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Introduction

The distribution of phospholipids across the plasma
membrane of eukaryotic cells is not random, and certain
phospholipids are distributed asymmetrically across the
lipid bilayer. This is particularly true both for the cho-
line-containing phospholipids, phosphatidylcholine (PC)
and sphingomyelin, which are primarily located in the
cell’s outer leaflet, and for the aminophospholipids,
phosphatidylserine (PS) and phosphatidylethanolamine
(PE) which are found at the membrane’s cytoplasmic
face.

Although it has been known for more than two de-
cades that membranes are asymmetric (Bretscher, 1972)
the biological significance of this likely ubiquitous phe-
nomenon has only recently been addressed. While our
understanding is still limited, it is clear that transmem-
brane orientation of lipids influences membrane structure
and the function of various membrane-bound enzymatic
systems. There is also evidence to suggest that certain
lipids localized at specific locations within the cell mem-
brane participate in processes as diverse as cell-cell rec-
ognition and blood coagulation.

Because spontaneous transbilayer movement of
charged phospholipids is very slow in artificial phospho-
lipid bilayers (Kornberg & McConnell, 1971; Pagano &
Sleight, 1985), the generation of lipid asymmetry in cells
must be controlled and regulated by specific lipid trans-
port processes. Indeed, the movement of aminophospho-

lipids from the cells outer-to-inner leaflet has been
shown to be dependent upon an ATP-driven aminophos-
pholipid translocase/flipase which transports PS and PE
across the cell membrane (Seigneuret & Devaux, 1984).

In this review, we summarize data supporting the
concept that specific membrane proteins constitute the
machinery that generates transbilayer aminophospho-
lipid movement, thereby controlling and regulating the
equilibrium distribution of lipids between both mem-
brane leaflets. Important recent results concerning the
identification of the aminophospholipid flipase from red
blood cells will be discussed. Its possible cooperativity
with other lipid flopases/scramblases that ultimately
regulate the membrane sidedness of PS and determine
the equilibrium distribution of lipids across the cell’s
plasma membrane will also be discussed. This review
focuses on data obtained with red cells and platelets.
The reader is also referred to other recent reviews on
lipid flipases and related topics (Devaux, 1992; Schroit,
1994; Devaux & Zachowski, 1994; Menon, 1995).

Membrane Lipid Asymmetry

The steady-state phospholipid composition of cell mem-
branes is known to be heterogeneous and asymmetric.
Because red blood cells are dynamic structures that can-
not synthesize new lipids, changes in membrane compo-
sition that are dictated by changes in function can only be
accomplished by membrane remodeling through con-
stant leaflet-directed alterations in transbilayer lipid dis-
tributions.

The transbilayer distribution of the four major phos-
pholipids in human erythrocytes — PC, sphingomyelin,
PS and PE — was established more than 20 years ago
through the use of side-specific phospholipases (Verkleij
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et al., 1973; Zwaal et al., 1975) and nonpermeable
amine-reactive probes (Bretscher, 1972; Gordesky et al.,
1975; Rawyler et al., 1984). These studies showed that
about 80% of the sphingomyelin and 75% of the PC is
located in the outer leaflet (Verkleij et al., 1973), and
80% of the PE and essentially all of the PS is in the cell’s
inner leaflet (Verkleij et al., 1973; Gordesky et al., 1975;
Zwaal et al., 1975; Marinetti & Crain, 1978). Although
these studies proved that membrane lipid asymmetry
does exist, the participation of energy-dependent, ATP-
utilizing lipid flipases in its generation was not recog-
nized until the mid 1980s (Seigneuret & Devaux, 1984;
Daleke & Huestis, 1985). New approaches that intro-
duced exogenous lipids and probe-labeled lipids into the
outer leaflet of cells, together with methods for monitor-
ing the movement and appearance of lipids in opposing
membrane leaflets, were essential to the developing con-
cept of aminophospholipid movement.

Transbilayer Lipid Movement

AMINOPHOSPHOLIPIDFLIP FLOP

Direct evidence for the involvement of specific proteins
in lipid movement has been provided by the development
of synthetic lipid analogues containing spin, fluorescent,
and radioactive labels for monitoring lipids within the
cell membrane. The first report describing protein-
mediated aminophospholipid translocation across the red
cell membrane by Seigneuret and Devaux (1984) utilized
spin-labeled lipids. By examining the fraction of spin-
labeled probe accessible to reduction by ascorbate, it was
shown that exogenously-supplied analogues of PS and PE
were transported from the site of insertion at the cell’s
outer ascorbate-sensitive leaflet, to the cell’s inner ascor-
bate-resistant leaflet. Approximately 95% of the PS,
80% of the PE, and 20% of the PC were transported to
the red cell’s inner membrane leaflet and adopted the
distribution of endogenous lipids.

