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Biomembranes are complex materials composed of lipids and proteins that
compartmentalize biochemistry. They are actively remodeled in response to
physical and metabolic cues, as well as during cell differentiation and stress.
The concept of homeoviscous adaptation has become a textbook example of
membrane responsiveness. Here, we discuss limitations and common miscon-
ceptions revolving around it. By highlighting key moments in the life cycle of a
transmembrane protein, we illustrate that membrane thickness and a finely reg-
ulated membrane compressibility are crucial to facilitate proper membrane pro-
tein insertion, function, sorting, and inheritance. We propose that the unfolded
protein response (UPR) provides a mechanism for endoplasmic reticulum (ER)
membrane homeostasis by sensing aberrant transverse membrane stiffening
and triggering adaptive responses that re-establish membrane compressibility.

Biomembranes are complex, composite materials

Biomembranes are fascinating materials composed of proteins embedded in a bilayer of lipids.
These semipermeable barriers of 3-4.5 nm thickness encapsulate cells and organelles in various
shapes to compartmentalize biochemistry. Because most lipids are not covalently linked to pro-
teins, they can form fluid bilayers that self-repair and undergo extreme topological transitions during
fusion and fission. Individual lipids can regulate membrane protein function through stereo-specific
interactions or contribute to cellular signaling as second messengers. Such highly specific protein—
lipid interactions are complemented by bulk membrane properties such as membrane fluidity
(see Glossary), membrane bending stiffness/rigidity, membrane thickness, and membrane
compressibility (Figure 1A-D), which globally and potently modulate virtually every aspect of
membrane protein biology.

Even though a fluid lipid bilayer can be generated in vitro using a single lipid species,
biomembranes found in vivo consist of a plethora of lipids that are distinct in their structures,
properties, and functions. Lipidome complexity ranges from dozens of identified lipid species in
some bacteria [1] to several hundred in Saccharomyces cerevisiae [2], and over a thousand in
mammalian cells [3]. The lipid composition of biomembranes differs between organisms, cell
types, and organelles [4] and is dynamically remodeled in response to both physical and meta-
bolic cues. Hence, biomembranes are complex and adaptive materials that regulate protein func-
tion, organize cellular signaling, and establish organelle identity.

While we are far from understanding the full relevance of lipid diversity, the complex composition
of biomembranes and the resulting biophysical properties encode a wealth of information with
great regulatory potential. Integral membrane protein folding, topology, structure, dynamics, lo-
calization, function, and stability are affected by specific protein-lipid interactions and collective
biophysical membrane properties [5,6]. Although being only vaguely defined, membrane fluidity
is arguably the most famous membrane property and often used to rationalize how cellular
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Highlights

The lipidome of cells and organelles is
more complex than originally anticipated.
It has become clear that biomembranes
are active materials bearing a tremen-
dous regulatory potential. Cells control
the collective biophysical properties of
their organelle membranes in order to
maintain the organization and functional-
ity of the membrane proteome.

The concept of homeoviscous adapta-
tion provided an intuitive interpretation
for the changes of membrane composi-
tions with temperature. However, the
mechanistic relevance of membrane vis-
cosity for many cellular processes includ-
ing those regulating the lipid fatty acy!
chain composition has been recently
challenged.

The crucial role of membrane compress-
ibility and thickness in organizing the
membrane proteome, however, has
gained fresh emphasis. The transverse
membrane compressibility of the endo-
plasmic reticulum (ER) membrane modu-
lates crucial aspects of transmembrane
protein biology including their bilayer inser-
tion and extraction, their conformational
dynamics and activity, as well as their
sorting along the secretory pathway and
inheritance from mother to daughter cells.

The unfolded protein response (UPR)
can sense aberrant ER membrane stiff-
ening and surfaces as a prime candidate
for balancing membrane lipid and protein
production at the ER as a mechanism of
biophysical membrane homeostasis dur-
ing cellular stress.
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phenotypes affected by the membrane lipid composition. Here, we discuss new trends at the in-
tersection of membrane biochemistry, biophysics, and cell biology by critically dissecting the role
of membrane fluidity and highlighting the contribution of membrane compressibility to key as-
pects of cellular physiology. We aim to raise an awareness for the entangled yet distinct impact
of biophysical membrane properties on membrane proteins both at the molecular and the cellular
level and suggest a crucial role of the unfolded protein response (UPR) in surveiling endoplas-
mic reticulum (ER) membrane compressibility.

Membrane fluidity and the dogma of homeoviscous adaptation

Biomembranes are liquid-crystalline assemblies allowing lipids and proteins to rotate along their lon-
gitudinal axis and to diffuse laterally, thereby exchanging their neighbors and exploring the mem-
brane (Figure 1A). Membrane viscosity is modulated by the membrane composition and is a
common measure for fluidity [13]. Memibrane fluidity, however, remains vaguely defined, but gener-
ally refers to the dynamic behavior of membrane constituents. It must not be confused with a struc-
tural property such as the lipid packing density. The translational diffusivity of fluorescent proteins
and lipid analogues often correlates with the lipid packing density, but also depends on other factors
such as temperature, the ionic strength, the pH, and the exact lipid composition (Box 1). The diffu-
sion coefficient (D) of translational motion can be determined by a variety of techniques such as
fluorescence recovery after photobleaching (FRAP), single particle tracking, and scanning stimu-
lated emission depletion fluorescence correlation spectroscopy (STED-FCS) featuring different tem-
poral and spatial resolution [8,9,19]. Fluorescent lipid analogues diffuse much faster in artificial
membranes (D = 8.5 um?/s) than in biomembranes (D = 1.2 pm?/s) that are crowded and contain
both obstacles and barriers [10]. The diffusion coefficient of membrane proteins in biomembranes
ranges from ~0.0002 to 0.5 pm?/s and are typically 10-100-fold higher in artificial, uncrowded
membranes lacking confinements [8,11,12]. Even though lipid bilayers are often regarded as 2D
fluids, membrane proteins do not distribute randomly in biomembranes [20,21]. Hydrophobicity,
charge density, and lateral stiffness can vary dramatically along the third dimension of the lipid bilayer
(the bilayer thickness) thereby affecting membrane protein localization and function in multiple ways.

