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Abstract

The plasma membrane phospholipid distribution of animal cells is markedly asymmetric.
Phosphatidylserine (PS) and phosphatidylethanolamine (PE) are concentrated in the inner
leaflet, whereas phosphatidylcholine (PC) and sphingomyelin (SM) are concentrated in the
outer leaflet. This non-equilibrium situation is maintained by lipid pumps (flippases or
floppases), which utilise energy in the form of ATP to translocate lipids from one leaflet to the
other. Scramblases, which are activated when physiologically required, transport lipids in both
directions across the membrane and can abolish lipid asymmetry. Lipid asymmetry also causes
imbalances in the areas occupied by lipid in the two membrane leaflets, contributing to
membrane curvature. The asymmetry of PS across the plasma membrane plays a crucial
signalling role in numerous physiological processes. Exposure of PS on the external surface of
blood platelets stimulates blood coagulation. PS exposure by other cells during apoptosis
provides an “eat me” signal to surrounding macrophages. Many peripheral and integral
membrane proteins have polybasic PS-binding domains on their cytoplasmic surfaces which
either provide a membrane anchor or affect activity. These domains can also determine
trafficking within the cell and control regulation via an electrostatic switch mechanism, as well
as potentially acting as “death sensors” when cytoplasmic PS is transferred to the extracellular
leaflet during apoptosis. Apart from these physiological roles, external PS exposure by
microorganisms, viruses and cancer cells allows them to mimic the immunosuppressive anti-
inflammatory action of apoptotic cells and proliferate, thus providing a strong medical

motivation for future research in the field of lipid asymmetry in membranes.
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1. Introduction

The lipids composing the bilayer of all biological membranes are not uniformly distributed.
It is now clear that both their lateral distribution, i.e., within the plane of the membrane, as well
as their transverse distribution, i.e., between the two leaflets, vary considerably. This appears
to be true for all forms of life and to varying degrees for all membranes, whatever their location,
e.g., cellular or organelle membranes. The focus of this review is the transverse lipid
asymmetry of animal membranes, in particular the plasma membrane. The aim of our article is
primarily to provide an overview of the purposes that this asymmetry serves or could serve for
healthy animal cells, rather than to explain how asymmetry originates and is maintained.
Nevertheless, before discussing the physiological roles of transverse lipid asymmetry, no
review of this topic would be complete without some mention of how the asymmetry was first
discovered and the biological systems which are responsible for it. Therefore, we begin with a
historical perspective followed by a brief discussion of the different classes of lipid transporters

which either produce or modify the transverse lipid asymmetry.

2. Historical overview

In hindsight it would seem justified to refer to the 1970’s as a “golden age” of lipid
chemistry. An undoubted highlight of this period was the postulation by Singer and Nicolson
of the fluid-mosaic model of cell membranes, which was published in Science on the 18" of
February 1972 [1]. This model, described by the now classical figure (see Fig. 1) from their
paper, displays a fluid lipid bilayer matrix in which integral membrane proteins are embedded.
Their figure clearly shows a membrane with transverse asymmetry, but the asymmetry is

limited to the protein component of the membrane.



Figure 1: Fluid mosaic model of the cell membrane. From S. J. Singer and G. L. Nicolson, The
fluid mosaic model of the structure of cell membranes, Science 175 (1972) 720-731. Reprinted

with permission from AAAS.

Less than 2 weeks after the publication of Singer and Nicolson’s paper, on the 1% of March
another paper appeared, by Bretscher [2], proposing that the lipid component of the membrane
is also distributed asymmetrically across the membrane. This hypothesis was based on
experiments on red blood cells using chemical reagents capable of labelling the free amino
groups of phosphatidylserine (PS) and phosphatidylethanolamine (PE), but not the
trimethylamino groups of phosphatidylcholine (PC) or sphingomyelin (SM) (see Fig. 2).
Bretscher found that very little labelling of PS or PE occurred for intact red blood cells, but the
effectiveness of the labelling increased significantly when red blood cell ghosts were exposed
to the same reagents. He concluded that this was due to the accessibility of both sides of the
ghost cell membrane to the reagents, and, therefore, that in intact red blood cells PS and PE are
primarily located in the cytoplasmic leaflet of the plasma membrane. Bretscher was aware of
recently published electron paramagnetic resonance studies of Kornberg and McConnnell [3]

using spin-labelled phospholipids showing that the movement of lipids between the two leaflets



of synthetic lipid vesicles, i.e., “flip-flop” is very slow, with a half-life of hours. He reasoned
that in a natural membrane containing cholesterol and many different proteins, flip-flop is
likely to be much slower, so that lipid asymmetry across the membrane would persist

throughout the lifespan of a red blood cell.
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Figure 2: Classification of phospholipids based on their terminal basic residue:
aminophospholipids (phosphatidylserine (PS) and phosphatidylethanolamine (PE)) and
trimethylaminophospholipids (phosphatidylcholine (PC) and sphingomyelin (SM)). The

aminophospholipids are located predominantly in the cytoplasmic leaflet of the plasma
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membrane, whereas the trimethylaminophospholipids are located predominantly in the
extracellular leaflet. Note that although PC and SM are both trimethylaminophospholipids, the

purpose here of this classification is purely due to their location, not their chemical properties.

Subsequently, much work on red blood cells, by many other groups using a variety of
techniques supported the hypothesis of Bretscher [4-10]. A summary of the distributions of
phospholipids on each side of the red blood cell plasma membrane, adapted from the review
of Zachowski [11], is shown in Fig. 3. Subsequent measurements on a variety of animal cells
have shown that the trends in phospholipid distribution across the plasma membrane of red
blood cells seem to have general validity for most other animal cells [11-14]. Shortly after his
initial discovery of lipid asymmetry, Bretscher realized, however, that the asymmetry could
not be maintained purely by a slow rate of lipid flip-flop. Based on the assumption that in all
cells capable of protein synthesis (this excludes red blood cells) all phospholipid synthesis is
likely to occur on the cytoplasmic side of a membrane, he concluded [15, 16] that the transfer
of choline-containing phospholipids from the cytoplasmic leaflet of the membrane to the outer
leaflet must be enzymatically catalysed. He coined the word flippase to describe the class of
enzymes which catalyse this transfer. Because he was of the opinion, however, that movement
of lipids between the two leaflets could not occur at any physiologically relevant rate unless
enzymatically catalysed, Bretscher [15, 16] did not mention any energy requirement for

flippase activity. It appears that he was envisaging a facilitated diffusion process.
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Figure 3: Distribution of phospholipids on each side of the red blood cell plasma membrane
(adapted from [11]). The top panel, A, shows the mol percentages of each individual lipid in
each leaflet of the membrane, clearly showing that SM and PC are concentrated in the outer
leaflet, while all other lipids shown are concentrated in the inner leaflet. The lower panel, B,
shows the same data, but expressed as a mole percentage of the total amount of phospholipid
in the membrane. This shows that PS is by far the major anionic phospholipid present in the
inner leaflet. Abbreviations: SM, sphingomyelin; PC, phosphatidylcholine; PS,
phosphatidylserine; PE, phosphatidylethanolamine; PI, phosphatidylinositol; PIP,
phosphatidylinositol-4-phosphate; ~ PIP>,  phosphatidylinositol-4,5-bisphosphate;  PA,

phosphatidic acid.

