 biological replicates). Statistical significance was tested by multiple t tests correcting
for multiple comparisons using the method of Benjamini, Krieger and Yekutieli, with Q = 1%, without
assuming consistent standard deviations. ***p < 0.001. Source data for this figure are available online.
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Appendix Figure S3. Metabolic interference with choline induces dramatic lipidome changes
without activation of the UPR. SCDcomplete medium containing 2 mM choline (+ choline) was inoculated
with Rtn1-bait cells to an ODesoo of 0.1 from an overnight pre-culture and cells were harvested at an
ODeoo of 1.0. ER derived membranes were purified by differential centrifugation and immuno-isolation
and subsequently analyzed by quantitative shotgun lipidomics. (A) Lipid class composition given as
mol% of all lipids in the sample. (B) Less abundant classes. (C) Total humber of double bonds in
membrane glycerolipids (except CL which has four acyl chains) as mol% of this category. Lipid data for
SCDcomplete in panel A-C are identical with the data presented in Figure 2A-C (ERR""). (D) Lipid metabolic
map of PC biosynthesis from external choline sources.

In (A-C), data are presented as individual data points and mean + SD (SCDcompiete, N = 4 biological
replicates; + choline, n = 3 biological replicates). Statistical significance was tested by multiple t tests
correcting for multiple comparisons using the method of Benjamini, Krieger and Yekutieli, with Q = 1%,
without assuming consistent standard deviations. **p < 0.01, ***p < 0.001. Source data for this figure
are available online.
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Appendix Figure S4. An in vitro lipid mixture that mimics the ER membrane under prolonged
proteotoxic and lipid bilayer stresses. (A) Based on our ER membrane lipidomics data we propose
commercially available lipid mixtures that mimic the ER under non-stress (pre-stress), prolonged
proteotoxic stress (DTT / TM) or lipid bilayer stress conditions (inositol depletion). (B) Unilamellar
liposomes were prepared by rehydrating dried lipids and extrusion. General polarization (GP) of
fluorescence spectra using the membrane probe C-laurdan ranging from +1 (most ordered membrane)
to -1 (most disordered) indicate that the proposed lipid mixtures have distinct physical properties. Data
are presented as individual data points and mean + SD (n = 3 independent liposome preparations). (C)
Molecular dynamics (MD) simulations of proposed commercially available in vitro ER membrane lipid
mixes for non-stress ER (pre-stress) and ER under two different lipid bilayer stress conditions (DTT /
TM, inositol depletion). Snapshots were taken after 100 ns. (D) Thickness measurements taken from
MD simulations. Data are presented as mean + SEM (n = 3). Statistical significance was tested using
an unpaired parametric t test with Welch's correction. *p < 0.05, **p < 0.01. (E) Determination of defect
size constants in MD simulation of model membranes. Data are presented as mean + SEM (n = 3).
Statistical significance was tested using an unpaired parametric t test with Welch's correction. *p < 0.05,
***n < 0.001. (F) Free volume calculations from MD simulations. Data are presented as mean + SEM (n
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= 3). The SEM is within the range of the thickness of the plotted line. (G) Charge distribution computed
from partial charge density during MD simulations. Data are presented as mean + SEM (n = 3). Source
data for this figure are available online.
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Appendix Figure S5. Changes of average acyl chain length and unsaturation in abundant
glycerolipid classes under conditions of ER stress. Arrow diagrams showing changes in acyl chain
composition (average number of double bonds per acyl chain, average length per acyl chain) for each
glycerolipid class in our ER lipidome data (n = 3 biological replicates for all conditions except
‘SCDcomplete’, Where n = 4). (A) Acyl chain changes upon lipid bilayer stress by inositol depletion (based
on data from Figure 3B, C). Lipid acyl chains from all measured classes tend to get shorter and more
saturated. (B) Acyl chain changes upon addition of 2 mM choline (based on data from Appendix Figure
S3A, B). Acyl chains of PC lipids tend to get shorter and more saturated. Acyl chains of PE, PS and PI
lipids tend to get longer. (C) Acyl chain changes after prolonged proteotoxic stress by DTT (based on
data from Figure 4D, E). (D) Acyl chain changes after prolonged proteotoxic stress by TM (based on
data from Figure 4D, E). Similar changes are measured for both proteotoxic stress inducers, DTT and
TM. PC acyl chains get more saturated, Pl acyl chains get longer. Acyl chains in the other lipid classes
tend to become longer and more saturated. Circle diameters are proportional to abundance of the
respective lipid class in the ER membrane of indicated growth condition. Source data for this figure are
available online.
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Appendix Figure S6. Lipidomics of the vacuole. SCDcompiete medium was inoculated with Vph1-bait
cells to an ODsoo of 0.1 from an overnight pre-culture and cells were harvested at an ODeoo of 1.0.
Membranes of the vacuole were purified by MemPrep and subsequently analyzed by TMT-labeling
proteomics and quantitative shotgun lipidomics. (A) Differential centrifugation yields a crude membrane
fraction (P100) that is subsequently used as input for immuno-isolation. (B) Mean enrichment (fold
change over lysate) of each individual identified protein in our untargeted TMT-labeling proteomics data
(Figure 6B, n = 3). The bait protein ‘Vph1-bait’ via which MemPrep was performed is indicated. Our
vacuole membrane preparation seemed to contain several enriched proteins with annotations of non-
vacuole organelles. Annotations of subcellular location were retrieved from UniProt (accessed
27.01.2023). A subsequent consultation of the Saccharomyces Genome Database gene description
and GOterms (accessed 03.01.2024) reveals that many of those highly enriched proteins annotated to
other organelles were previously observed in the vacuole or feature a dual localization to the vacuole
and other organelles (Tull, Syg1, Fet5, Adp1). (C) Lipid class composition given as mol% of all lipids in
the sample. (D) Less abundant classes. (E) Total number of double bonds in membrane glycerolipids
(except CL which has four acyl chains) as mol% of this category.

In (C-E), lipid data for ER®"' are identical with the data presented in Figure 2A-C. Lipid data for
vacuole"?" in panel C and D are identical with the data presented in Figure 6C and D. Data are
presented as individual data points and mean + SD (n = 3 biological replicates). Statistical significance
was tested by multiple t tests correcting for multiple comparisons using the method of Benjamini, Krieger
and Yekutieli, with Q = 1%, without assuming consistent standard deviations. **p < 0.01, ***p < 0.001.
Source data for this figure are available online.
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Appendix Supplementary Methods
Bait-tagging cassette on plasmid pRE866 coding regions:

myc-HRYV 3C site-3xFLAG (amino acids)
GGGGGGEQKLISEEDLGSGLEVLFQGPGSGDYKDHDGDYKDHDIDYKDDDDK*

KanR (aminoglycoside phosphotransferase) (amino acids

DNA sequence
gggggaggcgggggtggagaacaaaagttgattictgaagaagatttggggtcaggtctggaagttctgttccaggggeccgga
tctggcgactacaaagaccatgacggtgattataaagatcatgacatcgactacaaggatgacgatgacaagtagggcgegcec
acttctaaataagcgaatttcttatgatttatgatttttattattaaataagttataaaaaaaataagtgtatacaaattttaaagtgactctt
aggttttaaaacgaaaattcttattcttgagtaactctttcctgtaggtcaggttgctttctcaggtatagtatgaggtcgcetcttatigacc

acacctctaccggcagatccgctagggataacagggtaatatagatctgtttagcttgectcgtcccecgecgggtcaccecggeca

gcgacatggaggcccagaataccctccttgacagtcttgacgtgcgcagetcaggggceatgatgtgactgtcgcccgtacatttag
cccatacatccccatgtataatcatttgcatccatacattttgatggccgcacggcgcgaagcaaaaattacggctcctcgetgcag
acctgcgagcagggaaacgctcccctcacagacgcgttgaattgtccccacgecgegeccctgtagagaaatataaaaggtta

cagtactgacaataaaaagatictigtittcaagaacttgtcatttgtatagtttttttatatigtagttgttctatittaatcaaat
gttagcgtgatttatattttttitcgcctcgacatcatctgcccagatgcgaagttaagtgcgcagaaagtaatatcatgegtcaategt
atgtgaatgctggtcgctatactg
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ABSTRACT Upon nutrient limitation, budding yeast of Saccharomyces cerevisiae shift from fast growth (the log stage) to
quiescence (the stationary stage). This shift is accompanied by liquid-liquid phase separation in the membrane of the vacuole,
an endosomal organelle. Recent work indicates that the resulting micrometer-scale domains in vacuole membranes enable
yeast to survive periods of stress. An outstanding question is which molecular changes might cause this membrane phase sep-
aration. Here, we conduct lipidomics of vacuole membranes in both the log and stationary stages. Isolation of pure vacuole mem-
branes is challenging in the stationary stage, when lipid droplets are in close contact with vacuoles. Immuno-isolation has
previously been shown to successfully purify log-stage vacuole membranes with high organelle specificity, but it was not previ-
ously possible to immuno-isolate stationary-stage vacuole membranes. Here, we develop Mam3 as a bait protein for vacuole
immuno-isolation, and demonstrate low contamination by non-vacuolar membranes. We find that stationary-stage vacuole
membranes contain surprisingly high fractions of phosphatidylcholine lipids (~40%), roughly twice as much as log-stage mem-
branes. Moreover, in the stationary stage, these lipids have higher melting temperatures, due to longer and more saturated acyl
chains. Another surprise is that no significant change in sterol content is observed. These lipidomic changes, which are largely
reflected on the whole-cell level, fit within the predominant view that phase separation in membranes requires at least three types
of molecules to be present: lipids with high melting temperatures, lipids with low melting temperatures, and sterols.

SIGNIFICANCE When budding yeast shift from growth to quiescence, the membrane of one of their organelles (the
vacuole) undergoes liquid-liquid phase separation. What changes in the membrane’s lipids cause this phase transition?
Here, we conduct lipidomics of immuno-isolated vacuole membranes. We analyze our data in the context of lipid melting
temperatures, inspired by observations that liquid-liquid phase separation in model membranes requires a mixture of lipids
with high melting temperatures, lipids with low melting temperatures, and sterols. We find that phase-separated vacuole
membranes have higher concentrations of phosphatidylcholine lipids, and that those lipids have higher melting
temperatures. To conduct our experiments, we developed a tagged version of a protein (Mam3) for immuno-isolation of
vacuole membranes.

INTRODUCTION (henceforth “yeast”) transition away from fermentative,
exponential growth (log stage), through respiratory growth
(diauxic shift), to reach a quiescent state (stationary stage)
(2). The shift from the logarithmic to the stationary stage
is accompanied by striking changes in the yeast vacuole,
the functional equivalent of the lysosome in higher eukary-

otes. Multiple, small vacuoles fuse so that most cells contain

During normal growth, cells undergo enormous changes as
they adapt to their environment and pass through a sequence
of distinct metabolic states (1). For example, when certain
nutrients become limiting, Saccharomyces cerevisiae
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only one large vacuole ((3), and reviewed in (4)), and the
vacuole membrane undergoes liquid-liquid phase separation
(Fig. 1) (5). As a result, in the stationary stage, the vacuole
membrane contains micrometer-scale domains that are
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Logarithmic stage

Stationary stage

FIGURE 1 (A) In nutrient-rich media, yeast cultures grow exponentially.
In this logarithmic stage, each cell contains multiple small vacuoles, the
lysosomal organelle of yeast. (B) As nutrients become limited, vacuoles
fuse. (C) Eventually, yeast enter the stationary stage in which the vacuole
membrane phase separates into micrometer-scale, coexisting liquid phases.
Corresponding fluorescence micrographs are shown below each schematic,
with scale bars representing 2 pum. To see this figure in color, go online.

enriched in particular lipids and proteins (6-9). This phase
transition is reversible, with a transition temperature
roughly 15°C above the yeast’s growth temperature (10).
Recent studies suggest that phase-separated domains in vac-
uole membranes regulate the metabolic response of yeast to
nutrient limitation through the TORC1 pathway, which reg-
ulates protein synthesis, autophagy, lipophagy, and other
processes (8,9,11-14).

