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Asymmetrical distribution of phospholipids is generally
observed in the eukaryotic plasma membrane.
Maintenance and changes of this phospholipid asym-
metry are regulated by ATP-driven phospholipid trans-
locases. Accumulating evidence indicates that type 4
P-type ATPases (P4-ATPases, also called flippases)
translocate phospholipids from the exoplasmic leaflet
to the cytoplasmic leaflet of the plasma membrane
and internal membranes. Among P-type ATPases,
P4-ATPases are unique in that they are associated
with a conserved membrane protein of the Cdc50
family as a non-catalytic subunit. Recent studies indi-
cate that flippases are involved in various cellular func-
tions, including transport vesicle formation and cell
polarity. In this review, we will focus on the functional
aspect of phospholipid flippases.

Keywords: Cdc50/flippase/phospholipid asymmetry/
P-type ATPase/vesicle transport.

Abbreviations: AP-1, adaptor protein 1; GAP,
GTPase-activating protein; NBD, 7-nitrobenz-2-
oxa-1,3-diazol-4-yl; P4-ATPase, type 4 P-type
ATPase; PC, phosphatidylcholine; PE, phosphatidy-
lethanolamine; PS, phosphatidylserine; SV, secretory
vesicle; TGN, trans-Golgi network.

Eukaryotic plasma membranes have asymmetrical dis-
tributions of phospholipids across the bilayer. In this
phospholipid asymmetry, sphingolipids and phosphat-
idylcholine (PC) are distributed in the exoplasmic leaf-
let, whereas aminophospholipids phosphatidylserine
(PS) and phosphatidylethanolamine (PE) are distribu-
ted in the cytoplasmic leaflet (/—3). It is well known
that exposure of PS to the exoplasmic leaflet triggers
phagocytosis by macrophages, but it is believed that
much remains to be learned about physiological sig-
nificance of phospholipid asymmetry: what are benefits
of maintaining phospholipid asymmetry and what are
cellular functions that are regulated by changes in
phospholipid asymmetry? Phospholipid asymmetry is

dynamically maintained in equilibrium by the trans-
bilayer movement from the exoplasmic to the cytoplas-
mic leaflet (flip) and that in the opposite direction
(flop). ‘Flippase’ is a collective name for proteins that
facilitate phospholipid flipping, and their identification
seems to be still on their way. Accumulating evidence
indicates that the type 4 P-type ATPase (P4-ATPase) is
a flippase. In this article, we call P4-ATPases flippases,
and focus on their functional aspect.

Structure and activity of flippases

Identification of flippases

The first evidence for a phospholipid flippase activity
was presented in human erythrocyte plasma membrane
by Seigneuret and Devaux (4). They showed that ami-
nophospholipids, PS and PE, are selectively trans-
ported from the outer to the inner leaflet in an
ATP-dependent manner. The flippase activity was de-
tected in the plasma membrane of a variety of cells
using reporter (e.g. spin- and fluorescent-) labeled
phospholipids in subsequent studies by several labora-
tories. They have defined the biochemical properties of
flippase: flippase activity requires ATP, is sensitive to
N-ethylmaleimide, vanadate and Ca’", and exhibits a
high selectivity for PS (5). An ATP-dependent flippase
activity was found in chromaffin granules from bovine
adrenal glands (6), suggesting that an ATP-dependent
phospholipid transport also occurs in intracellular
organelles. On the other hand, a vanadate- and
N-ethylmaleimide-sensitive 115-kDa ATPase was pur-
ified from chromaffin granule membranes (7) and this
115-kDa ATPase was subsequently shown to be acti-
vated by PS (8). Similarity of biochemical properties
between the identified flippase activity and the purified
115-kDa ATPase led to cloning of the gene that en-
codes the 115-kDa ATPase (ATPase II, now called
ATP8AL) (9). The sequence of the gene revealed that
the ATPase 11 is an 1148-amino acid polypeptide hom-
ologous to proteins in the P-type ATPase superfamily
(9). The P-type ATPases are a large group of evolu-
tionarily related pumps that contain a diagnostic phos-
phorylation motif (DKTGTLT), located in the
hydrophilic center of the polypeptide, within which
an aspartyl-phosphate intermediate is formed during
ATP hydrolysis (10). A search of the non-redundant
group of database at the National Library of Medicine
revealed that one of the most similar proteins to
ATPase II was Drs2p of the yeast Saccharomyces cer-
evisiae. Tang et al. (9) demonstrated that disruption of
the DRS2 gene in yeast abolished the translocation of a
fluorescent PS analog (NBD-PS) across the plasma
membrane. Although this DRS2-dependent plasma
membrane translocation activity was controversial
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(see below), ATPase II and Drs2p were the first mem-
bers of a novel subfamily of the P-type ATPase super-
family, P4-ATPases.

Structure of P4-ATPases

The P4-ATPases, which have been identified only in
eukaryotic cells, are major components of phospho-
lipid flippases. To date, studies on P4-ATPases have
been reported in S. cerevisiae, Leishmania donovani,
Arabidopsis  thaliana, Caenorhabditis  elegans,
Cryptococcus neoformans and mammals including
human. The human genome contains 14 genes encod-
ing P4-ATPases and the C. elegans genome contains 6
genes. Saccharomyces cerevisiae and A. thaliana gen-
omes contain 5 and 12 genes, respectively. In the data-
base, the Drosophila melanogaster genome contains at
least 6 genes (Fig. 1). P4-ATPases have the same mem-
brane topology as those of other subfamily of P-type
ATPases; 10-transmembrane segments, NH,- and
COOH-termini facing to the cytoplasm, and two
large intracellular loops: one is between transmem-
brane segments 2 and 3, and the other is between trans-
membrane segments 4 and 5 harboring P-type
ATPase-specific sequences including a characteristic
pattern of conserved residues, most notably the
DKTGTLT sequence motif (in which D is the revers-
ibly phosphorylated Asp) and an ATP-binding site
(Fig. 2). A distinct feature of this subfamily is that in
transmembrane domains 4 and 6, the intrabilayer pos-
itions typically occupied by conserved charged and
polar amino acids in cation-transport ATPases are
replaced with hydrophobic and aromatic amino acids.