Similar observations were made when the move-
ment of isotopically- (Tilley et al., 1986; Schroit et al.,
1987; Connor et al., 1992a) and fluorescent-labeled
(Connor & Schroit, 1987) lipids was monitored. Lipid
movement with these probes was monitored by either
removing the fraction of residual lipid not transported to
the cells’ inner leaflet by the so-called ‘‘back-exchange’’
procedure (Struck & Pagano, 1980) or, similar to the
chemical reduction of spin-labeled lipids, by destroying
the fraction of fluorescent lipid (in the cells’ outer leaf-
let) that was accessible to a reductant added to the buffer
(Mcintyre & Sleight, 1991).

These and other experiments showed that PS trans-
port was ATP-dependent, because transport did not occur
in ATP-depleted cells, was inhibited by vanadate, and

could be reconstituted in erythrocyte ghosts resealed in
the presence of Mg2+-ATP but not ADP (Seigneuret &
Devaux, 1984). Additional evidence that the transport of
aminophospholipids depended on lipid-specific protein
transporters came from experiments which showed that
transport was inhibited by agents that react with mem-
brane cysteines (Seigneuret & Devaux, 1984; Daleke &
Huestis, 1985; Tilley et al., 1986; Connor & Schroit
1988, 1990) and histidines (Conner et al., 1992a).

Although these observations implicated the involve-
ment of a specific protein, conclusive evidence of the
transporters’ specificity was shown by the cell’s inability
to transportD-isomers of PS and PE (Martin & Pagano,
1987). Substrate specificity is also dictated by the glyc-
eride backbone and esterification of the sn-2 position.
Translocation was abolished when ceramide was substi-
tuted for glyceride even when the polar head group con-
tained the phosphoserine moiety (Morrot et al., 1989)
and translocation of lysophosphatidylserine across the
bilayer membrane occurred only at very slow rates
(Bergmann et al., 1984). Although transport is influ-
enced by the length of the fatty acid side chains and the
presence of a reporter group (e.g., fluorescent, iodinated
or spin-labeled moieties), translocation rates are deter-
mined primarily by the lipid’s polar head group. This
was shown in a series of elegant experiments in which
progressive methylation of PE to its monomethyl-, di-
methyl- and trimethyl (pc) - adducts resulted in a methyl-
ation-dependent decrease of transport (Morrot et al.,
1989).

Together with rapid flipase-mediated aminophos-
pholipid inward movement, an ATP-dependent flopase
seems to be involved in phospholipid outward move-
ment. Using spin-labeled analogues, Bitbol and Devaux
(1988) showed that outward movement of aminophos-
pholipids was faster than that of PC. Although these
studies revealed some degree of lipid specificity, other
experiments using NBD-labeled lipids suggested that the
process was lipid species independent (Connor et al.,
1992a). These studies showed that while outward move-
ment was much slower than translocase-mediated inward
movement, it had similar biochemical properties. Out-
ward movement was Mg2+- and temperature-dependent
and was inhibited by vanadate and several sulfhydryl
oxidants. Conceivably, these opposing activities — the
slow transport of phospholipids to the cell’s outer leaflet,
concurrent with the transport of aminophospholipids to
the cell’s inner leaflet — could create conditions that
lead to lipid asymmetry.

LIPID SCRAMBLASE

Inhibition of transmembrane lipid movement with re-
agents that abrogate the activity of both the flipase and
flopase does not result in loss of membrane asymmetry.
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This suggests that active translocases are not required to
maintain it (Tilley et al., 1986; Comfurius et al., 1990;
Connor & Schroit, 1990; Henseleit et al., 1990; Schroit
& Zwaal, 1991, Basse et al., 1993). If, on the other hand,
transport is inhibited by increasing the cytosolic Ca2+

concentration, rapid nonspecific redistribution of all
phospholipids between bilayer leaflets occurs with a con-
comitant rise in procoagulant activity (Bevers et al.,
1990; Williamson et al., 1992; Smeets et al., 1994). In
red cells and platelets, elevation of intracellular Ca2+ is
also accompanied by changes in cell shape, membrane
blebbing, and the release of cytoskeleton-free micro-
vesicles (Allan & Mitchell, 1975; Sims et al., 1989);
events which closely parallel the loss in phospholipid
asymmetry.

