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Abstract

Maintenance of lipid asymmetry across the two leaflets of the plasma membrane (PM) bilayer is a
ubiquitous feature of eukaryotic cells. Loss of this asymmetry has been widely associated with cell
death. However, increasing evidence points to the physiological importance of non-apoptotic,
transient changes in PM asymmetry. Such transient scrambling events are associated with a range
of biological functions, including intercellular communication and intracellular signaling. Thus,
regulation of the PM’s interleaflet lipid distribution is a broadly important but underappreciated
cellular process with key physiological and structural consequences. Here, we compile the
mounting evidence revealing multifaceted, functional roles of PM asymmetry and transient loss
thereof. We discuss the ensuing consequences of reversible asymmetry on PM structure,
biophysical properties, and interleaflet coupling. We argue that despite widespread recognition of
broad aspects of membrane asymmetry, its importance in cell biology demands more in-depth
investigation of its features, regulation, as well as physiological and pathological implications.

INTRODUCTION

The PMs of eukaryotic cells are complex mixtures of phospholipids, glycolipids, sterols, and
proteins. Classical models of their organization considered a somewhat passive, solvating
role for the lipid molecules surrounding functional proteins®. However, nearly concurrent
studies proved that almost all major classes of phospholipids are asymmetrically distributed
across the two PM leaflets in human red blood cells (RBCs)19. Shortly thereafter, regulated
loss of this asymmetry was shown to mediate myoblast fusion!! and platelet activation!2,
implying important functional roles for membrane lipids and their distribution.

Asymmetric transbilayer composition of the mammalian PM.

Understanding the structural and functional roles of PM lipid organization requires detailed
knowledge of the lipid compositions of the two bilayer leaflets. Modern mass spectroscopy
allows unprecedented quantitation of complex lipidomes, and this technology was recently
used to measure the comprehensive lipid complements of the two PM leaflets in human
RBCs113 (Fig 1A). The results agree broadly with classical estimates of PM asymmetry
(Table 1) with an exoplasmic (outer) leaflet composed primarily of the choline-headgroup
phospholipids phosphatidylcholine (PC) and sphingomyelin (SM) while the cytoplasmic
(inner) leaflet contains larger phospholipid complexity, including phosphatidylethanolamine
(PE) and the charged lipids phosphatidylserine (PS) and phosphatidylinaositol (PI). In
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addition to this classically recognized headgroup asymmetry, lipidomics revealed novel
interleaflet differences in acyl chain structure, with inner leaflet lipids bearing ~2-fold more
unsaturations® (Fig 1A). A surprising and interesting detail was that PC lipids go counter to
this trend, with more saturated species tending to accumulate in the inner leaflet! (Fig 1A).

RBCs provide the optimal platform to study transbilayer lipid distributions because they lack
internal membranes. However, broad inferences about PM lipid asymmetry in nucleated
cells have been made based on their exoplasmic lipid contents. Such studies are qualitatively
consistent with conclusions from RBCs, with outer leaflets containing high levels of SM and
PC and negligibly low amounts of charged lipids}*. Comparison of exoplasmic leaflet
lipidomes to those of the overall compositions of PMs isolated from nucleated cells!® clearly
reveals that the broad details of PM asymmetry are preserved across mammalian cell types.

Hallmarks of steady-state PM asymmetry.

A hallmark of PM asymmetry common to nearly all eukaryotic organisms is the near-
exclusive confinement of charged lipids to the cytosolic PM leaflet. Structurally, this
segregation of charge contributes to significant electrostatic potential across cell
membranes!920 and very different surface charge densities for the two membrane faces.
These effects likely have direct functional implications for the insertion and orientation of
transmembrane (TM) proteins. Positively charged residues on such proteins are highly over-
represented in cytosolic juxtamembrane regions, likely because this orientation facilitates
their proximity to the negatively charged cytosolic leaflet?l. This so-called “positive-inside
rule” points to a key role for membrane asymmetry in determining TM protein topology and
has been essential for inferring topology of uncharacterized proteins?!. Remarkably,
dynamic lipid-dependent changes in protein topology have been observed in bacterial
proteins prompting a proposed extension of the positive-inside rule to a “charge-balance
rule”22, Whether analogous “protein flip-flop” occurs in eukaryotic organisms remains to be
shown.

The negative charge of many PM lipids and the surface charge density consequent to their
accumulation on cytosolic leaflets also serve a key organizing role for peripheral membrane
proteins with surface-exposed polybasic stretches?3-25, providing strong electrostatic
attractions for their localization to the PM. This functional localization can then be regulated
by either tuning lipid composition or phosphorylating relevant protein motifs to disrupt the
electrostatic attractions26,

The functional roles of the charged inner leaflet are complemented by the versatile roles of
the mostly neutral exoplasmic leaflet. Enriched in tightly packing sphingolipids, the outer
PM leaflet is highly ordered and rigid1:27-28, This composition and structure are likely
related to the essential barrier function of the PM, imparting low passive permeability to
most solutes??. The unique properties of the outer PM leaflet may also serve as a recognition
feature preventing healthy cells from becoming targets of the body’s own immune system.
An example is perforin, a protein secreted by cytotoxic T cells to form pores in target cells.
Perforin binding and activity depend on relatively loose lipid packing, which would not be
the case in most healthy outer PM leaflets30. In addition, multiple reports have indicated the
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presence of specialized PM signaling platforms, or rafts, which are believed to originate in
the exoplasmic leaflet and participate in a multitude of functional contexts3L.

Finally, the asymmetric lipid distribution and high cholesterol content (~40 mol%; ~25%
w/w or v/v) combine to impart unique properties to the mammalian PM: relatively thick32
and structurally asymmetric, with a more tightly packed outer half. These features create the
potential for ‘sorting signals’ that facilitate protein sorting by optimizing the structural “fit”
between a protein and the hydrophobic membrane core (seel-33 and references therein).

Maintenance and disruption of PM asymmetry.