Nevertheless, membrane fluidity/viscosity has gained a ‘celebrity status’ among the bulk mem-
brane properties since it was proposed to be homeostatically regulated in response to environ-
mental temperature [22]. When liposomes formed from Escherichia coli lipid extracts are cooled
below their melting temperature, they undergo a fluid-to-solid phase transition and form a gel
phase [22] (Figure 2A). However, this does not happen with lipid extracts from cold-adapted
E. coli cultivated at low temperatures [22], likely due to the increased abundance of unsaturated
acyl chains that reduces lipid packing [23]. Based on these observations, it was proposed that
E. coli maintains membrane fluidity by adapting the lipid acyl chain composition in a process re-
ferred to as ‘homeoviscous adaptation’ (Figure 2A). The concept of homeoviscous adaptation in-
spired hundreds of studies on temperature-dependent changes of the lipidome across the tree of
life and has become the textbook example of membrane responsiveness.

Lipid remodeling in response to environmental temperature has been observed in a broad range
of poikilothermic organisms, including bacteria [1], archaea [24], yeast [2,25], plants [26], worms
[27], and fish [28]. Remarkably, body temperature and lipid compositions do not only correlate,
but they also seem to be interdependent. When fruit flies are exposed to colder temperatures,
they adjust their food preference from yeast to plants to obtain the polyunsaturated fatty acids re-
quired to maintain membrane fluidity [29]. Ectothermic lizards can adjust their body temperature
by rocking back and forth [30], but the body temperature set-point decreases by several degrees
when they are on a diet rich in polyunsaturated fatty acids [31]. Even warm-blooded mammals
adjust their lipid composition with temperature. This is illustrated by the outer extremities of arctic
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Glossary

Diffusion coefficient (D): describes
the translational, thermal diffusivity of
membrane constituents in the lipid
bilayer and relates the mean square
displacement <r>> to the time of motion.
Itis typically expressed in pm?/s. Most
molecules in biomembranes undergo
non-Brownian motion including
anomalous diffusion caused by
crowding, and confined motion.
Diffusion constants can be directly
measured, but the temporal and spatial
resolution have an impact on the results.
According to the Saffman-Delbrtick
model, the diffusion coefficient D is
barely dependent on the size of the
protein, only weakly dependent on the
size of the membrane-embedded
object, but strongly dependent on
membrane viscosity [44].

Hydrophobic mismatch: refers to the
unfavorable situation when the length of
a transmembrane domain (dr) does not
match with the lipid bilayer thickness (d|)
resulting in an energetic penalty that is
minimized by protein conformational
changes, oligomerization, and/or bilayer
deformation.

Lateral stiffness profile: a measure of
the resistance of the membrane to
deformation at different depths in the
membrane. It is correlated with the
average local atom number density of
the membrane, where an increase in the
atom number density of the membrane
generally leads to an increase in its lateral
stiffness. It is distinct from the lateral
tension/pressure profile.

Lipid packing density: a structural
property of a biomembrane that refers to
the degree of compaction of lipid
molecules in a membrane.

Membrane bending stiffness/
rigidity: the ability of a membrane to
resist bending or curvature under
applied force. A low membrane bending
stiffness/rigidity can be referred to as
deformable.

Membrane compressibility: a
measure of the deformability of a
membrane induced by a force applied
either perpendicular or parallel to the
membrane. Because lipids are
practically incompressible, the elastic
moduli for area compressibility and
thickness compressibility are intimately
related and practically identical [18].
Direct measurements of the thickness
compressibility are scarce, but it is fair to
assume it is very similar to the area
compressibility Ka. A low thickness
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reindeer, which are exposed to permafrost and feature high concentrations of unsaturated fatty
acyl chains [32]. Hence, it is not surprising that lipidome remodeling for biophysical membrane
homeostasis is also observed in cultured mammalian cells [33]. Climate change puts a new spot-
light on the concept of homeoviscous adaptation as a basis for the global remodeling of
biomembranes in poikilotherms with unpredictable consequences on biodiversity [34].

Homeoviscous adaptation - limitations and misconceptions

The concept of homeoviscous adaptation provides an intuitive interpretation for the ubiquitously
observed changes of membrane compositions with temperature, but its validity has been chal-
lenged [37,38]. Here, we discuss some of its main limitations and common misconceptions
revolving around it (Figure 2B).

