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Abstract

It is well known that lipids are heterogeneously distributed throughout the cell. Most lipid species
are synthesized in the ER and then distributed to different cellular locations in order to create the
distinct membrane compositions observed in eukaryotes. However, the mechanisms by which
specific lipid species are trafficked to and maintained in specific areas of the cell are poorly
understood and constitute an active area of research. Of particular interest is the distribution of
phosphatidylserine (PS), an anionic lipid that is enriched in the cytosolic leaflet of the plasma
membrane. PS transport occurs by both vesicular and non-vesicular routes, with members of the
oxysterol binding protein family (Osh6 and Osh7) recently implicated in the latter route. In
addition, the flippase activity of P4-ATPases helps build PS membrane asymmetry by
preferentially translocating PS to the cytosolic leaflet. This asymmetric PS distribution can be
used as a signaling device by the regulated activation of scramblases, which rapidly expose PS on
the extracellular leaflet and play important roles in blood clotting and apoptosis. This review will
discuss recent advances made in the study of phospholipid flippases, scramblases, and PS-specific
lipid transfer proteins, as well as how these proteins contribute to subcellular PS distribution.
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Introduction

The plasma membrane and internal organelles of eukaryotic cells form an interconnected
membrane system that maintains compositionally unique components (1). The trafficking of
proteins from their site of synthesis to their final destinations has been extensively studied.
However, less is known about the movement of lipids throughout the cell. Most lipid
synthesis occurs within the cytosolic leaflet of the ER (2) and in order to achieve the unique
organelle lipid compositions observed in eukaryotes, mechanisms must be in place to
concentrate specific lipid species to different cellular membranes. For example, sterols and
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phosphatidylserine (PS) are highly concentrated at the plasma membrane (PM) and are
maintained at low abundance in the ER despite being synthesized in this membrane (3,4).
Even within an individual membrane bilayer, there are multiple levels of organization with
lipid species asymmetrically distributed between the two leaflets (5,6) and heterogeneously
distributed within a leaflet in the form of lipid rafts or nanodomains (7,8).

For most characterized eukaryatic cells, the extracellular leaflet of the PM is primarily
composed of phosphatidylcholine (PC) and sphingolipids, whereas PS,
phosphatidylethanolamine (PE), phosphatidylinositol (P1), and phosphoinositides are
preferentially restricted to the cytosolic leaflet (9—12). This asymmetric structure, with a
greater number of anionic lipids in the cytosolic leaflet and mostly neutral lipids in the
extracellular leaflet, generates two surfaces with vastly different electrostatic potentials (13).
The association of proteins with the membrane surface and the activity of integral membrane
proteins can be strongly influenced by these membrane properties (14-17). The
phospholipid gradient within the membrane is also used for signal transduction in a manner
analogous to how ion gradients across the membrane are used. Regulated exposure of PS in
the outer leaflet of the plasma membrane is an early event in apoptosis and serves as an “eat
me” signal important for the orderly removal of cell corpses (18-20). PS exposure on red
blood cells and platelets substantially accelerates clotting reactions and is therefore crucial
for controlling thrombosis (21,22).

Three categories of proteins have been described that function in the formation and
dissolution of membrane asymmetry: flippases, floppases, and scramblases (23,24).
Flippases involved in creating membrane asymmetry are type-1V P-type ATPases (P4-
ATPases) that catalyze the movement of specific phospholipid species from the extracellular
leaflet to the cytosolic leaflet, whereas floppases are ABC-transporters that mediate the
movement of phospholipids in the reverse direction (24,25). However, an exception to this
categorization is the ABC-transporter ABCAA4, which acts as a PE and retinylidene-PE
flippase in outer segment membranes of rod and cone cells (26,27). Phospholipid transport
mediated by P4-ATPases and ABC transporters is unidirectional and ATP-dependent. The
P4-ATPases are clearly linked to the establishment of membrane asymmetry in multiple cell
types and organisms, but the ABC transporters appear to play more specialized roles, such
as the excretion of the lipid components of bile (24). In contrast, scramblases are ATP-
independent and act to randomize lipid distribution by bidirectionally translocating lipids
between leaflets (28). In addition to the lipid translocases, lipid transfer proteins (LTPs) are
proposed to be involved in the localization of specific lipid species potentially by mediating
non-vesicular transport of lipids at membrane contact sites (29,30). An LTP extracts a
specific lipid species from a donor membrane and transports the lipid to an acceptor
membrane, where it can be exchanged for a second lipid species (30,31).