The importance of the complex PM asymmetry is in part illustrated by the ubiquitous
abundance of proteins responsible for shuttling lipids between leaflets. Energy-consuming
asymmetry-driving enzymes known as either fljppases, moving lipids “in” (i.e. to the
cytoplasmic leaflet), or floppases, pushing lipids “out” (into the exoplasmic leaflet)34:35, and
energy-independent scramblases facilitating bi-directional lipid flow, all participate in the
regulated maintenance of specific lipid distributions in the PM. In comparison to flippases/
floppases, scramblases are less headgroup selective and have much higher lipid fluxes,
meaning that lipid asymmetry is much faster to break than to re-establish. For many years,
the single-pass TM protein PLSCR1 was implicated as the only known scramblase; however,
more recent insights have identified a family of TMEMZ16 proteins as bona fide lipid
channels (see38 and references therein). Most notable among these is TMEM16F (also
referred to as Ano6), a calcium-gated scramblase playing a major role in thrombosis among
other processes (see below), whose loss-of-function leads to a human bleeding disorder
called Scott Syndrome38. Recent insights into the mechanism of lipid scrambling by
TMEM16F imply lack of lipid headgroup specificity and rapid flux, making them efficient
disrupters of PM asymmetry3’. Ultimately, the opposing actions of slow-but-constitutive
flippases/floppases versus fast-but-regulated scramblases combine to dynamically regulate
transbilayer membrane lipid distributions.

Loss of PM asymmetry.

Given the multifaceted roles of the PM, it is not surprising that loss of PM asymmetry can
have profound consequences for the cell. During apoptosis, the simultaneous activation of
Xkr8, a caspase-mediated scramblase, and inactivation of aminophospholipid flippases leads
to rapid exposure of PS throughout the outer PM leaflet!2:38 (Fig 1B). Although most widely
studied in the context of apoptosis, PS exposure can also be observed during non-apoptotic
forms of cell death, including necrosis, ferroptosis, and necroptosis®.

While lipid scrambling is typically associated with cell death, recent findings have definitely
established that transient, reversible, and localized disruption of PM asymmetry in living
cells (Fig 1C) is implicated in a variety of physiological contexts. In the next section, we
summarize examples of functional transbilayer lipid redistribution that demonstrate the
involvement of PM asymmetry and scrambling in intracellular signaling and intercellular
communication. We then turn to the structural consequences of lipid asymmetry in cell
membranes, including the complex issue of coupling and communication between the two
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lipid leaflets. We conclude with a discussion of PM cholesterol, whose distribution is poorly
understood and likely to have massive implications on PM structure and function.

FUNCTIONAL ROLES OF REVERSIBLE LIPID ASYMMETRY IN LIVING

CELLS

An early clue that changes in membrane asymmetry are not restricted to terminal stages of
cell death was the discovery that cells can expose PS very rapidly in response to apoptotic
stimuli, but more importantly, that this exposure is reversible, i.e. preceding commitment to
cell death?0. This result was significant in demonstrating that loss of PM asymmetry could
potentially be a regulated and transient cellular response to a stimulus. This effect has been
subsequently confirmed in a wide range of physiological contexts that involve transient
changes in PM asymmetry that affect intercellular communication, the structure of the PM,
and interactions with membrane-associated proteins (Fig 2). Below, we discuss several
examples to illustrate the ubiquity of the phenomenon; as this discussion is not intended to
be comprehensive, we refer the reader to other excellent reviews on the topic®12. It is worth
noting that PS exposure is often induced by elevation of cytosolic calcium, likely via
activation of Ca2*-gated scramblases like TMEM16 family members38 (Fig 2). However, the
precise mechanisms underlying transient translocation of PS to the outer PM leaflet remain
largely unexplored.

Maintenance and pruning of neuronal connections.

The development and function of the nervous system involves pruning of supernumerary
neuronal synapses, proper response to injury and inflammation, and ultimate regeneration of
neuronal circuits. Localized, reversible PS exposure has been observed in each of these
processes. One example is phagoptosis, a process in which microglia, the macrophages of
the nervous system, phagocytose non-apoptotic neurons*!. Upon inflammation (e.g. caused
by bacterial components) the glial cells produce messenger signals necessary and sufficient
to cause reversible PM scrambling on the surface of nearby neurons (Fig 2B). Exposed PS is
then recognized by lactadherin, a PS-binding protein secreted by the activated microglia,
facilitating the phagocytosis of the live neuron®? (Fig 2A). Blocking either PS exposure or
lactadherin binding rescues neurons from phagoptosis despite ongoing neuroinflammation.
PS scrambling may also be important for re-establishing connections in the nervous system,
via triggering of axon regeneration and/or axon repair after injury#3:44,

In addition to mediating inflammatory responses and axonal regeneration, dynamic PM
scrambling (i.e. typically reported via exposure of PS, see Box 1) has also been shown to be
important for neurodevelopment from flies to mammals (see*® and references therein), via
pruning of neuronal synapses. Synaptic pruning consists of removal of underutilized
synapses to fine-tune neural connectivity. This process appears to involve highly localized
PS exposure on the external leaflet of synaptic connections, which are thereby marked for
phagocytic clearance by microglia*®. Removal of healthy membrane in the nervous tissue
also occurs on a regular basis in the rod cells in the retina. Under circadian control, the
photosensitive tips of these cells (i.e. photoreceptor outer segments, POS) are shed, then
phagocytosed by adjacent retinal pigment epithelium (RPE). This POS shedding and
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phagocytosis are coincident with highly localized exposure of PS on the POS tips#’.
Surprisingly, this change in PM asymmetry in the rod cells seems to be induced by signals
from the adjacent RPE cells*’. Similar local, rapid, and reversible PS externalization was
observed in the sensory hair cells in the mammalian inner ear. These observations provide
examples of evolutionarily conserved and tightly controlled intercellular communication
mediated by regulation of PM asymmetry (Fig 2A-B).

Muscle development.

Functional PM scrambling is associated with promoting cell-cell contact and fusion across
several functional settings (Fig 2A). This effect is particularly notable in skeletal muscle
development (myogenesis), which requires fusion of mononucleated myaoblasts into
multinucleated myotubes. Direct imaging of non-apoptotic and transient PS exposure (via
binding of Annexin V, a high-affinity PS-binding protein) on the surface of differentiating
myoblasts in both mouse embryos and cultured cells provided evidence that lipid
redistribution actively contributes to myotube formation*. The functional role of PS
exposure in primary myoblast fusion was confirmed by showing that masking of external PS
inhibited, while exogenously introduced PS promoted, formation of myotubes®. The
mechanism for this effect likely involves recognition of exposed PS by a receptor on a
neighboring cell*9 (Fig 2A), with proteins like BAI1 and Stabilin-251 proposed for this
function. A potentially parallel or complementary mechanism for the fusogenic role of lipid
scrambling is deactivation of PIEZOL1 by surface exposed PS. PIEZO1 is a mechanosensitive
PM Ca2* channel, which when activated, has an inhibitory role in myotube formation®2.
Altogether, these findings reveal that transient interleaflet redistribution of PS (and likely
other PM lipids'1) promotes cell-cell contact/fusion and myotube formation/regeneration by
regulating both extracellular and intracellular processes.