Flippase activity of P4-ATPases

Tang et al. (9) have first cloned a P4-ATPase, ATP8A1
(ATPase II), and presented that in yeast mutant drs24,
which lacked the P4-ATPase DRS2 gene, the trans-
location of NBD-PS across the plasma membrane
was impaired significantly (9). However, in two subse-
quent studies, deletion of the DRS2 gene had no effect
on the uptake or distribution of NBD-PS or -PE
(11, 12). Considering that Drs2p is primarily asso-
ciated with the TGN/endosomes rather than the
plasma membrane (/3—16), the observations in the
latter studies are more likely. However, the observa-
tions in the former study may result from the entrap-
ment of plasma membrane P4-ATPases Dnflp and
Dnf2p in internal membranes in the drs24 mutant, be-
cause the trafficking of them may be defective in the
drs24 mutant (‘functions of flippases in membrane
trafficking’ section). Pomorski et al. (15) showed that
loss of Dnflp and Dnf2p (dnfiA dnf2A) abolishes the
ATP-dependent transport of NBD-PE, -PC and -PS
across the plasma membrane. A defect in NBD-PC
transport was surprising, but we cannot rule out the
possibility that other enzyme(s) catalysing flip of
NBD-PC is not properly localized to the plasma mem-
brane or not activated in the dnfIA dnf2A mutant. We
should await a biochemical reconstitution study to
clarify the substrate specificity of Dnflp and Dnf2p.
Drs2p, Dnflp and Dnf2p are confined to the plasma
membrane when endocytosis is blocked. Taking
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advantage of this phenomenon, Saito et al. (16) pre-
sented that under conditions of blockade of endocyto-
sis, overexpression of DRS2 dramatically increased
internalization of NBD-PE and -PS across the
plasma membrane in the dnflA dnf2A mutant. These
studies clearly showed that P4-ATPases are responsible
for flip of fluorescent analogs of phospholipids across
the plasma membrane.

Further evidence of the participation of P4-ATPases
in flip of phospholipids was provided in the several
yeast studies. Natarajan er al. (I7) presented that
TGN membranes purified from wild-type cells con-
tained an ATP-dependent flippase that translocates
NBD-PS from the luminal to the cytosolic leaflet. A
weaker activity was also detected for NBD-PE, but not
for NBD-PC. On the other hand, TGN membranes
purified from a strain carrying a temperature-sensitive
functional —mutant  drs2  (drs2-ts) lost an
ATP-dependent NBD-PS flippase activity under the
restrictive condition at 37°C, suggesting that the flip-
pase activity in the TGN membrane is directly coupled
with function of Drs2p (/7). Alder-Baerens et al. (18)
presented that post-Golgi secretory vesicles (SVs)
contained an ATP-dependent flippase activity that
translocates NBD-PS, -PE and -PC to the cytosolic
leaflet. This activity was independent of Dnflp and
Dnf2p but required Drs2p and Dnf3p. Moreover,
SVs had an asymmetric PE arrangement that was
lost upon removal of Drs2p and Dnf3p. These results
suggested that these P4-ATPases are primarily
involved in the flippase activity in SVs (/8). Both stu-
dies showed that P4-ATPases are implicated in flippase
activity, but did not exclude the possibility that
P4-ATPase activities are the secondary effect: the
P4-ATPases pump an unidentified ion into the lumen
of TGN or SVs that is subsequently coupled to lipid
translocation as the ion moves back down its concen-
tration gradient by an unidentified ion/phospholipid
symporter.

More recently, two independent studies provided
evidence that P4-ATPases directly catalyse phospho-
lipids translocation across membranes (/9, 20). Zhou
and Graham (/9) purified Drs2p from yeast and recon-
stituted it into proteoliposomes. In their studies,
in proteoliposomes containing Drs2p, NBD-PS was
actively flipped across the liposome bilayer in the
presence of Mg®>™-ATP, whereas proteoliposomes
reconstituted with a catalytically inactive form of
Drs2p showed no translocation activity. This flippase
activity was observed for NBD-PS, but not for
NBD-PC or NBD-sphingomyelin (/9). These observa-
tions suggest that Drs2p directly mediates flippase ac-
tivity. Coleman et al. (20) purified ATP8A2 from
photoreceptor outer segments by immunoaffinity chro-
matography. The ATPase activity of purified ATPS8A2
was stimulated by PS and to lesser degree by PE but
not by PC or other membrane lipids. Purified ATP8A2
reconstituted into liposomes containing NBD-PS
flipped NBD-PS from the inner to the outer leaflet of
the liposome membranes in an ATP-dependent
manner, suggesting that P4-ATPase can directly trans-
locate aminophospholipids across membranes (20).
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Fig. 1 Phylogenetic tree of P4-ATPases in major model organisms. Multiple sequence alignment of P4-ATPases from H. sapiens, A. thaliana,
D. melanogaster, C. elegans, L. donovani, and S. cerevisiae was performed using Clustal X 2.0.1 sequence alignment software. The phylogenetic
tree was calculated using Clustal X 2.0.1 program with the neighbor joining method. Database accession numbers: H. sapiens (Hs): ATPSAL
(AAI09319), ATPSA2 (NP_057613), ATP8B1 (043520), ATP8B2 (P98198), ATP8B3 (060423), ATP8B4 (Q8TF62), ATP9A (075110), ATP9B
(043861), ATP10A (060312), ATP10B (094823), ATP10D (Q9P241), ATP11A (P98196), ATP11B (Q9Y2G3), ATP11C (Q8NB49); A. thaliana
(At): ALA1 (P98204), ALA2 (P98205), ALA3 (Q9XIE6), ALA4 (QILNQ4), ALA5 (Q9SGG3), ALA6 (QISLK6), ALA7 (QILVKY), ALAS
(Q9LK90), ALA9 (Q9SX33), ALA10 (QILIS83), ALA11 (QI9SAFS), ALAI12 (P57792); D. melanogaster: DmCG42321 (ACL83108),
DmCG14741 (AAF54749), DmCG33298 (AAS64663), DmCG31729 (AAF53278), DmCG4301 (AAF48606), DmCG9981 (AAF48605); C.
elegans (Ce): tat-1 (NP_001022894), tat-2 (NP_001023252), tat-3 (NP_499363), tat-4 (NP_495244), tat-5 (NP_001021457), tat-6 (NP_503858);
L. donovani: LAMT (AAQ82704), LAAPLT1 (AAC19127); S. cerevisiae (Sc): Drs2p (P39524), Dnflp (P32660), Dnf2p (Q12675), Dnf3p