It soon became clear, however, that Bretscher’s ideas on the maintenance of lipid asymmetry
were in need of further revision. It is certainly true that transmembrane proteins involved in
lipid synthesis and cell membrane modelling are oriented asymmetrically across the plasma
membrane and that this could give rise to an intrinsic lipid asymmetry [13, 17]. But
measurements on both cellular systems and lipid vesicles with reconstituted protein showed
[17, 18] that the presence of proteins within the membrane dramatically accelerated lipid flip-
flop, with half-times reducing from many hours down into the range of minutes. This has been
confirmed by more recent measurements [19, 20]. For example, using small-angle neutron
scattering measurements Nguyen et al [19] found a drop in flip-flop half-time for a
DMPC/POPC asymmetric bilayer via small-angle from 140 hours to less than 2 hours after the
addition of a variety of membrane-binding peptides, such as alamethicin and melittin. As
suggested by Devaux [13], this acceleration is most likely due to the proteins acting as “defects”
within the membrane, perturbing the packing of the lipid molecules and increasing their

dynamics. Recent results [21, 22] comparing the rates of lipid flip-flop between lipid vesicles



and solid-supported bilayers appear to confirm this prediction, with solid-supported bilayers
showing faster rates of flip-flop due to disorder induced by the surface of the solid support.
Transient pore formation has also been observed in thin DLPC lipid bilayers via molecular
dynamics simulations [23], although the simulation of actual flip-flop would be extremely
difficult because of the very long simulation time necessary.

If lipid asymmetry across the plasma membrane of animal cells is to persist throughout
the lifespan of a cell, it must, therefore, be actively maintained. The situation is analogous to
that of the Na* concentration gradient across an animal plasma membrane. For most of the first
half of the 20" century it was commonly believed (e.g., [24]) that the Na" gradient persisted
because the membrane was completely impermeable to Na". After experiments showed this
not to be the case, the existence of a sodium pump was postulated, and in 1957 the enzyme
responsible for Na* pumping, the Na*,K*-ATPase, was isolated by Skou [25]. Thus, in the same
way that the Na* gradient is maintained by an ion pump, in order to maintain lipid asymmetry
lipids must be actively transported across the plasma membrane by lipid pumps, continually
expending energy in the form of ATP. In contrast to Bretscher’s original definition, the term
flippase (e.g., [26, 27]) is now reserved for a protein which actively transports lipid molecules
from the extracellular leaflet of the plasma membrane into the cytoplasmic leaflet, whereas the
term floppase (e.g., [26, 27]) is used to describe a protein which actively transports lipid

molecules from the cytoplasmic leaflet to the extracellular leaflet (see Fig. 4).
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Figure 4: The three classes of phospholipid translocases. Most flippases transport
aminophospholipids (PS and PE) from the outer to the inner leaflet of the plasma membrane.
Floppases transport a variety of lipids (including PC) from the inner to the outer leaflet. Both
flippases and floppases contribute to the maintenance of lipid asymmetry across the membrane,
which is a nonequilibrium situation, and hence require energy from ATP hydrolysis to drive
the process. Scramblases transport phospholipids in both directions across the membrane, from
the inner leaflet to the outer leaflet as well as from the outer to the inner leaflet, hence
approaching an equilibrium distribution across the membrane and abolishing lipid asymmetry.
Because this is a spontaneous process no energy is required, but scramblases require activation,
e.g. by an increase in the cytoplasmic Ca®" concentration or by peptide cleavage. The net
directions of lipid transport by scramblases are identical to those of passive lipid flip-flop

through the lipid phase of the membrane, but facilitated or catalysed by the scramblase protein.

2. Flippases, floppases and scramblases
Bretscher’s prediction [15, 16] of enzyme-mediated lipid facilitated diffusion across a
membrane was first demonstrated in 1985 by Bishop and Bell [28, 29] in the case of

phosphatidylcholine transport from the cytoplasmic side of the endoplasmic reticulum to the
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luminal side. They found that the transport of dibutyroylphosphatidylcholine across the
membrane of microsomal vesicles derived from the endoplasmic reticulum was saturable and
inhibited by structural lipid analogues and by proteases, all indications of protein-mediated
transport [28], but there was no requirement for ATP, suggesting a facilitated diffusion process.
Bishop and Bell [28, 29] referred to the endoplasmic reticulum membrane as a biogenic
membrane, i.e., a membrane involved in lipid biosynthesis, in contrast to the plasma membrane,
which is not thought to be heavily involved in lipid biosynthesis. Because the movement of the
lipid is not an active transport process, the protein mediating the transport presumably
facilitates movement in either direction across the membrane. Proteins which do this are now
referred to as scramblases.

The first active transport of lipids across the plasma membrane, i.e., requiring ATP, was
reported by Seigneurat and Devaux [30]. They found via electron paramagnetic resonance that
spin-labelled derivatives of PS and PE (with lower efficiency), but not PC, underwent rapid
(i.e., on the timescale of minutes) transverse movement across red cell plasma membranes from
the extracellular to the cytoplasmic leaflet. If the cells were depleted of ATP, transport was
inhibited, and, if ATP together with its co-factor Mg?" were reintroduced, transport of the
aminophospholipids PS and PE into the cytoplasmic leaflet again occurred. Seigneurat and
Devaux [30] furthermore suggested that the ATP driven transport of PS and PE could be
important in maintaining the discoid shape of red blood cells, which is known to be ATP
dependent [31, 32]. They also found that transport is strongly inhibited by orthovanadate, a
phosphate analogue, a characteristic common to P-type ATPases, i.e., the same family of
enzymes to which the Na* K*-ATPase belongs. In subsequent work, the same group was able
to partially purify and characterise [33] a Mg**-ATPase from the red blood cell membrane
which they proposed to be the PS-selective aminophospholipid translocase (or flippase).

Conclusive evidence that the aminophospholipid translocation was due to a P-type ATPase was
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finally provided by Tang et al. [34], who cloned the gene responsible for aminophospholipid
transport activity from bovine chromaffin granules. By comparison of the amino acid sequence
of its product with sequences of known members of the P-type ATPase family (e.g., the ion-
transporting Na',K"-ATPase and sarcoplasmic reticulum Ca?"-ATPase), Tang et al. [34]
concluded that the aminophospholipid translocase (flippase) belonged to a previously
unrecognized subfamily of P-type ATPases, which may have diverged from primordial P-type
ATPases before the evolution of the more well-known metal ion-transporting ATPases.
Members of this subfamily are now classified as P4-ATPases, whereas the ion-transporting P-
type ATPases belong to the P1-P3 ATPase subfamilies. Cryo-EM structures of a PS-
transporting yeast P4-ATPase flippase, Drs2p-Cdc50p, in three different conformations [35]
and the human P4-ATPase flippase, ATP8A1-CDC50a, in six different conformational states
have recently been published [36], providing atomic level information on the enzyme’s
mechanism of lipid transport. In all of these structures, the catalytic unit of the flippase, 1.e.
Drs2p or ATP8AL, exists as a complex with another integral membrane protein of the CDC50
family (CDC = cell division control), which has been found to be necessary for the correct
localization and function of the entire complex [37-39].