An outstanding question in the field has been what the
molecular basis is for phase separation in the vacuole mem-
brane. Here, we investigate changes in the lipidome of the
vacuole as yeast enter the stationary stage. We expect the
lipidome to be important because the mutations that perturb
phase separation of the vacuole involve lipid trafficking and
metabolism (8,9,15). Although our experiments do not
address the potential contribution of proteins to membrane
phase separation (16,17), we note that treatment of cells
with cycloheximide, which inhibits protein translation, in-
creases the prevalence of phase-separated vacuoles within
3 h (18).

‘We expect to observe changes in vacuole lipidomes from
the log to the stationary stage because log-stage vacuole
membranes do not phase separate over large shifts in tem-
perature from 30°C to 5°C, whereas stationary-stage vacu-
ole membranes do, even when they are grown over a
range of growth temperatures (10). However, we do not
necessarily expect the lipidomic changes that drive phase
separation to be large. Phase transitions are an effective
means of amplifying small signals.

What types of changes do we expect to see in the lipi-
dome? In the past, researchers have focused on ergosterol,
the predominant sterol in fungi and many protozoans. Multi-
component model membranes containing ergosterol can
separate into coexisting liquid phases (19). Moreover, phase
separation in isolated vacuoles is reversed through changes
in ergosterol levels (8,10,20). Klose et al. measured whole-

2 Biophysical Journal 122, 1-15, March 21, 2023
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cell lipidomes through the growth cycle and found that
ergosterol decreased from ~14 mol % of total lipids in the
log stage to ~10 mol % in the stationary stage (21). Howev-
er, because most ergosterol is highly enriched in the plasma
membrane, it has remained unclear how and to what extent
ergosterol in the vacuolar membrane may contribute to
membrane phase separation during the stationary stage.

Previous attempts to measure changes in vacuole lipi-
domes have been limited by the technical challenge of sepa-
rating vacuole membranes from the membranes of other
organelles. This challenge is formidable because vacuoles
form stable membrane contacts with other organelles,
such as the nuclear envelope, which can co-purify with vac-
uoles (22,23). Here, we employ an immuno-isolation tech-
nique called MemPrep to efficiently separate vacuole
membranes from those of other organelles (24-28). We first
identify a bait protein that resides only in the membrane of
interest and then genomically fuse a cleavable epitope tag to
that bait protein. To achieve roughly equal immuno-isola-
tion efficiencies in the log and stationary stages, we use
the membrane protein Mam3 as our bait, which isolates
highly enriched membranes from both growth stages at suf-
ficient yields for quantitative lipidomic analyses. This al-
lows us to map the differences in the lipid profiles of the
vacuole membrane in the logarithmic and the stationary
stages. We then put our lipidomic data into context of exist-
ing data of the physical properties of lipids.

MATERIALS AND METHODS
Yeast cell culture and microscopy

For lipidomics experiments, we used the plasmid pRE866 (28) and the
primers 5'-GAACTTCCAATTATGATGCCAACGGCTCCTCGTCGACCAT
AAAAAGAGGGGGAGGCGGGGGTGGA-3 and 5'-GGTTATTATGATGCA
TGGGCAATTCTTTTGGCATAATCTCTTCAGATGGCGGCGTTAGTATCG-
3, and we generated a S. cerevisiae strain with a bait tag targeted to the C
terminus of Mam3 (a vacuolar membrane protein involved in Mg>* seques-
tration) (29). A Mam3-bait strain is also available from the MemPrep li-
brary (28). The bait tag for immuno-isolation contains a linker region
followed by a Myc epitope tag for detection in immunoblotting analysis,
a specific cleavage site for the human rhinovirus (HRV) 3C protease for se-
lective elution from the affinity matrix, and three repeats of an FLAG
epitope that ensures binding to the affinity matrix. The complete amino
acid sequence of the bait tag is: GGGGGGEQKLISEEDLGSGLEVL
FQGPGSGDYKDHDGDYKDHDIDYKDDDDK.

From a single colony on a YPD (yeast extract peptone dextrose) agar
plate, 3 mL of synthetic complete medium was inoculated. Cells were culti-
vated for 20 h at 30°C, producing a starter culture. From this starter culture,
we inoculated 4 L of synthetic complete medium to an optical density at
600 nm (ODggp) = 0.1 and cultivated the cells at 30°C and 220 rpm constant
agitation. For yeast in the log stage, cells were cultivated for approximately
8 h, until they reached ODgoo = 1 (yielding a total of 4000 ODgg - mL). For
cultivating yeast to the stationary stage, 2 L of synthetic complete medium
were inoculated to ODg 0.1 and cultivated for 48 h. The final ODgqo was
8.6 = 0.4 (yielding a total of 17,200 ODggo-mL). We used more biomass
for isolations from stationary cells because mechanical cell disruption is
less efficient at the stationary stage. In the stationary stage, roughly 80%
of vacuole membranes undergo phase separation into micrometer-scale do-
mains (8-10, 15).
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Yeast were imaged by fluorescence microscopy as described in the sup-
plemental methods section of the Supporting Materials.

Immuno-isolation of microsomes

Microsomes of vacuole membranes and solutions of magnetic beads were
produced as briefly described in Fig. 2 and as fully described in the Support-
ing Materials. Next, 700 pL of the sonicated, crude microsomal vesicle
fraction were added to 700 pL of the solution of magnetic beads in immu-
noprecipitation (IP) buffer (25 mM HEPES pH 7.0, 1 mM EDTA, 150 mM
NaCl), for a total volume of 1.4 mL. Vesicles were allowed to bind to the
beads (Fig. 2 B) by rotating the tubes for 2 h at 4°C in an overhead rotor
at 3 rpm, which avoided excessive formation of air bubbles.

Magnetic beads and the membranes bound to them were collected after a
series of washes (Fig. 2 B). To this end, the tubes were placed in a magnetic
rack and the supernatants were removed. The magnetic beads were washed
twice with 1.4 mL of wash buffer (25 mM HEPES, pH 7.0, 1 mM EDTA,
75 mM NaCl, 0.6 M urea), which destabilizes many unspecific protein-pro-
tein interactions, and then twice with 1.4 mL of IP buffer. After these
washes, the magnetic beads were transferred to a fresh 1.5-mL tube and re-
suspended with 700 pL of elution buffer (PBS pH 7.4, 0.5 mM EDTA,
1 mM DTT, and 0.04 mg/mL GST-HRV-3C protease).

To elute vesicles from the affinity matrix (Fig. 2 B), the samples were
incubated by rotating overhead at 3 rpm for 2 h at 4°C with the HRV-3C
protease. The tubes were then placed in a magnetic rack to precipitate

A Microsome preparation:
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the magnetic beads, and the supernatant (eluate) containing the purified
vacuole membranes was transferred to fresh tubes. To concentrate the
membrane vesicles and to exchange the buffer, the sample was diluted in
PBS and transferred to ultracentrifuge tubes. After centrifugation at
264,360 x g for 2 h at 4°C using a Beckman TLA 100.3 rotor, the super-
natant was discarded and the pellet containing purified vacuole membranes
was resuspended in 200 uL of PBS. Resuspended pellets were transferred to
fresh microcentrifuge tubes, snap frozen in liquid nitrogen, and stored at
—80°C until lipid extraction and mass spectrometry analysis. Procedures
for lipid extraction, acquisition of lipidomics data, and processing of lipido-
mics data are described in the Supporting Materials.

RESULTS

Mama3 is a robust bait protein for immuno-
isolation of vacuole membranes

We identified several membrane proteins as candidate “bait
proteins” for immuno-isolation of vacuoles in both the log
stage and the stationary stage of growth. Immuno-isolation
with bait proteins provides a high level of organelle selec-
tivity that is not available by standard flotation methods
(30,31). One end of the bait protein (the C terminus) is
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FIGURE 2 (A) 1) Yeast cells are cultivated to either the log or stationary stage. 2) Cells are mechanically fragmented with zirconia glass beads using a
FastPrep-24 bead beater. 3) A differential centrifugation procedure at 3234 x g, 12,000 x g, and 100,000 x g is performed to deplete cell debris and mem-
branes from other organelles, thereby enriching vacuole membranes in the microsomal fraction. The fraction containing vacuole membranes (either the
supernatant, S, or the pellet, P, is retained). 4) Controlled pulses of sonication separates clumps of vesicles and produces smaller microsomes for im-
muno-isolation (28). Items are not drawn to scale. (B) 1) Top: the microsome solution is enriched in vacuole membranes, which are labeled with a bait
tag (myc-3C-3xFLAG) attached to the Mam3 protein. Bottom: microsomes are mixed with magnetic beads coated at sub-saturating densities with a mouse
anti-FLAG antibody. 2) Antibody-coated magnetic beads bind to Mam3 in vacuole membranes, but not to other membranes. 3) For washing, the affinity
matrix (magnetic beads) is immobilized by a magnet, the buffer with all unbound material is removed, and fresh, urea-containing buffer is added. The affinity
matrix is serially washed and agitated in the absence of a magnetic field to ensure proper mixing and removal of unbound membrane vesicles. 4) Vacuole
membranes are cleaved from the beads with affinity-purified HRV-3C protease. 5) Removal of the magnetic beads leaves purified vacuole membranes for

lipidomics. To see this figure in color, go online.
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equipped with a molecular bait (the construct myc-3C-
3xFLAG). The bait protein and the membrane in which it
resides bind to magnetic beads decorated with anti-FLAG
antibodies (Fig. 2 B). The beads are magnetically immobi-
lized and washed extensively with urea-containing buffers.
The isolated membranes are then cleaved from the beads
(using the GST-HRV-3C protease) and analyzed by shotgun
lipidomics. For our application, a robust bait protein (1)
must have its C terminus available in the cytosol, (2) contain
an intramembrane domain anchoring it to the membrane, (3)
localize only to the vacuole, and (4) be expressed at high
levels in both the log and stationary stage. Initial guesses
can be made about whether given proteins are good candi-
dates for bait proteins by consulting the YeastGFP fusion
localization database (https://yeastgfp.yeastgenome.org/),
and then fusions must be tested in the lab (32,33).

An obvious candidate for a bait protein was Vphl, which
has high expression levels in the log stage (8,34). Vphl has
been extensively used for visualizing vacuole domains
(5,7-10,15), and was previously used by us to demonstrate
the utility of MemPrep for isolating vacuole membranes
in the log stage (28). However, in the stationary stage,
both the expression level of Vphl and the efficacy of cell
lysis are lower (Fig. S1 A-E), resulting in an insufficient
yield of membranes upon immuno-isolation via the Vphl-
bait construct.

In contrast, Mam3 (~3230-5890 molecules per cell)
proved to be an excellent bait protein (34). We confirmed
previous reports that Mam3 localizes to the vacuole mem-
brane (35) by showing that Mam3 colocalizes with FM4-
64, a styryl dye that selectively stains vacuole membranes
(Fig. S2). In the log stage, when vacuoles do not exhibit
domains, Mam3 distributes uniformly on the vacuole mem-
brane. In stationary-stage yeast, Mam3 partitions to only
one of the two phases of vacuole membranes (Figs. 3 A-B
and S3). Specifically, Mam3 partitions to the same phase
as Vphl, which Toulmay and Prinz identified as a liquid
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disordered (Ld) phase (Fig. S4) (8). Expression levels of
Mam3 are high in both the log and stationary stages
(Fig. 3 C). Mam3 outperformed four other candidates for
bait proteins (Ypq2, Sna4, Ybtl, and YBR241C) carrying
the same myc-3C-3xFLAG bait tag. We would expect all
of these proteins to preferentially partition to the Ld phase.