(Q12674), Neolp (P40527).

B-Subunit of flippase, the CDC50 family

Some of the P4-ATPases have been shown to form
a complex with a non-catalytic B-subunit of the
CDC50 family. The CDC50 protein family has first
been identified in yeast. Two independent groups iden-
tified Lem3p/Ros3p in yeast genetic screens as a pro-
tein, lack of which caused significant reduction of
uptake of NBD-PE and -PC across the plasma

membrane (2/, 22). This phenotype of the lem34
mutant was very similar to that of the dnfIA dnf2A
mutant (15, 21, 22). Saito et al. (16) revealed that
CDC50 proteins are accessory proteins for
P4-ATPases. They demonstrated that Drs2p binds to
Cdc50p, while Dnflp and Dnf2p bind to Lem3p. The
yeast third homologue, Crflp, binds to Dnf3p (76, 23).
These interactions are specific as shown by
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Fig. 2 Predicted topology of P4-ATPase and CDCS0 protein. It is
unknown how transmembrane helices of CDCS50 interact with
P4-ATPase. Phospholipids are translocated from the exoplasmic to
the cytoplasmic leaflet.

immunoprecipitation and  split-ubiquitin  assays
(16, 23—25). The formation of the complexes is essen-
tial for the exit from the ER of CDCS50 proteins as well
as Drs2/Dnf proteins and subsequent proper localiza-
tion (16, 23).

These findings in yeast have led to the identification
and functional studies of CDC50 family proteins in
other organisms. To date, studies in yeast, plants,
mammals and Leishmania parasites have been reported
(Fig. 3). CDC50 family proteins are predicted to con-
tain two transmembrane segments and a large, inter-
vening exoplasmic loop that is glycosylated (Fig. 2)
(21). Arabidopsis thaliana contains five members,
ALIS1-5 (for ALA-interacting subunit) (26). In con-
trast to yeast CDCS50 proteins, ALIS proteins did not
display binding specificity to an ALA P4-ATPase:
ALIS1, ALIS3 and ALIS5 could interact and function
with ALA2 and ALA3 (27). In mammals, three
CDC50 proteins termed CDC50A-C have been identi-
fied (28). CDC50A and CDCS50B are ubiquitously ex-
pressed, while CDC50C is expressed mainly in testis
(28—30). Human ATP8BI expressed in Chinese ham-
ster ovary cells could exit from the ER and be traf-
ficked to the plasma membrane or lysosomes/late
endosomes, only when CDC50A or CDC50B was
co-expressed, respectively (37). The specificity of
CDC50—P4-ATPase interactions in mammalian cells
is presently not known. However, based on expression
profiles, it has been postulated that ATP8B3 and
CDC50C, and ATP8BI1 and CDCS50A are physiologic-
ally relevant binding partners (29, 30, 32—35). In
Leishmania parasites, a Cdc50 family member
LdRos3 is also required for the ER exit of the
P4-ATPase LdMT (36). The D. melanogaster and
C. elegans genome encodes at least one and three
sequences homologous to known members of the
CDC50 protein family, respectively, although in both
organisms no interactions between P4-ATPases and
CDC50 proteins have been described yet. Binding
partners of each P4-ATPase are summarized in
Table 1.
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Fig. 3 Phylogenetic tree of the CDC50 protein family in major model
organisms. Multiple sequence alignment of CDC50 family members
from H. sapiens, A. thaliana, D. melanogaster, C. elegans,

L. donovani and S. cerevisiae was performed using Clustal X 2.0.1
sequence alignment software. The phylogenetic tree was calculated
using Clustal X 2.0.1 program with the neighbor joining method.
Database accession numbers: H. sapiens (Hs): CDC50A (QINV96),
CDC50B (Q3MIR4), CDCS0C (EAW79828); A. thaliana (At):
ALISI (QILTWO0), ALIS2 (Q67YS6), ALIS3 (Q9SLK2), ALIS4
(Q9SA35), ALISS (Q8L8WO); D. melanogaster: DmCDCS50
(AAF48613); C. elegans: CeCdc50pl (Q21844), CeCdcS50p2
(Q19635), CeCdeS0p3 (Q23151); L. donovani: LdRos3 (ABB05176);
S. cerevisiae (Sc): CdeS0p (P25656), Lem3p (P42838), Crflp
(P53740).