Membrane fluidity is not solely determined by the acyl chain composition

The unsaturation of the lipid acyl chains is often regarded as the key determinant of membrane
fluidity and the main player in homeoviscous adaptation [22]. However, lipid acyl chains are rele-
vant for membrane functions well beyond their impact on membrane fluidity [39]. Bulk membrane
fluidity is determined not only by acyl chain unsaturation, but also by the lipid composition at var-
ious other levels, including the lipid headgroup composition, acyl chain length, localization of the
double bond, and the abundance of sphingolipid and sterols [14,40]. Crowding of membrane
proteins significantly reduces their diffusion [41]. In fact, molecular dynamics simulations indicate
that cholesterol concentration and protein crowding have a larger impact on membrane viscosity
than the acyl chain composition [42] (Figure 2B, /). Thus, both proteins and lipids are essential
determinants of membrane fluidity.

Membrane fluidity is not a single, generic property of a biomembrane

Fluorescent probes can elegantly uncover diverse dynamic processes in biomembranes via their
rotational or translational mobilities. Each probe, however, reports on distinct aspects of mem-
brane fluidity depending on their size, shape, and preferred position in the lipid bilayer. For exam-
ple, the anisotropy of different fluorescent probes is employed to report on rotational motions a
different depths in the lipid bilayer [43], while FRAP experiments assess translational motions, dif-
fusion coefficients, and physically defined membrane viscosities. Hence, a single biomembrane
features different viscosities for each molecule and at different length scales [13] (Figure 2B, ).
Even though the diffusion of objects is only weakly dependent on the size of the hydrophobic
membrane insertion [44,45], protein diffusion in biomembranes is typically more constrained
than lipid diffusion resulting in 10-100-fold lower diffusion coefficients for proteins [8,11]. Some
rhomboid intramembrane proteases have been observed to diffuse unusually fast, presumably
by locally distorting the lipid bilayer [12].

Solid-like gel domains are acceptable for life

Solid-like membrane domains (gel domains) are often assumed to be incompatible with life. In fact, the
photosynthetic activity in the cyanobacterium Anacystis nidulans was observed to cease at a temper-
ature that coincides with the onset of gel phases in the plasma membrane [46]. While a minimum of
membrane fluidity is obviously essential to maintain cellular signaling and functional electron transport
chains for energy production, this does not preclude the possibility that gel domains may coexist with
fluid membrane domains in complex biomembranes as observable in model membranes. Indeed,
bacterial membranes depleted of fluidity-promoting unsaturated lipids can separate into coexisting
membrane domains featuring vastly distinct viscosities [47]. Under these conditions, membrane pro-
teins accumulate in the fluid membrane domain to maintain their vital activities, while gel domains are
virtually depleted of membrane proteins [47]. A similar exclusion of transmembrane proteins from a
membrane domain has also been observed in the plasma membrane of phosphatidylserine-
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membrane compressibility is referred to
as transverse membrane stiffness.
Membrane fluidity: a physical property
of biomembranes that allows lipids and
proteins to rotate and diffuse laterally. The
anisotropy of fluorescent probes such as
1,6-diphenyl-1,3,5-hexatriene is often
used as a semiquantitative proxy of
membrane fluidity. Membrane viscosity is
a clearly defined measure for membrane
fluidity.

Membrane thickness: generally refers
to the hydrophobic thickness (nm) of a
membrane. Typically, it refers to the
thickness of the lipid bilayer acyl chain
region (phosphate-to-phosphate
distance). The thickness of crowded
biomembranes is largely determined by
the hydrophobic thickness of the
transmembrane domains.

Membrane viscosity (n): a key
mechanical property of biomembranes
that controls time-dependent processes
such as diffusion or membrane
deformation. It is a measure for the
resistance against deformation at a given
rate. For artificial, fluid bilayers it can range
from ~5 to ~65 nPa's m and it is modu-
lated by cholesterol content [13].
Unfolded protein response (UPR): a
signaling pathway from the ER to the
nucleus. It is activated when the protein
folding capacity of the ER is
overwhelmed or upon stiffening of the
ER membrane, referred to as lipid bilayer
stress.
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Figure 1. Selected biophysical membrane properties discussed in this review. A schematic representation of biophysical membrane properties (top) is shown
along with experimentally and computationally determined values on model membranes and biomembranes (bottom). (A) Bulk membrane viscosity modulates rotation and
lateral diffusion of lipids and proteins in biomembranes. The indicated range of values for membrane properties is based on rotation frequencies [7], diffusion rates [8-12],
and viscosities [13]. (B) Membrane phase separation gives rise to membrane (nano)domains differing in thickness and lipid order. Different membrane lipids and proteins
partition differently between coexisting domains. The indicated ranges for membrane thickness were determined for membranes composed of only one [14] or two lipids
[15], for complex rat hepatocyte membranes [16], or, via molecular dynamics simulations, for yeast organelle membranes [17]. (C) Membrane bending rigidity refers to the
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deficient yeast [48] and in the yeast vacuole upon nutrient starvation [49]. Even though the yeast vac-
uole membrane seems to phase-separate into two fluid membrane domains, a liquid disordered (L)
and liquid ordered (L) one, the exclusion of membrane proteins in the L, domain raises several ques-
tions. By what mechanism are integral membrane proteins excluded? How do the L, domains
contribute to the turnover of lipid droplets by micro-autophagy/lipophagy for energy homeostasis
under nutrient starvation [50]? What, if anything, is required for observing gel phases in the vacuole
membranes?