This review will focus on exciting recent progress in the study of proteins that influence PS
localization within the cell and control membrane asymmetry. Recent advances in this field
have provided greater insight into the intracellular distribution of PS through the
development and use of the GFP-Lact-C2 biosensor for PS (32). PS molecules traveling by
vesicular transport through the secretory pathway appear to be initially enriched in the
lumenal leaflet of the ER and cis-Golgi (32), but are then flipped to the cytosolic leaflet by
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P4-ATPases in the trans-Golgi network (TGN) and exocytic vesicles (Figure 1) (33,34).
These vesicles would then have the appropriate membrane topology when they fuse to the
plasma membrane. The P4-ATPases are now firmly established to catalyze phospholipid
flippase activity and important new insights are emerging into how P4-ATPases have
evolved the ability to recognize and flip a phospholipid substrate (35-40). The translocation
of PS by a P4-ATPase was discovered to be crucial for vesicular transport pathways
connecting the TGN and early endosomes (41). A pair of oxysterol binding protein
homologs (Osh6 and Osh7) have recently been implicated in PS transfer, potentially
providing a non-vesicular route for PS transport to the PM (42). A substantial body of
evidence now indicates that TMEMU16F is the phospholipid scramblase linked to coagulation
reactions and the Xkr8/CED-8 family of proteins has recently been implicated in the
exposure of PS in apoptotic cells (43,44). Most of these discoveries were made in just the
last few years making this an exciting period for new insight into the mechanisms for
establishing and disrupting membrane component distribution.

Intracellular Distribution of PS

Phospholipid synthesis occurs primarily in the cytosolic leaflet of the ER, and to preserve
membrane stability of the ER, there must be a mechanism by which newly synthesized lipids
are redistributed from the cytosolic leaflet to the lumenal leaflet. A number of labs have
proposed that ER lipids are bidirectionally scrambled across the bilayer in an energy-
independent fashion, presumably forming a symmetric membrane, although the mechanism
remains unclear (2,45-48). In contrast, Higgins and Dawson reported that PS is enriched in
the lumenal leaflet of the ER (49). A recent finding by Fairn, et al. supports the hypothesis
of a non-symmetric ER (32). The Grinstein lab has developed a novel probe containing the
C2 domain of lactadherin (Lact-C2) that specifically binds the biologically relevant PS
isomer phosphatidyl-L-serine and no other lipids in a Ca2*-independent manner (50).
Genetically encoded Lact-C2 labels the cytosolic surface of membranes with the highest
concentration of the probe at the PM and with very little ER labeling. To provide access to
the entire pool of PS, ultrathin sections of fast-frozen samples were overlaid with Lact-C2.
A substantial increase in labeling of ER, Golgi, and mitochondria, was observed, indicating
that PS is preferentially localized to the lumenal leaflet of the ER (32).

An unresolved question from the distribution of Lact-C2 is what happens to the PS in the
cytosolic leaflet of the ER? One possibility is that PS flip-flops rapidly, but is selectively
retained in the lumenal leaflet by Ca2* and/or abundant ER resident proteins. Alternatively,
PS in the cytosolic leaflet of the ER may be rapidly removed via non-vesicular lipid
transport. Large amounts of lipids are exchanged between membranes during the processes
of vesicle budding and fusion; however, lipid transport is still robust when vesicular
trafficking is blocked by ATP depletion or by a reduction in temperature (51,52). The
Voelker lab has identified several factors in yeast required for movement of PS from the ER
to an endosomal compartment where it is decarboxylated to PE. These factors include a
phosphatidylinositol 4-kinase (Stt4) and a Sec14 homolog (PstB2/Pdr17), which belongs to
the LTP superfamily (53,54). LTPs are capable of catalyzing non-vesicular transport of
lipids between membranes in vitro, but there has been significant controversy over if LTPs
mediate bulk transfer of lipids and contribute to compositional differences between
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organelle membranes in vivo (55-59). PstB2 does not appear to bind or transfer PS directly
and precisely how Stt4 and PstB2 contribute to PS transport is unknown.