It appears that floppases all belong to the family of ABC (ATP binding cassette)
transporters, a completely unrelated family to that of the P-type ATPase flippases. The ABC
transporter family consists of many different proteins spread across prokaryotes and eukaryotes
which are capable of transporting a wide variety of substrates. They were first recognized in
bacteria, where some are involved in nutrient uptake, i.e., as importers. In eukaryotes, ABC
transporters were previously thought to function solely as exporters, but some members of the
family have now been reported to act as importers even in eukaryotes. A brief historical review
of the development of the entire ABC transporter field can be found in [40]. A major focus of

ABC transporter research has been their undesired role medically in conferring multi-drug
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resistance on cancer cells [41, 42] and allowing infecting bacteria to develop antibiotic
resistance [43]. However, the transport of lipids from the cytoplasmic leaflet of the plasma
membrane of animal cells to the extracellular leaflet is a crucial physiological role of ABC
transporter floppases. Just as the high contents of the aminophospholipids PS and PE in the
cytoplasmic leaflet are maintained by P-type ATPase flippases, the high contents of PC and
sphingomyelin in the extracellular leaflet are maintained in part by their outward pumping by
ABC transporters. The major members of the family implicated in this process are ABCAI,
ABCA3, ABCA4, ABCA7, ABCBI (also known as P-glycoprotein 1 and multidrug resistance
protein 1), ABCB4 and ABCCI1 [44-46]. The transporter ABCA1 has also been shown to be
important in cholesterol homeostasis within the plasma membrane and the secretion of
cholesterol to extracellular high-density lipoproteins (HDL), although it appears that the
process is mediated by phospholipid transport (possibly PS in this case) across the membrane,
causing a change in membrane curvature and the extracellular budding off of vesicles rich in
cholesterol, rather than a direct pumping of cholesterol across the membrane by the transporter
[47].

While on the topic of maintaining the high level of PC in the extracellular leaflet of the
plasma membrane, it is worthwhile mentioning the special case of red blood cells. As
mentioned earlier, most cells synthesise the lipids which they incorporate into their membranes
on the cytoplasmic side of the biogenic endoplasmic reticulum membrane. However, mature
red blood cells contain neither a nucleus nor an endoplasmic reticulum. Although transverse
lipid asymmetry was first discovered in red blood cells [2], they are certainly not typical. Thus,
instead of incorporating PC into their plasma membrane from the cytoplasm and transporting
it into the extracellular leaflet via a floppase, mature red blood cells take up PC extracellularly
via high-density lipoprotein in the surrounding blood plasma [48, 49]. Once in the extracellular

leaflet, PC can passively flip to the inner leaflet, which would reduce the normal asymmetric
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distribution of PC across the membrane and lead to a build-up of the total PC within the red
blood cell membrane. This can be pathogenic, and in certain individuals leads to high red cell
membrane phosphatidylcholine haemolytic anaemia. Evidence exists that under normal
physiological conditions, in addition to the action of membrane-bound floppases to transport
PC out again, the level of PC in the inner leaflet of the red blood cell membrane could partly
be regulated by the action of phospholipase D from the cell cytoplasm, which cleaves choline
from the PC headgroup and converts it into phosphatidic acid [50]. Thus, apart from lipid
asymmetry being maintained by the lipid translocating activity of flippases and floppases, this
example suggests that lipid-converting reactions of phospholipases potentially play an
important contributing role.

In the previous section it was pointed out that flippases, floppases and scramblases allow
much faster movement of lipid between the two leaflets of the plasma membrane than passive
flip-flop. However, apart from this, there are important kinetic differences between the
different classes of lipid-translocating proteins themselves. Both flippases and floppases
transport lipids against a lipid concentration gradient within the membrane. This requires
energy, which they derive from the hydrolysis of ATP. Furthermore, because they transport
lipids in a direction uphill in energy, for them to function efficiently their molecular
mechanisms must somehow inhibit the spontaneous movement of lipids downhill in energy
back to where they originated. This must involve significant protein conformational changes,
allowing alternating access of lipids to each leaflet of the plasma membrane, but not to both
leaflets simultaneously. The situation is analogous to a river boat moving to a higher water
level in the river by passing through a lock with gates which open and close sequentially on
the low and then the high water side. Because of these significant protein conformational
changes, flippases and floppases have relatively low turnover numbers of not more than ~100

s1[51], i.e., similar to the turnovers of ion pumps. In contrast, scramblases can have turnover
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numbers of >1,000 s™'. For example, Watanabe et al. [52] carried out a single-molecule analysis
of the kinetics of lipid transport via the scramblase transmembrane protein 16F (TMEM16F)
incorporated into an asymmetric membrane mounted within a microarray platform which
yielded a transport rate of 4.5 x 10* lipids per second at 25°C. The reason for the high lipid
transport rate of scramblases is that they allow lipids to move down a concentration and down
an energy gradient, which requires much less significant protein conformational motion.
Whereas flippases and floppases can be considered as analogous to ion pumps, scramblases
can be considered as analogous to ion channels, where the opening of a single gate allows
spontaneous movement of the ions through the channel. This difference in kinetics has
significant consequences for the action of flippases, floppases and scramblases. Because of
their slow kinetics many flippase and floppase molecules need to be continually pumping their
lipid substrates to maintain lipid asymmetry. But the rapid abolition of lipid asymmetry as a
signal to initiate physiological processes such as blood coagulation or apoptosis (both described
in detail in section 4), only requires the activation of a much smaller number of scramblase
molecules. Therefore, one would expect membrane expression levels of flippases and floppases

to be much greater than those of scramblases,

3. Effect of lipid asymmetry on membrane curvature

Not all living cells are spherical. They exist in a variety of forms. One specific example is
the discoid shape of red blood cells, which facilitates reversible elastic deformation of the cells,
crucial to effective oxygen transport, as they pass through small capillaries. Even in the case
of a single cell, local changes in plasma membrane structure occur, i.e. inward or outward
budding (endo- and exo-cytosis), which allow the transfer of material between the cytoplasm
and the extracellular medium. These different shapes laterally across the surface of the plasma

membrane can, at least in part, also be explained by the transverse lipid asymmetry of the
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membrane. Another major contributor to cell shape is, of course, the cytoskeleton, but here,
because the aim of our paper is to review the physiological roles of lipid asymmetry, we focus
on the contribution of lipid to the determination of shape.

Consider first the case of the discoid red blood cell. If red blood cells are stored for long
periods of time (i.e., weeks), they undergo shape changes, transitioning from discocytes to what
are termed echinocytes or spherocytes, i.e., sea-urchin-shaped or spherical cells [53]. This
indicates that the discocyte structure is not an equilibrium state. It is maintained by the input
of energy in the form of ATP [32]. The way that the ATP is utilized is thought to be in powering
a PS flippase within the plasma membrane to maintain the asymmetrical lipid distribution
across the membrane [53]. The logic in this conclusion is not immediately obvious, but will
become clear from a simple theoretical consideration of the lipid packing in both leaflets of a
lipid bilayer and the total areas covered in each leaflet.