One interesting question is whether all P4-ATPases
require B-subunits for their function. In yeast, none of
the three CDC50 members form a complex with
Neolp (16, 23). Neolp may function without a
B-subunit or might form a complex with an unidenti-
fied B-subunit. Another question is how strictly the
specificity of the interaction between P4-ATPases and
CDC50 proteins is determined. In all organisms, in
which P4-ATPases and CDC50 proteins have been
identified, the number of CDCS50 proteins is fewer
than that of P4-ATPases. In some cases, multiple
P4-ATPases share CDC50 proteins: Dnflp and
Dnf2p form a complex with Lem3p (/6) and ALA2
and ALA3 form a complex with ALISI, ALIS3 or
ALIS5 (27). There has been no information about
which region in P4-ATPases interacts with CDC50
proteins. Identification and comparison of amino
acid sequences of such a region would provide valuable
insights into these questions.

Roles of the CDC50 family in flippase activity

CDC50 family proteins are required for the ER export
of their partner P4-ATPases, but they are still asso-
ciated with P4-ATPases after localization to their
final destination (16, 23, 27, 31, 36). Do CDCS50 pro-
teins function only as a chaperone for P4-ATPases
or play a role in catalytic activity of flippases like
a B-subunit of Nat, K*-ATPases (37)? In yeast,
a C-terminally HA-tagged version of Lem3p
(Lem3p-HA) and some mutant versions of Lem3p
did not affect the formation or localization of
Lem3p—Dnflp, but did cause a functional defect,
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suggesting that Lem3p plays an important role within
the mature Lem3p—Dnflp complex (16, 38).

Recently, Lenoir et al. (24) have provided intriguing
insights into the role of Cdc50p by analysing purified
Drs2p—Cdc50p complex and using a genetic reporter
system. The P-type ATPases form an aspartyl-
phosphate intermediate during ATP hydrolysis (10).
Lenoir et al. (24) presented that this intermediate phos-
phoenzyme formation of Drs2p is dependent on asso-
ciation with Cdc50p and that the interaction of Cdc50p
with Drs2p is dependent on whether Drs2p can be
phosphorylated. The ATPase reaction cycle of Ca**-
ATPases and Nat, K"-ATPases has been studied in
detail [for a review, see ref. (/0)]. It consists of two
distinct conformations of the ATPases called E1 and
E2 with each having a different affinity for the nucleo-
tide and the transported ligands, and phosphorylated
intermediate states called EI-P and E2-P. In Ca®'-
ATPase, SERCA, mutations that block each step
of the reaction cycle have been identified (39).
Lenoir et al. (24) created analogous mutations in
Drs2p and presented that the mutant trapped in the
E2P-conformation (Drs25**??p) bound with Cdc50p,
whereas the mutant trapped in the E1P-conformation
(Drs293**!5p) did not. Both mutants could not comple-
ment the growth defect of the drs24 mutant at a low
temperature, suggesting that both mutants were defect-
ive in progressing through the reaction cycle. From
these observations, they proposed that the interaction
of Cdc50p with Drs2p is crucial for the catalytic mech-
anism of the P4-ATPase (24).

In the reconstitution study of flippase activity with
Drs2p, some Cdc50p was reconstituted into the pro-
teoliposomes together with Drs2p (79). In their study,
although ~40% of the liposomes were estimated to
contain one Drs2p molecule, they detected Mg”'-
ATP-dependent flip of only 4% of the NBD-PS
input, suggesting that only 4% of the liposomes

Table 1. Binding partners of flippases.

Functions of phospholipid flippases

contained an active flippase. Based on mass spectro-
metric analysis, the number of Cdc50p peptides re-
covered in the Drs2p-containing proteoliposomes
were approximately 1/10 that of Drs2p. These results
may suggest that the detected flippase activity was cat-
alysed by Drs2p—Cdc50p complex and that Drs2p
alone was not enough to drive flippase activity. A fur-
ther improved reconstitution experiment will provide
more convincing evidence as to whether CDCS50 pro-
teins participate in flippase activity.

Functions of flippases in membrane
trafficking

Most of our current knowledge about the functions of
flippases in membrane trafficking has been derived
from studies in budding yeast. Implication of a flippase
in membrane trafficking was first described for DRS?2
(13). DRS2 was identified as a mutation that was syn-
thetically lethal with a mutation in the Arflp small
GTPase. Synthetic lethal is that combination of two
non-lethal mutations results in growth defects, indicat-
ing that these two genes are functionally related and
have overlapping functions. Genes that show genetic
interaction with flippase genes are summarized in
Tables II and III. Arflp in its GTP-bound form re-
cruits coat proteins for vesicle formation on the mem-
brane surface. COPI and clathrin coats are well
characterized as coat proteins regulated by Arfl (40).
The drs2A mutation was synthetically lethal with a
mutation in clathrin, but not with that in COPI, and
recovery of clathrin-coated vesicles is decreased in the
drs24 mutant (13), suggesting that Drs2p is involved in
the formation of clathrin-coated vesicles.

Phenotypic analyses of yeast flippase mutants sug-
gested that they are involved in a variety of vesicle
transport pathways. The dnfiA dnf2A4 drs2A mutant
shows defects in endocytosis at a lower

Organism P4-ATPase B-subunit References
Saccharomyces cerevisiae Dnflp, Dnf2p Lem3p (16, 23-25)
Dnf3p Crflp (16, 23—25)
Drs2p Cdc50p (16, 24, 25)
Arabidopsis thaliana ALA2, ALA3 ALISI, ALIS3, ALISS (26, 27)
Leishmania donovani LdMT LdRos3 (36, 88)
Homo sapiens ATP8BI CDC50A, CDC50B 31

Table II. Genetic interaction with flippases (multicopy suppression?).