It is remarkable that when one analyzes the thermotropic properties of biological membranes (or
membrane extracts) from an organism, the phase transition temperature of the membranes often
correlates with the environmental temperature [38,49,51]. For example, the main transition
temperature T,, of E. coli membranes perfectly follows the temperature of cultivation [22,52].
Hence, phase transition temperatures are kept close and at a constant distance to the cultivation
temperature thereby suggesting a tight regulation and a possible physiological relevance.

Solid-like domains of high lipid order, which likely represent gel domains, were observed in the ER
of mammalian cells exposed either to saturated fatty acids [53] or to cold [54], further indicating that
the formation of gel phases is reversible and does not contradict life. Particularly strong, comple-
mentary evidence for the existence of gel (nano)domains has been collected in yeast. Fluorescence
spectroscopy and confocal microscopy suggested the presence of gel domains in the yeast
plasma membrane, which is composed of a variety of coexisting compartments including the
microcompartment containing Pmai [36,55]. Cryoelectron microscopy of the hexameric proton
pump Pmal revealed a highly ordered membrane patch composed of 57 lipids, which is
surrounded by the protein even after its isolation via a nonionic detergent [35] (Figure 2B, jii). Isolat-
ing microcompartments containing Pmai via styrene-maleic acid-lipid-particles revealed by
lipidomic analyses an increased abundance of sphingolipids, but not ergosterol [56]. These obser-
vations provide strong evidence for highly ordered, sphingolipid-enriched, but sterol-depleted
membrane patches in the yeast plasma membrane, which to all likelihood represent a gel
nanodomain. Hence, solid-like domains may be more prevalent in biology than often anticipated.

Lipid acyl chain composition is regulated without sensing membrane viscosity

A critical role of the bulk membrane fluidity has been established for the diffusion of electron
carriers in the electron transport chains of the bacterial cell membrane and the inner mitochondrial
membrane of yeast [57]. Membrane lipid perturbation impairs the diffusion of ubiquinol and thus
electron transport, thereby suggesting that membrane fluidity is indeed limiting for energy
production when lipid metabolism is perturbed [57].

However, physiological changes of biomembrane compositions can affect cellular processes
without a relevant impact on lipid and membrane protein diffusion. This is the case even for
machineries that regulate the lipid acyl chain composition, often assumed to be the main
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resistance of a biomembrane against bending and curvature. The respective bending rigidities and bending moduli are plotted below [13]. (D) Transverse membrane
stiffness refers to the resistance of a bilayer to a force applied perpendicular to the membrane plane causing either bilayer compression or stretching. Typically,
cholesterol can be expected to increase membrane viscosity, bending rigidity, thickness, acyl chain order, and transverse membrane stiffness in most fluid, lamellar
biomembranes. Thickness compressibility and area compressibility are two closely related aspects of membrane compressibility [18]. Hence, we provide values for
both thickness compressibility and area compressibility of model membranes [13] along with the area compressibility of yeast organelle membranes derived from
molecular dynamics simulations [17]. Abbreviations: Chol, cholesterol; DMPC, dimyrisoylphosphatidylcholine (C14:1/C14:1 PC); DOPC, dioleoylphosphatidylcholine
(C18:1/C18:1 PC); DPoPC, dipalmitoleoylphosphatidylcholine (C16:1/C16:1 PC); DPPC, dipalmitoylphosphaticylcholine (C16:0/C16:0 PC); eggPC, egg yolk isolated
phosphatidylcholine; ER, endoplasmic reticulum; PM, plasma membrane; POPC sn-7-palmitoyl-sn-2-oleoylphosphatidylcholine (C16:0/C18:1 PC); TGN, trans Golgi

network.
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Box 1. Lipid packing and membrane fluidity
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Biomembranes mainly exist as fluid lamellar bilayers. Depending on the lipid composition and environmental factors
(e.g., pH or temperature), the packing of lipids and the conformation of the lipid acyl chains can vary (Figure l). Differ-
ences in lipid packing leads to the formation of different lamellar phases. Most biological membranes are rich in unsat-
urated lipids and adopt a fluid and disordered phase at room temperature known as the liquid crystalline phase (L) or
the liquid disordered phase (Lp). Membranes that mainly consist of saturated lipids can adopt at low temperatures an
ordered and rigid gel phase (L g) also known as the solid ordered phase (S). Including cholesterol in complex lipid mix-
tures leads to ordering of the lipid acyl chains and the formation of a liquid ordered phase (Lo) that is relatively fluid de-

spite the high lipid order.

In model membranes consisting of a single (or few) lipid species, the transition between Lz to the L, phase (gel-to-liquid
crystalline) can be observed by slowly heating or cooling the membranes thereby crossing the phase transition tempera-
ture known as the lipid melting temperature T,,,. Longer, saturated lipid acyl chains result in higher T, values due to their
tight packing and increased van der Waals interactions [14]. Shorter acyl chains, unsaturated acyl chains pack less tightly
and lower the T,,, value. In addition to the lipid acyl chains, other factors influence the T, such as the lipid headgroups, the
presence of sterols, the ionic strength and the pH. From the T,,, of a lipid species, one can predict the phase behavior at a
given temperature. As such, it is a good indication for the contribution of this lipid species to lipid ordering. In general, tight
packing lipids (saturated phospholipids, sphingolipids) and cholesterol increase membrane lipid order and make them

stiffer, whereas loosely packing lipids (unsaturated phospholipids) make a membrane more fluid [14].