For completeness, we attempted to find complementary
bait proteins that preferentially partition to the opposite
phase (the liquid ordered (Lo) phase) of vacuole membranes
in the stationary stage. None were found to be good candi-
dates. For example, the protein Gtr2 partitions to the Lo
phase in yeast vacuole membranes (8). We find that mem-
brane fragments isolated with a bait attached to Gtr2 pro-
teins contain low amounts of proteins known to reside in
vacuole membranes (Vphl and Vac8); the Gtr2 bait protein
does not isolate enough vacuole membrane to analyze by
lipidomics (Fig. S5). To date, the only other protein known
to preferentially partition to the Lo phase of vacuole mem-
branes is Ivy1 (8). Because Ivy1 is an inverted BAR protein
rather than a transmembrane protein, it is an unsuitable bait
protein.

Low contamination by non-vacuolar proteins and
lipids

A key challenge in isolating pure organellar membranes is
that most organelles are in physical contact with other or-
ganelles, which can contaminate membrane samples. Most
previous isolation attempts have been based on the protocol
pioneered by Uchida et al. in which yeast are converted into
spheroplasts and mildly lysed, and then vacuole membranes
are enriched by differential centrifugation and density
centrifugation (30, 36, 37) (see Table S1 for comparisons).
Zinser et al. noted that lipid droplets “seemed to adhere”
to vacuole membranes isolated by this method (7, 31).
The density gradient method of separating vacuole mem-
branes is relatively insensitive to contamination by other
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FIGURE 3 (A) In the log stage of growth, lipids and proteins appear uniformly distributed in vacuole membranes of yeast. Mam3, a transmembrane protein

in the vacuole membrane, was produced from its endogenous promoter and equipped at its C terminus either with a bait tag for immuno-isolation or with GFP
for fluorescence microscopy. (B) In vivo fluorescence micrographs of yeast showing that, in the stationary stage (after 48 h of growth), the vacuole membrane
phase separates into two liquid phases. Mam3-GFP partitions into only one of these phases (identified as the Ld phase). Micrographs were taken at room
temperature at both the top (“Top”) and the midplane (“Middle”) of vacuoles for each field of view. Wider, representative fields of view are shown in
Fig. S3, and corresponding images for Vph1-GFP are in Fig. S4. (C) Immunoblot showing robust and stable expression levels of Mam3-bait. Synthetic com-
plete medium was inoculated to an ODg of 0.1 and cells were harvested by centrifugation after cultivation for 0, 4, 8, 24, and 48 h. The immunoblot was
visualized using anti-FLAG and fluorescently labeled secondary antibodies, which bind the myc-3C-3xFLAG bait tag on Mam3. Bands for Mam3-bait are
shown in the log (early times) and stationary stage (late times), and positions of molecular weight markers are indicated for reference. To see this figure in
color, go online.
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types of organelles. When Tuller et al. isolated vacuole
membranes, and they found 0.5% contamination by plasma
membranes and 5.5% contamination by cardiolipins, a lipid
specific to mitochondria (37). Likewise, Schneiter et al.
reported that a vacuolar marker protein was enriched
~15-fold in their vacuolar membrane preparations, with
some contamination from the ER and the outer mitochon-
drial membrane (25).

Here, we couple a classical differential centrifugation
approach with a sonication step that breaks up vesicle
aggregates and produces smaller microsomes, from which
vacuolar membranes are then purified by immuno-isolation
(Fig. 2). We benchmark the purity of isolated vacuole
membranes by verifying that protein markers for vacuoles
are enriched in post-immuno-isolation fractions and that
markers for other organelles are depleted. For example,
Dpml, which localizes to the endoplasmic reticulum,
and Porl, which localizes to the mitochondrial outer mem-
brane, are initially present after sonication of microsomes
(Fig. 4 B; “load”) and are removed after immuno-isolation
(Fig. 4 B; “eluate”). In contrast, Vac8 and Vphl, which
localize to the vacuole, are enriched in the immuno-isolation
eluate relative to other proteins (Fig. 4 B,C). Mam3 was not
used to evaluate enrichment because the FLAG epitope is
cleaved off to release vacuole membranes from the magnetic
beads, which means that the Mam3 bait protein cannot be
detected with anti-FLAG antibodies after elution.

We also evaluated the purity of isolated vacuole mem-
branes by assessing contamination by lipids known to reside
in other organelles. We find that only ~1% of lipids in iso-
lated membranes (0.8% = 0.4%) contain cardiolipins from
mitochondria. Similarly, TAG (triacylglycerol) and ergos-
terol esters are “storage lipids” found in the hydrophobic
core of lipid droplets (9). For yeast in the log stage, we
find that only ~2.5% of all lipids of immuno-isolated vacu-
oles are TAG, and <1% are ergosterol esters (Fig. S6). In
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comparison, in whole-cell extracts of the same cells, we
find 9% TAG and 5% ergosterol esters (Fig. S7), in agree-
ment with literature values of 10% = 1% TAG for equiva-
lent yeast and conditions (38). A characteristic feature of
vacuole membranes in the log stage of growth is the almost
complete absence of phosphatidic acid (PA) (28), which we
confirm for vacuole membranes isolated using the Mam3
bait (Fig. 5 A).

Isolation of pure vacuole membranes is particularly chal-
lenging in the stationary stage, when lipid droplets are pro-
duced in high numbers and are in intimate contact with
vacuole membranes (7,9,15,39,40). Uptake of lipid droplets
into the vacuole lumen, referred to as lipophagy (39) or mi-
crolipophagy (41), occurs upon nitrogen starvation or acute
glucose limitation and is associated with liquid-liquid phase
separation of vacuole membranes (39,41-45).

Nevertheless, we still find low contamination in immuno-
isolated vacuole membranes from yeast in the stationary
stage, which contain ~13% TAG and ~0.5% ergosterol
esters (Fig. S6). In comparison, in whole-cell extracts
from the same cells, we find three times more TAG
(>35%) and an order of magnitude more ergosterol esters
(>6%) (Fig. S7). High levels of ergosterol esters persist in
vacuoles separated by density gradient methods from log-
stage yeast grown in YPD media (31), and may be even
higher for equivalent yeast grown in synthetic complete me-
dia (38). These data highlight the value of isolating vacuole
membranes by immuno-isolation. The difference in deple-
tion levels between TAG and ergosterol ester in our vacuole
membrane preparations compared with the corresponding
whole-cell lipidomes (~threefold for TAGs and >10-fold
for ergosterol esters) may reflect different rates of lipophagy
for TAG- and ergosterol ester-enriched lipid droplets, and/or
different turnover rates of these storage lipids in vacuoles.
Because the amount of TAG we observe in stationary-stage
vacuole preparations exceeds the solubility of TAG in

(o] FIGURE 4 Immuno-isolation from cells ex-
& pressing the Mam3-bait construct. (A) After differ-
@0& e ential centrifugation, proteins that reside in
S . .
é\\q &9 membranes of the endoplasmic reticulum (Dpm1)
NN

«wa  and mitochondria (Porl) are present in microsome
preparations of yeast (P100 column), as reported
by anti-Dpml and anti-Porl immunoblots. (B)
P100 microsomes are sonicated and used as input
for the immuno-isolation (load). Bands for vacuole
markers (Vphl and Vac8) show binding to anti-
body-coated magnetic beads (“bind” column),
mitigating substantial loss in the flowthrough step
(“flowthrough” column). The anti-Dpm1 immuno-
blot shows two additional bands in the fractions
containing magnetic beads (in the “bind” and
“remain” columns) originating from the FLAG
antibody light chain (~25 kDa) and the coating
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of protein G (~37 kDa). Protein G also leads to a band in the anti-Sec61 and anti-Porl immunoblots. Immuno-isolation removes membranes of the endo-
plasmic reticulum and mitochondria (seen by an absence of Dpm1, Sec61, and Porl in the “eluate” column) and retains only vacuole membranes for lip-
idomics (seen by bands for Vac8 and Vphl in the eluate column). (C) Enrichment of organelle protein markers in immuno-isolates over crude microsomes
was quantified from immunoblot signals loaded from equal amounts of total protein (0.45 pg).
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FIGURE 5 (A) Abundances of membrane lipids

in yeast vacuole membranes in the logarithmic and
stationary stages of growth. A large increase is
observed in PC lipids. Concomitant decreases are
observed in PE, PI, and DAG lipids. Error bars
are standard deviations of four vacuole samples
immuno-isolated on different days; individual
data points are shown by white circles. Data
exclude storage lipids (ergosterol ester and triacyl-
glycerol), which are attributed to lipid droplets.
Corresponding graphs that include storage lipids
are in Fig. S6 and full datasets are in the supporting
information. Statistical significance was tested by
multiple #-tests correcting for multiple compari-
sons (method of Benjamini et al. (50)), with a false

ACRONYM Full lipid name
CDP-DAG Cytidine diphosphate- ol LPA Ly acid PA Phosphatidic acid
Cer Ceramide LPC  Lysophosphatidylcholine PC Phosphatidylcholine
CL Cardiolipin LPE  Lysophosphatidylethanolamine PE Phosphatidylethanolamine
DAG Diacylglycerol LPI Lysophosphatidylinositol PG Phosphatidylglycerol
EE Ergosterol ester LPS Lysophosphatidylserine Pl Phosphatidylinositol
Erg Ergosterol M(IP)2C  Mannosyl-diinositol-phosphoryl-ceramide ~ PS Phosphatidylserine
IPC  Inositol-phosphoryl-ceramide MIPC Mannosyl-inositol-phosphoryl-ceramide ~ TAG  Triacylglycerol

discovery rate Q = 1%, without assuming consis-
tent standard deviations. *p < 0.05, **p < 0.01,
and ***p < 0.001. (B) Acronyms of lipid types.

bilayers, which is ~3% in glycerolipid membranes and
likely even lower in membranes containing sterols (46,47),
some of the TAG (and perhaps, to a lesser extent, some other
lipid types) in our stationary-stage samples likely originates
from lipid droplets. In the sections below, we consider stor-
age lipids as non-membrane lipids and exclude them from
the discussion.

In general, breaking contact sites between organelles
within the MemPrep strategy for immuno-isolation pro-
duces highly purified organelle-specific membrane prepara-
tions. For example, the strategy results in an unprecedented
~25-fold enrichment of ER proteins over the cell lysate
(28). However, like every technique, it has tradeoffs. As
noted by Zinser and Daum, “rupture of intact vacuoles
may liberate proteases” (48). Therefore, we perform all
steps of MemPrep at 4°C; every increase in temperature
of 10°C doubles the rate at which proteases degrade pro-
teins. This constraint prevents us from isolating membranes
from the same population of vacuoles at two temperatures.
In the future, we hope to find a way to isolate membranes
at both a low temperature (at which the membrane phase
separates) and a high temperature (at which the membrane
is uniform).

Logarithmic stage lipidomes have high levels of
PC, PE, and PI lipids

We quantified the lipidome for ~400 individual lipid spe-
cies, in ~20 lipid classes. The list of relevant lipids is shorter
in yeast than in many other cell types because yeast can syn-
thesize only mono-unsaturated fatty acids, such that yeast
glycerolipids typically contain at most two unsaturated
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bonds, one in each chain (49). In general, the phosphatidyl-
choline (PC), phosphatidylethanolamine (PE), and phospha-
tidylinositol (PI) lipid classes each constitute ~20% of the
log-stage vacuole lipidome (Fig. 5). Lipidomes of log-stage
vacuole membranes immuno-isolated using the Mam3-bait
are in excellent agreement with those we previously isolated
with a Vphl-bait (Fig. S8) (28). It is difficult to assess
whether these lipidomes agree with data determined by
more traditional methods. Although Zinser et al. (31) re-
ported that levels of PC lipids were twice the level of PE
or PI lipids in log-stage vacuoles, it is unclear if the yeast
they used were grown to early log stage or a later stage.
Whole-cell lipidomes by Reinhard et al. (38) imply that
the difference cannot be simply ascribed to the use of
YPD media by Zinser and coworkers versus the synthetic
complete media used here.