Mutation Suppressor Function

Suppressed phenotype References

cdc50-11 lem34 crflA,
cdc50-162 lem3A crflA

YPT31, YPT32 Rab family GTPase

Temperature-sensitive growth — (23)

drs24 SACI Phosphatidylinositol-4-phosphatase Cold-sensitive growth (25)
lem34 BEM3 Cdc42p GTPase-activating protein Hyperpolarized growth (63)
RGAI Cdc42p GTPase-activating protein Hyperpolarized growth (63)

neol-69 DOPI
myo34 myo5-360 CDC50
dopl-3 NEOI

Ysl2p-interacting highly conserved protein
Type I myosin involved in actin patch assembly ~ Temperature-sensitive growth — (90)
Ysl2p-interacting highly conserved protein

Temperature-sensitive growth — (89)

Temperature-sensitive growth — (89)

“Multicopy suppression is that mutant phenotypes are suppressed by overexpression of a gene on a multicopy plasmid.
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temperature (/5), but the cdc50-ts (temperature sensi-
tive) lem3A crflA mutant did not at a higher tempera-
ture (23). The drs24 dnf1A mutant also shows a defect
in the transport of alkaline phosphatase to the vacuole
(1/4). Neolp was shown to be involved in the retro-
grade pathway from cis-Golgi to the ER (47). Neolp
was also implicated in the transport through the
endosomal/TGN membranes, although it remains to
be precisely determined in which pathway Neolp is
involved (42).

Drs2p was implicated in the formation of a certain
class of exocytic secretory vesicles by using electron
microscopy (43). On the other hand, apparent defects
were not observed for the formation of two types of
secretory vesicles, a low-density type and a high-
density type, by density gradient fractionation in the
cde50-ts lem3A crflA mutant (23). Thus, further inves-
tigation is required for the involvement of flippase in
the exocytic pathway. One prominent phenotype in
flippase mutants is that they show a defect in the endo-
cytic recycling pathway (in yeast, it is equivalent to
the retrograde pathway from early endosomes to the
TGN) (14, 23, 44). In the cdc50-ts lem3A crflA mutant,
a vesicle SNARE protein Snclp, which is recycled
through this pathway, is accumulated in large early
endosome-derived structures. Dnflp and Dnf2p are
mainly localized to the plasma membrane, but are
also localized to early endosomes through the recycling
pathway possibly to perform this function (16, 45).
Thus, one important flippase function seems to form
a transport vesicle from the early endosome.

Clathrin is recruited to the site for vesicle formation
by clathrin adaptors, which tether vesicle cargos to
clathrin. A tetrameric clathrin adaptor AP-1 (B1-, y-,
pl-, 81-adaptin) is implicated in vesicle formation from
early endosomes for transport to the TGN (44, 46, 47).
AP-1 is also implicated in the opposite pathway, vesicle
formation from the TGN for transport to early endo-
somes (48). In the latter case, Drs2p is potentially a
cargo of AP-1, and its flippase activity is required for
the transport of Drs2p itself to early endosomes.
Interestingly, the drs24 mutation does not show syn-
thetic growth defects with a mutation in AP-1 (44, 48).
These results could suggest that Drs2p and AP-1 func-
tion in the same pathway: Drs2p-mediated lipid flip-
ping might be coupled with AP-1 vesicle formation.
However, defects in AP-1 vesicle formation do not ac-
count for defective endocytic recycling in the cdc504
mutant, because the ap/24 mutant (Bl subunit of
AP-1) shows normal recycling of Snclp (44).
Therefore, another clathrin adaptor seems to be
involved in Drs2p-mediated formation of transport
vesicles from early endosomes. Such candidates are
ENTH/ANTH domain proteins Ent3p and Ent5p
that have recently been implicated in the early
endosome-to-TGN transport (49). The cdc504 muta-
tion actually shows genetic interaction (synthetic
growth defects) with the ent34 ent54 mutations (our
unpublished data). Monomeric type clathrin adaptors
Ggalp and Gga2p bind to a potential GDP/GTP ex-
change factor for the Arllp (Arf-like) small GTPase,
Ysl2p, which physically associates with Neolp (50).

Functions of phospholipid flippases

As to the mechanism of how flippases promote ves-
icle formation by transporting phospholipids to the
cytosolic surface, two models could be envisioned.
One mechanism is that lipid pumping by flippases
forms a local membrane curvature according to the
bilayer couple mechanism (5/), and this curvature is
recognized by coat proteins (e.g. clathrin adaptors) to
promote vesicle formation. The other mechanism is
that some specific phospholipid pumped by a flippase
recruits a coat protein. One candidate phospholipid
would be PS, since PS is distinct from PE and PC in
its negative charge and since NBD-PS is a preferable
substrate of Drs2p in in vitro studies (1/9). Currently
available data do not discriminate between these two
possibilities, but they are not mutually exclusive. In
either case, phospholipid flipping by a flippase would
possibly recruit a coat protein to membranes.
Although it has been shown that AP-1 is normally re-
cruited to the TGN in the drs24 mutant (48), another
recruiting mechanism that is redundant with Drs2p
might be present on the TGN. In addition, it is pos-
sible that AP-1 is localized to the TGN, but not to
early endosomes in the drs24 mutant. This point is
technically difficult to be examined, because an early
endosome-specific marker is not currently available in
budding yeast. Interestingly, AP-1 was diffused into
the cytoplasm in the Cdc50p-depleted ges/A mutant,
which shows severe synthetic defects in endocytic recy-
cling (44). Geslp is a GTPase-activating protein
(GAP) for Arflp and was shown to be required for
recycling of Snclp (52). Diffused localization of AP-1
was not observed in either cdc504 or geslA single
mutant, suggesting that Cdc50p-Drs2p and Geslp re-
dundantly function to recruit AP-1 to early
endosomes.