Gel phase,

Liquid crystalline,

solid phase liquid disordered
I feaaensas
MUV Tm_ USRI
TR — VAdanel
JUUUUUUULY
guuuy 5006000¢
+ Sterols + Sterols

Upla

Liquid ordered

R

Trends in Biochemical Sciences

Figure |. The lipid composition and environmental factors determine membrane phase behavior. Lamellar lipid
bilayers come in distinct flavors differing in lipid packing and fluidity. Lipids with long, saturated acyl chains tend to form a
non-fluid gel phase (L g) also known as solid ordered phase (Sp). Most biological membranes at physiological temperatures
are in the liquid disordered phase (Lp) charaterized by a high degree of membrane fluidity with respect to lateral diffusion.
Sterols can order lipid acyl chains and increase lipid packing thereby giving rise to a liquid ordered phase (L), which can

coexist with L, domains in the same biomembrane. Furthermore,
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Figure 2. The homeoviscous adaptation concept and common misconceptions. (A) The homeoviscous adaptation concept as proposed in its original form [22].
Bacteria cultivated at a given temperature established a characteristic lipid composition with a defined ratio of saturated (SFA) to unsaturated (UFA) lipid acyl chains. When
exposed to a sudden drop of temperature, these lipids can no longer support membrane fluidity, lipid packing increases, and the membrane solidifies. However, cold-
adapted bacteria can maintain membrane fluidity in the cold due to an increased proportion of unsaturated fatty acyl chains in their membranes. (B) Membrane fluidity
is only a vaguely defined term, but frequently used to refer to rotational or translational motions of membrane constituents, membrane phase behavior, lipid packing,
membrane compositions, or a combination of those. Important misconceptions remain even if membrane fluidity is used to refer to only translational motions. (i) Lipid
acyl chains are not the only regulators of membrane viscosity. Membrane crowding, for example, has a significant impact on bulk membrane viscosity. (i) Membrane
fluidity is not a generic property. It is distinct for different molecules (here lipids versus proteins) and affected both by the length and time-scale of observation. (jii) The
formation of solid-like gel phases is often considered as being incompatible with life. Yet, a reversible formation of solid-like gel phases has been observed in bacteria
and mammalian cells, while highly ordered, sphingolipid-rich, but cholesterol-poor membrane patches were structurally resolved in an hexamer of the proton pump
Pma1t from yeast [35], thereby providing also structural evidence for gel domains in the plasma membrane as previously predicted based by fluorescence
spectroscopy [36]. (iv) The sensory mechanism regulating the proportion of saturated and unsaturated fatty acyl chains in biomembranes does not sense membrane
fluidity. The lipid saturation sensor Mga2, for example, uses a bulky tryptophan residue (purple circle) to sense a small portion of the lateral stiffness profile in the
membrane (indicated by different shades of gray) and its degree of activation does not correlate with membrane fluidity [37].
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determinant of membrane fluidity [37,58]. Arguably the best understood system regulating mem-
brane fluidity is the OLE pathway in S. cerevisiae, which controls the production of unsaturated
fatty acids by regulating the expression of OLET that encodes the sole fatty acid desaturase
Ole1 [59]. The membrane-embedded sensor protein Mga2 responds to changes in the lateral
stiffness profile from saturated lipids by populating distinct rotational configurations of its di-
meric transmembrane domain (TMD) [60] (Figure 2B, iv). These changes in the conformational dy-
namics of the TMD trigger the ubiquitylation of the sensor protein, which is then cleaved by the
proteasome to release a transcriptionally active fragment that upregulates OLET expression
[37,59]. Increased fatty acid desaturation and the incorporation of unsaturated fatty acids in
membrane lipids should then decrease lipid packing and membrane viscosity [59].
Reconstituting key steps of this pathway in vitro revealed that the ubiquitylation of the Mga2
sensor does not correlate with membrane viscosity, thereby demonstrating that changes in
membrane fluidity cannot be the trigger for activating the OLE pathway [37]. Notably, an anal-
ogous sensory system regulating lipid saturation in Bacillus subtilis relies on the transmem-
brane protein DesK, which uses membrane thickness as a cue to upregulate lipid
desaturation [58]. If membrane viscosity is not even relevant for the sensors that regulate the
production of fluidity-promoting, unsaturated lipids, we should carefully re-evaluate the signif-
icance of membrane viscosity also in other cellular processes.

Membrane thickness and compressibility orchestrate the membrane proteome
The TMDs of integral membrane proteins interface with the hydrophobic tails of membrane lipids.
Normally, the hydrophobic thickness of a TMD and the lipid bilayer tend to match and each
hydrophobic mismatch causes a local bilayer deformation thereby creating a fingerprint in
the membrane with a perturbed thickness and curvature [61] (Box 2).

Unlike in synthetic, lipid-only membranes, the thickness of biomembranes is dominated by the pro-
teins residing in it rather than by the lipid composition [16]. This is because biomembranes are
crowded with membrane proteins, which are less deformable than the surrounding lipid bilayer
[62]. But even though membrane proteins dictate the thickness of biomembranes and the lipid acyl
chain order in their vicinity [5,61], lipids are by no means irrelevant when it comes to modulating mem-
brane protein localization and function. Virtually every step in the life cycle of a membrane protein is
affected by bilayer thickness and, probably more relevant, transverse membrane compressibility.
In the following, we describe different fates for an integral transmembrane protein in the ER and how
these fates are crucially affected by bilayer thickness and membrane compressibility.