The importance of isolating vacuoles from whole-cell
mixtures is reflected in differences between their lipidomes.
For log-stage cells grown in synthetic complete medium, the
fraction of IPC (inositolphosphoryl-ceramide) and PA lipids
are roughly two and 10 times greater in the whole cell,
respectively, whereas the fraction of DAG (diacylglycerol)
lipids is roughly two times higher in the vacuole than the
whole cell (21,38).

Phase separation in vacuole membranes is not
likely due to an increase in ergosterol

A central question is why log-stage vacuole membranes do
not phase separate, whereas stationary-stage membranes do.
Ergosterol is the major sterol in yeast, and it has been sug-
gested that phase separation of vacuole membranes could be
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due to an increase in ergosterol (8). An increase in ergos-
terol would be consistent with a report that the ratio of filipin
staining of sterols in vacuole versus plasma membranes is
higher in the stationary stage than the log stage, although
vacuole and plasma membrane levels were not measured
independently (10,15). It would also be consistent with the
expectation that esterified sterols in lipid droplets are mobi-
lized in the stationary stage by lipophagy, which is required
for the maintenance of phase separation in the vacuole
membrane (20,24,36,40).

Here, we find statistically equal mole fractions of ergos-
terol in vacuole membranes in the log and stationary stages:
10% = 1% in the log stage and 9% = 2% in the stationary
stage (Fig. 5). Uncertainties represent standard deviations
for four independent experiments of each type, and the
data exclude storage lipids of ergosterol esters and TAGs.
Sterol concentrations in this range (~10%) are often suffi-
cient for separation of model membranes into two liquid
phases (51-57). Higher levels are not necessarily better at
promoting coexisting liquid phases; the solubility limit of
ergosterol in membranes of lipids with an average of one un-
saturation is only 25%-35% (58—61), and solubility may be
lower when lipid unsaturation is higher, as in biological
membranes.

We find that ergosterol fractions in yeast whole-cell ex-
tracts, as opposed to only the vacuole membrane, are also
~10% in both the log stage and the stationary stage
(Fig. S7). Similarly, Klose et al. reported mole fractions of
ergosterol of 13% and 11% in whole-cell extracts from
the log and stationary stage, respectively, with uncertainties
on the order of 0.5% (21).

‘We cannot rule out that immuno-isolation with Mam3 un-
der-samples the Lo phase (which contains higher concentra-
tions of ergosterol per unit area than the Ld phase, based on
brighter staining by filipin (8)). Nevertheless, our conclu-
sion that vacuole phase separation is not likely driven by
an increase in ergosterol is consistent with other results in
yeast; we previously found that log-stage vacuole mem-
branes phase separate upon depletion (rather than addition)
of ergosterol (10). Other results in the literature are more
difficult to interpret. It is not known whether ergosterol
and other lipids move into yeast vacuoles or out of
them when sterol synthesis and transport are impaired
(9,11,12,15), when lipid droplets are perturbed (9,13), or
when drugs are applied to manipulate sterols (8,20) (all of
which can disrupt the formation or maintenance of vacuole
membrane domains).

Results from other cell types are not necessarily appli-
cable to yeast. As in yeast vacuoles, depletion of sterol
from modified Chinese hamster ovary cells results in plasma
membrane domains, and recovery of photobleached lipids is
consistent with the domains and the surrounding membrane
both being fluid (62). Similarly, depletion of sterol from
giant plasma membrane vesicles (GPMVs) of NIH/3T3 mu-
rine fibroblasts causes phase separation to persist to higher

Lipidome log and stat vacuole membranes

temperatures (63). Membrane domains in other types of ste-
rol-depleted cells (e.g., (64)) may also prove to be due to
phase separation, although it is always important to verify
that cells are still living (as in (64)) and to identify when
membrane properties such as lipid diffusion, dye partition-
ing, domain shape, and/or domain coalescence reflect liquid
rather than solid phases (as in (65-67)). Different results are
observed in vesicles derived from other cell types. Depletion
of sterol from GPMVs of RBL cells restricts phase separa-
tion to lower temperatures (68). Similarly, when phase sep-
aration is restricted to lower temperatures in zebrafish
GPM Vs (because the cells are grown at lower temperature),
sterol levels are lower (69). Results from these different cell
types are not in conflict; addition and depletion of sterol
have been suggested to drive membranes toward opposite
ends of tie-lines (away from phase separation and toward
a single, uniform phase), based on observations in GPMVs
of RBL-2H3 cells (70), CH27 cells (71), and model mem-
branes (19,51,63,72).

Changes in the vacuole lipidome from the log
stage to the stationary stage

If phase separation in vacuole membranes is not due to an
increase (or even a change) in the fraction of ergosterol,
could it be due to changes in other lipids? In the remainder
of this paper, commencing with Fig. 5, we explore how the
changes in the vacuole lipidome from the log stage to the
stationary stage might contribute to membrane phase sepa-
ration in the vacuole membrane. A first impression from
Fig. 5 is that the lipid populations “are more alike than
they are different” (to quote Burns et al. (69), who
compared lipidomes from zebrafish GPMVs that phase
separate with ones that do not). It makes sense that the
two lipidomes are similar, because the cells from which
they are extracted are separated by only 2 days of
cultivation.

Nevertheless, significant changes in the lipidomes are
apparent. The most dramatic change is the increase in the
fraction of PC lipids. This jump is notable because PCs
are a large fraction of the vacuole’s lipids. We observe
concomitant minor decreases in PE, PI, and DAG lipids,
which mirror decreases in the whole-cell lipidome (Figs.
S6 and S7). Sphingolipids constitute a much smaller frac-
tion of vacuole membrane lipids; we find that the total
mole fraction is in the range of only 5%—10%, even in the
stationary stage. That said, within this small fraction, there
is an increase in IPC sphingolipids from about 2% to 4%
from the log stage to the stationary stage (Fig. 5). This in-
crease is not reflected in whole-cell lipid extracts, of which
~2% are IPC sphingolipids in the stationary stage (Fig. S7).
Even though the fraction of sphingolipids is small, they
have often been associated with membrane domains in
the literature. For example, model membranes containing
sphingolipids exhibit phase behavior at higher temperatures
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than their counterparts with PC lipids of equal chain lengths
(52). Similarly, although 10% of GUVs phase separate at
25°C when they are made from whole lipid extracts of yeast
(which is admittedly a small percentage), none of the GUVs
phase separate when the yeast undergo mutations that
reduce sphingolipids and long-chain fatty acids (elod) or
prevent C4 hydroxylation of sphingoid bases (sur24) (73).

What about the fatty acid chains of the lipids? Roughly
30 mol % of the acyl chains found in vacuolar lipids are
saturated (with no double bonds), in both the logarithmic
and stationary stage (Fig. S14). Stated another way, the
average number of double bonds per lipid acyl chain in
vacuolar membrane lipids (excluding TAG, ergosterol es-
ters, and ergosterol) remains constant from the log stage
(0.66 = 0.01) to the stationary stage (0.65 = 0.00). Even
when we restrict the analysis to glycerolipids with two fatty
acyl chains, only a minor increase in lipid saturation is
apparent (Fig. 6A).

Few lipids in vacuole membranes have more than one
chain that is saturated (Fig. 6). This leads to the question
of whether a Lo phase could arise in a membrane that has
few fully saturated lipids. The answer is yes, for two rea-
sons. The first is tautological: coexisting liquid phases
have previously been found in GUVs reconstituted from
rat synaptic membranes (74) and in GPMV membranes
derived from zebrafish cells (69) and RBL cells (68), all
of which have few fully saturated lipids. The second is
that biological membranes contain substantial amounts of
protein (75), which may increase lipid order (76).

Although the percentage of saturated fatty acid chains re-
mains roughly constant from the log stage to the stationary
stage, there is a large shift in how these chains are distrib-
uted between different lipid types (Fig. S14). This result
highlights that it is essential to evaluate different lipid clas-
ses, because average values can obscure shifts. For example,
when PC lipids are analyzed on their own (because there is a
large increase in PC lipids from the log to the stationary
stage), the percentage of PC lipids that contain only one un-
saturated chain significantly increases from 17% = 3% in
the log-stage vacuoles to 44% = 1% in the stationary-stage
vacuoles (Fig. 6 C). A concomitant decrease in lipids with
two unsaturated chains occurs, from 83% = 3% in the log
stage to 54% =+ 1% in the stationary stage (Fig. 6 C).

Similarly, the average length per lipid chain for all lipids
in the vacuole (excluding TAG, ergosterol esters, and ergos-
terol) remains constant from the log stage (16.6 = 0.1 car-
bons) to the stationary stage (16.9 * 0.2 carbons), whereas,
by restricting the data to glycerolipids with two chains
(Fig. 6 B) or PC lipids (Fig. 6 D), it is clear that chain lengths
slightly increase for these lipids, largely due to a decrease
in lipids with a total acyl chain length of 32 carbons, in favor
of longer lipids. Yeasts employ various mechanisms to
remodel their lipidomes. Synthesis of PC lipids can occur
via the PE-methylation pathway or the Kennedy pathway,
resulting in different lipid profiles (77). Remodeling of ex-
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FIGURE 6 Molecular features of glycerolipids and PC lipids in vacuole
membranes. (A) Number of mono-unsaturated fatty acyl chains in glycero-
lipids that have two acyl chains (CDP-DAG, DAG, PA, PC, PE, PG, P, PS)
in the log (gray) and stationary (black) stages. These lipids constitute
81% =+ 2% and 82% = 4% of all membrane lipids in the log- and station-
ary-stage vacuole membrane, respectively. (B) Total length of both acyl
chains in glycerolipids with two chains. A shift from the log stage to the
stationary stage is accompanied by a small increase in lipid chain lengths.
(C) Total number of double bonds in PC lipids (PC). Number of mono-un-
saturated fatty acyl chains in PC lipids. A shift from the log to the stationary
stage is accompanied by a large decrease in the proportion of PC lipids with
two mono-unsaturated acyl chains. (D) Total length of acyl chains in PC
lipids. Statistical significance was tested by multiple #-tests correcting
for multiple comparisons (method of Benjamini et al. (50)), with a false dis-
covery rate Q = 1%, without assuming consistent standard deviations.
*p < 0.05, **p < 0.01, and ***p < 0.001.

isting populations of PC lipids can occur through exchange
of acyl chains after cleavage by phospholipase A or B, or, to
a smaller extent, lipid turnover (78-80).

PC lipids shift to higher melting temperatures in
the stationary stage

PC lipids are abundant. Like PE and PI, this lipid class con-
stitutes a large fraction (20%—-25%) of all lipids in log-stage
vacuole membranes. When yeast transition to the stationary
stage, the proportion of PC lipids shoots up to ~40%
of vacuolar lipids, the largest increase of any lipid type.
A similar increase in the PC-to-PE ratio occurs in the lipi-
dome of whole yeast cells (81). In both cases, the increase
may be due to increased availability of methionine for PE-
methylation to form PC when protein synthesis declines
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(81). Therefore, it seems likely that the onset of phase sep-
aration of vacuole membranes is linked to changes in the
fraction of PC lipids and their acyl chain compositions.
This result is consistent with the observation that yeast
knockouts of OPI3 and CHO2 (which diminish synthesis
of PC lipids (82,83)) exhibit a smaller proportion of vacu-
oles with domains (8). The mole fractions of every PC lipid
in log and stationary-stage vacuoles are provided in Data
File S1, with the caveat that fatty acids with odd numbers
of carbons should be excluded. We confirmed that these
odd-numbered fatty acids are not relevant by analyzing tan-
dem mass spectrometry (MS/MS) fatty acid and headgroup
fragmentation.