The Gavin lab has recently characterized LTP binding to lipids in vivo to determine their
specificities (42). In their analysis of 12 LTPs from budding yeast, they confirmed many
known interactions such as the interaction between Osh4/Kes1 and sterol (42,60).
Unexpectedly, they found that Osh6 and Osh7, which poorly bind to sterol in vitro,
specifically bind PS and are able to transfer PS from donor to acceptor liposomes (42).
Osh6/0sh7 localize to ER-PM contact sites, thus linking the main site of PS synthesis to the
location where PS primarily accumulates. Deletion of both Osh6 and Osh7 reduces PM
accumulation of PS by ~30% and causes PS to redistribute to the ER and vacuoles but has
no effect on other lipid species examined. Remarkably, tethering Oshé6 to the vacuolar
membrane protein Vphl by rapamycin-induced dimerization causes PS to redirect to the
vacuole (42). Taken together, these results support the idea that Osh6/7 can transport PS in
vivo, but it remains unclear how they mediate directional movement and concentration in the
plasma membrane.

If PS is primarily enriched in the lumenal leaflet of the ER and cytosolic leaflet of the PM,
PS must change sidedness somewhere along its journey. Colocalization experiments showed
little overlap between Lact-C2 and a trans-Golgi cisternae marker, indicating that PS at the
trans-Golgi is still largely constrained to the lumenal leaflet (32). However, significant
colocalization occurred between Lact-C2 and a TGN marker, suggesting the TGN is the site
of PS translocation, which is consistent with TGN localization of Drs2, the primary PS
flippase in yeast (33,34,61,62) and indicates that mammals have one or more TGN-localized
flippases (32). PS translocation at the TGN plays a crucial role in the budding of transport
vesicles from this organelle (41), in addition to helping generate the asymmetric
organization of the plasma membrane (34).

Mechanism of phospholipid translocation by P4-ATPases

P4-ATPases (flippases) are members of the evolutionarily conserved P-type ATPase family
of membrane-bound pumps (63). Eukaryotes express multiple P4-ATPases including the
well characterized homologs in budding yeast (Drs2, Dnfl, Dnf2, Dnf3, and Neol),
Caenorhabditis elegans (Tat-1 through Tat-6), mammals (ATP8A1 through ATP11C), and
Arabidopsis (ALA1 through ALA12). All P-type ATPases have a similar structural
organization, which consists of a membrane domain typically comprised of 10
transmembrane (TM) segments, an actuator domain, a phosphorylation domain, and a
nucleotide-binding domain (64). Most of the P4-ATPases associate with a noncatalytic 3
subunit from the Cdc50 family, consisting of two transmembrane segments and a
glycosylated ectodomain (65,66). Formation of the heterodimer is crucial for transport out of
the ER and the B subunit also influences the catalytic activity of the pump (33,62) Unlike
other ion-transporting P-type ATPases, P4-ATPases transport phospholipid from the
exofacial leaflet to the cytosolic leaflet of the membrane — a flippase activity (67,39,40). By
pumping PS and PE to the cytosolic leaflet, the P4-ATPases appear to be primarily
responsible for establishing membrane asymmetry.
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The mechanism of substrate recognition for cation pumps is well defined, but how the P4-
ATPases evolved the ability to recognize and flip a phospholipid molecule across the
membrane has been a quandary. Crystal structures of P2-ATPases revealed cation-binding
sites in a small cavity formed by TM segment 4, 5, 6, and 8 in the Ca?* ATPase (68) and by
TM segment 4, 5, 6, 8, and 9 in the Na*/K* ATPase (69). However, these canonical
substrate binding pockets are likely too small to accommaodate a bulky phospholipid
substrate and the P4-ATPases lack the polar and charged residues found in the canonical
site. This enigma of how P4-ATPases are able to flip lipids across the membrane has been
termed the “giant substrate problem” (35,70). Until recently, the residues involved in
recognizing and flipping phospholipid and even the path the phospholipid travels through
the TM region to reach the opposite face of the membrane were a complete mystery.