Since phospholipid flipping is implicated in inducing
membrane curvature, proteins that can induce or rec-
ognize membrane curvature would be functionally
relevant to flippases. Those proteins functionally
relevant to Drs2p would include Arflp and Ent3p.
The amphipathic «-helix of Arflp-GTP, but not
Arflp-GDP, can induce membrane curvature when
it is inserted into the cytosolic leaflet of the bilayer
(53, 54). Similarly, the NH,-terminal a-helix of the
ENTH domain of mammalian epsin can induce mem-
brane curvature upon binding of the ENTH domain to
phosphatidylinositol-4,5-bisphosphate (55). Although
it should be examined whether the ENTH domain of
Ent3p also has a capability to induce membrane curva-
ture, co-operative functioning between Drs2p and
Ent3p or Arflp for vesicle formation would be an
interesting possibility.

One promising approach toward understanding
regulation and function of flippases would be identifi-
cation of interacting proteins. Proteins that show phys-
ical interaction with flippases are summarized in
Table IV. Gea2p, a GDP/GTP exchange factor for
Arflp, was shown to bind to the COOH terminal
region of Drs2p (56). Gea2p binding to Drs2p was
implicated in stimulation of flippase activity in Golgi
membranes (57). Gea2p is known to be involved in the
retrograde transport from the cis-Golgi to the ER or in
the intra-Golgi transport (58, 59). However, since
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Table IV. Physical interaction with flippases.

Flippase Interactor Method Function References
Neolp Ysl2p Co-IP Potential GDP/GTP exchange factor for the Arllp small (42)
GTPase

Drs2p AP-1 Co-IP (Cross-linking) Tetrameric clathrin adaptor (48)
Gea2p Co-IP, Two-hybrid GDP/GTP exchange factor for Arflp (56)
Reylp Co-IP F-box protein involved in endocytic recycling (23)
Saclp Pull-down (Cross-linking), Phosphatidylinositol-4-phosphatase (25)

Membrane two-hybrid
Dnflp, Dnf2p Fpklp, Fpk2p Phosphorylation Serine/threonine kinase (83)

Drs2p is implicated in endosomal/TGN functions, it
has to be clarified which post-Golgi pathway is regu-
lated by this Gea2p—Drs2p interaction. An F-box pro-
tein Rcylp, originally isolated as a protein involved in
endocytic recycling (60), was co-immunoprecipitated
with Drs2p (23). Our recent results with recombinant
proteins indicate that Rcylp directly binds to the
COOH terminal region of Drs2p (our unpublished
results). Interestingly, the rcy/A4 mutant phenocopies
the ¢dc504 and drs24A mutants, and, importantly, the
cdc504 rcylA double mutant showed no synthetic
growth defects, suggesting that Rcylp functions in
the same pathway as Cdc50p—Drs2p. Reylp was sug-
gested to be an effector of the Rab family small
GTPases Ypt3lp/32p (61). An interesting question
would be whether Rcylp has regulatory functions for
the Drs2p flippase activity or it functions as an adaptor
for formation of clathrin-coated vesicles.

Other functions of flippases in yeast

The role of phospholipid asymmetry mediated by flip-
pases on signalling for polarity formation was clarified
in budding yeast. PE is specifically exposed on the
outer leaflet at polarized sites during the early stage
of budding, and disappears in G2 as the apical bud
growth switches to the isotropic growth. This PE ex-
posure is enhanced by disruption of LEM3 or both of
DNFI and DNF?2 (62, 63). How PE becomes exposed
on the outer leaflet during the bud growth is a remain-
ing problem. This PE flipping was shown to regulate
Cdc42p small GTPase signalling via GTPase-
activating proteins (GAPs) (63). The lem3A and
dnflA  dnf24 mutants exhibit prolonged apical
growth due to a defect in the switch to isotropic bud
growth. In these cells, Cdc42p remains polarized at the
bud tip where PE remains exposed on the outer leaflet.
Interestingly, the GAP activities of Rgalp and Rga2p,
GAPs for Cdc42p, are stimulated by PE and PS. These
results propose a model in which the apical-isotropic
switch is triggered by phospholipid flipping by
Lem3p—Dnfl1/2p, and this flipping dissolves the
apical membrane domain by GAP-stimulated GTP hy-
drolysis of Cdc42p.

Yeast is found to be able to uptake lyso-PE and
lyso-PC from exogenous culture. The ethanolamine-
auxotrophic psdiA psd2A and the choline-auxotrophic
pemlA pem2A4 mutant can use lyso-PE and lyso-PC as
a source of PE and PC, respectively. Lyso-PC and
lyso-PE taken up into cells are acylated to PC and
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PE, respectively, by lysophospholipid acyltransferase
encoded by ALEI. Disruption of LEM3 or both of
DNFI and DNF2 in the psdiA psd2A or pemlA
pem2A mutant blocks uptake of radiolabeled lyso-PC
or lyso-PE, and inhibits lyso-PC- or lyso-
PE-dependent growth, respectively, suggesting that
Lem3p—Dnf1/2p flippases function to uptake lyso-PC
or lyso-PE (64, 65).