Mammalian fertilization.

Non-apoptotic exposure of inner leaflet aminophospholipids was observed in the head region
of mammalian sperm cells primed to fuse with oocytes®3. The role of PM scrambling in
sperm-egg fusion was later confirmed by observations that PS receptors (BAI1) on the
oocyte PM bind PS lipids exposed on the sperm head to initiate signaling events that
ultimately lead to the fusion of the two cells®*. A truly remarkable observation was that PS-
exposing mammalian sperm can also fuse with skeletal myoblasts, presumably through the
BAI1-mediated pathway®*. This result and the ubiquity and diversity of PS receptors>®
suggest that PS externalization and recognition may be a generic mechanism for cell-cell
fusion that is involved in a broad palette of cellular functions (Fig 2A).

Immune signaling.

Immune cells have evolved a plethora of responses to defend the body from infections.
Excitingly, many of these responses are associated with PM scrambling. For example, rapid
and reversible exposure of PS on the outer leaflet of mast cells is observable after antigen-
mediated activation through the Fc receptors®® (Fig 2B). Although these cells bind annexin
V (primary evidence for exposed PS), no other apoptotic markers are observable, confirming
cell viability. There was also a notable mechanistic and temporal correlation between PS
exposure and the release of secretory granules (Fig 2C). This correlation is likely due to the
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key role that intracellular calcium plays in activation of both immune responses and PM
scramblases®’. Similar PM lipid redistribution also occurs during Ca-regulated exocytosis in
neuroendocrine cells, specifically in the vicinity of secretory granule fusion sites®8,

Purinergic signaling is an important mechanism for immune activation, wherein extracellular
ATP or nucleotides escaping from dying cells activate receptors on immune cells to signal
tissue damage. Loss of PM asymmetry is key for this mode of activation, particularly for
secretion of the cytokine interleukin-14 (IL-18) from monocytes® (Fig 2C). Activation of
the P2X7 ATP receptor in the monocyte PM leads to the rapid (within seconds), reversible
exposure of PS and subsequent membrane blebbing, which may be responsible for the
release of cytokine-loaded microvesicles®®. These microvesicles also have PS on the outside,
suggesting they are formed from scrambled regions of the PM (Fig 2C). Such rapid release
of cytokine-carrying PS-decorated particles may be a mechanism for intercellular
communication with other immune system cells via their PS receptors. Analogous processes
are likely responsible for ATP-activated PS exposure in T-cells (Fig 2B), which causes both
a decrease in the efflux activity of P-glycoprotein (Fig 2D) and shedding of the homing
receptor L-selectin®. L-selectin is one of the major substrates of ADAM17, a membrane
metalloproteinase, and PS exposure appears to strongly regulate its protease activity, as well
as that of other members of the ADAM family”-8(Fig 2E). Finally, transient PS exposure has
been implicated in the formation of contacts between cytotoxic T-cells and antigen-
presenting cells®? as well as phagocytosis of non-apoptotic neutrophils®2. These results
present illustrations of the ubiquity of regulated PM scrambling in both inter- and intra-
cellular processes.

STRUCTURAL CONSEQUENCES OF LIPID ASYMMETRY AND ITS LOSS

PM structure: Directly studying the physical structure of the cellular PM has been
technically challenging because of its complexity and plasticity®3. Insights are generally
based on indirect measurements of exogenous reporter molecules to infer properties such as
lipid packing, order and diffusion465, Such methods rarely access, or even consider,
asymmetry of physical properties between the two PM leaflets. To probe biophysical
asymmetry in the PM, previous studies have relied on extracellular quenchers to isolate inner
leaflet signal or headgroup-specific labeling to take advantage of the cell’s mechanisms for
interleaflet lipid sorting. However, these methods often yielded contradictory conclusions,
with some reporting more fluid inner leaflets®6:67 and others fluid outer8.69, More recently,
two parallel studies converged on very similar conclusions using two completely distinct,
well validated approaches, suggesting a densely packed, less fluid exoplasmic leaflet and a
loosely packed, relatively fluid cytosolic leaflet (Fig 3A)1-28. This trend is fully consistent
with the general phospholipid compositions of the two leaflets (Table 1) as well as the acyl
chain asymmetries! (Fig 1A), which suggest that >60% of the lipids in the inner leaflet bear
highly disordered polyunsaturated fatty acids while a similar fraction (~60%) of outer leaflet
lipids have 1 or fewer c¢/s double bonds and are therefore more tightly packed. Interestingly,
it was recently suggested that in E. coli, the inner leaflet of the cytoplasmic membrane is the
more ordered one’°.
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Generally, lipid packing is positively correlated with membrane thickness. Inferences about
the overall thickness of the PM have been made from the inter-organellar sorting of single-
pass transmembrane (TM) proteins. Both experimental and bioinformatic analyses reveal
that PM proteins have longer TM segments than those of inner membranes, implying that the
PM is the thickest membrane in the cell (see32:71 and references therein). Further, PM
proteins tend to have asymmetric TM segments, with relatively larger surface areas facing
inner leaflet lipids, consistent with the relatively loose lipid packing therein!. Measurements
of individual leaflet thicknesses have not been attempted yet, though recent electron
microscopy quantification of membrane thickness imply that such measurements are
possible’73, The trends in lipid packing prompt the expectation that the exoplasmic leaflet
is thicker than the cytosolic (Fig 3A).