The mechanism by which Ca2+ affects membrane
phospholipid asymmetry remains unclear. Although el-
evated cytoplasmic Ca2+-induced formation of micro-
vesicles closely parallels the loss of phospholipid asym-
metry that occurs in the cell and in the shed vesicles
(Sims et al., 1989; Comfurius et al., 1990; Zwaal et al.,
1992; Chang et al., 1993), it is also associated with many
other phenomena, especially elevated calpain activity
(Fox et al., 1991; Yano et al., 1993) and the formation of
phosphatidylinositol 4,5-bisphosphate (PIP2)-Ca2+ com-
plexes (Sulpice et al., 1994). Data suggest, however, that
neither direct Ca2+ effects, protein degradation (Basse,
1993), PIP2 (Bevers et al., 1995) nor inhibition of the
translocase (Bitbol et al., 1987; Bevers et al., 1989;
Tilley et al., 1990) can singularly accommodate the
membrane rearrangements that occur upon the elevation
of intracellular Ca2+. These findings raise the possibility
that another component is activated upon Ca2+ elevation
which is responsible for the scrambling of membrane
lipids. Indeed, recent studies indicate that the purported
scramblase activity is sensitive to sulfhydryl oxidants
(Williamsson et al., 1995) and requires ATP (Martin &
Jesty, 1995). Consistent with the concept that distinct
mechanisms are responsible for translocase and scram-
blase activity, removal of Ca2+ restores flipase (and pos-
sibly flopase) activity and results in transport of the
scrambled aminophospholipids back to cell’s inner leaf-
let (Comfurius et al., 1990). Under normal conditions,
however, activity is not restored in the shed vesicles
probably because of insufficient ATP to sustain it (Zwaal
et al., 1993).

The strong association between Ca2+-dependent loss
of membrane phospholipid asymmetry and the subse-
quent membrane blebbing and release of microvesicles
from the cell membrane requires fusion of membrane
segments at the point where the budding microvesicle is
released from the parent cell (Sims et al., 1989). Be-
cause red cells do not exhibit spontaneous cell fusion
reactions, it would seem likely that the fusion site is a
consequence of a local event that results in loss of mem-

brane lipid asymmetry. While vesicle release is coinci-
dental to lipid scrambling, the budding membrane must
also be released from cytoskeletal proteins (Chang et al.,
1993; Basse et al., 1993, 1994; Dachary-Prigent et al.,
1995) which requires proteolysis by (Ca2+-activated) cal-
pain (Phillips & Jakabova, 1977; Fox et al., 1991). This
implies that vesiculation is at least a two-step process
and that membrane scrambling must precede microve-
siculation. Indeed, both events are separable and mem-
brane scrambling can occur in the absence of microve-
siculation (Dachary-Prigent et al., 1995). It is unlikely,
however, that microvesiculation can occur in the absence
of scrambling.

Studies using red cells and platelets from a patient
with a moderately severe bleeding disorder known as
Scott syndrome (Sims et al., 1989; Bevers et al., 1992),
suggest that these cells may be deficient in a specific
membrane protein upon which lipid scrambling is depen-
dent (Zwaal et al., 1993; Williamson et al., 1995). De-
spite normal calpain activation following stimulation,
these erythrocytes and their resealed ghosts do not un-
dergo normal discocyte to echiocyte shape changes, ex-
pose outer leaflet PS, or spiculate and release micro-
vesicles in response to Ca2+ (Bevers et al., 1992).

The results of Zwaal et al. (1993) provide additional
evidence in support of the concept that a specific mem-
brane protein is responsible for lipid scrambling. Cyto-
skeleton-free vesicles released from RBC through expan-
sion of the cells outer monolayer by insertion of dimy-
ristoyl-phosphatidylcholine (DMPC) from sonicated
liposomes, contained scramblase activity that was prefer-
entially sorted from the parent cell. This preferential
sorting is similar to the selective sorting of other mem-
brane proteins which occurs upon vesiculation (Buti-
kofer et al., 1989; Hagelberg & Allan, 1990).