The synthetic lethal screen revealed a strong genetic
interaction between cdc504 and mutations exhibiting
defects in the late steps of ergosterol biosynthesis (66).
In the absence of ERG3, which encodes a sterol C-5
desaturase catalysing a late step in the ergosterol bio-
synthesis, Cdc50p depletion results in strong defects in
the endocytic recycling pathway and interestingly
causes accumulation of abnormal intracellular actin
patch-like structures, suggesting that Cdc50p—Drs2p-
regulated phospholipid asymmetry and ergosterol in-
tegrity cooperate for endocytic recycling pathway and
actin cytoskeleton reorganization (66).

The interesting relationship between Cdc50p—Drs2p
and Keslp, one of the oxysterol-binding protein
family, was reported (67). Loss of function mutations
of KESI was identified in a screen for suppressors of
the cold-sensitive growth defect of drs24. DRS2 dis-
ruption causes the Keslp-dependent increased rate of
cholesterol transport from the plasma membrane to
the ER, suggesting that Drs2p antagonizes Keslp ac-
tivity. Further studies are required to solve how Drs2p
regulates the Keslp activity and its physiological
meaning.

Functions of flippase in other organisms

Among mammalian flippases, the most analysed one is
ATP8B1. Mutations of ATP8BI expressing in the
apical membrane of many epithelial cells in the gastro-
intestinal trace and liver are associated with the pro-
gressive familial intrahepatic cholestasis type 1
(PFIC1) and benign recurrent intrahepatic cholestasis
type 1 (BRICI1), which is characterized by impaired
bile salt excretion from the liver into bile and by peri-
odic bouts of cholestasis that leave no liver injury, re-
spectively (68). The role of ATP8BI as PS flippase has
been indicated by showing the uptake of NBD-PS in
the UPS-1 cell, a CHO-K 1 mutant cell line defective in
NBD-PS uptake (317, 69). It is also supported by the
luminal accumulation of PS in the canalicular mem-
brane of ATP8BI-deficient hepatocytes (70) and by
the enhanced recovery of PS in bile from
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Atp8b 1939871539V mutant mice, in which ATP8BI pro-
tein is nearly absent (7/). From studies using cell lines
(33, 70) and ATP8BI-deficient mice (33, 7/—74), the
hypothetical model of how ATP8B1 deficiency results
in cholestasis is as follows. ATP8B1 deficiency leads to
lowered PS flipping, and increases the PS concentra-
tion in the outer leaflet. This reduces the liquid ordered
state of sphingolipid/cholesterol-rich outer leaflet of
canalicular membranes. This disturbance of the lipid
order state makes the membrane more sensitive to bile
salt-mediated extraction of membrane components,
including cholesterol, sphingolipids and ectoenzymes
such as alkaline phosphatase. The increased extraction
of cholesterol may cause the impaired activity of the
bile salt export pump, ABCBI11, and consequently lead
to cholestasis (68). Similar to many PFIC1 patients,
ATP8BI-deficient mice cause hearing loss. ATP8BI is
localized to the apical region in the stereocilia of the
cochlear hair cells in the organ of Corti. The mechan-
osensory function and integrity of the cochlear hair
cells may be critically dependent on ATP8B1 activity
(75). A flippase-independent function of ATP8B1 was
recently proposed (76). Blocking of ATP8B1 expres-
sion in polarized epithelial Caco-2 cells caused dramat-
ic morphological changes in the apical brush border
membrane, without affecting flippase activities on the
apical membrane. ATP8B1 may have an ATPase-
independent role, for example, by mediating a pro-
tein—protein interaction as Drs2p does (56).

The mouse ATP8B3 is expressed in the acrosomal
region of the head of spermatozoa and has been impli-
cated in the capacitation process (34). Recently, a
novel murine P4-ATPase that is specifically expressed
in the testis, named FetA, was identified. When ex-
pressed in the budding yeast, FetA localizes partially
to the plasma membrane and increases internalization
of NBD-labelled PE and PC. RNA interference sug-
gested that FetA is involved in Golgi morphology and
secretory function (77).

The analysis based on the expression pattern of re-
porter transgenes suggest that each of C. elegans TAT
flippases may have distinct functions and four of them
are not essential under regular growth conditions (78).
TAT-1 functions in maintaining PS asymmetry on the
plasma membrane, and its disruption results in re-
moval of affected cells by neighboring phagocytes
(79). TAT-1 is also required at an early step of endo-
cytosis and at a late step in lysosome biogenesis in
specialized cell types of several tissues (80). TAT-2 an-
tagonistically controls the growth regulatory function
of monomethyl branched-chain fatty acids in intestinal
cells (81).

Downregulation of ALAI, the first-analysed puta-
tive flippase in Arabidopsis, causes suffering from chil-
ling sensitivity, although the mechanism how
phospholipid flip relates to chilling tolerance should
be clarified (82). ALA3, which is mostly related to
yeast Drs2p, localizes to the Golgi apparatus, and its
mutants show severe defects in vesicle production in
secreting peripheral columella cells of the root tip (26).
Although it is shown that ALA3 requires the B-subunit
of the CDC50 family such as ALIS1, ALIS3 or ALISS
(26), detailed phenotype comparison of ALA3 and

Functions of phospholipid flippases

ALIS plant mutants, just not only analysis of their
localization, will be utilized for understanding physio-
logical role of these complexes.