Complete PM scrambling is expected to result in wholesale mixing of the lipid species of the
two leaflets, producing a compositionally and biophysically symmetric membrane (Fig 1B
and Fig 3). A more complicated question concerns the physical state of the bilayer during
transient, localized loss of PM asymmetry, as in the many cases described above. In those,
PS-binding probes are not homogeneously distributed, but rather highly localized into
specific regions or small clusters over the cell surface49:5357.58.74.75 (Fijg 1C). This is a
rather surprising distribution, as scrambled lipids would be expected to rapidly diffuse over
the entire cell surface. The mechanisms responsible for maintaining this confined
distribution are currently unknown, though possible contributing factors include non-
uniform distribution of scramblases, presence of diffusion barriers at the PM in the form of
the actin cytoskeleton meshwork®, or clustering of PS by lipid binding proteins (including
experimental PS probes; see Box 1). If such domains constitute regions of fully scrambled
PM, they may have structural properties similar to completely scrambled PMs (e.g. in
apoptosis)1:76. On the other hand, they may present environments entirely distinct from
either the asymmetric or fully scrambled state.

PM mechanics: The structural properties discussed above refer mainly to the membrane’s
static conformation. In contrast, PM mechanical properties, e.g. bending rigidity, stretch
modulus, and resting tension, describe its deformations in response to mechanical stresses’”.
As with static parameters, quantification of these mechanical quantities in living systems is
extremely challenging due to the chemical complexity of the membrane and its intrinsic
integration with other cellular components, most notably the cortical cytoskeleton. The
rigidity of the PM is strongly influenced by active processes in the cell’® and both the
resting tension and elastic modulus are non-homogeneously distributed across the cell
surface’9:80, However, while it is difficult to characterize the mechanical properties of the
asymmetric PM in a living cell, several points can be made about the relevant effects of lipid
scrambling. First, changes in PM asymmetry would be expected to change the spontaneous
curvature of the membrane (Fig 3A). Such spontaneous, or intrinsic, curvature originates
from the chemical structures of the component lipids; in a symmetric bilayer, it is by
definition zero because any intrinsic curvature of one leaflet is exactly offset by identical,
but reversely oriented, apposing leaflet. However, in a bilayer like the PM, whose
asymmetrically distributed phospholipids have very different spontaneous curvatures, there
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is likely a non-zero energetic cost to keeping the bilayer flat that would be released upon
membrane scrambling (Fig 3A).

Another concept specifically relevant for asymmetric membranes is leaflet intrinsic stress,
which arises from differential packing of the two leaflets®! (Fig 3B). Symmetric bilayers at
equilibrium are tensionless. In the asymmetric case, one leaflet may have a different optimal
packing density and consequently, a different preferred overall area, than the one imposed by
the closed geometry of the membrane. An example of such a configuration is a leaflet of
tightly packing SM lipids (area/molecule ~ 55 A?) coupled to a leaflet composed of an
identical number of loosely packing unsaturated PS lipids (area/molecule ~ 70 A2). Because
both leaflets must have identical areas in a flat bilayer, the SM leaflet becomes stretched
from its optimal configuration while the PS leaflet is compressed, leading to intrinsic resting
stress and suboptimal leaflet thicknesses (Fig 3B). Intrinsic stress can also be generated if
identically composed leaflets have different number of lipids between them, or can be absent
from an asymmetric bilayer in which the number and types of lipids are balanced
appropriately between leaflets®2. Neither of these scenarios are likely in a living asymmetric
cell PM. Instead, in the limiting cases of an asymmetric PM and its fully scrambled
equilibrated counterpart, intrinsic stresses are likely to significantly affect the properties of
the former and be irrelevant for the latter (Fig 3B). Notably, even though differential stresses
result from suboptimal leaflet packing densities, such configurations are not necessarily
unstable. Rather, intrinsic stresses may naturally characterize the preferred configuration of a
bilayer with actively maintained membrane asymmetry.

An important development for understanding the properties of cellular PMs in isolation from
the overwhelming complexity of living cells are Giant Plasma Membrane Vesicles
(GPMVs). GPMVs preserve the chemical complexity of the native PM, but are separated
from the cell, lack assembled actin/tubulin cytoskeleton, and are amenable to biophysical
approaches developed for model membranes®3. However, these vesicles are not strictly
asymmetric as illustrated by the exposure of some endoplasmic leaflet lipids on their
external surface®485, Although technical difficulties preclude facile analysis of individual
leaflet compositions®8, it is likely that these vesicles are better models of a scrambled,
symmetric PM rather than its asymmetric counterpart. Despite no direct evidence for
complete scrambling, GPMVs have been shown to have pores of varying sizes8®, priming
them for rapid interleaflet lipid diffusion and likely precluding any potential maintenance of
asymmetry. Thus, great caution must be exercised in relating the properties of isolated
plasma membrane vesicles to those of intact cell PMs.

Interleaflet coupling: An open question at the heart of membrane structure and
asymmetry is how information about lipid organization in one leaflet gets transmitted to the
opposing leaflet, otherwise known as ‘interleaflet coupling’ (Fig 3C). Obviously,
transmembrane proteins are the major pathway for signal transduction and material transport
across the bilayer; however, communication across the membrane is also possible without
membrane spanning protein domains. For example, it has been shown that binding of
extracellular bacterial toxins, antibodies, or lectins to glycolipids (which are present almost
exclusively on the exoplasmic PM leaflet) is sufficient to initiate signaling cascades inside
the cell8”:88, Similarly, clustering of the glycosylphosphatidylinositol-anchored protein
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CD59 exclusively on the outer PM leaflet results in activation of mitogenic signaling inside
the cell88. The mechanism of transbilayer signaling relies on recruitment of inner leaflet
anchored proteins (Lyn and H-Ras) immediately underneath the outer CD59 clusters.
Similar effects are observed by clustering the ganglioside GM1 on the exoplasmic side of
the PM, indicating a more general mechanism of signal propagation through the lipid
bilayer®8. It is important to note that in these examples, communication between leaflets is
believed to be mediated solely by acyl chains, either coupled to lipids or proteins. Such
immobilization (or pinning) of membrane components in one leaflet appears to be a major
contributor to transbilayer coupling in cells8 (Fig 3C). On the cytosolic face of the PM,
pinning can be mediated by interactions of anionic lipids like PS and PIP2 with cytoskeletal
filaments (see references in89). These pinned lipids can potentially communicate to
sphingolipids in the opposing PM leaflet®0, possibly through interdigitation of acyl chains
across the bilayer mid-plane87:91.92, pM scrambling would likely decrease pinning to the
cytoskeleton by translocating the main mediators of PM-actin interaction (anionic lipids) to
the exoplasmic leaflet (Fig 3C). At the same time, it is conceivable that PS exposed on the
cell surface could promote pinning from the outside by PS-binding proteins in the
extracellular space (e.g. Annexin). In the case of complete PM scrambling, such signals
could be transduced to the cytosol via long-chain sphingolipids shuffled to the inner leaflet
(Fig 3C). While only speculative, such mechanistic principles could explain membrane
structure and signaling changes occurring during wholesale or partial loss of PM asymmetry.