Identification of the Aminophospholipid
Transport Protein

A significant amount of data suggests that at least two
different red blood cell proteins play a role in amino-
phospholipid transport. These are the 110–120 kDa
Mg2+-ATPase proposed by Zachowski and Devaux
(Zachowski, Henry & Devaux, 1989; Morrot et al., 1990;
Auland et al., 1994), and the 32-kDa Rh-associated pro-
teins suggested by Connor & Schroit (Schroit et al.,
1990).

Based on the transport activity of spin-labeled lipids
in ATP-depleted and vanadate-treated RBC, Devaux and
collaborators suggested that Mg2+-ATPase, the function
of which was previously unknown, is likely to function
as an aminophospholipid translocase (Seigneuret &
Devaux, 1984). This was inferred from observations that
the activity of partially purified Mg2+-ATPase was
stimulated by PS and was sensitive to the known inhibi-
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tors of aminophospholipid translocation, vanadate,N-
ethylmaleimide (NEM) and Ca2+. Because its inhibition
also prevents echinocyte to biconcave disc transitions
(Xu et al., 1991; Morris et al., 1992, 1993), this Mg2+-
ATPase is probably involved in the regulation of eryth-
rocyte shape as well.

Some direct support for the participation of a Mg2+-
ATPase in lipid movement has recently been obtained by
Auland and coworkers (1994). They showed that a par-
tially purified 110-kDa ATPase reconstituted into pro-
teoliposomes supported a moderate degree of ATP- and
lipid composition-dependent spin-labeled PS movement.
Because the inside/outside orientation of the reconsti-
tuted protein could not be controlled however, the direc-
tion of PS movement was determined by adding ATP to
only the external medium. The addition of hydrolyzable
ATP activated enzyme in the outside face of the lipo-
somes and facilitated spin-labeled PS movement from
the inner-to-outer leaflet of the vesicles, a finding con-
sistent with PS transport toward the lumenal (ATP side)
side of red cell membranes. These results directly dem-
onstrate reconstitution of transporter activity and indeed
suggest the participation of this Mg2+-ATPase in lipid
movement. However, the reorientation of PS and PE
was incomplete and raises the possibility that other com-
ponents might be required for full transport activity.

Interestingly, protocols used to isolate the 110–120
kDa Mg2+-ATPase also result in the purification of 32
kDa and 50 kDa proteins (Zimmerman & Daleke, 1993).
Studies using125I-labeled lipid substrate analogues and
transport inhibitors prompted Schroit and colleagues to
suggest that 32 kDa, Rh-associated polypeptides are in-
volved in aminophospholipid translocation. They
showed that photoactivation of RBC incubated with125I-
azido-lipids resulted in two types of labeling: Specific
labeling of a 32 kDa polypeptide by the PS analogue and
random labeling of proteins by the PC analogue (Schroit
et al., 1987). When the same cells were treated with
known inhibitors of aminophospholipid translocation,
the distribution of the proteins labeled by the photoacti-
vated PS became random and resembled that of the PC-
treated cells (Connor & Schroit, 1991). Similarly, treat-
ment of RBC with125I-labeled pyridyldithiolethylamine
(PDA), a potent inhibitor of lipid transport, also labeled
32 kDa polypeptides (Connor & Schroit, 1988). Other
experiments showed that the polypeptide(s) labeled by
both reagents were the same because inhibition of trans-
port activity abrogated labeling with the photolabeled
substrate (Connor & Schroit 1991).

Observations of the similarities between several key
features of the putative 32 kDa aminophospholipid trans-
port protein and Rh polypeptides led to the suggestion
that the two may be analogous (Saboori, Smith & Agre,
1988; Connor & Schroit, 1989). The proteins that com-

pose the Rh membrane cluster possess the typical mem-
brane-spanning architecture common to other membrane
channels and transporters (Avent et al., 1990; Cherif-
Zahar et al., 1990). In addition, both have similar
molecular weights, are sensitive to sulfhydryl reagents,
are nonglycosylated, and are functionally dependent
upon membrane lipids (Agre & Cartron, 1991). Evi-
dence directly supporting their association came from
immunoprecipitation experiments which showed that
monoclonal Rh antibodies immunoprecipitated 32 kDa
proteins labeled with both the transportable substrate
125I-azido-PS and with the iodinated transport inhibitor
125I-PDA (Schroit et al., 1990). Furthermore, incubation
of red blood cells with dilaurylphosphatidylcholine re-
sults in the release of plasma membrane vesicles that
contain no cytoskeletal components but are enriched in
32 kDa proteins and Rh polypeptides (Bruckheimer et
al., 1995). When these vesicles are produced under con-
ditions that maintain high levels of ATP (Beleznay et al.,
1993), the vesicles transport PS in a manner indistin-
guishable from that of normal cells.

