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Abstract

Biological membranes are vital, active contributors to cell function. In addition to specific 

interactions of individual lipid molecules and lateral organization produced by membrane 

domains, the bulk physicochemical properties of biological membranes broadly regulate protein 

structure and function. Therefore, these properties must be homeostatically maintained within a 

narrow range that is compatible with cellular physiology. Although such adaptiveness has been 

known for decades, recent observations have dramatically expanded its scope by showing the 

breadth of membrane properties that must be maintained, and revealing the remarkable diversity of 

biological membranes, both within and between cell types. Cells have developed a broad palette of 

sense-and-respond machineries to mediate physicochemical membrane homeostasis, and the 

molecular mechanisms of these are being discovered through combinations of cell biology, 

biophysical approaches, and computational modeling.

Introduction: Cell membranes are active, responsive biomaterials

Membranes are central to cellular architecture and deeply integrated into their physiology. 

Much more than simple passive solvents for protein-mediated activity, membranes 

contribute to functionality at all relevant scales: individual membrane lipids act as substrates 

for enzymes and signaling molecules [1], lipid assemblies regulate protein recruitment and 

interactions [2], and bulk membrane properties determine protein structure and function [3].

Despite their central role in cell function, our understanding of membrane physiology 

continues to lag behind most other aspects of cell biology. Part of the reason is that lipids are 

not amenable to the powerful tools developed for dissection of genes and proteins. Further, 
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lipids are rarely lone wolves - membranes are inherently collectives, comprised of tens of 

thousands of individual molecules representing hundreds of different species [4]. Finally, 

membranes are highly plastic and adaptive, able to maintain their bioactivity in spite of 

external perturbations. In this brief review, we highlight recent advances in defining 

molecular machineries responsible for sensing membrane properties and mediating 

homeostatic responses.

The many faces of membrane homeostasis

The classical understanding of membrane homeostasis was informed by a series of studies in 

the 1970s, which revealed that cells adapt their membrane compositions to changes in 

ambient temperature to maintain membrane physical properties [5,6]. For example, E. coli 
shifted to cooler growth temperatures substitute loosely-packing unsaturated lipids for 

tightly-packing saturated ones, in order to maintain membrane viscosity [5]. Such 

“homeoviscous adaptation” to temperature variations has since been observed broadly, from 

prokaryotes to ectothermic animals [7,8] (Figure 1A). For a small subset of these responses, 

the molecular mechanisms have been elucidated. For example, the DesK/DesR system from 

B. subtilis is proposed to sense membrane thickness as a proxy for membrane viscosity, and 

feed-back onto lipid desaturation as a response to perturbations [9,10].

The scope of membrane homeostasis has been dramatically expanded by findings over the 

last two decades (Figure 1B). For example, in contrast to prokaryotes, eukaryotic cells have 

an abundance of intracellular membranes, each with distinct lipid compositions and physical 

properties [11,12]. The best characterized variations occur in the secretory pathway, where 

the endoplasmic reticulum (ER), Golgi apparatus, and plasma membrane (PM) present a 

gradient of increasing cholesterol and sphingolipid concentrations, which lead to increasing 

membrane stiffness and thickness. These physical properties are believed to underlie the 

distinct functionalities of organelles and may be harnessed for the sorting of membrane 

proteins and lipids between them [13–16].

Subcellular organelles have characteristic lipid compositions and membrane properties that 

are reflective of their physiological purpose, and therefore these must be homeostatically 

maintained. The most widely characterized example is in the ER, which is equipped with 

sensory machineries to maintain its membrane fluidity [17,18], and to balance production of 

proteins and lipids for membrane biogenesis [19,20]. These examples also highlight an 

emerging theme: the physicochemical properties of biological membranes are not 

determined solely by lipids, but are also reflective of membrane protein abundance and 

composition. This is most clearly demonstrated by observations that lipids isolated from 

biological membranes sometimes form non-lamellar phases, whereas they form bilayers in 

their native, protein-rich context [8]. However, the lipidome of cellular organelles can be 

remodeled much faster than the proteome, and it is therefore unsurprising that lipid 

compositions are responsive to perturbations such as cellular differentiation [21,22], 

metabolic challenge [23], and acute stress [24]. For example, it has been shown that yeast 