It is important to note that while interleaflet lipid coupling is likely essential for the
physiology of living membranes, its underlying physical mechanisms remain poorly
understood. Robust bilayer-mediated interleaflet coupling has been demonstrated in a variety
of experimental and computational studies in synthetic, symmetric bilayers2:3:31.87.93
However, a critically important consideration for analysis and interpretation of both
experimental and computational asymmetric model systems is the residual leaflet tension
(differential stress) that arises from an imbalance of the optimal lipid packing densities in the
two leaflets81. Such an imbalance could be produced by removing lipids from one side of
the bilayer, creating a metastable state that could be relatively long-lived due to slow
phospholipid flip-flop. While a living asymmetric PM can likely maintain non-zero
differential stresses within its leaflets indefinitely, overlooking such intrinsic stresses
resulting from compositional asymmetry in model membranes can severely distort structural
and mechanistic insights81:82. Thus, a major challenge for membrane biophysics is the
development and characterization of methods to monitor and control the intrinsic leaflet
stresses in biomimetic, asymmetric bilayers.

The weird, wandering, wayward world of cholesterol

At ~40 mol%, cholesterol is the most abundant single component of the PM1, more than
doubling the abundance of the most abundant phospholipid class (PC). Given that
cholesterol is not a bilayer-forming lipid and flips rapidly between leaflets%4, it should be
viewed separately from the membrane’s relatively stable phospholipid matrix. Instead,
cholesterol’s unique qualities arise from its complex, dynamic interactions with, and effects
on, other PM resident molecules. Both because of its abundance and its central role in
membrane structure and dynamics, it is essential to understand cholesterol’s interleaflet
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distribution and determinants thereof. Remarkably, existing evidence on cholesterol
distribution spans almost the entire range of possible outcomes, from 80% of cholesterol
residing in the inner leaflet to more than 10-fold enrichment in the outer leaflet*:95, This
stunning lack of agreement illustrates the challenges of measuring the leaflet residence of a
molecule that flips to the opposing leaflet on a microsecond timescale®4, likely redistributing
in response to perturbations induced by the very techniques designed to detect its
distribution96.97.95,

While conclusions from direct measurements of cholesterol’s interleaflet distribution in
living cell PMs remain deeply controversial, the factors that determine its preference for
various membrane environments are better understood. For headgroups, cholesterol interacts
poorly with PE lipids, well with sphingolipids, and surprisingly favorably with PS lipids®.
For acyl chains, cholesterol is relatively averse to polyunsaturated fatty acids compared to
saturated ones%, although interactions with PE remain unfavorable irrespective of chain
saturation%,

The precise transverse distribution of cholesterol is likely to have profound effects on PM
properties. Cholesterol concentration is positively correlated with lipid packing, order,
thickness and headgroup hydration, negatively related to lipid diffusion and water
penetration into the hydrophobic core, and also affects the electrostatic properties of the
membrane, to name but a few structural consequences®0-102. Membrane mechanical
properties are also starkly sensitive to cholesterol abundance, including both compressibility
and bending stiffness193:104 as well as spontaneous curvaturel9°, and these effects are
nonadditive and strongly dependent on phospholipid composition%¢. Importantly,
cholesterol’s ability to rapidly flip between the two membrane leaflets gives it the unique
capability to relax stresses in a bilayer, as elegantly demonstrated in symmetric model
membranes®6. However, this ability does not necessarily imply that cholesterol-containing
membranes are stress-free. In asymmetric bilayers, an important additional consideration is
cholesterol’s differential interaction energy with other membrane lipids, with cholesterol
potentially creating stresses by partitioning strongly to one leaflet. Thus, cholesterol’s role in
regulating membrane stress in complex physiological settings remains a mystery81:97,

Taking into account these factors and the detailed leaflet compositions of mammalian PM?, a
naive prediction might be that cholesterol is enriched in the PM exoplasmic leaflet due to its
enrichment of saturated SM and depletion of PE and polyunsaturated PS. This scenario
would result in a very tightly packed outer leaflet coupled to a relatively loosely packed
inner one (Fig 4A), which is qualitatively in line with recent observations28, However, this
naive scenario does not take into account other potential driving factors of cholesterol
distribution. One possible example is a difference in the total number of phospholipids in the
two leaflets, e.g. the exoplasmic leaflet possessing many more lipids than the cytosolic one.
Such a situation would cause intrinsic leaflet stresses, with outer leaflet lipids being
relatively compressed compared to their equilibrium state, and vice versa in the inner leaflet
(see Fig 3). Such stresses could be relieved in part by cholesterol flip-flop, via a passive
enrichment in the inner leaflet (Fig 4C). It is even possible that various factors balance
exactly, with the preference of cholesterol for SM on the outer leaflet being exactly balanced
by the suboptimal packing of the inner leaflet lipids (Fig 4B). Ultimately, the fundamental
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drivers of cholesterol distribution in asymmetric bilayers are only starting to become defined
and may include relative preferences of cholesterol for saturated lipids®! (Fig 4D), active
pumping by transporters® (Fig 4E) and repulsive interactions with long acyl chains pushing
cholesterol down into the cytosolic leaflet® (Fig 4F). Overall, it is becoming apparent that
cholesterol’s interfleaflet distribution is likely to be dynamic and governed by the specific
compositions, phospholipid abundances, and differential stresses of the two leaflets, and
possibly energy-dependent terms driving the system away from physicochemical
equilibrium®. These parameters will certainly be difficult to reliably measure, especially in
vivo, but the reward is a potentially transformative understanding of PM structure, dynamics,
and function.