The movement of lipids between the two leaflets of a membrane causes a mismatch in the
total surface area of the two leaflets. If the total areas of each leaflet are equal, i.e. 4™ = A",
then the bilayer will be completely flat. However, if the number of lipids in the outer leaflet
increases and the number in the inner leaflet decreases due to the movement of lipid molecules
from the inner to the outer leaflet, to avoid lateral tension the lipids in the outer leaflet must
space themselves out and those in the inner leaflet must condense to achieve the same lipid
packing density in both leaflets (see left hand side of Fig. 5). This leads to a mismatch in the
areas of the two leaflets, i.e. A°"* > A™. The only way for the membrane to maintain a stable
bilayer structure with such an area mismatch is for the membrane to bend outwards. Similarly,
if the number of lipids in the inner leaflet increases and the number in the outer leaflet decreases
due to movement of lipid molecules from the outer to the inner leaflet, so that 4™ > A° the
membrane must bend inwards (see right hand side of Fig. 5). This method of generating

curvature is termed the bilayer-couple mechanism [54, 55]. This purely theoretical

16



consideration was elegantly supported by some relatively simple experiments conducted by
Miiller et al. [56] on red cell ghosts. They found that the external addition of PS to ATP-
containing ghosts caused an inward bending, similar to that which occurs in the process of
endocytosis. In contrast, if they added PC the reverse occurred, i.e. an outward bending or
budding. These results can be explained by the presence of a PS-specific flippase in the plasma
membrane. Thus, flipping of PS to the inner leaflet caused the inner leaflet to expand and bend
inwards. However, when PC was added, it remained in the outer leaflet, thus causing it to
expand and bend outwards.

Now returning to the observation of shape changes in red cells stored for long periods; it is
clear that if a red cell is starved of oxygen and hence of ATP, its flippase activity would be
inhibited. In time, due to passive flip-flop of PS into the external leaflet, this would lead to an
increase in the number of lipids molecules in the outer leaflet relative to the inner, inducing a

shape change away from the physiological discoid structure.
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Figure 5: Formation of membrane curvature by lipid translocation via the bilayer-couple
mechanism. If the areas occupied by lipid in each membrane leaflet were equal, A™ = 4°", the
membrane would be flat (top row, centre). The left hand side (LHS) and right hand side (RHS)
of the figure show the effects of translocation of lipid from the inner to the outer leaflet and
from the outer to the inner leaflet, respectively.

LHS Top row: Movement of lipid from the inner to the outer leaflet causes a transient increase
in lipid packing density in the outer leaflet and a transient decrease in packing density in the
inner leaflet. Middle row: To reduce lateral tension the lipid molecules relax back to the same

packing density in each leaflet, causing a mismatch in the areas of the two leaflets, i.e. 4°" >
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A™. Bottom row: To maintain a stable bilayer with equal lipid packing densities in each leaflet,
the membrane bends out.

RHS Top row: Movement of lipid from the outer to the inner leaflet causes a transient decrease
in lipid packing density in the outer leaflet and a transient increase in packing density in the
inner leaflet. Middle row: To reduce lateral tension the lipid molecules relax back to the same
packing density in each leaflet, causing a mismatch in the areas of the two leaflets, i.e. A" >
A°". Bottom row: To maintain a stable bilayer with equal lipid packing densities in each leaflet,

the membrane bends in.

As mentioned earlier, of course many cell types also possess a cytoskeleton which, in
addition to lipid asymmetry, plays an important role in determining cell shape, in particular in
the case of red blood cells when they undergo the transition to echinocytes [53, 57].
Nevertheless, the above discussion indicates that the activation of flippases, floppases or
scramblases within a membrane could potentially play an important role in triggering both the
processes of endocytosis and cell budding [58], i.e., with net inward transport of lipid by a
flippase favouring endocytosis and a net outward transport of lipid by a floppase favouring
budding. Activation of a scramblase could potentially favour endocytosis or budding
depending on the direction of the asymmetry prior to its activation. Investigation of this
relatively physicochemical mechanism by which lipid asymmetry could affect membrane
curvature would seem to lend itself to study by modern molecular dynamics simulations. An
example is a recent study [59] showing the spontaneous formation of a vesicular bud in a simple
model system composed purely of PC but with different numbers of lipids in each membrane
leaflet and the subsequent disappearance of the bud after insertion of a scramblase protein into

the membrane.
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4. Phosphatidylserine signalling on the extracellular membrane surface

PS is normally concentrated in the cytoplasmic leaflet of the cell membrane (see Fig. 3).
When this is not the case, this has important physiological consequences for the cell. Here we
describe two processes, blood coagulation and apoptosis, where PS exposure provides the

signal to “clot” or “eat me”, respectively.

4.1 Blood coagulation

When vascular injury occurs, blood coagulation is vital in reducing blood loss and beginning
repair. Initially, in primary haemostasis (i.¢., the process of preventing and stopping bleeding),
interaction of discoid-shaped resting blood platelets with exposed subendothelial factors such
as collagen on the interior surface of a blood vessel initiate an activation process. This involves
a shape change of the platelets, whereby they develop pseudopodia, i.e., projections of the
plasma membrane, and release coagulant mediators (including fibrinogen) from cytoplasmic
a-granules into the bloodstream [60-63]. The platelets then aggregate to form a temporary
haemostatic plug to stop bleeding [64].

In secondary haemostasis, loss of lipid asymmetry and PS exposure on the extracellular
membrane surface of activated platelets by the stimulation of a scramblase in the platelet
plasma membrane (described in more detail below) provides a catalytic surface in the
coagulation cascade [65]. The coagulation cascade involves coagulation factors that normally
circulate in the bloodstream but with an activity too low for efficient clot formation [66]. The
PS-containing extracellular membrane surface of activated platelets attracts clotting factors,
increasing their local concentration so that they bind and assemble procoagulant enzyme
complexes, catalysing the conversion of prothrombin to thrombin [67-70]. Thrombin is the key
procoagulant enzyme that converts soluble fibrinogen into an insoluble fibrin clot that

strengthens the haemostatic plug [64].
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The key factor which allows secondary haemostasis to occur is the loss of lipid asymmetry
via scramblase activation in the platelet plasma membrane. The specific scramblase involved
is now known to be transmembrane protein 16F (TMEMI16F), whose activity is dependent on
the cytoplasmic Ca** concentration [71-73]. Both X-ray-crystallographic [74] and recent cryo-
electron-microscopy structures of fungal members of the TMEMI16F family [75], combined
with biochemical assays, site-directed mutagenesis and molecular dynamics simulations [76,
77], are now providing molecular detail on the lipid transporting mechanism of this class of
scramblase.