Other data suggest, however, that transport activity
and Rh are distinct. Data showing that Rhnull cells,
which do not express Rh antigen, have normal PS trans-
port activity and that Rh antibodies do not inhibit lipid
movement, suggest that transport activity and Rh are
independent (Schroit et al., 1990). These data might also
indicate that the putative 32 kDa transporter is distinct
albeit tightly associated with the Rh complex and insepa-
rable by immunoprecipitation from Triton-X100 solubi-
lized membrane complexes (Connor et al., 1992b).
Indeed, hydrodynamic analysis of Triton X-100 solubi-
lized membranes which showed that Rh proteins are pre-
sent in a large oligomeric complex of∼170 kDa cannot
be explained by the presence of a single 32 kDa poly-
peptide chain (Hartel-Schenk & Agre, 1992). This issue
will be resolved upon molecular identification of the PS
transporter.

It should be emphasized that the designation of
transport activity to the 110 kDa Mg2+-ATPase or to 32
kDa polypeptides is not necessarily mutually exclusive.
In addition to ATPase activity, transbilayer lipid trans-
port is likely to require a structure that forms a protective
environment for the lipid’s polar head group to cross
through the hydrophobic bilayer. Although a single
ATPase could fulfill this requirement, the functional
‘‘transporter’’ could be a complex of an ATPase and a
distinct multispanning membrane polypeptide that forms
a transmembrane channel (Schroit & Zwaal, 1991;
Schroit, 1994). This hypothesis is supported by data
which show that the movement of fluorescent PS ana-
logues required the participation of a 32 kDa polypeptide
and a distinct protein located at the cell’s endofacial
surface (Connor & Schroit, 1990) and by unrelated stud-
ies which showed that Rh protein forms a complex or

4 C. Diaz, A. J. Schroit: Translocases and Phosphatidylserine Asymmetry



cluster with several membrane components (Bloy et al.,
1988).

Function of the Aminophospholipid Transporter

The maintenance and regulation of a particular trans-
membrane distribution of lipids between both leaflets of
the cell’s plasma membrane is tightly regulated during
the lifespan of the cell. Because the cell expends energy
to keep its asymmetry through the consumption of ATP,
it is logical to conclude that reorientation of the phos-
pholipids would have serious consequences. Indeed, PS
in the cell’s outer leaflet does result in the expression of
altered surface properties that influence and regulate the
cell’s interaction with its environment.

Because phospholipid transport is apparent only
when the lipids do not occupy the correct side of the
membrane bilayer, the actual role of the translocase may
be to regenerate phospholipid asymmetry after its per-
turbation. Although the translocase would correct for
any backflow or leak of PS to the cell’s outer monolayer,
its major function could be to restore phospholipid asym-
metry when major structural rearrangements of the mem-
brane occur. Experiments with activated platelets and
Ca2+/ionophore-treated red cells have shown that lipid
scrambling that occurs during vesiculation and possibly
fusion events can only be corrected by an active amino-
phospholipid translocase (Comfurius et al., 1990; Tilly et
al., 1990). This finding suggested that the translocase
may play a principal role in preserving membrane asym-
metry in cells undergoing endocytosis or exocytosis,
cell division, and other membrane fusion events and pre-
dicts a corrective role for the translocase in reestablish-
ing membrane asymmetry following its deterioration
(Schroit & Zwaal, 1991).

Physiology of Altered Membrane Lipid Asymmetry

Membranes containing PS provide a catalytic surface
that serves as a point of assembly for the coagulation
factors Va and Xa into the prothrombinase complex
(Rosing et al., 1985), enhance Ca2+-mediated membrane
fusion events (Schewe et al., 1992; Lacy, 1993) and trig-
ger PS-dependent cell recognition and subsequent en-
gulfment by phagocytic cells (Schroit et al., 1984; Mc-
Evoy, Williamson & Schlegel, 1986; Fadok et al.,
1992a).

Studies in platelets and red cells have indicated that
these events are the result of elevated intracellular Ca2+

which destroys membrane asymmetry. In certain cases,
Ca2+ influx is accompanied by membrane fusion events
that result in the release of highly procoagulant micro-
vesicles from the cell surface.