membrane compositions are highly plastic, with lipidome-wide changes induced by 

variations in common growth conditions [23]. Lipidomic flexibility has also been 

demonstrated in more complex organisms. For example, synaptic membranes isolated from 
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mammalian neurons undergo dramatic compositional remodeling during early post-natal 

development [21]. Despite these lipid changes, the fluidity and packing of the neural 

membranes remain unchanged, suggesting that physical homeostasis is enforced on top of 

the compositional changes [21]. This inference is supported by observations of mammalian 

cells which are supplemeneted in culture with polyunsaturated fatty acids: these exogenous 

fatty acids incorporate into membrane lipids and produce significant changes to the lipidome 

without affecting membrane lipid packing in the membrane [25]. This flexibility of the 

lipidome may give the impression that membrane properties are not vitally important for 

physiology – after all, conservation is the hallmark of evolutionary value. However, this 

would be missing the forest for the trees: we propose that rather than conserving membrane 

compositions, cells seek to maintain membrane properties by tuning the multifactorial 

lipidome.

The problem of physicochemical membrane homeostasis in multicellular organisms is 

compounded by the variety of physiological demands imposed by distinct cell types and the 

presence of communicating organelles therein. In many cases, these demands require 

specific membrane compositions and physical properties. An extreme example are the 

photoreceptor membranes of the mammalian visual systems [26], and more generally 

neuronal PMs [27], which maintain remarkably high levels of omega-3 polyunsaturated fatty 

acids (up to 50%), which are present at minimal levels in most non-neuronal cell types. 

However, these extreme examples should not overshadow subtler though still 

physiologically important variations. For example, it was recently shown that in vitro 
differentiation of human mesenchymal stem cells results in robust remodeling of both PM 

and whole cell lipidomes, with two different differentiated cell types (adipocytes and 

osteoblasts) acquiring membrane lipidomes and biophysical properties distinct from both the 

precursor stem cells and each other [22]. Most importantly, this compositional and 

biophysical remodeling appears to be akin to a differentiation checkpoint, as inducing an 

osteoblast-like membrane phenotype promoted osteoblast differentiation [22].

Sense-and-response systems for membrane homeostasis

Membrane adaptiveness requires mechanisms to sense and control bulk membrane features. 

Given the complexity of cellular lipidomes, dedicated sensory machineries for each possible 

lipid species seem unlikely. These may not constitute efficient mechanisms for membrane 

homeostasis, as the above examples suggest that collective membrane properties, rather than 

exact lipid compositions, are required for functional membranes. Examples of membrane 

properties potentially under homeostatic regulation include viscosity [5], surface charge 

density [28], lipid packing in the headgroup region [29,30] and the membrane core [17], 

phase behavior and domain formation [31], the lateral pressure profile [32], thickness or 

compressibility [20,33], stiffness / bending rigidity [34], and intrinsic curvature stress [30] 

(Table 1). A complicating factor is that most, if not all, of these properties are interdependent 

- membranes composed of tightly packing lipids tend to be more ordered, more viscous, 

thicker, and have fewer hydrophobic defects.

A vast number of proteins and cellular processes are dependent on bulk membrane 

properties. However, most of them do not control homeostatic responses. We consider a 
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membrane-sensitive protein as a sensor only if it is linked to an effector module capable of 

mounting a homeostatic response [35,36]. According to this stringent definition, the 

molecular mechanisms of only a few membrane property sensors have so far been elucidated 

[37]. Based on these few examples, it appears that membrane homeostatic mechanisms in 

the early secretory pathway (i.e. ER) often control the activity of lipid biosynthetic enzymes 

per se or via transcriptional programs that rewire lipid and protein metabolic networks [18–

20,38,39]. In contrast, sense-and-respond systems in the late secretory pathway (e.g. PM) 

are more likely to control lipid remodeling processes and fast, non-vesicular lipid transport 

at membrane contact sites [40–43]. We propose that membrane property sensors can be 

categorized into three distinct classes, based on their fundamental molecular mechanisms. 

Class I senses at membrane surfaces, class II senses properties within the membrane, class 

III senses membrane properties across the lipid bilayer (Figure 2) (Table 1).