CONCLUSION

The energy inputs required for active maintenance of PM asymmetry, and the deleterious
effects of its loss, serve as unambiguous indicators of its functional importance. We are now
beginning to understand the biophysical consequences of compositional asymmetry and how
they cooperatively participate in cellular processes. The ubiquity of transient PM scrambling
(Fig 2) suggests that the dynamic loss and regeneration of membrane asymmetry may
underlie many aspects of membrane physiology, including fusion, bending, and signaling.
As such, the mechanisms of generation and resolution of transiently scrambled PM
environments, their biophysical consequences, and ultimately their functional significance,
are emerging as topics of widespread relevance for cellular physiology.

This exciting time for membrane research is bringing clarity while also giving rise to
intriguing new questions and hypotheses. The characterization of a chemically complete
asymmetric PM lipidome highlights several understudied biophysical features of
biologically relevant lipid mixtures. For the inner leaflet, these would include ether lipids
(e.g. plasmalogens) and hybrid PE and PS lipids bearing one saturated and one long
polyunsaturated fatty acid chain; for the outer leaflet, long-chain sphingolipids mixed with
polyunsaturated phosphatidylcholines. How do these lipids mix with each other and other
major membrane components, what are the resulting bilayer characteristics, and how does
cholesterol fit into the picture? Answers to these questions will shed light on the properties
of individual PM leaflets and potentially the mechanisms of communication between them.
A critically important parameter for both cholesterol distribution and the structural/
mechanical properties of all asymmetric membranes is the differential leaflet stress caused
by suboptimal packing of leaflet components (see Fig 3B). Measuring and manipulating this
poorly understood parameter will require development of novel tools and methods.
Unraveling the effects and roles of such bilayer stress both computationally and
experimentally is essential for progress in understanding the many faces of asymmetric
membranes.

While PS exposure has been widely used to denote a change in PM asymmetry, more
detailed protocols and probes are necessary to determine which stimuli (if any) yield lipid-
selective and/or incomplete scrambling (see Fig 1 and Box 1). The behaviors of such
partially or completely scrambled PM are a topic ripe with opportunities: how does a
scrambled domain interact with the surrounding asymmetric membrane? How does
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scrambling affect physical and functional interleaflet coupling? How does changing the
composition of both leaflets affect protein-membrane interactions? Can scrambled versus
asymmetric domains be used to laterally organize or functionally regulate membrane
proteins? Or perhaps scrambled environments exhibit strong non-ideal mixing behavior,
being prone to large scale phase separation, as observed in model membranes and GPMVs?
In conclusion, transient loss of PM lipid asymmetry is a widespread and currently
underappreciated biological phenomenon whose fascinating structural and functional
consequences are emerging as an exciting direction of membrane biology and biophysics.
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BOX 1.
PS exposure versus PM scrambling.

It is important to emphasize that functional loss of PM asymmetry has been almost
exclusively assayed via the exposure of PS on the outer PM leaflet. Such assays are
methodologically convenient due to both the near-absolute confinement of PS on the
cytosolic leaflet in most cell states (e.g. Table 1) and the availability of high-affinity, PS-
specific fluorescent probes (e.g. Annexin V). However, ‘PS exposure’ is a relatively
limited readout of PM asymmetry because it does not report on the proportion of PS
exposed nor obviously on the (re)distribution of the other PM lipids. Furthermore,
Annexin V is a very high-affinity PS ligand that may interfere with the dynamics of PS
redistribution. Thus, PS exposure should not necessarily be equated with complete PM
lipid scrambling. In fact, PS exposure can differ drastically between various treatments in
its abundance, duration, and distribution, implying important and often-overlooked
regulatory roles of not only the presence, but also the extent, of lipid asymmetry in cell
biology.
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Figure 1. The interleaflet asymmetry of the PM bilayer is complex and dynamic.
(A) Data-driven! schematic illustration of the phospholipid asymmetry of the RBC PM.

Lipid asymmetry can be released by lipid scrambling (i.e. interleaflet lipid mixing, blue
regions) that occurs either (B) globally or (C) at specialized local sites. Legend on the
bottom left applies to all panels; SFA denotes saturated, MFA monounsaturated, and PUFA
polyunsaturated fatty acids.
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Figure 2. Functional roles of reversible PM lipid asymmetry.
Transient, non-apoptotic changes in PM lipid asymmetry have been implicated in a variety

of biological processes including (A-C) cell-cell communication and contact and (D-E)
intracellular signaling. (A) Surface exposed PS facilitates intercellular contact and fusion by
interacting either directly (with PS receptors) or indirectly (through bridging molecules)
with PM components on neighboring cells. (B) Small molecule signals can lead to changes
in PM asymmetry, e.g. ATP released at sites of cell damage, peroxynitrate secreted by
microglia to facilitate engulfment of viable neurons, bicarbonate that induces sperm
capacitation, and immune antigens. These signals either open calcium channels on the PM or
lead to release of ER calcium stores. Increased cytosolic calcium inhibits flippases and
activates scramblases, leading to loss of asymmetry®. (C) Microvesicles can bud out of
regions of altered PM asymmetry. These vesicles can be sensed by their exposed PS via
bridging molecules or lipid-binding proteins on other cells. (D) Loss of PM asymmetry can
affect the function of transmembrane proteins. The P-glycoprotein responsible for export of
cytotoxic drugs has reduced efflux activity upon PM scrambling. (E) Relatedly, proteases of
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the ADAM family (10 and 17) contain polybasic motifs whose conformational changes upon
PS exposure may putatively promote their sheddase function”:8.
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Figure 3. Effects of lipid scrambling on PM physical properties.
(A) Asymmetric PMs can exhibit unique structural and mechanical characteristics, including

higher lipid packing and lower fluidity in the exoplasmic leaflet. Also, due to the
asymmetric phospholipid distribution, such membranes likely have non-zero spontaneous
curvatures. In contrast, fully scrambled membranes have identical packing, thickness and
fluidity in the two leaflets, and no spontaneous curvature. (B) Depending on the interleaflet
abundances of phospholipids, an asymmetric membrane may be subject to intrinsic leaflet
stresses arising from suboptimal packing densities of the two leaflets. Symmetrizing the
lipid compositions of the leaflets would restore optimal lipid packing and eliminate
differential stress. (C) Communication between membrane leaflets can be achieved through
interleaflet coupling. Clustering of glycolipids or GPI-anchored proteins in the exoplasmic
leaflet, or charged lipids interacting with the cytoskeleton in the cytosolic leaflet, can
transmit signals across the membrane and promote lateral reorganization of the opposing
leaflet. Changes in PM asymmetry leading to surface exposure of PS may result in local
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detachment of the cytoskeleton and/or promote pinning from the outside via PS-binding
molecules.
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Figure 4. Possible configurations for cholesterol’s interleaflet distribution in the PM.
The same data-driven representation of PL asymmetry as in Fig 1, but with cholesterol