Regulation of P4-ATPase activity

What signal and how it regulates phospholipid flip-
pases are interesting issues, which are being clarified
about yeast flippases. Recently, yeast novel kinases
named flippase kinases 1 and 2 (Fpklp and Fpk2p)
were identified as upstream regulators for Dnflp and
Dnf2p. These were originally identified as a mutation
that exhibits synthetic lethality with the cdc504 muta-
tion. The fpklIA fpk2A4 double mutant phenocopies the
lem3A or dnflA dnf2A mutant. Although the fpkiA
fpk24 mutations do not affect the subcellular localiza-
tion of Lem3p—Dnfl/2p, Fpklp can phosphorylate
Dnflp and Dnf2p to a greater extent than Drs2p
(83). Their phosphorylation sites by Fpkl/2p and
whether their phosphorylation really activates flippase
activity of Dnf1/2p remain to be solved.

Identification of the regulator for Fpkl1/2p may clar-
ify the upstream signal for Dnf1/2p. Fpklp was shown
to be a physiological substrate of Ypklp (orthologues
of mammalian SGK1), which is implicated in multiple
processes such as endocytosis and coupling of mem-
brane expansion to cell wall remodelling (84). Ypklp
and its homolog Ypk2p are activated by eisosome-
associated Pkhlp and Pkh2p (orthologues of mamma-
lian PDK1) and they downregulate Fpkl/2p. On the
other hand, a complex sphingolipid stimulates Fpkl/
2p, which phosphorylate the N-terminal non-catalytic
domain of Ypklp, and as a result counteracts the
downregulation of Fpkl/2p by Ypklp. These results
suggest a mechanism to balance phospholipid asym-
metry and sphingolipid content. Such a crosstalk be-
tween sphingolipids and phospholipid flippases was
also previously proposed (85). Interestingly, Dnf1/2p
have a motif similar to the Fpklp-catalysed phosphor-
ylation site in Ypklp, and exactly it is phosphorylated
by the recombinant Fpklp (84). However, the physio-
logical meaning of this phosphorylation should be
examined.

Several lipids are suggested to regulate the activity of
phospholipid flippases. Phosphatidylinositol-4-
phosphate binds to the C-terminal tail of Drs2p hom-
ologous to a split PH domain and this binding is
required for Drs2p activity (57). Interestingly,
phosphoinositide-binding basic residues overlap a
Gea2p-binding site (57), and recent proteomic analysis
revealed the interaction of Drs2p with Saclp, which
predominantly acts as a phosphatidylinositol-4-
phosphatase (25). As described earlier, DRS2 and an
oxysterol-binding protein-encoding KESI exhibit the
interesting genetic interaction (67). Disruption of
KES] can suppress a temperature-sensitive drs2 allele
in the absence of Dnf P4-ATPases. Drs2p-dependent
PS flippase activity is elevated in TGN membranes
from kesiA cells and additional recombinant Keslp
reduces this activity to the wild-type level. These results
suggest that Keslp antagonizes Drs2p activity. Further
analyses will clarify how these complicated interactions
of Drs2p with lipids and proteins controls its activity
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and vesicle formation. Additionally, a remaining and
interesting question is whether the activity of other
flippases such as Dnfl/2p is also regulated by some
lipids.

Perspectives

Phospholipid asymmetry was first described in the
plasma membrane. It was unknown whether internal
membranes also show transbilayer phospholipid asym-
metry due to the lack of available techniques.
Localization study indicated that flippases are loca-
lized to early endosomes and TGN membranes in add-
ition to the plasma membrane, suggesting that these
membranes show phospholipid asymmetry, which is
regulated by flippases. Recent development of a
PS-specific probe, the C2 domain of lactadherin, has
enabled us to observe PS distribution of internal mem-
branes. Interestingly, in mammalian cells, GFP-Lact-
C2 was localized to the plasma membrane and early
endosomes, but not to other internal membranes, and
this was essentially the case in yeast: GFP-Lact-C2 was
localized to the plasma membrane, but not to internal
membranes including Golgi, ER, mitochondria and
vacuole (86; our unpublished data). Because flippases
are localized to both the plasma membrane and the
Golgi membrane, differential distribution of PS on
the cytosolic surface of these membranes suggests
that flippase activity is spatiotemporally regulated.
P4-ATPases in the plasma membrane may be basically
kept in an active state, whereas the activity of those in
the Golgi membrane may be strictly regulated: they
may become active only when flippase activity is
required for vesicle formation. In addition, because
phospholipid asymmetry should be dynamically regu-
lated by flip and flop, proteins with floppase activity
should also be considered. One candidate is an ABC
transporter (87), but most of them are localized to the
plasma membrane. An unknown phospholipid flop-
pase might be involved in the regulation of phospho-
lipid asymmetry in the Golgi membranes.

One of the most studied functions of flippases is to
promote formation of transport vesicles from endoso-
mal/TGN membranes. A next challenge is to reveal
molecular mechanisms of how flippase-mediated
phospholipid translocation is coupled with vesicle for-
mation. One plausible mechanism is that flippases
pump phospholipids to assist vesicle formation by
inducing membrane curvature. This membrane curva-
ture should be efficiently recognized and captured by
adaptor proteins or their associated proteins; otherwise
the membrane curvature would be easily dissolved by
rapid lateral diffusion of transported phospholipids.
Thus, physical linkage of a flippase with vesicle forma-
tion machinery would facilitate efficient formation of a
transport vesicle.

Accumulating evidence indicates that flippases are
involved in a variety of membrane-related cellular pro-
cesses. How phospholipid translocation regulates these
cellular functions should be revealed in future studies.
Flippases could affect shape, fluidity, static electricity
and lipid microenvironment of membranes through
changes in  phospholipid asymmetry. These
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physicochemical changes in membranes could in turn
affect activity, localization and functions of membrane
proteins. Thus, one important challenge would be
identification and functional analysis of such proteins
that are directly regulated by changes in phospholipid
asymmetry.
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