Recent work from Baldridge and Graham addressed the P4-ATPase giant substrate problem
by identifying residues important for phospholipid substrate specificity (35-37). This work
was performed with two divergent P4-ATPases in Saccharomyces cerevisiae: Drs2 and
Dnfl. Drs2 primarily flips PS and, to a lesser extent, PE (33,39), whereas Dnf1 was thought
to primarily flip PC and PE (71,72). However, recent evidence suggests that Dnfl
preferentially flips lysophospholipids that lack the sn2 acyl chain (lyso-PC and lyso-PE)
(37,73). Chimeras were created by transplanting TM segments of Drs2 into Dnf1, with the
aim of altering the substrate preference of Dnf1 to that of Drs2 (35). They found that the
Dnf1 chimera containing TM 3-4 of Drs2 had an ~8-fold increase in PS transport and
decreased PC transport relative to Dnfl, suggesting that these segments are involved in
substrate recognition. Further mapping revealed that the substitution of a single residue,
Y618F in TM4, allows Dnf1 to flip 7-nitro-2—1,3-benzoxadiazol-4-yl phospholipid (NBD-
PS) without altering NBD-PC/PE recognition. The reciprocal change, F511Y in TM4 of
Drs2, abrogates PS flip and causes exposure of PS in the extracellular leaflet of the PM. In
the cation pumps, TM4 forms part of the canonical substrate-binding pocket where a highly
conserved, helix breaking proline (Pro) is followed by a glutamic acid (Glu) that coordinates
ion substrates in both the Na*/K*-ATPase and Ca2*-ATPase (66). The TM4 Pro is also
conserved in the P4-ATPases, but Dnf1/Drs2 has a PISLY/F motif rather than the PEGLX
motif found in cation pumps. Thus, a Tyr or Phe four residues downstream of the Pro (P+4
position), representing the difference of a hydroxyl group, is an important determinant of PS
recognition. Importantly, this residue is on the destination side of the membrane so it was
clear from this initial study that more than one residue would be involved in PS recognition
and that different Dnf1 residues were selecting PC and PE.

In subsequent work, Baldridge and Graham devised unbiased, genetic strategies for
screening thousands of mutations targeted to the TM segments of Dnf1 for those that alter
substrate specificity (36). More than 20 residues important for defining headgroup
specificity were identified within TM segments 1, 2, 3 and 4, and the exofacial loop between
TM3 and 4 (Figure 2). These residues cluster in two groups on opposing sides of the
membrane, which were termed the entry and exit gates (36). The entry gate is composed of
residues on the exofacial side where substrate would be selected for transport and loaded
into the pump. The exit gate is composed of residues on the cytofacial side and represents a
second site of selection prior to substrate release into the cytosolic leaflet. The gates act
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cooperatively, but imperfectly, such that neither gate was able to fully restrict PS flip when
the opposite gate permitted it. Importantly, several residues at the exit gate are important for
the recognition of lysophospholipid (a phospholipid lacking the sn2 acyl chain) versus
diacylated phospholipid (37). For example, mutation of a conserved asparagine (N550S) in
the exit gate allows Dnf1 to flip endogenous diacylated PS and restore PS asymmetry in
drs2A cells. Most notably, the residues that are important for phospholipid selection do not
correspond to the canonical substrate binding pocket seen in P2-type ATPases. For example,
the first 3 TM segments of the cation pumps are not involved in substrate selection (68,69).
Baldridge and Graham proposed a noncanonical pathway by which the phospholipid
headgroup is translocated along a groove at the protein/membrane interface formed by TM
segments 1, 3, and 4, while the acyl chains reorient within the surrounding lipid environment
(36). This model provides a solution to the giant substrate problem because the entire
phospholipid does not have to be accommodated within a binding pocket in the middle of
the membrane domain.