Class I - Sensing at membrane surfaces

The identity of organellar membranes is established by the presence of small G-proteins 

(e.g. Rabs) and rare signaling lipids (e.g. phosphoinositides), in combination with bulk 

membrane properties. For example, the early secretory pathway is characterized by abundant 

hydrophobic ‘voids’ in the water membrane interface that result from poor lipid packing. In 

contrast, the late secretory pathway is defined by high surface charge [28,44,45] resulting 

from the active enrichment of anionic lipids (primarily phosphatidylserine) in the cytosolic 

leaflet of these membranes [46,47]. Thus, membrane homeostasis necessitates mechanisms 

that can sense the presence of these features at membrane surfaces (Figure 2A). A notable 

example for sensing hydrophobic voids (inversely related to headgroup packing) is the 

folding of amphipathic helices (AH) into membranes [48]. The amphiphatic lipid packing 

sensor (ALPS) motifs found in proteins of the early secretory pathway feature AHs 

composed of small polar residues on the hydrophilic side and large aromatic residues 

penetrating into interfacial voids. These features impart strong sensitivity to lipid packing 

defects and membrane curvature, but low sensitivity to surface charge [48,49]. In contrast, 

AHs of late secretory pathway sensors typically have basic residues in their AHs, to interact 

with the high anionic surface charge density unique to those membranes [48,49].

A prominent example of a membrane sensor in the early secretory pathway that uses an 

ALPS motif for homeostasis is CCTα, a rate-limiting enzyme for production of 

phosphatidylcholine (PC) from phosphatidylethanolamine (PE) [38]. Owing to this activity, 

CCTα is a central modulator of intrinsic curvature of the ER membrane and the monolayer 

around lipid droplets [50,51]. A perturbed ratio of PC to PE causes cellular stress and severe 

morphologic changes of intracellular organelles [52]. CCTα uses an ALPS motif to sense 

the interfacial membrane voids that inherently occur in membranes with an overabundance 

of PE due to its small hydrophilic headgroup [38,51]. Membrane recruitment of CCTα via 

the ALPS motif induces PE-to-PC conversion for the alleviation of membrane stress. In 

addition to CCTα, a number of other proteins use AHs to sense surface properties in order to 

control membrane biogenesis [53], the activity of lipases on lipid droplets [54], and the 

turnover of lipid metabolic enzymes [55] (Table 1). We propose that the detailed structural 

and physicochemical properties of these AHs determine the relative sensitivity of the protein 

to electrostatics, lipid packing defects, or both.
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Class II - Sensing within the membrane

A separate class of proteins senses the membrane properties within the hydrophobic core of 

the bilayer. Lipid saturation is a key determinant of membrane phase behavior and bulk 

viscosity. As an integral part of the homeoviscous response, lipid acyl chain saturation is 

actively modulated by dedicated machineries in bacteria, cyanobacteria, and fungi [7]. In 

yeast, the sole fatty acid desaturase gene OLE1 is controlled by two transcription factors 

Mga2 and Spt23 responsible for sensing the lipid packing density in the core of the ER 

membrane [18]. Their sensory mechanism relies on highly dynamic homodimers of the 

transmembrane helices (TMHs) and a bulky tryptophan sensor residue [17] (Figure 2B). The 

TMHs rotate against each other and the population of distinct rotational states is determined 

by the interplay of the sensor residue with the lipid environment. When the lipid packing 

density is high, the Trp is forced to ‘hide’ into the dimer interface; when unsaturated lipid 

content is high and the membrane is less packed, the Trp swings out into the lipid core [17]. 

This novel mechanism is certainly not the only way to sense membrane packing - ALPS-

based sensors can also report on the lipid density (Table 1). However, these may also be 

sensitive to membrane curvature, whereas the TMH-based Mga2 is a more direct reporter for 

lipid packing in the hydrophobic core.

The example of Mga2 highlights an important theme that may also be valid for other 

membrane homeostasis sensors. By sensing a bulk property (here, lipid packing in 

hydrophobic core), Mga2 uses the ER membrane as platform for signal integration [7]. 

Because fatty acid desaturation is dependent on molecular oxygen, ER lipid unsaturation and 

the resulting lipid packing can be sensed by Mga2 to regulate the hypoxic response. 

Importantly, while the availability of molecular oxygen can change within seconds, 

membrane lipid composition integrates over much longer time scales enabling extraction of 

temporal information about environment conditions.