To gain intuition about how the membrane properties of
vacuole membranes might be influenced by their diverse
set of PC lipids, we mapped the lipidomics data onto a phys-
ical parameter, the temperature at which each lipid melts
from the gel to the fluid phase (Ti,e;). Melting temperatures
are related to phase separation. Model membranes phase
separate into micrometer-scale domains when at least three
types of lipids are present: a sterol, a lipid with a high Ty
and a lipid with a low Ty, (51,52,54-56,72,84). High and
low should be interpreted as relative values rather than abso-
lute values, based on results from model GUV membranes
(51) and cell-derived GPMVs (69).

Lipid melting temperatures are affected by the lipid’s
headgroup, chain length, and chain unsaturation (85-87).
When only one of the lipids in a model membrane is varied,
a linear relationship can result between the lipid’s 7}, and
the temperature at which the membrane demixes into liquid
phases (51,88). Of course, yeast vacuole membranes experi-
ence changes in more than one lipid type and in the relative
fractions of lipid headgroups, which likely breaks simple
relationships between Ty, of lipids and the membrane’s
mixing temperature (51,52,89). However, we are unaware
of any single physical parameter that is more relevant than
Tmere for characterizing lipid mixtures that phase separate.

The formidable task of compiling Ty, values of all PC
lipids is less onerous for yeast vacuoles than for other cell
types because each carbon chain of a yeast glycerolipid
has a maximum of one double bond (49). This fact provides
a straightforward way to evaluate measurement uncer-
tainties because nonzero entries for polyunsaturated phos-
pholipids in Data File S1 (typically well below 0.2%)
must be due to error in the process of assigning lipid identi-
ties to mass spectrometry data or are due to fatty acids from
the medium. Some T, values are available in the literature
(85,87,90-92). For many others, we estimated Ty, values
from experimental trends (Tables S2-S4 and Fig. S9).
This procedure yielded Ty, values for 95% of PC lipids
in log-stage vacuoles, and 94% in stationary-stage vacuoles.

By compiling all our data on PC lipids (Fig. 7), we find
that they undergo significant acyl chain remodeling from
the log stage to the stationary stage in terms of their melting
temperatures. Values of Ty are higher for vacuole PC

Lipidome log and stat vacuole membranes

lipids in the stationary stage compared with the log stage
(the weighted average Tp,er is —31°C in the log stage and
—24°C in the stationary stage). Graphically, Fig. 7 A shows
this shift as an increase in the mole percent of lipids with
high T (dark bands).

The increase in Ty, correlates with an increase in lipid
saturation. In the shift from the log to the stationary stage,
PC lipids with two unsaturated chains (lower Ty,e)) become
less abundant, and PCs with one unsaturated chain (higher
Tmert) become more abundant (Figs. 7 B and S10). This large
increase in saturation of PC lipids is not reflected in all types
of glycerolipids found in vacuole membranes (Fig. S11).
Nevertheless, we observe a general trend for each glycero-
phospholipid and sphingolipid species toward longer acyl
chains in the stationary phase (Fig. S11).

The observed increase in average T of PC lipids is
robust to any possible oversampling of the Ld phase by
the Mam3 immuno-isolation procedure. Because Lo phases
typically contain higher fractions of lipids with higher
melting temperatures and orientational order (51,93) sam-
pling more of the Lo phase would be expected to further in-
crease average T values.

The spread in the distribution of lipid melting tempera-
tures is likely to be as important as the average. This is
because phase separation persists to higher temperatures
in model membranes when the highest T}, is increased
(51,89) and when the lowest T,,.; is decreased (88), at least
when those lipids have PC headgroups and do not have
methylated tails. These literature reports are consistent
with work by Levental et al. showing that phase separation
persists to higher temperatures in GPMVs of RBL cells
when the two phases are the most different, as measured
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FIGURE 7 Melting temperatures of PC lipids in vacuole membranes. (A)
Tmen Values (represented by gray scale) are higher for PC lipid in the sta-
tionary stage than the log stage. Lipids contributing less than 1 mol %
are categorized as “other.” (B) From the log to the stationary stage, there
is an overall loss of PC lipids with low values of T\, (lower left quadrant)
and a gain of PC lipids with high values of Ty, (upper right quadrant).
Fig. S10 presents an alternative way of plotting these data.
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by the generalized polarization of a C-laurdan probe (68).
These results can be put into broader context that the addi-
tion of any molecule that partitions strongly to only one
phase (e.g., a high-T,,,¢; lipid to the Lo phase and a low-T ¢ ¢
lipid to the Ld phase) should lower the free energy required
for phase separation (94-96).

In the left column of Fig. 7 A, PC lipids in log-stage vacu-
ole membranes cluster around intermediate values of T;,e;.. In
the stationary stage, some lipids are replaced by lipids with
higher values of Ti,e, and some are replaced by lipids with
lower values. If the vacuole membrane contained only PC
lipids, we would conclude that those membranes would be
more likely to phase separate in the stationary stage, because
their overall melting temperatures are higher and because the
distribution of melting temperatures is broader.

PE lipids have similar melting temperatures in log
and stationary stage

PE lipids undergo the largest decrease (from ~20% to
~10%) of all lipids in yeast vacuoles. We found melting
temperatures of the PE lipids in yeast vacuoles by compiling
values in the literature (85,86,97,98) or estimating them
(Tables S2 and S3; Fig. S12).

In contrast to PC lipids, the acyl chain composition of PE
lipids is not heavily remodeled from the log stage to the sta-
tionary stage. This result is seen as a clustering of data
points along the vertical dashed line in Fig. 8 B. Accord-
ingly, the melting temperatures of PE lipids change only
mildly: the weighted average Ty is —9°C and —5°C in
the log and stationary stages, respectively. Similarly, by
eye from Fig. 8 A, the distribution of T, values for PE
lipids are similar in the log stage and the stationary stage.
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FIGURE 8 Melting temperatures of PE lipids in vacuole membranes. (A)
Tmer Values (represented by gray scale) are similar for vacuole PE lipids in
the stationary stage and the log stage. Lipids contributing less than 1 mol %
are categorized as “other.” (B) Changes in mol % of PE lipids (x axis) with
each melting temperature (y axis) are small; data cluster along the vertical
line for zero change in mol %.
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Trends in T, for every glycerolipid

Literature values for lipid melting temperatures are not
available for all lipid types, so plots such as Figs. 7 and 8
cannot be reproduced for all headgroups. The next best op-
tion is to apply known trends of how lipid chain length and
saturation affects lipid Ty ((85,87) and Table S3). We es-
timate changes in Ty, from the log to the stationary stage
for each lipid headgroup separately because it is not clear
that combining datasets for all lipids would yield insight
about whether a membrane would be more likely to
phase separate. This is because two lipids can have the
same melting temperature, but membranes containing those
lipids can phase separate at different temperatures. For
example, pure bilayers of palmitoyl sphingomyelin,
16:0SM, and dipalmitoyl PC, di(16:0)PC, have the same
Tmere (85,99), but multicomponent model membranes con-
taining 16:0SM phase separate at a higher temperature
than membranes containing di(16:0)PC (51,52), possibly
because sphingomyelins have additional opportunities to
hydrogen bond with the sterol (100,101). Similarly, even
though PE lipids have higher melting temperatures than
equivalent PC lipids (Fig. S13), sterol (cholesterol) parti-
tioning is lower in PE membranes than in PC membranes
(102), implying that interactions between sterols and PE
lipids are less favorable.

Changes in lipid saturation have much larger effects on
melting temperatures than changes in chain length. We
find that increasing the average, summed length of both lipid
chains by one carbon results in an increase in 7y,ey of 3.6°C
for PC and PE lipids (because increasing the total length
from 32 to 34 carbons results in an increase in Ty, of
7.2°C, as in Table S5). Increasing the saturation of the lipid
by one bond results in an increase in 7y,ey of 30.3°C. There-
fore, an increase in Ty, of, say, 5°C can be achieved either
by increasing the average total chain length by 5/3.6 = 1.4
carbons or by increasing the average saturation by 5/30.3 =
0.17 bonds (dashed line in Fig. 9).

We know how chain length and saturation changes from
the log to stationary stage for all abundant glycerolipids in
yeast vacuoles (PC, PE, PI, PS, PG, and DAG) (Figs. 9 and
S11). By assuming that the melting temperatures of all these
lipids follow similar trends, we find that 7}, likely increases
for most lipid types during the shift from log to stationary
stage. In Fig. 9, changes in chain length or saturation that
result in an increase in Ty, fall within the shaded region to-
ward the top right of the graph, and the area of each symbol
represents the abundance (in mol %) of the lipid type in the
stationary stage. The largest increase in Ty, is for PC lipids,
which are the most abundant lipids in the stationary stage.
Lipids for which T\, likely decreases (DAG) have relatively
low abundance. Increases in lipid saturation (and, hence, in-
creases in lipid Ty, and orientational order) have previously
been correlated with phase separation persisting to higher
temperatures in GPM Vs of zebrafish cells (69).
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An alternative mechanism by which eukaryotic cells may
influence lipid melting temperatures is through the introduc-
tion of highly asymmetric chains. Although highly asym-
metric lipids can appear in S. cerevisiae membranes (38),
here we find no significant change of highly asymmetric
lipids in vacuole membranes from the stationary stage
(Table S6). In contrast, Burns et al. find that zebrafish
GPMVs with lower transition temperatures have more
highly asymmetric lipids (69). Similarly, when Schizosac-
charomyces japonicus fission yeast cannot produce unsatu-
rated lipids (due to anoxic environments), they increase
the fraction of lipids with asymmetric acyl tails, which
may maintain membrane fluidity (103). Some yeast (e.g.,
Schizosaccharomyces pombe) appear to be biochemically
unable to use this strategy (103).

It is also possible that sphingolipids contribute to mem-
brane phase separation in stationary-phase vacuoles, even
though they are present at low mole percentages. We find
an increase in the length and hydroxylation of the sphingo-
lipids (Fig. S11). We previously noted an increase in IPC
sphingolipids from ~2% to ~4% from the log to the station-
ary stage (Fig. 5), which is noteworthy because its Ty, 1S
relatively high (53.4°C as reported by (73)).

Addition of ethanol to isolated, log-stage
vacuoles does not cause membrane phase
separation

Yeast membranes undergo many changes from the log to the
stationary stage that are not captured by lipidomics. For
example, as yeast consume glucose, they produce ethanol,

Lipidome log and stat vacuole membranes

some of which partitions into yeast membranes. In model
membranes, addition of ethanol results in disordering of
lipid acyl chains (104). Lipidomics does not quantify the
percent ethanol in membranes. Nevertheless, we can assess
whether ethanol on its own is sufficient to cause log-stage
vacuole membranes to phase separate. Here, yeast were
grown at 30°C in synthetic complete medium (with 4%
glucose) for <24 h until the culture reached an optical den-
sity of 0.984. Vacuoles were isolated as in (5), incubated on
ice in either 10% v/v ethanol for 1.5 h or 20% v/v ethanol for
2 h, and then imaged at room temperature. Neither popula-
tion of vacuoles showed evidence of phase separation; only
one vacuole showed clear evidence of membrane phase sep-
aration, which could not be attributed to the addition of
ethanol. The result showing that ethanol, on its own, is not
sufficient to cause log-stage vacuole membranes to phase
separate is consistent with literature reports. Although
ethanol enhances phase separation in vacuole membranes
in model membranes (by increasing the temperature at
which coexisting Lo and Ld phases persist) (96), it sup-
presses phase separation in GPMVs from rat basal leukemia
cells, which have lipid compositions more similar to yeast
vacuole membranes (95).

DISCUSSION

This special issue is dedicated to Klaus Gawrisch, who
directed the first experiments to quantify ratios of lipids in
Lo and Ld phases of ternary model membranes with high ac-
curacy (93). NMR data from those experiments showed that
Lo and Ld phases differed primarily in their fractions of
phospholipids with high and low melting temperatures
(rather than the amount of sterol). This result was previously
surmised from semi-quantitative estimates of lipid composi-
tions from area fractions of Lo and Ld phases (51), but the
concept that the two phases could be primarily distinguished
by their phospholipid content did not gain traction in the
community until high quality data from Klaus’s NMR spec-
trometers were published.