The P-type ATPases are characterized by the autocatalyzed formation of an aspartyl-
phosphate intermediate within the P domain and subsequent hydrolysis of this bond during
the ATPase cycle (74-76). These events are coupled to conformational changes (E1 —
E1~P —E2~P — E2 — E1) that drive substrate transport against the prevailing
concentration gradient. For the Na*/K*-ATPase, Na+ stimulates autophosphorylation and is
pumped out of the cell during the E1 — E2~P transition. K* then binds from the outside,
stimulates dephosphorylation and is pumped into the cell during the E2~P — E1 transition.
In contrast, the P4-ATPases autophosphorylate in the apparent absence of any substrate (E1
— E2~P), and phospholipid substrate stimulates dephosphorylation (E2~P — E1)
(40,77,78). These observations suggest a model where phospholipid substrate binds the
entry gate in either the E1 or E1~P conformation, but this interaction is not coupled to ATP
binding or phosphorylation. TM1-2 are drawn up towards the cytosolic leaflet during the E1
to E2~P transition, presumably pulling the substrate headgroup with it, creating a path for
migration of the headgroup into the exit gate. Exit gate binding is specific not only to the
lipid headgroup, but also to the glycerol backbone (sphingolipids are not flipped) and to the
acyl chain occupancy at the sn2 position (36,37). This binding event would stimulate
dephosphorylation, release of substrate to the cytosolic leaflet, and resetting of the pump for
another round of transport.

This model potentially provides insight into how the P4-ATPases evolved the ability to
transport phospholipid substrate. The Ca2*-ATPase crystal structure in the E2 conformation
(Protein Data Bank 1D code 2AGV) has a bound PE in a position homologous to the exit
gate in the P4-ATPases (79). This binding pocket closes in the E1 conformation, implying
that the PE is a boundary lipid that enters and exits this site from the cytosolic leaflet with
each round of ATP hydrolysis. The P4-ATPases may have evolved from a primordial cation
pump through gene duplication and by acquiring the ability to load this phospholipid
binding site from the opposite side of the membrane, thus flipping the phospholipid (63).
Armed with a new substrate and a selective advantage, the P4-ATPases would have
gradually lost the ability to pump cations.
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However, an alternative model for phospholipid translocation has recently been proposed by
the Molday and Andersen labs. Vestergaard, et al. investigated the consequences of
mutating a highly conserved P+1 isoleucine (1364) in TM4 of the mammalian P4-ATPase
ATP8A2 (38). This isoleucine residue corresponds to a glutamate in P2-ATPases that is
crucial for cation transport (80,81). A missense mutation at the 1364 position (1364M) was
recently identified as the cause of cerebellar ataxia, mental retardation, and dysequilibrium
syndrome (CAMRQ) in a Turkish family (82). Wabbler-lethal mice, which also have
mutations in Atp8a2, have severe axonal degeneration (83,84), indicating that ATP8A2 is
important in the development of the nervous system. Vestergaard, et al. found that mutations
of 1364 and N359, another TM4 residue, strongly perturbed flippase activity and the ability
of PS to stimulate ATPase activity (38). In lieu of a P4-ATPase crystal structure, the
researchers created two homology models of ATP8A2 based on the related P2-ATPase
sarco(endo)plasmic reticulum Ca?* ATPase (SERCA) in two conformational states (E,P and
E»). Molecular dynamic refinements of the models opened a groove bordered by TM1,
TM2, TM4, and TM6 that allowed substantial water penetration. The groove was divided
into two distinct pockets at the exoplasmic and cytoplasmic faces by a central cluster of
hydrophobic residues, including 1364. Vestergaard, et al. proposed that the hydrophobic
cluster divides the hydrated groove into phospholipid entry and exit sites (38). Movement of
the hydrophobic residues during the reaction cycle may cause the sequential formation and
dissolution of the two sites to enable translocation of the phospholipid headgroup in an
aqueous environment while the acyl chains follow passively in the lipid phase of the
surrounding membrane (38).

The proposed route of translocation suggested by Vestergaard and colleagues differs from
the one suggested by Baldridge and Graham, although it is consistent with the view that P4-
ATPases use a noncanonical transport mechanism driven primarily by substrate interactions
with the first four TM segments (36,38). The entry and exit gate residues that define
substrate specificity could be accessible from the TM2-4-6 groove, depending on their actual
side chain orientations and how deeply the phospholipid headgroup can enter the membrane
domain. Limited sequence similarity between several membrane segments of P2 and P4-
ATPases creates uncertainties in alignments and homology models. Ultimately, multiple P4-
ATPase structures with substrate bound will be needed to assess the validity of the proposed
models.