Class III - Sensing across the bilayer – challenging elastic membrane properties

Diverse perturbations of the ER membrane lipid composition, including the accumulation of 

saturated membrane lipids [24,56], a perturbed ratio of PC to PE [52], and aberrant sterol 

levels [57] activate the so-called unfolded protein response (UPR) [58]. The UPR represents 

a large-scale transcriptional program (more than 5% of all genes) that controls cellular 

secretory capacity and protein homeostasis. The UPR broadly lowers the rate of protein 

translation, but selectively upregulates machinery involved in lipid biosynthesis, ER protein 

folding, and secretion [58]. It was recently discovered that the most conserved transducer of 

the UPR, Ire1, is sensitive to membrane perturbations [59], and does so by locally 

compressing the ER membrane [20] (Figure 2C). This capability is mediated by an unusual 

architecture of the transmembrane region: the single TMH of Ire1 is particularly short, but is 

extended by a juxta-membrane AH that inserts into hydrophobic core of the membrane, 

thereby disordering the local environment and causing a thinning of the bilayer [20] (Table 

1). Deformation of the bilayer comes at a significant energetic cost in the stressed ER 

membrane, and this cost can be minimized by coalescing the regions of deformation, which 

in turn drives Ire1 oligomerization.
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The energetic cost of elastic membrane deformations can be substantial and dependent 

strongly on the lipid composition – higher in aberrantly stiff bilayers, lower in the normally 

soft ER membrane [20]. Thus, the oligomeric state and resulting activity of Ire1 is sensitive 

to membrane material properties, irrespective of the presence of unfolded proteins. This 

insight explains how apparently unrelated perturbations of lipid metabolism result in an 

identical response, namely UPR activation [20]. It is apparent that the UPR, which was 

originally identified as a stress response to unfolded proteins accumulating the lumen of the 

ER, integrates two types of information: the presence of unfolded proteins in the ER lumen 

and membrane compressibility, both of which drive clustering and activation of Ire1. This 

dual capacity to sense unfolded proteins and aberrant lipid states allows Ire1 balance the 

relative rate of protein and lipid biosynthesis to conduct the orchestra of membrane 

biogenesis.

These examples highlight the relevance of bulk membrane properties in the regulation of 

lipid and protein metabolism, hypoxia, and the UPR. The lack of stereo-specificity of these 

sensory systems is compensated by their inherent versatility. Yeast cells, for example, can 

adapt their UPR and lipid metabolism to the properties of fatty acids they cannot even 

produce [17].

Conclusions and perspectives

A variety of physicochemical membrane properties affect cellular physiology, both 

individually and jointly. Homeostasis of these crucial features necessitates a variety of 

membrane sensors and response modules. To date, only a few of these have been described 

in detail. As membrane properties are often interdependent, it is inherently challenging to 

establish the exact property being sensed. Does a homeostatic program that responds to 

changes in lipid acyl chain saturation sense lipid packing, lateral pressure, membrane 

compressibility, or a combination of these? Similarly, it is difficult to control these properties 

individually, as changes in lipid composition necessarily have multifactorial effects. 

Moreover, it is important to distinguish between the sensor and downstream effector 

functions. For example, Ole1 activity is a key cog in the machinery for membrane 

homeostasis, but only as an effector. Also, not every membrane-sensitive protein is a 

membrane sensor. Some proteins may rely on the properties of a given membrane for their 

activity without necessarily regulating the property that is being sensed.

We propose that all organellar membranes harbor sense-and-control machineries to maintain 

membrane properties. As a product of co-evolution, the sensor modules are likely to reflect 

characteristic properties of the membrane being interrogated. This is illustrated by the 

distinct physicochemical features of AHs binding to membranes of the early and the late 

secretory pathway, respectively [49]. A similar trend may be expected regarding the effector 

modules. The effectors of the early secretory pathway affect key lipid metabolic reactions or 

control transcriptional responses to homeostatically feed-back on membrane properties. In 

contrast, correcting membrane homeostasis in the signaling-active organelles of the late 

secretory pathway is particularly time-critical. Here, the effectors more likely reside at 

membrane contact sites acting as lipid transfer proteins, as exemplified by E-SYT [42], 

Ernst et al. Page 6

Curr Opin Cell Biol. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ORP5/8 [46] and Osh4 [40] involved in the homeostasis of PS and cholesterol in the, the 

TGN and the ER, respectively.