Here, we report a complementary result: demixing of
yeast vacuoles into coexisting Lo and Ld phases, which oc-
curs upon a transition from the log to the stationary stage of
growth, is accompanied by significant changes in the phos-
pholipid compositions of yeast vacuoles. The fraction of PC
lipids roughly doubles. Among the PC lipids, there is a sig-
nificant increase (7°C) in the average Ty, of the lipids. PE
lipids, which also exhibit an increase in the average Tier
(4°C), are roughly halved in mole fraction.

In this manuscript, we have analyzed the differences in
the vacuole lipidome at two growth stages (the log and the
stationary stage) in the context of a single physical variable
(the mixing temperature) and how it might affect a single
membrane attribute (demixing of the membrane into coex-
isting liquid phases). Of course, membrane phase separation
is only one of many relevant physiological parameters.
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Cellular lipidomes are also affected by temperature, growth
medium, carbon source, anoxia, ethanol adaptation, muta-
tions, and cell stress (69,103,105-110). Cells have the po-
tential to adjust their membrane compositions to meet a
broad list of inter-related constraints, including lipid pack-
ing, thickness, compression, viscosity, permeability, charge,
asymmetry, monolayer and bilayer spontaneous curvatures,
and avoidance of (and proximity to) nonlamellar phases
(69,110-122). Likewise, the lipidome is only one of many
biochemical attributes that a cell might vary (e.g., the asym-
metry, charge, tension, and adhesion of the membrane; the
abundance, crowding, condensation, and crosslinking of
proteins; and the conditions of the solvent) to enhance or
suppress liquid-liquid phase separation of its membranes
(57,123-127).

Not all lipidomic changes that we observe in the vacuole
are reflected across the whole cell (21), highlighting the
importance of isolating organelles. Our ability to isolate
yeast vacuoles with low levels of contamination by non-vac-
uole organelles leverages advances in immuno-isolation
(28) and our discovery that Mam3 is a robust bait protein
in both the log and stationary stages. Recent advances in
simulating the molecular dynamics of complex membranes
with many lipid types over long timescales are equally
exciting (128,129). We hope that sharing our lipidomic
data (Data File S1) will be useful to future modelers in eluci-
dating why stationary-stage vacuole membranes phase sepa-
rate, whereas log-stage membranes do not.

CONCLUSIONS

Here, we establish that Mam3 is a robust bait protein for im-
muno-isolation of vacuole membranes. Expression levels of
Mam3 are high throughout the yeast growth cycle. In the
stationary stage, Mam3 partitions into the Ld phase. By con-
ducting lipidomics on isolated vacuole membranes, we find
that the shift from the log to the stationary stage of growth is
accompanied by large increases in the fraction of PC lipids
in the membrane, and that these lipids become longer and
more saturated. The resulting increase in melting tempera-
ture of these lipids may contribute to demixing of station-
ary-stage vacuole membranes to form coexisting liquid
phases.

SUPPORTING MATERIAL

Supporting material can be found online at https://doi.org/10.1016/j.bpj.
2023.01.009.
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Caption for Data File S1

Raw data for abundances of all lipids in vacuoles immuno-isolated with a Mam3 bait
protein from yeast in the log stage (light gray), stationary stage (dark gray) and whole cell
data from stationary cells (blue). Additional data of log stage whole cell lipidomes (Fig. S7,
Logarithmic) and log stage lipidomes of vacuole membranes immuno-isolated via a Vph1
bait protein (Fig. S8, Vph1-bait) are taken from (1) and highlighted in green. Data in Figure
S8 (Mam3-bait) are replotted from Figure S6 (Logarithmic). Tabs in the data file show

calculated and plotted values for respective figures.

Supplemental Methods

Microscopy

Saccharomyces cerevisiae BY4741 (2, 3) expressing a Mam3-GFP fusion protein from its
endogenous locus and promoter was used for fluorescence microscopy experiments. Live yeast
cells were immobilized on a coverslip coated with 3 yL of 1 mg/mL concanavalin-A (EPC Elastin
Products Co. catalog no. C2131) in buffer (50 mM HEPES at pH 7.5, 20 mM calcium acetate, and
1 mM MnSO4). Immediately prior to use, the coverslips were washed with MilliQ water and dried
with compressed air. Cells were diluted for imaging in an isosmotic solution of conditioned
medium from the yeast culture. To produce conditioned medium, 1 mL of culture was centrifuged
at 3,400 x g. The supernatant was collected and centrifuged again at 3,400 x g to remove all
remaining cells. To decrease refractive index mismatch (4), 200 pL of OptiPrep (60% OptiPrep
Density Gradient Medium; Sigma catalog no. D1556) was added to 800 pyL of medium and
vortexed. Samples of 3 L of cells were diluted into 3 yL of conditioned medium containing 12%
OptiPrep and placed onto the concanavalin-A—coated coverslip. A second coverslip was added
to the top. Cells were allowed to adhere to the coated coverslip for 10 min before imaging. Unless
otherwise noted, images were acquired on a Nikon TE2000 microscope equipped with a Teledyne
Photometrics Prime 95BSI camera. Using an oil-immersion objective (100x, 1.4 numerical
aperture), GFP was excited with an X-Cite 110 light-emitting diode light source and filtered
through an infrared cut filter to prevent aberrant heating of the sample from the optics. Brightness

and contrast were adjusted linearly using ImagedJ software (https://imagej.nih.gov/ij/).
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Preparation of magnetic beads

Dynabeads with Protein G (Thermo Fisher Scientific #10009D) from 1.6 mL of slurry were
washed with 1.6 mL phosphate buffered saline containing 0.02 % Tween-20 (PBS-T). After
resuspension in 1.6 mL fresh PBS-T, 10 uL of anti-FLAG antibody (M2, monoclonal mouse IgG1,
affinity isolated, F1804, 1 mg/ml) was added to the Dynabeads to yield a sub-saturating coverage
of the beads with antibody. The resulting mix was incubated overnight at 4°C with an overhead
rotation at 20 rpm. The supernatant was removed and the antibody-coated magnetic beads were
washed once with 1.6 mL of PBS-T and twice with 1.6 mL IP buffer (25 mM HEPES pH 7.0, 1 mM
EDTA, 150 mM NaCl). Immediately before use in immuno-isolation, the supernatant was again
discarded and replaced with 700 uL of fresh IP buffer.

Lipid extraction, lipidomics data acquisition and post-processing

Mass spectrometry-based shotgun lipidomics was performed by Lipotype GmbH
(Dresden, Germany) as described (5, 6). Lipids were extracted using a two-step
chloroform/methanol procedure (5). Samples were spiked with internal lipid standards for major
lipid classes in which the lipids contain combinations of acyl chains not found in biological
samples, as previously described (1). After extraction, the organic phase was transferred to an
infusion plate and dried in a speed vacuum concentrator. 1st step dry extract was re-suspended
in 7.5 mM ammonium acetate in chloroform/methanol/propanol (1:2:4, V:V:V) and 2nd step dry
extract in 33 % ethanol solution of methylamine in chloroform/methanol (0.003:5:1; V:V:V). All
liquid handling steps were performed using Hamilton Robotics STARIet robotic platform with the
Anti Droplet Control feature for organic solvents pipetting.

Samples were analyzed by direct infusion on a QExactive mass spectrometer (Thermo
Scientific) equipped with a TriVersa NanoMate ion source (Advion Biosciences). Samples were
analyzed in both positive and negative ion modes with a resolution of Rm/z=200=280000 for MS
and Rm/z=200=17500 for MSMS experiments, in a single acquisition. MS/MS was triggered by
an inclusion list encompassing corresponding MS mass ranges scanned in 1 Da increments (7).
Both MS and MSMS data were combined to monitor ergosterol-esters (EE), diacylglycerol (DAG)
and triacylglycerol (TAG) ions as ammonium adducts; Phosphatidylcholine (PC) as an acetate
adduct; and cardiolipin (CL), phosphatidic acid (PA), phosphatidylethanolamine (PE),
phosphatidylglycerol (PG), phosphatidylinositol (Pl) and phosphatidylserine (PS) as deprotonated
anions. MS only was used to monitor the lyso-lipids of PA, PE, PIl, and PS, as well as
inositolphosphorylceramide (IPC), mannosyl-inositolphosphorylceramide (MIPC), and mannosyl-

di-(inositolphosphoryl)ceramide (M(IP)2C) as deprotonated anions; ceramine (Cer) and lyso-PC
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(LPC) as acetate adducts and ergosterol as protonated ion of an acetylated derivative (8). One
source of error that can arise is when fatty acids form an adduct with other molecules in the
sample. This type of error is more likely when longer, multi-step procedures are used to isolate
membrane lipids, as in immuno-isolation as opposed to a fast extraction of all lipids from the entire
cell.

Data were analyzed with in-house developed lipid identification software based on
LipidXplorer (9, 10). Data post-processing and normalization were performed using an in-house
developed data management system. Only lipid identifications with a signal-to-noise ratio >5, and
a signal intensity 5-fold higher than in corresponding blank samples were considered for further

data analysis.

Microsomal preparation

Throughout microsomal preparation and immuno-isolation procedures (Fig. 2 of the main
text), samples from the supernatant and pellet fractions were retained for a subsequent
immunoblot analysis. Break points are indicated where samples can be stored at -80°C.
4,000 ODsoo'mL of yeast cells were required as starting material for isolating vacuole membranes
from log stage cells. For stationary stage cells, whose mechanical disruption is less efficient (Fig.
S1E), 17,200 ODeoo'mL were used. Cells were harvested from the culture by centrifugation at
3,000 x g for 5 min at room temperature. The resulting pellet was resuspended in 25 mL of pre-
chilled phosphate buffered saline (PBS) and placed on ice. Cell suspensions corresponding to
1,000 ODegoo'mL (8,600 ODsgo'mL for stationary stage) were transferred to 50 ml tubes and
centrifuged at 3,000 x g for 5 min at 4°C. After discarding the supernatants, the cell pellets were
snap frozen in liquid nitrogen and stored at -80°C until further use.

A cell pellet corresponding to 1,000 ODggo-mL (2,150 ODeoo-mL for stationary stage) was
thawed on ice and then resuspended in 10 mL of microsome preparation (MP) buffer (25 mM
HEPES at pH 7.0, 1 mM EDTA, 0.6 M mannitol, to which 30 ug/ml protease inhibitor cocktail (10
pg/mL of pepstatin, antipain, chymotrypsin each) and 12.5 units/mL benzonase was added
freshly). To mechanically lyse the cells (Fig. 2A), 13 g pre-chilled zirconia glass beads (0.5 mm
diameter) were combined with cell suspension in a 15 mL tube. Additional MP buffer was added
to the suspension to fill the reaction tube and to avoid the formation of air bubbles during
mechanical agitation. Using a FastPrep-24 bead beater at 4°C, cells were subjected to 10 cycles
of shaking for 15 s at 5 m/s, followed by 45 s of cooling on ice. The resulting cell lysates were
transferred to fresh 15 mL tubes. 2 mL MP buffer were used to wash the zirconia glass beads and

then combined with the previous lysates.
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Differential centrifugation was performed to separate a crude microsomal membrane
fraction from both cell debris and soluble proteins, thereby enriching cellular membranes including
vacuole membranes (Fig. 2A). Cell lysates were spun at 3,234 x g and 4°C for 5 min in a swinging
bucket rotor. The supernatant was transferred to a fresh 15 ml tube and re-centrifuged at 3,234 x g
and 4°C for 5 min. The resulting supernatant (S3) was then transferred to ultracentrifuge bottles
(26.3 mL polycarbonate bottle assemblies, Beckman Coulter #355618), balanced with MP buffer
and centrifuged (rotor Type 70 Ti) at 12,000 x g and 4°C for 20 min. The resulting supernatant
(S12) was transferred to a fresh ultracentrifuge bottle, balanced with MP buffer, and centrifuged
at 100,000 x g at 4°C for 60 min. Although vacuole markers Vph1 and Vac8 are also found in the
pellet after 12,000 x g centrifugation (P12) and in the supernatant after 100,000 x g centrifugation
(S100), we chose to work with the pellet after 100,000 x g centrifugation (P100) because it
contains smaller vesicles that are less likely connected to mitochondria and lipid droplets. To
avoid contamination of the microsome pellet (P100) by lipid droplets floating on top of the
supernatant (S100), the supernatant was removed by vacuum from the ultracentrifuge tube,
working carefully from the top to the bottom. The pellet containing crude microsomes (P100) was
rinsed with 15 mL of MP buffer to remove remnants of the supernatant before resuspending it in
1 mL MP buffer, snap freezing the sample in liquid nitrogen, and storage at -80°C until further
use.