Distinct Mechanisms for Phospholipid Scrambling

Recent advances have also been made in our understanding of how membrane asymmetry is
disrupted by scramblases. Activation of scramblase at the plasma membrane allows
externalization of PS that is normally constrained within the cytosolic leaflet. PS exposure is
a mediator of several biological processes, such as blood coagulation (21,22) and
recognition of apoptotic cells by macrophages (18-20). The identity of the protein or
proteins responsible for phospholipid scrambling activity has been hotly debated through the
years. Patients with Scott syndrome (85,86) have a bleeding disorder caused by a lack of
lipid scrambling in platelets due to mutations in the proposed scramblase TMEM16F (43).
Previously it was thought that this scramblase activity was due to a protein named
phospholipid scramblase (PLSCR) (87), This seems very unlikely, however, because
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PLSCR is not mutated in Scott syndrome patients (88) and Ca2*-induced PS exposure is
unaffected in PLSCR1~/~ mouse cells (89). Interestingly, patients with Scott syndrome have
no defect in apoptotic PS exposure (90), suggesting that PS is exposed by two distinct
mechanisms.

The Nagata lab identified TMEMZ16F as the best candidate for the elusive Ca2*-dependent
scramblase by repeated fluorescence-activated cell sorting (FACS) of cell populations that
overexpose PS in low Ca2* conditions. A cDNA library was constructed from the PS-
exposing cell line, and the mutation responsible was identified as TMEM16F D409G (43).
This mutation causes hypersensitivity to normal intracellular levels of Ca2*, thereby
triggering cells to constitutively expose PS and PE. Deletion of TMEM16F (TMEM16F /")
in mice blocks PS exposure in response to ionophore stimulation, but does not prevent FasL-
induced PS exposure (91). Consistent with this result, Scott syndrome patients with
mutations in TMEM16F fail to expose PS in response to elevated Ca2* concentration but
expose PS normally in response to apoptotic signals (86). Interestingly, macrophages do not
engulf viable PS-exposing TMEM16F D409G cells, rather only those that have undergone
FasL-mediated apoptosis (92). Therefore, PS exposure is required, but not sufficient, for
recognition and engulfment of cells by macrophages. These results indicate that there are
two distinct pathways governing PS exposure in response to Ca2* stimulation and caspase-
dependent apoptosis.

However, it is still controversial if TMEM16 family members are in fact scramblases (43) or
a channel that regulates the activity of an unidentified scramblase (93). The controversy is in
part due to conflicting reports of TMEM16F heterologous expression inducing (43,91,94) or
not inducing (93) Ca2*-dependent phospholipid scrambling in different cell lines. Recently,
the Aspergillus fumigatus TMEM16F homologue afTMEMZ16 has been purified,
reconstituted in proteoliposomes, and found to be a dual-function Ca2*-gated channel and
Ca?*-dependent phospholipid scramblase (95). afTEM16F, like other TMEM16 family
members (93,96), was found to be a nearly non-selective ion channel with a large pore.
Scrambling activity was assayed by reconstituting afTMEM16 into liposomes containing
trace amounts of NBD-phospholipids and measuring fluorescence loss due to quenching of
the outer leaflet by dithionite (95,97). The total amount and rate of fluorescence quenching
increased with increasing Ca2* levels with a >20-fold increase in phospholipid scrambling in
the presence of saturating Ca2* (95). Mutations which charge neutralized a conserved di-
acidic motif (D511A/E514A) in the Ca2*-binding site (93,98) decreased both ion and lipid
transport, suggesting that a single CaZ*-binding site controls both functions (95).
Interestingly, afTEM16F has independent pathways by which ions and lipids are
transported. Inhibition of channel activity did not affect the rate of lipid transport and vice
versa. However, not all TMEM16 homologues tested mediated phospholipid scrambling.
Human TMEM16a and yeast Ist2 were able to transport ions, but not lipids, suggesting the
TMEM16 family contains both channels and channels/scramblases (95). Human TMEM16F
has not been purified due to instability issues so it remains to be seen if TMEM16F is
definitively a dual-function channel/phospholipid scramblase.