A further consequence of the activation of platelets by the initial interaction with collagen
is that a signalling pathway is triggered, mediated by glycoprotein VI, phospholipase C and
inositol 1,4,5 trisphosphate (IP3) [61, 78], whereby Ca®" is released from cytosolic stores (i.e.
endoplasmic reticulum (ER)) through the activation of IP3-receptor Ca?*-channels in the ER
membrane. At the same time Ca?" also flows into the cell from the extracellular medium by the
opening of Ca?" channels in the plasma membrane, with ATP-gated P2X1 channels [79], Orail
store-operated channels [79] and, under shear stress conditions, mechanosensitive Piezol
channels [80] all being implicated. Both extracellular influx and release from cytosolic stores
cause a sustained increase in the cytoplasmic Ca** concentration, thus activating TMEM16F to
scramble the platelet’s lipid distribution and expose PS on the cell’s outer membrane leaflet
[78, 81]. This provides an optimal anionic procoagulant membrane surface with 10-15 mol%
PS[61, 65, 67, 82], increasing the rate of thrombin formation almost a millionfold [66, 83] and
allowing clotting to proceed. The process is summarized schematically in Figure 6. Since only
activated platelets provide PS-containing surfaces, fibrin formation is localised to the site of
damage, reducing coagulation occurring elsewhere. Furthermore, in resting platelets the
cytoplasmic Ca?" concentration is kept low by the combined action of plasma membrane and

sarcoplasmic/endoplasmic reticulum Ca?"-ATPases [78], which actively pump Ca*" from the
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cytoplasm into the extracellular medium and into the endoplasmic reticulum, respectively, thus

preventing PS scrambling and platelet activation in the absence of any vascular injury.

A Blood coagulation B

=

Prothrombin Thrombin éw
=i
S"

Scramblase
Procoagulant (Xkr8)
Complex Flippase
KK KKK KKKRK(ATPUA/C)

.
W s

(TMEM16F) T Intracellular Ca?* Caspases
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Figure 6: Summary of the processes involved in blood coagulation (A) and apoptosis (B)

(adapted from [72]). In both processes phosphatidylserine (PS) is shown with a blue lipid
headgroup, whereas uncharged neutral phospholipids (PL) are shown with a grey headgroup.
Blood coagulation (A): An increase in the intracellular Ca®>" concentration activates a
scramblase (TMEM16F), which causes the exposure of PS on the cell surface. This provides a
negatively charged surface, which attracts clotting factors, forming a procoagulant complex
and promoting the conversion of prothrombin to thrombin. Thrombin catalyses the conversion
of fibrinogen to fibrin, which creates a stable clot.

Apoptosis (B): The activation of caspases within the cell cytoplasm inhibits the translocation
of PS from the outer to the inner leaflet of the plasma membrane by the flippases ATP11A and
ATP11C, and activates a scramblase (Xkr8). Both of these caspase-mediated effects cause the

exposure of PS on the external surface of the cell, providing an “eat-me” signal for the cell to
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be recognised and engulfed by a macrophage, where the cell is disposed of within the

macrophage’s lysosomes.

A further process which occurs on platelet activation is bleb formation, which results in the
release of lipid vesicles or microparticles from the platelet membrane surface [61, 84].
Microparticles provide further catalytic PS-containing surfaces which have additional clotting
factor binding sites and facilitate procoagulant complex assembly and thrombin formation [85].
An important factor in the recognition of the role of lipid asymmetry and scramblase
involvement in blood coagulation has been research into the molecular origin of Scott
syndrome, an extremely rare bleeding disorder, first described in 1979 [86], which is named
after the first diagnosed patient. This disease is characterised by severe bleeding, caused by
deficient platelet procoagulant activity. Research on platelets of Scott syndrome patients
showed that their activated platelets show no increase in PS in the outer leaflet, indicating a
lack of scramblase activity [66, 69]. Furthermore, analysis of the platelet scramblase of a Scott
syndrome patient allowed a genetic mutation in the TMEM 16F protein to be discovered, thus
allowing the scramblase to be definitively identified [71].

Before proceeding, it is important to point out that blood coagulation is not the only
physiological process in which proteins of the TMEM16F family are involved [87, 88]. For
example, it was found [89] that deletion of the TMEM16F gene in mice resulted in skeletal
deformities and that Ca*>*-dependent PS scrambling was impaired in their osteoblasts. This data
supports a function of PS exposure by TMEMI16F in bone mineralisation, and could be
explained by the negative surface charges of PS attracting Ca®" ions from the extracellular
medium, thus promoting the deposition of hydroxyapatite crystals, Cajo(PO4)s(OH)>. Further
physiological processes in PS exposure by TMEMI16F proteins is likely to play an important

signalling role are discussed in recent reviews [87, 88].
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4.2 Apoptosis

Apoptosis, or programmed cell death, is incorporated into a cell’s life cycle. To eliminate
old cells before they die spontaneously, i.e. via necrosis, and release toxic substances such as
cytoplasmic enzymes to the surroundings, it is beneficial for the health of the entire organism
if they are disposed of in a controlled fashion. Apoptosis can follow two different pathways,
termed extrinsic and intrinsic. The extrinsic pathway or death factor pathway is initiated by the
binding of death factors of the tumour necrosis (TNF) family to receptors on the plasma
membrane. The intrinsic pathway or mitochondrial pathway is cell-internal and is associated
with an enhanced permeability of mitochondrial membranes, causing the release of cytochrome
c into the cytoplasm. Both pathways, however, finally converge, resulting in the activation of
caspases, 1.e., cysteine-dependent aspartate-specific peptidases, which have a cysteine within
the active site, recognise a specific 4-amino acid residue sequence in proteins and cleave after
an aspartate residue [90-92]. Apoptosis ensures a balance between cell proliferation and cell
death, thus keeping the number of cells in an organism fairly constant and maintaining tissue
homeostasis. Cells undergoing apoptosis display morphological changes such as cytoplasmic
and organelle condensation and DNA fragmentation, ultimately forming apoptotic bodies —
remnants of apoptotic cells [90]. In the early stages of apoptosis, apoptotic cells expose PS on
their extracellular surface [72, 73, 81, 93-97]. This functions as an “eat-me” signal which is
recognised by macrophages, finally leading to their ingestion and degradation of the apoptotic
bodies by phagolysosomes. As in the case of blood coagulation, the exposure of PS on the
extracellular surface of apoptotic cells is caused by the activation of a scramblase in the cell’s
plasma membrane. However, instead of scrambling via TMEMI16F, as occurs in platelets
during clotting, the scramblase Xkr8 has been identified as the protein responsible for

producing PS exposure in apoptosis [72, 73, 97, 98].
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An important difference between TMEM16F and Xkr8 is the mechanism of activation. As
described in the previous section, TMEM16F is activated by an increase in cytoplasmic Ca*".
Xkr8, on the other hand, is activated by the action of caspases, the end result of the apoptosis
initiation pathway. Xkr8 possesses a conserved Asp-Glu-Val-Asp-Gly caspase 3/7 cleavage
site motif at its C-terminus, which on cleavage releases an inhibitory sequence, thus activating
scramblase activity [72, 73, 97]. The kinetics of scrambling by TMEM16F and Xkr8 are also
very different. PS exposure by TMEMI16F is very rapid, i.e., within minutes, and is reversible
on reduction of the platelet’s cytoplasmic Ca>" concentration back to its resting value, whereas
PS exposure mediated by Xkr8 is much slower, on the hour timescale, and is irreversible [73,
99]. It is important to bear in mind, however, that the measured kinetics of lipid scrambling is
a combination of the actual lipid transfer kinetics together with the kinetics of scramblase
activation. Thus, the slow scrambling via Xkr8 is likely due to the time required to activate
caspase 3, the most downstream caspase in the signalling pathway. This conclusion is
supported by recent results [100] showing that Xkr8 can also be activated via phosphorylation,
producing lipid scrambling in minutes rather than hours in the case of caspase activation. Thus,
the actual lipid transfer rates of TMEM16F and Xkr8 may in fact not be so different.