In contrast to the rapid redistribution of membrane
lipids that occurs upon platelet activation and Ca2+ influx

into red cells, the intrinsic appearance of outer leaflet PS
seems to be progressive and cumulative. Determination
of external PS by prothrombinase assay on RBC isolated
according to age on self-forming Percoll gradients1 re-
vealed an age/density-dependent accumulation of endog-
enous PS on the cell’s outer leaflet (Connor et al., 1994).
In addition, analysis of the transport rates and equilib-
rium distribution of exogenously-supplied fluorescent
lipid analogues showed decreased aminophospholipid
transport activity and increasingly symmetric equilib-
rium distributions with increasing red cell age (Connor et
al., 1994). Using the PS/Ca2+-dependent binding assay
of isotopically-labeled annexin V, Tait and Gibson
(1994) showed that endogenous PS redistributed to the
outer leaflet of red cells in a manner that was propor-
tional to the duration of storage. Aminophospholipid
transport activity is also decreased after storage in vitro
(Herrmann & Devaux, 1990; Geldwerth et al., 1993).
Studies on the topography of spin-labeled lipids in plate-
lets also indicated that stored cells had lost their ability to
transport PS and were less asymmetric than young cells
(Gaffet, Basse & Bienvenue, 1994). Interestingly, de-
creased aminophospholipid translocase activity and lipid
scrambling can be modeled by the oxidation of red cells
with peroxide or malonyldialdehyde (Jain, 1984, Her-
rmann & Devaux, 1990) and by amphipath-induced ve-
siculation (Diaz. Morkowski. & Schroit, 1996), respec-
tively.

Cells undergoing programmed cell death/apoptosis
also accumulate increasing amounts of cell surface PS.
This has been shown by the PS-dependent Russel viper
venom assay, by amine-specific PS labeling (Fadok et
al., 1992a,b), and, more recently, by direct measurement
of fluorescein-conjugated annexin V binding (Dachary-
Prigent et al., 1993; Koopman et al., 1994). Similar to
platelet activation, one of the first manifestations of ap-
optosis is reorientation of PS to the cells outer leaflet
(Martin et al., 1995) a process that also seems to involve
activation of scramblase and inactivation of the translo-
case (Verhoven, Schlegel & Williamson, 1995). PS is
also detectable on the surface of certain tumor cells
(Utsugi et al., 1991). In contrast to its appearance upon
aging and programmed cell death however, differentia-
tion to a normal nontumorigenic phenotype (Connor et
al., 1989), results in its reorientation to the cell’s inner
leaflet.

Other studies have suggested that the exposure of PS
in the outer membrane leaflet is a prerequisite for making
a cell fusion competent. According to this theory, bi-
layer imbalance caused by the preferential movement of

1 Separation of RBC on self-forming Percoll gradients isolates distinct
cell populations based on their densities (Lutz et al., 1992) which are
assumed to be directly correlated with their ages (Piomelli & Seaman,
1993).
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lipid to one leaflet would induce membrane invagina-
tions which, together with the fusion competence of PS,
create conditions conducive to endocytosis and exocyto-
sis (Devaux, 1990; 1991).

Control of Membrane Lipid Asymmetry

In view of the dramatic physiologic consequences that
occur upon the exposure of PS in activated platelets,
aging red cells and apoptotic cells, lipid sidedness must
be precisely controlled and highly regulated during the
cell’s lifespan. A considerable amount of evidence indi-
cates that increases in the concentration of free cytosolic
Ca2+ is involved in all major platelet functional re-
sponses, in particular the expression of PS-dependent
procoagulant activity and the formation of microvesicles.
In platelets and red cells treated with Ca2+/ionophore,
scramblase activity can be clearly distinguished from the
translocase by its energy independence, opposing re-
sponse to intracellular Ca2+ and bidirectionality (Com-
furius et al., 1990; Basse, Gaffet & Bienvenue, 1993;
Smeets et al., 1994). The induction of procoagulant ac-
tivity and microvesiculation can also be brought about by
inhibiting the Ca2+ pump (Williamson et al., 1995,
Dachary-Prigent et al., 1995). For example, the Ca2+

pool released in platelets treated with thapsigargin and
thrombin (which by itself results in granule release with-

out PS externalization) results in lipid scrambling
(Smeets et al., 1993). These events may be synonymous
with those that occur in RBC, where an age-dependent
increase in cytosolic free Ca2+, (Aiken, Satterlee & Ga-
ley, 1992) and a decrease in Ca2+-ATPase activity (Vin-
cenzi & Hinds, 1988; Samaja et al., 1989), is associated
with the expression of cell surface PS (Connor et al.,
1994). This suggests that the mechanism responsible for
scrambling induced by Ca2+-ATPase inhibitors shares a
common pathway with that induced by Ca2+/ionophore
and physiologic agonists.