Pellets from the microsomal preparation were thawed from -80°C slowly on ice and then
sonicated to segregate aggregated membrane vesicles and to break vacuoles into smaller
vesicles (Fig. 2A of the main text) (1). A tip sonicator (MS72 sonotrode on a Bandelin Sonopuls
HD 2070) was used for 10 s, with a duty cycle of 0.7 at 50% amplitude, keeping the samples on
ice. Previous experiments revealed that this treatment does not cause membrane mixing (1).
Notably, sonication cleared the originally cloudy suspension. After centrifugation at 3,000 x g at
4°C for 3 min, the supernatant containing microsomes was used for subsequent immuno-

isolations procedures.
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Figure S1: The level of the Vph1-bait protein (Vph1-myc-3C-3xFLAG) is low in the
stationary stage compared to the log stage. (A) Yeast growth curve through time, where
ODeoo is the optical density at 600 nm, a proxy for the density of cells. The sample at time
“0” is a preculture after 19 hours of the preculture’s growth. The preculture was then diluted
to ODsoo = 0.1 and allowed to grow into the log (early time points), and stationary stage
(late time points). (B-C) At each timepoint, an immunoblot was performed for the cell lysate
(left columns) and supernatant (“S3”, right columns). The supernatant corresponds to S3
in Fig. 2, which is collected from the supernatant after the first step of microsome
preparation, a 3,234 x g centrifugation. The presence of Vph1-bait was visualized by anti-
FLAG primary and fluorescent secondary antibodies. In the log stage, Vph1 is abundant
(timepoints 1-3) in the cell lysate and S3 samples. This result is consistent with reported
values of > 50,000 copies/cell, which likely applies only to the log stage (up to ~10 hours
of growth) (11, 12). In the stationary stage (timepoints 4-6), Vph1 is significantly reduced
in the cell lysate and further reduced after centrifugation step S3. Dpm1, a protein thatis a
marker for the endoplasmic reticulum, is used as a control. Dpm1 is reported to have <
2,000 copies/cell (11). It maintains a roughly constant abundance throughout the growth
cycle. (D) A minimal experiment reproducing the results in panel B, with time points similar
to Fig. 3C. (E) The efficiency of mechanical cell disruption differs with the growth stage.
Cell disruption efficiency was estimated by measuring the protein concentration in the post-
nuclear supernatant (after a 3,234 x g centrifugation) of cell lysates. The measured protein
concentrations are normalized to the concentration measured for cells cultivated for 4 h
prior to cell harvest and cell lysis. Experiments were performed in biological triplicates for
yeast strains containing one of three distinct immuno-isolation baits (Vph1-bait, Mam3-bait,
Gtr2-bait).
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FM 4-64 Mam3-GFP Merge
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Figure S2: Mam3-GFP localizes to the vacuole membrane. The protein Mam3-GFP
(middle column) colocalizes with FM 4-64 (left column), which is known to label vacuole
membranes. All yeast in the field of view are living and in the logarithmic stage; no micron-
scale domains appear in their membranes. Images were taken at room temperature.
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Figure S3: Stationary stage vacuoles phase separate as shown via Mam3-GFP. (A-
D) Four fields of view of vacuole membranes in living yeast cells in the stationary stage
after 48 hours of cultivation, under conditions equivalent to the cells in Figure S2. Bright
areas of the membranes contain the fluorescent protein Mam3-GFP, which was
endogenously labeled. Most vacuole membranes in the field of view have phase-separated
into co-existing micron-scale domains. Images were taken at room temperature.
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Figure S4: Stationary stage vacuoles phase separate as shown via Vph1-GFP.
(A) Left: For yeast in the logarithmic stage, lipids and proteins appear uniformly distributed
across the surface of vacuole membranes. Two of the proteins, Vph1 and Mam3, can be
endogenously labeled with GFP (as shown here) or equipped with a C-terminal bait tag for
subsequent immuno-isolations. Right: In the stationary stage, the vacuole membrane
separates into two liquid phases. Vph1-GFP and Mam3-GFP preferentially partition to the
same phase. (B) After 48 hours of growth, yeast are in the stationary stage and most
vacuole membranes have phase separated. The proteins Mam3 (Fig. 3) and Vph1 partition
into only one of the phases, shown at both the top and the midplane of the vacuoles in
each field of view. Images are of living cells and were taken at room temperature.
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Figure S5: Imnmuno-isolation via the Gtr2-bait does not work. Gtr2 is a membrane-
associated protein anchored to the vacuole membrane via a lipid anchor. In phase-
separated, stationary stage vacuole membranes, it resides in the Lo phase (13). (A) The
Gtr2-bait protein is equally abundant throughout the logarithmic and stationary growth
stages. (B) We were not able to immuno-isolate any membranes via the Gtr2-bait protein
using the MemPrep technology as described in Figure 2. In immunoblot analyses, the
vacuole markers Vph1 and Vac8 are not detectable in the eluate. A corresponding figure
for isolation via the Mam3-bait protein can be found in Figure 4.
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Figure S6: Lipids in log stage and stationary stage vacuole membranes immuno-
isolated via a Mam3-bait protein, including storage lipids of ergosterol esters and
TAG. Acronyms of lipid names are listed in Figure 5B. (A) Ergosterol, storage lipids and
abundant glycerolipids. (B) Sphingolipids, lysolipids and rare glycerolipids. Note that the y-
axis range covers a different range in panel (B) compared to panel (A) to highlight also low
abundant lipids. Error bars are standard deviations of vacuole samples immuno-isolated
on four different days. Data in this figure include the storage lipids of ergosterol esters and
TAG, which are predominantly found in lipid droplets. For yeast in the log stage, we find
that ergosterol esters constitute 0.3% of all isolated lipids, in contrast to 4.2% found by
Zinser et al. (14). Specifically, Zinser et al. find a molar ratio of ergosterol to phospholipids
of 0.18 and a molar ratio of ergosterol ester to ergosterol of 0.29 (14). Statistical
significance was tested by multiple t-tests correcting for multiple comparisons (method of
Benjamini et al. (15)), with a false discovery rate Q = 1%, without assuming consistent
standard deviations. The symbols *, **, and *** denote p < 0.05, p < 0.01, and p < 0.001,
respectively.
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Figure S7: Whole cell lipidomes of cells in the log and the stationary stage.
(A) Ergosterol, storage lipids and abundant glycerolipids. (B) Sphingolipids, lysolipids and
rare glycerolipids. Error bars represent standard deviations of four independent
experiments in the logarithmic stage and three independent experiments in the stationary
stage. The data from logarithmic cells are taken from (1). Statistical significance was tested
by multiple t-tests correcting for multiple comparisons (method of Benjamini et al. (15)),
with a false discovery rate Q = 1%, without assuming consistent standard deviations. The
symbols *, **, and *** denote p < 0.05, p < 0.01, and p < 0.001, respectively.
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Figure S8: Comparison of lipidomes of vacuole membranes from yeast in the log
stage isolated either with the Mam3-bait or the Vph1-bait. Data from membrane
preparations via the Vph1-bait are replotted from Reinhard et al. (1). Mam3 data are
replotted from Figure S6 (Logarithmic). Error bars represent the standard deviations of data
from independent immuno-isolations performed on different days. Overall, the two
lipidomes are in close agreement. The only apparent differences are in the amount of
M(IP)2C (which may be inconsequential because it is in low abundance and which can
change rapidly in its abundance during the log stage of growth (16)). These differences
might reflect real disparities in how vacuole membranes are isolated by Vph1 and Mam3
baits, or they might reflect experimental variation. Full Vph1 data are presented and
discussed in (1). (A) Three classes of lipids (glycerolipids, sterol and storage lipids)
represent a majority of the lipidome. (B) Other classes of lipids (e.g. sphingolipids and
ceramides) are much less abundant. Note that the y-axis range is roughly an order of
magnitude smaller in panel B than in panel A. Statistical significance was tested by multiple
t-tests correcting for multiple comparisons using the method of Benjamini et al. (15), with
a false discovery rate Q = 1%, without assuming consistent standard deviations. All
differences are non-significant.
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A. Saturated PC-lipids follow a trend:
For asymmetric, doubly-saturated PC-lipids,
when the sn-1 chain is shorter than the sn-2 chain,
Tmen is almost equal to T, Of the symmetric lipid.

symmetric asymmetric
15:0/15:0 14:0/16:0
Tmer = 34°C Tmerr = 34°C
(Goto 2009) (Goto 2009)
33.7%0.8°C
(Koynova 1998)
symmetric asymmetric asymmetric
16:016:0 P 15:017:0 14:0/18:0
Tmen = 41.3% 1.8°C Tmett is Timen = 38.6°C
(Koynova 1998) unkown (Silvius 1982)
symmetric asymmetric
17:017:0 15:0/17:0

Tmer = 48.6 £ 0.6°C
(Koynova 1998)

Tmer = 49.0, 47.4°C
(Silvius 1982)

C.
Symmetrical doubly unsaturated PC lipids
50 Y = -3435*X + 175.6
24:1/24:1 220,980
&
o
= 0

'_E

25 17:117:1
©16:1/16:1
-50 T T T 1 1
0.040 0.045 0.050 0.055 0.060 0.065

1/(length of one chain)

B. Unsaturated PC-lipids:
We can estimate Tmelt values of asymmetric,
doubly-unsaturated PC-lipids if we assume that the
same rule holds.

symmetric asymmetric
15:1/15:1 » 14:1/16:1
Tmet = -53.4°C Tmett = -53.4°C
(extrapolated in (if rule holds)
Panel C)
symmetric asymmetric asymmetric
15.5:1/15.5:1 15:1/16:1 14:117:1
Tmer = -46°C Ton=-46°C WP T sec
(Does not exist. (if rule holds) (if rule holds)
Extrapolated in
Panel C)
symmetric asymmetric
17:117:1 16:1/18:1
Tmet=-27.6 £0.5°C  Tper =-27.6 £ 0.5°C
(Silvius 1982) (if rule holds)
D.
PC-Lipid Tett Source
18:1/18:0 8.7°C Tada et al. (2009)
18:0/18:1 6.7°C Tada et al. (2009)
18:1/16:0 -3.2°C Tada et al. (2009)
16:0/18:1 -1.6°C Ichimori et al. (1999)
16:1/18:0 -2°C Estimated based on