Membrane protein insertion and extraction

Membrane proteins are thermodynamically most stable with their hydrophobic TMD properly
inserted into the lipid bilayer, but only a few of them insert spontaneously into a membrane.
This is because the translocation of a polypeptide chain through the membrane requires the en-
ergetically unfavorable exposure of hydrophilic amino acid residues to the hydrophobic mem-
brane core. Hence, most membrane proteins of the endomembrane system are inserted in the
ER membrane by specialized insertases [63]. Recent studies have established membrane thin-
ning as a common mechanistic denominator of protein translocation and membrane protein in-
sertion systems [64] (Figure 3i). The bilayer distortion and lipid hydrocarbon chain splaying
associated with locally induced membrane thinning is thought to lower the energetic barrier for
moving hydrophilic portions of a polypeptide chain through the membrane. Membrane thinning
is induced both by the ER-localized GET complex inserting tail-anchored proteins with only a sin-
gle, C-terminal transmembrane helix [65] and the ER membrane complex (EMC) responsible for
the co- and post-translational insertion of both tail-anchored proteins and multipass membrane
proteins with weakly hydrophobic transmembrane segments [66]. Similar observations have
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Box 2. Membrane thickness and hydrophobic mismatch

Hydrophobic mismatch refers to a situation where the hydrophobic length of a protein TMD (dp) does not match the thick-
ness of the lipid bilayer (d;) and the membrane gets locally deformed.

A positive hydrophobic mismatch (along TMD in a thin bilayer or dp> d; ) can be compensated either by tilting a single-pass
transmembrane protein or by stretching of the lipid acyl chains (Figure |, top left). A negative hydrophobic mismatch (a short
TMD in a thick bilayer) induces a local membrane thinning associated with a distortion of the bilayer and lipid acyl chain
disordering (Figure |, top right). The local distortion of the bilayer can affect the conformation, stability, and activity of mem-
brane proteins. Adaptation of proteins to hydrophobic mismatch is best studied for single pass membrane proteins and
model peptides [111]. In general TMDs with either positive or negative hydrophobic mismatch tend to aggregate to reduce
the energetic penalty from bilayer distortion (Figure |, bottom middle). TMDs under positive hydrophobic mismatch condi-
tions can show backbone conformational changes in order to reduce the effective TMD length. Alternatively, the TMD can
tilt or kink to reduce the effective length (Figure |, bottom left). TMDs under negative hydrophobic mismatch conditions can
also adjust their confirmation, similar to TMDs under positive hydrophobic mismatch, in order to extend their effective
length (Figure |, bottom right). Short polypeptides may not insert into bilayer and orient at the membrane surface.

Positive hydrophobic mismatch Negative hydrophobic mismatch

Surface Backbone
orientation adaptation
Trends In Blochemlcal Sclences

Backbone

adaptation 1 ing  Kinking  Aggregation Aggregation

Figure |. Hydrophobic mismatch affects the structure, topology, and oligomerization of integral membrane
proteins. A positive hydrophobic mismatch refers to a situation where an integral membrane protein features a higher
hydrophobic thickness (dp) than the surrounding lipid bilayer (d;). Negative hydrophobic mismatch refers to the
opposite situation. The impact of hydrophobic mismatch on the structure, topology, and oligomerization of integral
membrane proteins is illustrated schematically for two transmembrane helices differing in their hydrophobic thickness.

been made for other insertases and protein translocating systems such as the mitochondrial
TIM22 complex, the bacterial YidC insertase, and the bacterial twin-arginine translocation (TAT)
system [67-69)].

Protein removal from the ER and membrane protein extraction also relies on protein complexes
that locally distort the lipid bilayer. The Hrd1 retrotranslocation complex, for example, removes
misfolded ER-luminal and membrane proteins from the ER, and ubiquitinates them as a signal
for their degradation by the proteasome [64]. The E3 ubiquitin ligase Hrd1 associates with Der1,
a catalytically inactive rhomboid pseudoprotease to stabilize a locally thinned lipid bilayer, which
is crucial for efficient retrotranslocation [70]. Dfm1, another member of the yeast Der1 family, in-
duces local membrane thinning to facilitate membrane protein extraction from the ER [71].
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Figure 3. The cellular importance of bilayer thickness and of membrane compressibility. Membrane compressibility affects the energetic penalty associated
with a hydrophobic mismatch between a membrane protein and the lipid bilayer. Aberrant thickening and transverse membrane stiffening affects diverse aspects in the
life cycle of a membrane protein. (i) The insertion and extraction of membrane proteins requires membrane thinning. (i) Membrane thickness affects the conformational
dynamics of proteins, thereby the population of distinct conformations and the rate of transitioning between them. This dependency can be used to control the activity
of mechano-sensitive channels. (jii) Differences in membrane thickness and membrane compressibility (indicated by springs) contribute to the sorting of membrane
proteins with transmembrane helices (TMHSs) of different lengths along the secretory pathway. Aberrant endoplasmic reticulum (ER) membrane stiffening would lead to
missorting of membrane proteins. (iv) Diving cells have to inherit their membrane proteins. Local patches of increased membrane thickness formed by ceramides form
a diffusion barrier for some, but not all membrane proteins. By this mechanism the inheritance of aging factors is controlled. Abbreviation: PM, plasma membrane.