Remarkably, the Nagata group was also able to identify a protein responsible for promoting
PS exposure in response to apoptosis; this protein is XK family member Xkr8 (44). Xkr8,
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like TMEM16F, promotes scrambling of multiple lipid species with exposure of PS and PE.
Xkr8 has a C. elegans homologue called CED-8 which has previously been implicated in the
controlled timing of programmed cell death (99). Xkr8 repression prevents PS exposure and
engulfment by macrophages during apoptosis. Cell lines that do not expose PS during
apoptosis (PLB-985 and Raji lymphoma cells) have a severe deficiency in Xkr8 expression
due to methylation in the Xkr8 promoter (44). Convincingly, transforming these cell lines
with Xkr8 allowed cells to respond to apoptotic stimuli to expose PS and be engulfed by
macrophages. Xkr8 was found to be activated by caspases with its caspase-3 cleavage site
indispensable for activity. Xkr8 has no effect on Ca2*-induced exposure of PS, consistent
with the proposed two mechanisms for PS exposure. While Xkr8 clearly plays an important
role in apoptotic PS exposure, reconstitution of purified protein will be required to
determine if Xkr8 directly scrambles lipids.

In addition to scramblase activity being turned on during apoptosis, flippase activity must
also be turned off such that the disordering of lipid asymmetry is not corrected. Previous
studies have reported apoptotic P4-ATPase inactivation, but the identity of the P4-ATPase
and mechanism of inactivation remained unknown (19,100). Using a haploid human cell line
mutagenized with a gene trap vector, the Nagata lab has recently identified cell populations
defective in their ability to flip NBD-PS (101). Two genes identified in this screen were the
P4-ATPase ATP11C and its 3 subunit CDC50A (101,102). ATP11C has been previously
implicated in bile secretion (103), B cell development (104,105), and erythrocyte PS lipid
asymmetry and lifespan (106). The ATP11C-CDC50A heterodimer may be the primary,
although not the only, PS flippase present on the plasma membrane of several mammalian
cell types. The researchers found that during FasL-induced apoptosis, ATP11C is cleaved by
caspases (101). ATP11C has three caspase recognition sites in the nucleotide-binding
domain. Mutation of all three sites prevented cleavage without altering the flippase activity
of ATP11C. Unlike cells expressing wild-type ATP11C, cells expressing caspase resistant
ATP11C (CasR) did not expose PS in response to FasL-induced apoptosis, and these cells
were not engulfed by macrophages despite the apparent activation of Xkr8 scramblase
activity and cell death (101). This result indicates that caspase-mediated inactivation of
ATP11C is required for PS exposure, which is in turn required for engulfment. Thus, the
inactivation of flippase activity is crucial for PS exposure during apoptosis and for
elicitation of an immune response.

Concluding Remarks

Significant advancements have been made recently in understanding what proteins govern
the distribution of phosphatidylserine within the cell. The development of a novel biosensor
for PS has made it possible to map PS distribution and track its topology in route to the PM
(32). Two models for how P4-ATPases may recognize and flip their phospholipid substrates
have been proposed (35,36,38). Two distinct pathways have also been discovered for
phospholipid scrambling in the cases of apoptosis (44) and blood coagulation (43).
Mechanistic insight into how the flippases, scramblases and LTPs function is beginning to
emerge, but many questions remain unanswered. For example, how is PS concentrated in the
cytosolic leaflet of the plasma membrane despite intensive exchange of lipids with internal
organelles by vesicular and non-vesicular routes? The phospholipid flippases and LTPs
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contribute to this localization although it is likely that other features of the plasma
membrane, such as cytoskeletal contacts or abundant membrane proteins, also help “trap”
PS at this site. If LTPs mediate non-vesicular ER to plasma membrane transfer of PS, how
do they drive transport against the prevailing concentration gradient? How do flippases and
scramblases move phospholipid from one leaflet to the other? How are these processes
integrated and regulated? What are the cellular and physiological consequences of
misregulation? Finally, how does one prevent or correct defects in these processes that lead
to human disease? Future research in this field will hopefully answer these questions and
continue to provide a better understanding of how the subcellular distribution of lipids is
controlled.
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Synopsis