Perhaps because the kinetics of the Xkr8 scrambling pathway are slow, to further enhance
exposure of PS as an “eat me” signal on the cell surface during apoptosis an inactivation of
flippases ATP11C and ATP11A occurs [101]. These flippases would otherwise transport PS
back to the cytoplasmic leaflet. Similar to Xkr8, ATP11C and ATP11A also possess caspase
cleavage sites, but they undergo inactivation rather than activation on cleavage [72, 73, 102,
103]. The inhibition of ATP11C and ATP11A could explain why PS exposure in apoptosis is
irreversible. A schematic summary of the entire process is shown in Figure 6B.

There is also some evidence that the strength of the “eat-me” signal produced by the external

exposure of PS during apoptosis depends on the exact chemical structure of the PS molecules
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exposed, i.e., not just on the headgroup of the PS molecule but also on the nature of the
hydrocarbon tails to which it its attached. In particular, the exposure of PS with peroxidized
acyl chains has been found to promote phagocytosis [104]. Differing structural forms of PS
leading to apoptosis could perhaps explain why phagocytes possess a number of different
receptors on their surface for the recognition of apoptotic cells [75, 92, 104, 105]. A likely
mechanism for the peroxidation of PS is via the action of cytochrome c, which is released from
mitochondria during apoptosis and could diffuse to the cytoplasmic leaflet of the plasma
membrane [106-108]. Peroxidized PS could passively diffuse to the outer leaflet of the plasma
membrane via flip-flop or its diffusion could be facilitated by a scramblase [106]. Once in the
external leaflet its flipping back to the cytoplasmic leaflet by a membrane bound flippase, such
as ATP11C, could be inhibited simply because peroxidized PS is a poorer substrate for the
enzyme than non-peroxidized PS, or peroxidized PS could directly inhibit flippase activity by
itself or via oxidation products that it generates [106].

Apoptosis is a vital naturally-occurring cellular physiological process. However, finally in
this section we would like to mention some disease states in which it plays an important role
in disease progression. To understand a variety of apoptosis-related diseases it is first important
to realise that the events involved in apoptosis are genetically programmed in such a way that
they avoid any inflammatory response or tissue damage to the surroundings. This has been
found to depend on an immunosuppressive action of apoptotic cells [73, 109], i.e., apoptotic
cells promote the secretion of the anti-inflammatory and immunoregulatory cytokine
interleukin 10 and decrease the secretion of pro-inflammatory cytokines. Unfortunately, this
allows PS-dependent recognition to be hijacked by viruses, microorganisms and parasites to
evade the body’s natural defense systems. The general term for this phenomenon is “apoptotic
mimicry” [73, 110]. A prime example is infection by the HIV-1 virus [73, 111]. When exiting

a cell the HIV-1 virion obtains PS and exposes it on its outer membrane, thus mimicking an
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apoptotic cell and allowing it to evade an inflammatory immune response. The virus is then
engulfed by a phagocyte as if it were an apoptotic cell. Phagocytic infection by HIV-1 causes
the infected phagocytes to expose an elevated level of PS on their surfaces [73, 111], resulting
in apoptosis of the infected phagocytes, leading eventually to the failure of the host’s immune
system.

Without apoptosis, the balance between cell proliferation and death would be disturbed.
Thus, cancer is characterised either by excessive cell proliferation or insufficient cell death, or
presumably both, leading to tumour growth. Many cancer cell types have been found to expose
high levels of PS on their surface, similar to apoptotic cells, thus reducing an inflammatory
immune response, and allowing them to proliferate. In the case of noncancerous cells, the
exposure of PS would cause engulfment and elimination by macrophages due to the “eat-me”
signal provided by PS. However, in addition to exposing PS, many cancerous cells over-
express a transmembrane glycoprotein CD47 within their plasma membrane, which for
phagocytes functions as a “don’t eat me” signal [112-115]. Thus, the cancer cells are protected
from attack by both phagocytes and the rest of the immune system, and proliferate unhindered.
The development of anti-cancer drugs which specifically target the external PS of cancer cells
is currently an active area of research providing promising results in pre-clinical and clinical
trials [73, 115-118]. An immunotherapeutic approach which is also showing promise involves
blocking CD47 with anti-CD47 antibodies, thus preventing CD47 from interacting with its
inhibitory receptor SIRPa (signal regulatory protein) on the macrophage’s surface [119]. This
approach was further enhanced by binding opsonizing antibodies to the tumour cell which
engage activating Fc receptors on the macrophage and stimulate phagocytosis [119]. This
immunotherapeutic strategy does have the safety concern of potentially causing the clearance
of “self” cells, but results suggest some success on solid and haematological (liquid) cancer

forms.
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Evidence also exists, however, that the over-expression of CD47 is not entirely sufficient to
prevent the engulfment of cancer cells by macrophages [120]. Whereas PS exposure in
apoptotic cells is irreversible, it may be the case that in cancer cells PS can still move between
the extracellular and cytoplasmic leaflets of the membrane via the action of the flippases
ATP11A and ATP11C, thus allowing them to elude macrophagocytic engulfment. Results
suggesting such a role of PS transfer kinetics in promoting cancer cells’ “don’t eat me”
capability were found by Segawa et al [120] using precursor B cells, which proliferate in
precursor B-cell lymphoblastic leukaemia. Thus, mutated precursor B cells lacking ATP11C

were found to still be engulfed by macrophages.

5. Phosphatidylserine signalling on the cytoplasmic membrane surface

As explained in the previous section, exposure of PS on the extracellular surface of the
plasma membrane due to scramblase activation and flippase inhibition and its role in blood
coagulation and apoptosis have been already extensively investigated and, although much is
still to be discovered, great advances have already been made. In this section we concentrate
on the role of PS in its normal location on the cytoplasmic face of the plasma membrane. Much
less is known about its function on this side of the membrane. However, it seems very unlikely
that the ATP-driven flippase activity of a cell to maintain PS on the cytoplasmic surface purely
occurs to prevent external PS exposure and stop the cell undergoing apoptosis. There must also

be important roles for PS on the cytoplasmic surface.