The model whereby membrane thinning supports translocation processes may be even more
general and could be extended to other amphiphilic molecules traversing biological membranes.
Some lipid scramblases induce membrane distortions to catalyze the exchange of lipids between
the two leaflets of a lipid bilayer [72,73]. Reconstitution experiments demonstrate a strong depen-
dence of lipid scrambling activity on the hydrophobic thickness of the bilayer [72].

Given the importance of bilayer thinning for translocating amphiphilic molecules, one could predict
that decreasing the thickness membrane compressibility should also inhibit transport. Indeed, pro-
tein translocation into ER microsomes stalls when cholesterol is delivered to the membrane, which
counteracts the splaying of lipid hydrocarbon chains and thereby increases transverse membrane
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stiffness [74]. Consistently, the extraction of properly ubiquitylated proteins from the ER membrane
proteins is hindered, when ceramides with very long chain, saturated acyl chains accumulate [75].
Even though the lipid dependency of membrane protein translocation processes remains
understudied, there is accumulating evidence that the thickness membrane compressibility may
be an important factor for the bilayer insertion and extraction of membrane proteins.

Protein function, conformational changes, and oligomerization

A hydrophobic mismatch between a protein and the bilayer causes stress on both bilayer lipids
and the protein. While proteins are 100- to 1000-fold less deformable than the lipid bilayer,
they can undergo conformational changes and the occupancy of distinct conformational states
is affected by forces from the lipid bilayer [62]. Recent advances in electron microscopy make
the stunning repertoire of membrane protein conformations increasingly accessible [76] and sig-
nificantly extend our understanding of how native and synthetic biomembranes affect protein
structure and function. The functional relevance of hydrophobic matching is particularly well doc-
umented for P-type ATPases such as the sarco/endoplasmic reticulum Ca?* ATPase (SERCA) or
the Na*-K*-ATPase in the plasma membrane. These ion pumps are most active when
reconstituted lipid environments matching their hydrophobic thickness [62,77,78] (Figure 3ii). It
is likely that different protein conformations during a transport cycle induce different membrane
distortions, thereby affecting transport kinetics [77,79]. Similarly, the gating of the bacterial
mechano-sensitive channel of large conductance (Mscl) is greatly facilitated by lowering bilayer
thickness, which also lowers the activation energy between distinct closed channel intermediates
[80]. The activity of G-protein-coupled receptors (GPCRs), however, can be modulated by a
membrane-dependent oligomerization, which includes hydrophobic mismatch-based mecha-
nisms [81,82]. Hence, lipid composition and bilayer properties affect protein function, by
impacting on conformational dynamics and protein oligomerization.

Protein sorting along the secretory pathway

After insertion into the lipid bilayer and attaining their native fold, membrane proteins must be
sorted to reach their destination. Proteins destined to the plasma membrane feature significantly
longer TMDs than ER or Golgi-localized proteins [83] (Figure 3iii). In fact, the plasma membrane is
>10% thicker than the membranes of the early secretory pathway in both yeast and mammals
[16,84]. The ER has a low sterol content and a high proportion of monounsaturated fatty acyl
chains. Therefore, it is particularly compressible and can host the vast spectrum of TMDs des-
tined for different organelles and thus differing in their hydrophobic thicknesses. An increase of
transverse membrane stiffness along the secretory pathway is thought to facilitate a gradual
sorting of transmembrane proteins from the ER via the Golgi complex to the plasma membrane
based on physicochemical features of the TMD [85,86]. Several cargo recruiting factors show
clear preference for molecules differing in their hydrophobic thickness. The coat protein complex
Il (COP-II) cargo receptor Ervi4, for example, preferentially recruits proteins with longer TMDs for
forward transport from the ER to the Golgi apparatus [87]. Likewise, glycosylphosphatidylinositol
(GPI)-anchored proteins and ceramides differing in the length of their acyl chains are clustered
and sorted at specialized ER exit sites prior to their transport to the Golgi apparatus [88,89]. A
local enrichment of cholesterol and a transverse membrane stiffening at ER exit sites may provide
a mechanism for filtering or concentrating the appropriate cargo for forward transport [90]. Selec-
tive retention mechanisms in the Golgi complex [91,92] and the differential partitioning of TMDs in
distinct transport carriers at the trans-Golgi network (TGN) provide additional selectivity for proper
subcellular trafficking of proteins and lipids [85]. The significantly lower membrane area compress-
ibility in the plasma membrane (Ka = 470-570 mN/m) compared with the TGN (K5 =280 mN/m)
suggests that hydrophobic mismatch-based mechanisms might be involved in the late secretory
pathway [17]. The striking correlation between plasma membrane localization in vivo and protein
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affinity for a tightly packed, L, membrane phase in isolated giant plasma membrane vesicles under-
scores a central role of hydrophobic matching and membrane compressibility for the sorting of
transmembrane proteins along the secretory pathway [20].

Selective inheritance of proteins from mother to daughter cells

Cells that grow and divide must distribute their proteome and organelles between the mother and
daughter cell. FRAP experiments have uncovered a diffusion barrier for ER membrane proteins
along the future plane of ER membrane cleavage, while luminal proteins can pass freely [93].
This diffusion barrier for membrane proteins is established by tightly packing, saturated
ceramides forming a locally thickened ER membrane [94] (Figure 3iv). The separation of the
new and old ER allows for an asymmetric inheritance of protein aggregates, chaperones, and nu-
clear baskets has been observed in dividing yeast and neuronal stem cells [95,96]. Recent work
using ER-targeted, fluorescent reporters featuring TMDs of variable hydrophobic lengths allowed
for direct detection of locally thickened ER domains in live cells [97]. Regions of increased mem-
brane thickness can also be found at contact sites between the ER and the TGN [97], which rep-
resent a main site for ceramide transport from the ER to the Golgi apparatus [98]. Hence, the
inherent ability of ceramide to pack tightly with other saturated lipids is functionalized not only
to establish diffusion barriers for membrane proteins, but also to generate a platform that recruits
lipidic substrates for inter-organelle transport.