As is clear from the above discussion, we have just begun to scratch the surface of 

membrane homeostatic machineries. Accumulating evidence reveals that these mechanisms 

are likely to be diverse and much more numerous than previously appreciated. To uncover 

mechanisms of membrane sensing, it is necessary to combine classical molecular cell 

biology with computational simulations and in vitro experiments on isolated sensors in 

defined membrane environments. Categorizing a putative sensor molecule into one of the 

three sensor classes delineated above may narrow the experimental space.
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Figure 1. Physicochemical membrane homeostasis
(A) Classical experiments by Michael Sinensky [5] established that when the membrane of 

cells (left) becomes less fluid upon a drop of temperature (middle), cells adjust their lipid 

composition to reestablish membrane fluidity (right). (B) Physicochemical membrane 

properties can direct differentiation processes [22]. Mesenchymal stem cells can differentiate 

into fat cells or osteoblasts (left). The PMs of these cells show lineage-specific lipidomic 

remodeling affecting membrane phase behavior (middle), with osteoblast PMs characterized 

by a higher polyunsaturated lipid content and higher tendency to phase segregate. 

Mimicking the compositional and biophysical remodeling of the PM by supplementation 

with polyunsaturated fatty acid (DHA) directs osteoblast differentiation (right).
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Figure 2. Fundamental mechanisms of membrane property sensors
(A) Sensing at membrane surfaces: Proteins can sense the properties of the membrane 

surface via lipid packing defects that promote folding and inserting amphipathic helices into 

the interfacial region of a membrane. Lipid packing defects are indicated as voids between 

schematically illustrated lipid molecules and increased packing densities are denoted by 

darker shading of the bilayer. Oxygen atoms are shaded red. Exemplary hydrophobic 

residues inserting into lipid packing defects are indicated. (B) Sensing within the membrane 

core. A lipid packing sensor from yeast senses packing of the membrane core to control 

membrane fluidity [17]. The mechanism involves a selection of distinct rotational 

conformations driven by membrane environment. (C) Sensing across the lipid bilayer. 

Membrane compressibility, an important property affecting membrane protein sorting along 

the secretory pathway, can be sensed only across the lipid bilayer. The transducer or the 

unfolded protein response, Ire1, senses membrane rigidity and thickness by locally 

deforming the bilayer, leading to membrane-mediated oligomerization in a stressed ER 

membrane [20].
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Table 1

Bulk membrane properties, their determinants, and their (potential) sensors

Bulk membrane property Major determinant
Potential sensing mechanisms / Exemplary 

sensor Sensor class

Surface charge density Concentration of charged lipids (e.g. 
PA, PS, and phosphoinositides)

Sensing of electrostatics by amphipathic 
helix with basic residues / CCT [38], Pah1 

[39]
Class I

Lateral pressure at membrane 
surface related to lipid packing

Lipid headgroups and acyl chains, 
Lipid shape

Gradual folding of an AH in packing 
defects / CCT [38], Squalene 

monooxygenase [55]
Class I

Lateral pressure in membrane core 
related to lipid packing

Lipid headgroups and acyl chains, 
Sterol content, Lipid shape

Conformational changes (e.g. helix:helix 
rotations) sensitive to the lateral pressure 

profile / Mga2 [17,18]
Class II

Lipid packing / Membrane order Lipid saturation, Sterol content Mga2 [17,18], CCT [38], Squalene 
monooxygenase [55] Class I/II

Membrane thickness Hydrophobic thickness of proteins, 
Length of lipids, Sterol content

Hydrophilic residues drive conformational 
changes when thickness increases / DesK 

[9,10]
Class III

Membrane compressibility Lipid headgroup interactions, Lipid 
packing, Sterol content

Local membrane compression stabilizes 
oligomeric state when compressibility is 

reduced / Ire1 [29]
Class III

Membrane fluidity/viscosity Lipid packing Sensing the frequency of collisions of 
membrane constituents Class I/II/III

Intrinsic curvature (of each leaflet) Lipid shape Sensing at surfaces and across the bilayer is 
required Class I/III

Membrane phase behavior in TGN/PM: Sphingolipid and sterol 
content, Lipid saturation

Challenging the line tension between 
coexisting lipid nanodomains

A large protein might sample changes in its 
local environment

Class II/III

Stiffness / bending rigidity Lipid headgroups and acyl chains, 
Lipid shape, Electrostatics

Motor proteins could challenge membrane 
rigidity upon membrane bending and 

tubulation
Class I/III
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