5.1 Trafficking of peripheral membrane proteins
It now seems clear that one important function of PS in the cytoplasmic leaflet is to control
the trafficking of peripheral membrane proteins between the plasma membrane and other

locations within the cell cytoplasm. Peripheral membrane proteins are those which bind
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temporarily to a membrane surface via relatively weak interactions, in contrast to
transmembrane proteins, which are permanently embedded in the membrane. Breaking of the
interactions allows peripheral proteins to move around a cell and perform functions in different
locations. Two main forces are responsible for their association: hydrophobic (or nonpolar)
interactions and electrostatic interactions, often in combination with one another [121-125].
Many peripheral membrane proteins possess a post-translational modification to either their N-
or C-termini which consists of a myristoyl- or palmitoyl chain. This inserts itself into the lipid
bilayer and acts as a hydrophobic anchor to the membrane. A prime example is the MARCKS
protein (myristoylated alanine-rich C-kinase substrate) [126, 127]. In addition to a hydrophobic
anchor, many peripheral membrane proteins also have clusters of basic amino acid residues,
i.e., lysine (K) or arginine (R), at their N-or C-termini. Because these residues are positively
charged at physiological cytoplasmic pH, the clusters can interact with negatively charged
phospholipid headgroups, in particular PS, on the membrane surface, providing an electrostatic
component to membrane anchoring (see Fig. 7). This also occurs in the case of the MARCKS
protein [126, 127]. Other examples include the Src kinase [128], G proteins [129], the SH2B1

gene product [130] and the Gag protein of retroviruses such as HIV [131].
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Figure 7: Membrane anchoring of peripheral membrane proteins. Many peripheral membrane
proteins have two thermodynamic contributions to their membrane anchoring: 1) a
hydrophobic (entropy-driven) interaction arising from insertion of a hydrocarbon chain
(myristoyl- or palmitoyl) into the lipid bilayer, whereby the hydrocarbon chain is a post-
translational modification to the protein; and 2) an electrostatic (enthalpy-driven) interaction
between positively charged basic amino acid residues of the protein (lysine or arginine) and
negatively charged anionic lipid headgroups (predominantly phosphatidylserine) on the
cytoplasmic face of the membrane. Membrane anchoring thus relies in part on the asymmetric

transverse distribution of PS across the membrane, which is maintained by a flippase.

There is now much evidence that the release of peripheral membrane proteins of this type
from the plasma membrane occurs via an electrostatic-switch mechanism [121, 130, 132] (see
Fig. 8). Interspersed within the basic clusters at the N- or C-termini are usually serine residues,
which are targets for phosphorylation by protein kinase C [123]. Phosphorylation of these

residues thus introduces negative charge, partially neutralizing the positive charges of the basic
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clusters and weakening their interaction with the PS headgroups of the membrane. The
hydrophobic myrisotyl or palmitoyl anchors alone are not strong enough to hold the protein
onto the membrane and hence it’s released to move through the cytoplasm to a new location,
e.g. the nucleus in the case of the SH2B1B gene product [130]. Another variation of the
electrostatic switch mechanism is that in some cases the electrostatic interaction could be
weakened by the influx of Ca?" which binds to the PS headgroup thus neutralizing its negative
charge [132].

In principle one could imagine a further variation on the electrostatic switch mechanism. If
the concentration of PS on the cytoplasmic face of the membrane were reduced by the
activation of a floppase or scramblase, this would also decrease the strength of electrostatic
interaction, allowing release of peripheral membrane proteins. However, at this stage the

authors are not aware of any experimental evidence supporting such a mechanism.
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Figure 8: Electrostatic switch mechanism of peripheral membrane protein trafficking. The left
side of the figure shows a peripheral membrane protein anchored to the cytoplasmic membrane
surface via hydrophobic and electrostatic interactions of its N- or C-terminus. Phosphorylation
of a serine (or possibly tyrosine) located within the protein’s positively-charged polybasic
region of clustered lysine and arginine residues by a protein kinase introduces negative charge,
thus weakening the electrostatic attraction for the membrane. The hydrophobic interaction
alone is not strong enough to hold the protein onto the membrane and it, therefore, dissociates
and moves away from the membrane into the cytoplasm. Dephosphorylation of the serine (or
tyrosine) by a phosphatase would remove the negatively charge and allow the protein to re-

associate with the cytoplasmic membrane surface.

5.2 Regulation of integral membrane proteins

Integral membrane proteins are permanently anchored in the membrane by large
hydrophobic domains. Once inserted into the membrane they do not undergo any trafficking
through the cell. However, the asymmetry of the plasma membrane could play an important
role in determining their activity or regulation. This is still an area of current research and it is,
therefore, not yet possible to make definitive statements. Nevertheless, there are certain integral
membrane proteins which show clear structural similarities to the peripheral membrane
proteins just discussed, which would seem to suggest that an electrostatic switch mechanism
could also be operating here.

Two candidates are the closely related P-type ATPases, the Na*,K*-ATPase and the gastric
H*,K"-ATPase. Both of these ion pumps have lysine-rich N-termini which are located on the
cytoplasmic surface of the protein [133]. Close to the lysine clusters both proteins have a serine

residue, which in the case of the Na",K'-ATPase is conserved across all vertebrates and, in the
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case of the H" K"-ATPase, is conserved across all mammals. Phosphorylation of the serine
residues by protein kinase C has been demonstrated experimentally [134-138]. In the case of
the Na",K*-ATPase there is, furthermore, a large body of experimental evidence implicating
the N-terminus in controlling the enzyme’s conformational transition between the K*-specific
E2 state and the Na-specific E1 state [139-145], which is a major rate-determining step of the
ion pumping cycle [146, 147]. More recently it was shown that an increase in the ionic strength
of the medium induces a shift from the E2 to the E1 conformation and that the shift could be
explained by the breaking of an electrostatic interaction which stabilises the E2 conformation
[148] and that peptides analogues of the Na’,K'-ATPase N-terminus preferentially interact
with membranes containing PS [149]. All of this data would seem to support the idea that an
electrostatic switch is involved in Na®,K*- and H*,K*-ATPase activity and regulation.

There are, however, as yet no X-ray crystallographic data available on the N-terminus of
either the Na",K*-ATPase or the H", K"-ATPase, because it could either not be resolved [150-
153] or it was removed prior to crystal formation [154]. The fact that the N-terminus could not
be resolved suggests that is probably undergoing dynamic motion on the timescale necessary
for X-ray data collection, which is consistent with the prediction that it is an intrinsically
disordered region of the protein [133]. Intrinsic disorder could in fact facilitate membrane
interaction, because it allows greater flexibility than structured a-helices or B-pleated sheet.
Experimental data on the Na*,K*-ATPase and H", K"-ATPase exogenously expressed in cell
lines, however, do not support a role of the N-terminus in determining ion pumping activity.
Thus, although deletion of the N-terminus of purified Na“,K*-ATPase preparations caused
significant changes in the kinetics of the enzyme’s partial reactions [144], after expression in a
cell line N-terminal deletion was found to have no effect on Na", K*-ATPase activity [155] and,
in the case of the H" K"-ATPase, mutating all of the N-terminal lysines to alanines had no

effect on the enzyme’s kinetic properties [156]. It is possible, however, that if the N-terminus
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effect is mediated by the membrane, and the membrane environment of the exogenously
expressed protein does not adequately reproduce the native environment, the N-terminal effect
could be lost.

A polybasic PS-binding domain with multiple lysine residues has also been identified on
the cytoplasmic side of the plasma membrane Ca**-ATPase (PMCA) [157]. Rather than being
at the N-terminus, the PS-binding domain of the PMCA is in the first cytoplasmic loop, but it
is also thought to be involved in ion pump regulation. As discussed earlier, in the resting state
blood platelets have a low cytoplasmic Ca*>" concentration, which is maintained in part by the
PMCA. When the platelets become activated and the cytoplasmic Ca** concentration increases,
PS is transferred to the extracellular membrane surface by TMEMIG6F. It seems likely that the
loss of PS on the cytoplasmic side of the membrane could inhibit the PMCA due to a disruption
of its cytoplasmic PS-binding domain and hence prevent activated platelets from reverting to
their resting state.