The examples of membrane protein insertion/extraction, function, sorting, and inheritance high-
light a ubiquitously important role of membrane thickness and compressibility in organizing the
membrane proteome.

Controlling ER membrane compressibility via the UPR

Aberrant thickening and a decreased membrane compressibility of the ER membrane inter-
feres with crucial ER functions. Given its crucial role as the gateway to the secretory pathway,
ER membrane homeostasis is crucial for handling the variety of transmembrane proteins enter-
ing the endomembrane system. Sensitive surveillance systems keep the sterol concentration in
the ER low (~5-10 mol%) and the proportion of loosely packing, monounsaturated fatty acyl
chains high (>70 mol%) [37,99]. The flux of proteins through the ER and the rate of de novo
lipid biosynthesis is greatly modulated by the so-called UPR [100]. Originally identified as an
ER-to-nucleus signaling pathway that responds to overloading of the ER with unfolded pro-
teins, it has become clear that the UPR is crucial for biophysical ER membrane homeostasis
[101]. Each of the three ER-localized sensors of the UPR in mammalian cells are sensitive to
ER membrane aberrancies, generally referred to as lipid bilayer stress [102—104]. The most
conserved transducer of the UPR, the inositol-requiring enzyme (Ire1) from yeast, induces a
local thinning of the ER membrane via its short transmembrane helix and an adjacent amphi-
pathic helix that inserts deep into the hydrophobic core of the lipid bilayer [105]. It was pro-
posed that this unusual TMD architecture of Ire1 increases the membrane footprint, thereby
rendering it particularly sensitive to decreased compressibility of the ER membrane [106]. Con-
sequently, Ire1 would be one of the first proteins to oligomerize via a hydrophobic mismatch-
based mechanism when the ER membrane stiffens. Oligomerization of Ire1, irrespective of trig-
gering by protein folding issues or lipid bilayer stress, activates the cytosolic effector domains
and triggers the UPR [106,107]. The active UPR downregulates translation, and selectively
upregulates the production of ER chaperones and redox proteins to support protein folding,
protein glycosylation in the ER and the Golgi apparatus, components of the ERAD machinery
to remove misfolded proteins, and lipid biosynthesis to expand the ER membrane network
[100]. Notably, an active UPR remodels the entire secretory pathway including ER-to-Golgi
transport, Golgi-to-ER retrieval, vacuolar targeting, and distal secretion [100].
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The ability of the UPR to sense ER membrane thickness compressibility and to balance the
production of membrane proteins and lipids make it a prime candidate for controlling ER
compressibility in a regime that is acceptable for membrane protein insertion, folding, and sorting.

Concluding remarks

Bulk membrane viscosity and transverse membrane stiffness are often correlated and always
entangled with other membrane properties, such as the lipid packing density, membrane perme-
ability, and bending rigidity. It is challenging, but not impossible, to single out the most crucial
biophysical membrane property for a given process. Membrane property sensors and
curvature-sensing proteins, for instance, exhibit unique structural features rendering most sensi-
tive to distinct biophysical properties [108,109]. In this review, we have shown that key events in
the life cycle of transmembrane proteins are regulated by membrane compressibility: membrane
protein insertion and extraction, activity and oligomerization, sorting, and inheritance. These ex-
amples document the importance of maintaining ER membrane compressibility and thus flexibility
to hydrophobic mismatch. We suggest that the UPR, which is equipped with a remarkable sen-
sitivity for transverse membrane stiffening of the ER, serves as a homeostatic regulator of ER
membrane compressibility by balancing the ratio of protein and lipid production. Increasing the
rate of lipid biosynthesis relative to membrane protein insertion would soften the ER membrane.
This basal mode of UPR regulation may contribute to an anticipatory UPR that mounts adaptive
responses even before misfolded and/or mislocalized membrane proteins accumulate in the ER
[110]. How organelles other than the ER maintain their composition and properties is a matter of
active research (see Outstanding questions). A major challenge in studying the impact of biophys-
ical membrane properties in native biomembranes is that they are asymmetric and remarkably
complex, which remains challenging to recapitulate in vitro. It will be necessary to characterize
membrane proteins in context of their nanoenvironment, which they establish by selectively
attracting lipids to minimize energetic penalties from membrane distortion [5,61].
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Outstanding questions

How are membrane physical properties
homeostatically maintained in the
membranes of organelle other than the
ER?

What is the membrane compressibility
modulus of the ER and other organellar
membranes?

How does membrane compressibility
and aberrant ER membrane stiffening
affect membrane protein folding and
topology?

Does the selective recruitment of lipids to
a site of membrane thinning modulate
reactions involving a hydrophobic
mismatch in complex biomembranes?

Are there other genetically encoded
membrane property sensors that can
sense in a highly specific manner
membrane properties such as
membrane tension, permeability, or
viscosity?

Is the sensitivity of UPR transducers for

the transverse membrane compress-
ibility conserved throughout evolution?
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