18:1/16:0 and
16:0/18:1 pair

Figure S9: Experimental trends used to estimate melting temperatures for PC-lipids.
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Figure S10: The species composition of vacuolar PC is distinct between log and
stationary stage. The mole percent of PC lipids with different acyl chains in immuno-
isolated vacuole membranes from yeast in the logarithmic and stationary stages are
shown. Data are from four independent immuno-isolations with the error bars indicating the
standard deviation. Data for lipids contributing less than 1 mol% in both the log and
stationary stage are not shown. Statistical significance was tested by multiple t-tests
correcting for multiple comparisons (method of Benjamini et al. (15)), with a false discovery
rate Q = 1%, without assuming consistent standard deviations. The symbols *, **, and ***
denote p < 0.05, p < 0.01, and p < 0.001, respectively.
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Figure S11: Remodeling of the lipid acyl chain composition in membrane lipids from
log to stationary stage. (A) Average number of double bonds per acyl chain and average
acyl chain length in the log (open circle) and stationary stage (filled circle) for several lipid
types. The size of the circles corresponds to lipid abundance (in mol%) in immuno-isolated
vacuole membranes for PC, PE, DAG, PS, and PI, excluding storage lipids such as
triacylglycerols and ergosterol esters. Individual data points are derived from four
independent immuno-isolations performed on different days. The arrows highlight changes
in lipid saturation and the acyl chain length in the indicated lipid classes. (B) The same
type of representation as in (A) for low abundance lipids of Cer, IPC, MIPC, and M(IP)2C.
Note that the y-axis in Panel B shows the average number OH groups in the lipid acyl chain
region and that the x-axis shows the total chain length of the two lipid acyl chains of the
respective sphingolipid.
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A. Asymmetric lipids (n:0/18:1)
40
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B. pc lipids (n:0/n:1) symmetric or close in length

40+ Y = -4874*X + 141.4
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C. Lipid U Source
PE 16:1/16:1 -33.5°C Koynova and Caffrey (1994)
PE 18:1/18:1 -16°C Silvius (1982)

PE 16:1/18:1 -24.75°C Estimated halfway in between 16:1/16:1 and 18:1/18:1

PC 16:0/16:1 -10.9°C Extrapolated from F

PE 16:0/16:1 14.1°C Estimated to be ~25°C higher than PC 16:0/16:1 based on
difference in E where chains shorter and are closer in length

PE 16:0/18:1 25°C Koynova and Caffrey (1994)
PE 14:0/18:1 21.4°C Extrapolated from E
(The difference between these is 3.6°C)
PE 16:0/16:1 14.1°C Estimated above
PE 14:0/16:1 10.5°C Estimated to be 3.6°C less

Figure S12: Trends used to estimate melting temperatures for PE-lipids.
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Figure S13: (A) Distributions of melting temperatures for PC and PE lipids of yeast
vacuoles, in ratios corresponding to log and stationary stage vacuoles. In other words, the
data are weighted to account for the increase in PC lipids and the decrease in PE lipids
from the log stage to the stationary stage. (B) Changes in mol% of PC and PE lipids (x-
axis) for each melting temperature (y-axis). The change in average lipid Tmert due to PC
lipids is offset by a decrease in the fraction of PE lipids. (C) Histograms of the percent of
PC and PE lipids at each melting temperature, in the log and stationary stages of growth.
If we treat the data in the histograms as if they are independent points in a scatterplot, then
the values would have standard deviations of 17°C in the log stage and 21°C in the
stationary stage.
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Figure S14: The total molar fraction of saturated fatty acyl chains in glycerolipids
with two acyl chains is ~30 mol% in both the logarithmic and stationary stages. Data
in the bar charts show that the distribution of saturated fatty acyl chains among different
glycerolipid classes shifts from the logarithmic (log) to the stationary (stat) phase. For
example, chains of PC lipids become much more saturated. Data are shown only for
glycerophospholipid classes with an abundance of at least 0.5 mol%. Colors in the bar
chart are in the same order, from top to bottom, as in the legend.
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Table S1: Mole percent phospholipids in log-stage, isolated vacuole membranes

(Renormalized to sum all phospholipids to 100%)

Source PC PE Pl PS PA Lyso CL Other Method

Zinser 1991 46.5 194 183 4.4 21 1.6 7.7  density gradient

39.2 266 244 39 25 16 04 1.4
Tuller 1999 +3.3 1.5 +1.8 1.0 0.8 0.8 0.1 +0.1  density gradient

314 29.6 276 6.1 0.2 4.7 03 0.2
Reinhard 2022 +1.0 1.5 *0.6 0.3 *0.3 *1.9 0.3 +0.0 immuno-isolation

27.3 289 30.2 7.3 05 4.7 038 0.2
This work +3.0 £1.0 +1.6 +2.2 +0.2 0.2 0.4 +0.1 immuno-isolation

Conditions for the experiments above:

Strain Glucose Temp Media OD Stage/Hours
Zinser 1991 X-2180 3% - YPD - -
Tuller 1999 FY1679 2% 30°C YPD ? Late log (~16 h)
Reinhard 2022  BY4741 2% 30°C SCD 1 Mid log (8 h)
This work BY4741 2% 30°C SCD 1 Mid log (8 h)

Notes: Uncertainties are standard deviations. Zinser et al. did not provide values of
uncertainties (14). Tuller et al. note that FY1679 cells are atypical in their high fractions of
palmitic acid (16:0) carbon chains and low fraction of oleic acid (18:1) chains (17), implying
that comparisons between strains may not always be valid. A contamination of 0.4%
cardiolipin in vacuoles isolated by Tuller et al. represents 5.5% contamination by
mitochondrial membranes (of which 7.2 + 0.2% of lipids are cardiolipin) (17). In the row titled
“This work”, the entry for “Other” denotes PG lipids. If sphingolipids (IPC, MIPC, and
MI(IP)2C) are included in “Other”, the mole percent of other lipids for this work increases to
5.0+ 0.8%
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Table S2: Values of Tmelt for lipids in yeast vacuole membranes

PC Lipid: Tieit (°C) Source of Tmei value
14:1/14:1 -69.8 Extrapolated in Fig. S9, panel C
14:1/16:1 -53.4 Estimated in Fig. S9, panel B
16:0/16:1 -10.9 Estimated in Fig. S9, panel B
16:0/18:1 25124 Koynova & Caffrey (1998), (18)
16:1/16:1 -35.5 Silvius (1982), (19)
16:1/18:0 -2 Estimated in Fig. S9, panel D
16:1/18:1 -27.5+0.6 Silvius (1982), (19)
18:0/18:1 6.7 Tada (2009), (20)
18:1/18:1 -19.3+3.6 Silvius (1982),(19)

PE Lipid: Tiett (°C) Source of Tmert value
14:0/16:1 10.5 Estimated in Fig. S12, panel C
14:0/18:1 21.4 Extrapolated in Fig. S12, panel A
16:0/16:1 141 Estimated in Fig. S12, panel C
16:0/18:1 25 Wang (1994), (21)
16:1/16:1 -33.5 Koynova & Caffrey (1994), (22)
16:1/18:1 19.5 Estimated in Fig. S12, panel C
18:0/18:1 30.4 Silvius (1982), (19)
18:1/18:1 -55+0.5 Matsuki et al. (2017), (23)

When values of lipid melting temperatures are directly available in the literature, the reference is given.
Values that are not directly available from the literature were extrapolated or estimated in Fig. S9 and S12.

21

241



Appendix

242

Table S3: Literature values of Tmelt for PC-lipids

(Used for estimating Tmett values for vacuole lipids)

Chain length : unsaturation Tmert ("C) Reference Reference #
13:0/13:0 PC 13.5 Silvius (1982) (19)
14:0/14:0 PC 24 Goto et al. (2009) (24)
15:0/15:0 PC 34 Goto et al. (2009) (18, 24)
33.7+0.8 Koynova & Caffrey (1998)

16:0/16:0 PC 41.3+1.8 Koynova & Caffrey (1998) (18)
17:0/17:0 PC 48.6 £ 0.6 Koynova & Caffrey (1998) (18)
14:0/16:0 PC 34 Goto et al. (2009) (24)
14:0/18:0 PC 38.6 Silvius (1982) (19)
15:0/17:0 PC 49.0, 47.4 Silvius (1982) (19)
16:1/16:1 PC -35.5, -36 Silvius (1982) (19)
17:1/17:1 PC -27.6£0.5 Silvius (1982) (19)
18:1/18:1 PC -19.3+3.6 Silvius (1982) (19)
24:1¢9/24:1c9 PC 34 Koynova & Caffrey (1998) (18)
16:0/18:1 PC -1.6 Ichimori et al. (1999) (25)
18:1/16:0 PC -3.2 Tada et al. (2009) (20)
18:0/18:1 PC 6.7 Tada et al. (2009) (20)
18:1/18:0 PC 8.7 Tada et al. (2009) (20)
20:0/18:1 PC 11.5+05 Koynova & Caffrey (1998) (18)
22:0/18:1 PC 15.1 Koynova & Caffrey (1998) (18)
18:0/20:1c11 PC 13.2 Koynova & Caffrey (1998) (18)
20:0/20:1c11 PC 20.5+1.3 Koynova & Caffrey (1998) (18)
20:0/20:1c13 PC 22.8 Koynova & Caffrey (1998) (18)
22:0/20:1c11 PC 22.9 Koynova & Caffrey (1998) (18)
22:0/20:1¢13 PC 23.5, 24 Koynova & Caffrey (1998) (18)
22:0/22:1¢13 PC 328 Koynova & Caffrey (1998) (18)
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Table S4: Literature values of Tmelt for PE-lipids

(Used for estimating Tmeit values for vacuole lipids)

Chain length : unsaturation Tmen ("C) Reference Reference #

16:0/18:1 PE 2441 £1.63 Koynova & Caffrey (1994) (18)
26.1 Wang et al. (1994)

18:0/18:1 PE 315 Wang et al. (1994) (19, 21)
30.4 Silvius (1982)

20:0/18:1 PE 33.9 Wang et al. (1994) (21)

22:0/18:1 PE 34.3 Wang et al. (1994) (21)

24:0/18:1 PE 35.2 Wang et al. (1994) (21)

16:1/16:1 PE -33.5 Koynova & Caffrey (1994) (18)

Silvius (1982) (19)
18.1/18.1 PE -55+05 Matsuki et al. (2017) (23)
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Table S5: How changes in lipid chain length and unsaturation affect Tmelt
(Values are from Tables S2-S4)

Headgroup Lipid 1, Treit Lipid 2, Tmeit Change in the Change in Change
average number the average in
of carbons saturation Telt

(over both chains) (over both chains) (per lipid)

PC di(16:0)PC, 41.3°C  di(17:0)PC, 48.6°C 2 - 7.3°C
PC 16:0/18:1PC, -1.6°C  18:0/18:1PC, 6.7°C 2 - 8.3°C
PE 16:0/18:1PE, ~25°C  18:0/18:1PE, ~31°C 2 - 6°C
AVERAGE EFFECT OF ADDING ONE CARBON PER LIPID ~7.2°C
PC 18:1/18:1PC, -19.3°C  18:0/18:1PC, 6.7°C - 1 26°C
PC 18:1/18:1PC, -19.3°C  18:1/18:0PC, 8.7°C - 1 28°C

PE 18:1/18:1PE, -5.5 18:0/18:1PE, 31.0 £ 0.8°C — 1 37°C
AVERAGE EFFECT OF ADDING ONE SATURATED BOND PER LIPID ~30.3°C
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Table S6: Differences in length of sn-1 and sn-2 chains of lipids
from vacuoles in the log and stationary stages

Difference in number

Log stage (average *

Stationary stage (average *

of carbons standard deviation) standard deviation
0 carbons 422+1.1% 34.6 +2.6%
1 carbon 1.4 +£0.3% 1.4 +£0.9%
2 carbons 46.8 +0.7% 61.0+2.1%
3 carbons 0.9+0.5% 0.2+0.1%
4 carbons 5.3+0.3% 24+01%
5 carbons 0.0+ 0.0% 0.0 £0.0%
6 carbons 28+x01% 0.3+0.2%
7 carbons 0.0+ 0.0% 0.0 £ 0.0%
8 carbons 0.5+£0.2% 0.1+0.1%
9 carbons 0.0 +0.0% 0.0 £0.0%
10 carbons 0.0+ 0.0% 0.1+0.1%
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