(green) enriched either in the (A) top, (B) neither or (C) bottom leaflet, as indicated by the
exo/endo percentages (left). In all bilayers the phospholipid compositions of the two leaflets,
as well as the total cholesterol mole fraction in the membrane (40%), correspond to those
measured in RBC PMs™~3, but the abundance of phospholipids between leaflets varies,
resulting in the leaflet cholesterol mol% indicated on the right. An imbalance in total lipid
abundance between leaflets may give rise to leaflet stresses (indicated by packing of
headgroups) that remain stable as long as the phospholipid asymmetry is maintained.
Potential contributors to cholesterol interleaflet distribution include: (D) recruitment of
cholesterol to the exoplasmic leaflet by strong preference for saturated sphingomyelin, (E)
active pumping of cholesterol to the exoplasmic leaflet by transporter proteins*, and (F)
exclusion of cholesterol from the exoplasmic leaflet via long-chain sphingomyelin species®.
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Table 1.

Overall leaflet PL class compositions of RBC PMs. Shown are mol% of various classes per leaflet.

Leaflet composition
[mol% of PL in leaflet]

Group Year Technique Leaflet SM PC PE Pl PS
exo- 41% 48% 11% 0% 0%
Verkleif et a0 1973 enzyme digestion* + TLC Human
endo- 10% 17% 49% 0% 24%
exo- 27% 59% 11% 2%
Renooif*s 1974 enzyme digestion* + TLC Rat
endo- 0% 31% 39% 29%

PLA digestion + PC transfer protein + exo- 33% 45% 16% 6% 0%

Rawyler et al” 1985 ; ; Mouse
fluorescamine labeling + TLC endo- 3%  48% 29% 4%  16%
PLA digestion + PC transfer protein + exo- 42% 53% 5% 0% 0%
Van der Schaft et al® 1987 ﬂué]rescamine labeling +pTLC Monkey
endo- 4% 34% 39% 8% 15%
exo- 48% 45% 3% 0% 4%
Lorent et at 2020 enzyme digestion + shotgun lipidomics Human