Similar Ca2+-regulated mechanisms also seem to be
important in the induction of apoptosis (McConkey &
Orrenius, 1994). Apoptosis and the characteristic bleb-
bing/vesiculation of the cell’s membrane can be induced
directly with Ca2+, either by introducing exogenous Ca2+

with ionophores or by the release of Ca2+ from intracel-
lular stores with thapsigargin (McConkey et al., 1989a;
Jiang et al., 1994). Apoptosis can also be initiated by
stimulation of the T-cell receptor in thymocytes (Smith
et al., 1989; McConkey et al., 1989b) and by stimulation
of glutamate (NMDA) receptors in neurons (Choi, 1992),
both of which trigger sustained Ca2+ increases. Consis-
tent with the ability of EGTA to stop scrambling and
activate translocase in platelets and red cells (Comfurius
et al., 1990; Williamson et al., 1995), Ca2+ chelators and
Ca2+ channel blockers delay or abolish apoptosis in sev-
eral model systems (McConkey & Orrenius, 1994).

Fig. 1. Possible targets for Ca2+ action in the generation of PS asymmetry. This model predicts that elevated intracellular Ca2+ induces PS
randomization across the cell’s plasma membrane and the formation of microvesicles by providing a stimulus that positively and negatively regulates
scramblase and flipase activities, respectively. At physiological Ca2+ concentrations, PS asymmetry is promoted because of an active flipase but
inactive scramblase. Depending upon the type of cell, elevated intracellular Ca2+ levels can be achieved by the influx and accumulation of
extracellular Ca2+ or by its release from intracellular stores after activation with agonists. This can also be achieved experimentally with extracellular
Ca2+ and ionophores or by the accumulation of cytosolic Ca2+ from intracellular stores by inhibition of Ca2+-ATPases with thapsigargin.
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One can postulate that separate Ca2+-regulated trans-
port activities are required for translocating PS across the
membrane bilayer; one induced by the scramblase, and
the other by the translocase. These opposing activities
generate, respectively, a random symmetric PS distribu-
tion and a highly ordered asymmetric PS distribution.
This conceptual model (Fig. 1) argues that PS distribu-
tion is controlled by the Ca2+-dependent synchronous
and cooperative activation of the PS-specific aminophos-
pholipid translocase, the nonspecific flopase, and the
lipid scramblase. The model predicts that PS asymmetry
is inversely proportional to the concentration of free cy-
tosolic Ca2+. At physiologic (low) Ca2+ concentrations,
the aminophospholipid translocase and nonspecific
flopase are active and the lipid scramblase is inactive.
Conversely, at high Ca2+ concentrations the lipid scram-
blase is active and the aminophospholipid translocase is
inactive (Fig. 2). Thus, under normal conditions the ex-
posure of PS by energy-dependent flop, spontaneous
lipid leak, membrane fusion, or exocytotic or endocytotic
events would be corrected by the ATP-dependent trans-
locase. If intracellular Ca2+ concentrations begin to in-
crease, however, a concomitant decrease in the activity
of the aminophospholipid translocase and an increase in
the activity of the lipid scramblase would ensue, result-
ing in increased PS at the cell’s outer leaflet. Conceiv-
ably, such a mechanism can accommodate a wide range
of transbilayer PS distributions.

Conclusions

Phosphatidylserine is not only a simple structural com-
ponent of the plasma membrane, but it also plays an

important role in blood coagulation, aging, apoptosis,
membrane fusion, and cell-cell recognition. Because the
transport of lipids is a complex process that cannot be
attributed to a single dominant mechanism, a unifying
model for the establishment and maintenance of PS sid-
edness cannot account for all the existing data. Although
certain pathways of transbilayer PS movement have been
determined and several candidate proteins have been
identified, more studies are clearly needed. The recent
selection of a mutant cell line which has a defect in its
ability to transport PS (Hanada & Pagano, 1995) should
promote the ultimate identification and characterization
of all the components and mechanisms responsible for
the control and establishment of leaflet-specific lipid
composition.
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