It is interesting to note that the P-type ATPases with polybasic regions, i.e. the Na" K*-
ATPase, the H" K"-ATPase and PMCA, are all located in the asymmetric plasma membrane,
whereas the sarcoplasmic reticulum Ca**-ATPase (SERCA), located in the relatively
symmetric sarcoplasmic reticulum membrane has no polybasic region. One could speculate,
therefore, that the polybasic regions could provide a general mechanism for sensing changes
in plasma membrane asymmetry, not just in blood coagulation. Thus, the polybasic regions
could also allow a plasma membrane pump to detect loss of PS in the cytoplasmic leaflet caused
by activation of the scramblase Xkr8 during apoptosis. In this context the polybasic regions
could serve the function of a “death sensor”, providing the signal to decrease ion pumping
activity in apoptotic cells and avoiding the wastage of energy in the form of ATP. Of course a
decrease in ion pumping activity cannot be occurring in cancer cells, which also expose PS to

the extracellular medium, because this would prevent their proliferation. However, an over-
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expression of the Na*,K*-ATPase has been reported in the progression of a variety of cancers
[158], which could potentially cancel out any reduction in ion pumping activity at the single
molecule level.

Another integral membrane protein whose activity could be dependent on lipid asymmetry
is the dopamine receptor. This protein also has a lysine-rich N-terminus which, in a similar
fashion to the Na*,K*- and H",K*-ATPases, has been proposed to interact electrostatically with
negatively charged lipids on the plasma membrane [159], in this case phosphatidylinositol
(4,5)-bisphosphate (PIP>), although an interaction with PS cannot be excluded. Hamilton et al.
[159] showed that mutation of the lysines to uncharged amino acid residues had clear in vivo
functional significance, with a change in amphetamine-induced locomotion of Drosophila
melanogaster.

Some K'-channels are also thought to be regulated by an electrostatic interaction of a basic
domain with the cytoplasmic side of the membrane. Inward rectifier K™ (Kir) channels of some
bacteria possess an RCK (regulates conductance of K") domain containing many lysine
residues which would promote interaction with anionic lipids in the cytoplasmic leaflet of the
plasma membrane. Experiments at increasing ionic strength showed a clear reduction in
membrane binding affinity, supporting the electrostatic nature of the interaction [160].

To experimentally demonstrate the effect of lipid asymmetry on the function of a membrane
protein it would be highly desirable to reconstitute the protein into asymmetric vesicles. The
synthesis of asymmetric vesicles is, however, not a trivial matter. One method that has proved
successful involves the exchange of lipids between the vesicular outer leaflet and a methyl-f-
cyclodextrin-lipid carrier complex [161-163]. Another approach which has been used and
which is particularly useful for varying the PS composition of the outer leaflet is to treat
vesicles with enzymes such as phosphatidyl serine decarboxylase [164] or phospholipase D

[165] to produce asymmetric vesicles as models of the animal plasma membranes or
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intracellular vesicles, respectively. As mentioned earlier, asymmetric vesicles have been used
to measure passive flip-flop rates in a probe-free manner via small-angle neutron scattering and
investigate the effects of peptide insertion [19] and the solvent methanol [166]. These
measurements show that peptides dramatically increase the rate of flip-flop. A major technical
problem in the development of asymmetric vesicles incorporating membrane proteins is,
therefore, that in many cases the introduction of the protein accelerates flip-flop to such a
degree that asymmetry is lost in the time range of minutes to hours. Markones et al. [167]
recently reported a method for developing vesicles whose asymmetry was maintained for
weeks and into which they successfully reconstituted a bacterial Na*/H" antiporter. In such a
system it is likely that the orientations of the reconstituted proteins are not uniform, e.g. both
outside-out and inside-out populations of the protein may be both be present. However,
activating the protein by the external addition of the appropriate substrate ensures that only one
population of membrane proteins are activated. Rather than use reconstituted vesicles,
Watanabe et al [52] developed an asymmetric lipid bilayer within a microarray system and, as
discussed earlier, succeeded in determining the lipid transfer rate of the scramblase TMEM 16F.
To show that lipid asymmetry is crucial to a transporter’s activity in such model systems it
would be necessary to determine changes in activity after asymmetry is abolished by the

addition of a scramblase. To our knowledge this has not yet been achieved.

6. Conclusion

Since its discovery in the 1970’s, transverse lipid asymmetry of animal membranes and its
role in physiological processes has been an active field of research. Early research concentrated
on identifying the extent of the asymmetry and the mechanisms by which it is generated and

maintained, i.e., by flippases, floppases and scramblases. More work still needs to be done to
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understand the molecular detail of how these enzymes work, but with the recent revolutionary
developments in the capabilities of cryo-electron-microscopy the pace of structural studies in
the field is significantly accelerating. Looking to the future, it seems certain that research into
the role of lipid asymmetry in both health and disease will intensify. This is particularly so
because of the now recognized role of PS as a signalling molecule in apoptosis and the medical
relevance of apoptotic mimicry, which is providing an impetus for the development of new
therapies for both infectious diseases and cancer.

The physiological roles of PS in its normal location on the cytoplasmic leaflet of the plasma
membrane are now beginning to be uncovered. New methods of creating long-lived synthetic
asymmetric lipid vesicles into which specific membrane proteins can be reconstituted should
provide valuable new information on the requirement of lipid asymmetry for many integral
membrane proteins. To the authors it seems that comparisons between the roles of PS in both
the cytoplasmic and extracellular leaflets could provide valuable insights into processes in
which the lipid asymmetry changes, i.e. blood coagulation and apoptosis. In particular, the
presence of polybasic PS-binding domains on the cytoplasmic-facing surface of many
peripheral and integral membrane proteins has important consequences for trafficking and
function of the proteins in healthy cells, but the same domains could act as “death sensors” to
allow changes in protein function when PS is transferred from the cytoplasmic to the
extracellular leaflet during apoptosis.

Although we have concentrated in this review in the role of PS, it is important not to forget
other phospholipids such as PC. For example, the exposure of PS on the extracellular surface
of the plasma membrane during blood coagulation and apoptosis causes the surface charge
density of the membrane and its surface potential to become significantly more negative.
However, such a change is only possible if the extracellular membrane initially has a net charge

density close to zero. Thus, the maintenance of the high level of net neutrally charged PC in
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the extracellular leaflet by the action of floppases is crucial to the signalling function of PS.
Compensating fluxes of lipids between membrane leaflets are also necessary in order to
maintain similar total numbers of lipids in each leaflet and avoid excessive lateral stress [168].
The physiological roles of lipid asymmetry hence involve intertwined activities of flippases,
floppases and scramblases, as well as passive fluxes, and the asymmetric effect of one
phospholipid cannot be disconnected from the asymmetric effect of another phospholipid.
Thus, there is still much to be learnt regarding the roles of transverse lipid asymmetry in animal
cells, but, based on what is already known, the rewards of further research will certainly be

worth the effort.
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