endo- 3% 25% 42% 2% 28%
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	PM structure: Directly studying the physical structure of the cellular PM has been technically challenging because of its complexity and plasticity63. Insights are generally based on indirect measurements of exogenous reporter molecules to infer properties such as lipid packing, order and diffusion6465. Such methods rarely access, or even consider, asymmetry of physical properties between the two PM leaflets. To probe biophysical asymmetry in the PM, previous studies have relied on extracellular quenchers to isolate inner leaflet signal or headgroup-specific labeling to take advantage of the cell’s mechanisms for interleaflet lipid sorting. However, these methods often yielded contradictory conclusions, with some reporting more fluid inner leaflets66,67 and others fluid outer68,69. More recently, two parallel studies converged on very similar conclusions using two completely distinct, well validated approaches, suggesting a densely packed, less fluid exoplasmic leaflet and a loosely packed, relatively fluid cytosolic leaflet (Fig 3A)1,28. This trend is fully consistent with the general phospholipid compositions of the two leaflets (Table 1) as well as the acyl chain asymmetries1 (Fig 1A), which suggest that >60% of the lipids in the inner leaflet bear highly disordered polyunsaturated fatty acids while a similar fraction (~60%) of outer leaflet lipids have 1 or fewer cis double bonds and are therefore more tightly packed. Interestingly, it was recently suggested that in E. coli, the inner leaflet of the cytoplasmic membrane is the more ordered one70.Generally, lipid packing is positively correlated with membrane thickness. Inferences about the overall thickness of the PM have been made from the inter-organellar sorting of single-pass transmembrane (TM) proteins. Both experimental and bioinformatic analyses reveal that PM proteins have longer TM segments than those of inner membranes, implying that the PM is the thickest membrane in the cell (see32,71 and references therein). Further, PM proteins tend to have asymmetric TM segments, with relatively larger surface areas facing inner leaflet lipids, consistent with the relatively loose lipid packing therein1. Measurements of individual leaflet thicknesses have not been attempted yet, though recent electron microscopy quantification of membrane thickness imply that such measurements are possible72,73. The trends in lipid packing prompt the expectation that the exoplasmic leaflet is thicker than the cytosolic (Fig 3A).Complete PM scrambling is expected to result in wholesale mixing of the lipid species of the two leaflets, producing a compositionally and biophysically symmetric membrane (Fig 1B and Fig 3). A more complicated question concerns the physical state of the bilayer during transient, localized loss of PM asymmetry, as in the many cases described above. In those, PS-binding probes are not homogeneously distributed, but rather highly localized into specific regions or small clusters over the cell surface49,53,57,58,74,75 (Fig 1C). This is a rather surprising distribution, as scrambled lipids would be expected to rapidly diffuse over the entire cell surface. The mechanisms responsible for maintaining this confined distribution are currently unknown, though possible contributing factors include non-uniform distribution of scramblases, presence of diffusion barriers at the PM in the form of the actin cytoskeleton meshwork57, or clustering of PS by lipid binding proteins (including experimental PS probes; see Box 1). If such domains constitute regions of fully scrambled PM, they may have structural properties similar to completely scrambled PMs (e.g. in apoptosis)1,76. On the other hand, they may present environments entirely distinct from either the asymmetric or fully scrambled state.PM mechanics: The structural properties discussed above refer mainly to the membrane’s static conformation. In contrast, PM mechanical properties, e.g. bending rigidity, stretch modulus, and resting tension, describe its deformations in response to mechanical stresses77. As with static parameters, quantification of these mechanical quantities in living systems is extremely challenging due to the chemical complexity of the membrane and its intrinsic integration with other cellular components, most notably the cortical cytoskeleton. The rigidity of the PM is strongly influenced by active processes in the cell78 and both the resting tension and elastic modulus are non-homogeneously distributed across the cell surface79,80. However, while it is difficult to characterize the mechanical properties of the asymmetric PM in a living cell, several points can be made about the relevant effects of lipid scrambling. First, changes in PM asymmetry would be expected to change the spontaneous curvature of the membrane (Fig 3A). Such spontaneous, or intrinsic, curvature originates from the chemical structures of the component lipids; in a symmetric bilayer, it is by definition zero because any intrinsic curvature of one leaflet is exactly offset by identical, but reversely oriented, apposing leaflet. However, in a bilayer like the PM, whose asymmetrically distributed phospholipids have very different spontaneous curvatures, there is likely a non-zero energetic cost to keeping the bilayer flat that would be released upon membrane scrambling (Fig 3A).Another concept specifically relevant for asymmetric membranes is leaflet intrinsic stress, which arises from differential packing of the two leaflets81 (Fig 3B). Symmetric bilayers at equilibrium are tensionless. In the asymmetric case, one leaflet may have a different optimal packing density and consequently, a different preferred overall area, than the one imposed by the closed geometry of the membrane. An example of such a configuration is a leaflet of tightly packing SM lipids (area/molecule ~ 55 A2) coupled to a leaflet composed of an identical number of loosely packing unsaturated PS lipids (area/molecule ~ 70 A2). Because both leaflets must have identical areas in a flat bilayer, the SM leaflet becomes stretched from its optimal configuration while the PS leaflet is compressed, leading to intrinsic resting stress and suboptimal leaflet thicknesses (Fig 3B). Intrinsic stress can also be generated if identically composed leaflets have different number of lipids between them, or can be absent from an asymmetric bilayer in which the number and types of lipids are balanced appropriately between leaflets82. Neither of these scenarios are likely in a living asymmetric cell PM. Instead, in the limiting cases of an asymmetric PM and its fully scrambled equilibrated counterpart, intrinsic stresses are likely to significantly affect the properties of the former and be irrelevant for the latter (Fig 3B). Notably, even though differential stresses result from suboptimal leaflet packing densities, such configurations are not necessarily unstable. Rather, intrinsic stresses may naturally characterize the preferred configuration of a bilayer with actively maintained membrane asymmetry.An important development for understanding the properties of cellular PMs in isolation from the overwhelming complexity of living cells are Giant Plasma Membrane Vesicles (GPMVs). GPMVs preserve the chemical complexity of the native PM, but are separated from the cell, lack assembled actin/tubulin cytoskeleton, and are amenable to biophysical approaches developed for model membranes83. However, these vesicles are not strictly asymmetric as illustrated by the exposure of some endoplasmic leaflet lipids on their external surface84,85. Although technical difficulties preclude facile analysis of individual leaflet compositions86, it is likely that these vesicles are better models of a scrambled, symmetric PM rather than its asymmetric counterpart. Despite no direct evidence for complete scrambling, GPMVs have been shown to have pores of varying sizes86, priming them for rapid interleaflet lipid diffusion and likely precluding any potential maintenance of asymmetry. Thus, great caution must be exercised in relating the properties of isolated plasma membrane vesicles to those of intact cell PMs.Interleaflet coupling: An open question at the heart of membrane structure and asymmetry is how information about lipid organization in one leaflet gets transmitted to the opposing leaflet, otherwise known as ‘interleaflet coupling’ (Fig 3C). Obviously, transmembrane proteins are the major pathway for signal transduction and material transport across the bilayer; however, communication across the membrane is also possible without membrane spanning protein domains. For example, it has been shown that binding of extracellular bacterial toxins, antibodies, or lectins to glycolipids (which are present almost exclusively on the exoplasmic PM leaflet) is sufficient to initiate signaling cascades inside the cell87,88. Similarly, clustering of the glycosylphosphatidylinositol-anchored protein CD59 exclusively on the outer PM leaflet results in activation of mitogenic signaling inside the cell88. The mechanism of transbilayer signaling relies on recruitment of inner leaflet anchored proteins (Lyn and H-Ras) immediately underneath the outer CD59 clusters. Similar effects are observed by clustering the ganglioside GM1 on the exoplasmic side of the PM, indicating a more general mechanism of signal propagation through the lipid bilayer88. It is important to note that in these examples, communication between leaflets is believed to be mediated solely by acyl chains, either coupled to lipids or proteins. Such immobilization (or pinning) of membrane components in one leaflet appears to be a major contributor to transbilayer coupling in cells89 (Fig 3C). On the cytosolic face of the PM, pinning can be mediated by interactions of anionic lipids like PS and PIP2 with cytoskeletal filaments (see references in89). These pinned lipids can potentially communicate to sphingolipids in the opposing PM leaflet90, possibly through interdigitation of acyl chains across the bilayer mid-plane87,91,92. PM scrambling would likely decrease pinning to the cytoskeleton by translocating the main mediators of PM-actin interaction (anionic lipids) to the exoplasmic leaflet (Fig 3C). At the same time, it is conceivable that PS exposed on the cell surface could promote pinning from the outside by PS-binding proteins in the extracellular space (e.g. Annexin). In the case of complete PM scrambling, such signals could be transduced to the cytosol via long-chain sphingolipids shuffled to the inner leaflet (Fig 3C). While only speculative, such mechanistic principles could explain membrane structure and signaling changes occurring during wholesale or partial loss of PM asymmetry.It is important to note that while interleaflet lipid coupling is likely essential for the physiology of living membranes, its underlying physical mechanisms remain poorly understood. Robust bilayer-mediated interleaflet coupling has been demonstrated in a variety of experimental and computational studies in synthetic, symmetric bilayers2,3,31,87,93. However, a critically important consideration for analysis and interpretation of both experimental and computational asymmetric model systems is the residual leaflet tension (differential stress) that arises from an imbalance of the optimal lipid packing densities in the two leaflets81. Such an imbalance could be produced by removing lipids from one side of the bilayer, creating a metastable state that could be relatively long-lived due to slow phospholipid flip-flop. While a living asymmetric PM can likely maintain non-zero differential stresses within its leaflets indefinitely, overlooking such intrinsic stresses resulting from compositional asymmetry in model membranes can severely distort structural and mechanistic insights81,82. Thus, a major challenge for membrane biophysics is the development and characterization of methods to monitor and control the intrinsic leaflet stresses in biomimetic, asymmetric bilayers.
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