The eukaryotic plasma membrane and internal organelles have unique lipid
compositions. However, the mechanisms by which specific lipid species are trafficked to
and maintained in specific areas of the cell are poorly understood and constitute an active
area of research. Of particular interest is the distribution of the anionic lipid
phosphatidylserine, which is enriched in the cytosolic leaflet of the plasma membrane.
This review will discuss how phospholipid flippases, scramblases, and PS-specific lipid
transfer proteins contribute to subcellular PS distribution.
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Figure 1.
Distribution of phosphatidylserine (PS) throughout the cell. (1) PS is synthesized on the

cytosolic leaflet of the endoplasmic reticulum (ER). Rapid, energy-independent flip-flop
occurs in the ER membrane, but PS is preferentially localized within the lumenal leaflet,
either by retention through interaction with abundant lumenal components or because (2) PS
in the cytosolic leaflet is transported by non-vesicular means from the ER to plasma
membrane (PM) by lipid transport proteins (LTPs). (3) PS that travels through the secretory
system remains within the lumenal leaflet until it is flipped by P4-ATPases in the trans-
Golgi network (TGN) and early endosomes (EE) to the cytosolic leaflet. (4) P4-ATPases
also flip PS at the PM, ensuring little PS is exposed in the extracellular leaflet. (5) When
activated during the process of apoptosis or blood clotting, scramblases break down the lipid
asymmetry of the PM, causing exposure of PS on the outer leaflet. (6) PS exposed on the
extracellular leaflet of apoptotic cells acts as an “eat me” signal for engulfment by
macrophages.
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Figure 2.
Amino acid residues in the membrane domain of Dnfl that determine substrate specificity.

(A) Topology of the first 6 transmembrane (TM) segments of Dnf1 highlighting residues
important for substrate specificity and transport. Dnfl normally recognizes and transports
lyso-PC and lyso-PE, but specific point mutations changing the residues highlighted in red
allow recognition of PS. Mutations in residues highlighted in green perturb recognition of
PC without altering translocation of PE. Changes in only two residues, highlighted in purple,
alter recognition of both PC and PS. Mutation of residues in yellow reduced activity without
altering substrate specificity. (B) Two potential translocation pathways for flipping
phospholipid substrate. The phospholipid headgroup may engage the entry gate residues in
the E1 conformation, then slide along a grooved formed by TM segments 1, 3 and 4 (left) or
TM 2, 4 and 6 (right) and dock in the exit gate in the E2 conformation. The crystal structures
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of the Ca2*-ATPase membrane domain in the E1 (PBD 1SU4) and E2 (PDB 3W5C)
conformational states are shown with the positions homologous to substrate-defining
residues of the P4-ATPases highlighted. Red and green positions represent the Dnf1 residues
shown in (A) involved in PS and PC recognition, respectively. Positions highlighted in blue
represent the P+1 Ile and N359 in ATP8A2. The PE molecule in the E1 images derived from
PDB 3B74 while the PE headgroup in the E2 images co-crystallized with the Ca?*-ATPase.
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Figure 3.
Two distinct pathways for phospholipid scrambling during blood coagulation and apoptosis.

During the process of blood coagulation, an elevation in intracellular Ca2* level stimulates
scramblase activity on the PM of platelets (left). The scramblase functions as both a non-
selective ion channel and phospholipid scramblase with two distinct pathways for ion and
phospholipid transport. Phospholipid scrambling causes exposure of PS on the surface
where it acts as a platform on which coagulation protein complexes assemble. During
apoptosis, caspases both activate scramblase activity, proposed to be mediated by Xkr8, and
inactivate flippase activity (Atp11C) by cleaving at their caspase-recognition sites (right).
Phospholipid scrambling causes PS to be exposed on the surface of the apoptotic cell where
it acts as an “eat me” signal for macrophages.
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